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Abstract 

Chronic wounds affect approximately 2% of the worldwide population and incur 

healthcare costs of £5.6 billion in the UK alone. Owing to an aging population and a 

substantial rise in predisposing factors such as obesity, diabetes and cardiovascular 

disease, chronic wounds have been described as a silent epidemic, the full financial 

impact of which is immeasurable. Key to their persistence is the formation of 

microbial biofilms, which are accounted for in nearly 80% of all non-healing wounds. 

Current wound care practices for monitoring infection development and treatment are 

suboptimal, relying on regular dressing changes to visually inspect the wound for signs 

of deterioration or improvement. Dressing changes cause great discomfort to the 

patient, increase the likelihood of infection through repeated exposure to the 

surrounding environment, and disturb the reparative process of healing wounds.  

In this thesis, a novel 3D printed sensor was developed to offer 24/7, non-invasive 

monitoring of wound infection to overcome the shortcomings of current wound care 

and provide an early warning to infection development and unsuccessful treatment. 

The sensor monitors the headspace that exists between the wound and dressing for 

small increases in carbon dioxide, which is ubiquitously produced from aerobic 

microorganisms to provide an all-encompassing marker of infection. Preliminary work 

involved formulating several pH-sensitive dyes into a biocompatible LDPE film and 

testing against common wound pathogens for response time, colour change and colour 

intensity. Xylenol blue proved the strongest candidate from monitoring carbon dioxide 

in the wound headspace, with a stark colour change of blue to yellow within 12 h of 

inoculation.  

In the next body of work, the formulation was 3D printed to form a 12 x 12 mm 

indicator square and tested against a clinical wound isolate of P. aeruginosa in a newly 

developed ex vivo porcine skin wound dressing model. Prior to testing, the sensitivity 

of the film was proven acceptable in vitro under wound relevant conditions, regarding 

temperature and humidity. Film colour change in response to inoculation with P. 

aeruginosa was monitored using digital colourimetry which involved taking hourly 

photographs of the film followed by RGB colour analysis. The film changed colour 

from blue to yellow in response to wound infection and the time taken to reach an 

intermediate colour change was found to be directly proportional to the time taken for 
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the microbial load to exceed 106 CFU/mL, regardless of initial inoculum. In addition, 

this colour change occurred before a measurable increase in biofilm biomass, 

indicating that this sensor acts as an early warning to biofilm development. Following 

this observation, a range of other common wound pathogens were investigated. Again, 

the incubation time to reach the intermediate green colour was linearly correlated with 

the time taken to reach 106 CFU/g, which suggests that the indicator changes colour 

in response to carbon dioxide production from ca. 106 CFU/g of any aerobic microbial 

species. This result cemented the hypothesis that carbon dioxide is an excellent marker 

of aerobic microbial infection.  

In the final experimental chapter, the 3D printed sensor was investigated as a tool for 

non-invasive therapeutic monitoring of wound infection. This involved treating P. 

aeruginosa biofilms with three different treatment modalities: antibiotic monotherapy, 

phage cocktail monotherapy, and a combination of both approaches. After 24 h of 

treatment, the porcine skin explant was transferred to the wound dressing model for 

sensor monitoring, and the bioburden of the wound fluid surrounding the treated 

explant was determined and compared with the sensor response. Sensor colour change 

concurred with wound fluid bioburden determined by traditional CFU counts in all 

experiments. A greater log-fold reduction in P. aeruginosa following treatment was 

complemented by a longer sensor response time. Sensors monitoring biofilms exposed 

to suboptimal antibiotic or phage concentrations changed colour, whilst successfully 

treated biofilms elicited no colour change, indicating complete eradication of P. 

aeruginosa.  

To conclude, the work in this thesis presents a novel, 3D printed, colourimetric sensor 

that responds to carbon dioxide production from wound pathogens to provide an early 

warning to infection and biofilm development. The sensor was tested in a newly 

developed wound dressing model, employing porcine skin as the substrate for bacterial 

growth, and a popular commercial semi-occlusive dressing. Moreover, this sensor 

offers non-invasive therapeutic monitoring to promote undisturbed healing of 

successfully treated wounds and flag further intervention for failing treatment. This 

sensor has the potential to aid the wound care revolution by meeting many of the 

essential and desirable criteria for better wound infection diagnostics for the benefit 

of the healthcare professional and patient. 
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1.1. Chronic wounds: A silent epidemic 

Non-healing chronic wounds present a burgeoning problem which weighs heavily on 

healthcare across the globe. In the UK, the annual cost of managing wounds and 

associated comorbidities is an estimated £8.3 billion (2017/2018) (1). Of the 3.1 

million patients managed in this period, 70% healed and 30% remained unhealed, with 

an associated cost of £2.7 billion and £5.6 billion, respectively.  

It is not surprising that chronic wounds impose a heavier burden on healthcare than 

acute wounds; patients with unhealed wounds avail of more resources, including GP 

visits, practice and community nurse visits, outpatient visits, wound care products and 

devices, and drug prescriptions (1). A summary of the cost coupled to availing of such 

resources is presented in Table 1.1. 

Table 1.1. Breakdown of annual cost attributed to NHS resource of managing 3.8 million patients with 

a wound (1). 

Resource Annual cost (£ million)  

 

Healed 

 

Unhealed 

Percentage 

difference in 

resource cost 

(%) 

GP visits £407.22 £1102.56 171% 

Practice nurse visits £156.05 £433.27 178% 

Community nurse visits £825.59 £1623.02 97% 

Specialist nurse visits £1.35 £1.58 17% 

Podiatrist visits £2.18 £5.68 169% 

Healthcare assistant visits £489.23 £905.61 85% 

Hospital outpatient visits £130.85 £535.38 309% 

Hospital admissions and day cases £427.89 £333.37 -22% 

Ambulance services £0.68 £9.47 1293% 

Diagnostic tests £0.19 £0.09 -53% 

Wound care products £181.06 £350.32 93% 

Drug prescriptions £86.72 £189.02 118% 

Accident and emergency 

attendances 
£38.19 £83.26 118% 

Total £2747.20 £5572.81 103% 

 

The pressure on general practitioners (GPs) and visiting nurses to effectively manage 

wounds is substantial, with two-thirds of wound care being conducted in the 

community (2). Therefore, the need for more support outside the hospital setting has 

been recognised. Adaptations to the wound care delivery model have been proposed 
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to include dedicated wound care clinics, more involvement from senior management, 

in depth wound care training for non-specialist nurses, and increased support and 

education for patients with wounds or predisposing conditions (2,3). The three main 

strategies of this new model are wound prevention, accurate diagnosis and improving 

wound healing rates. Implementing these measures should help reduce treatment costs 

and slow the growing rate of chronic wounds in the UK, which currently stands at 12% 

per annum (4).  

 

Besides the extensive financial burden, chronic wounds have a grievous impact on the 

quality of life of those directly affected. Patients often report extreme pain, physical 

distress, emotional trauma, immobility, sleep deprivation and social isolation (5–7). 

Further complications may also necessitate amputation, which carries with it its own 

physical and emotional effects, in addition to a 5-year mortality rate of between 28 - 

80% (8). Moreover, psychological stress has been proven to negatively affect the 

wound healing process and is associated with increased mortality. This relationship 

has been extensively studied and established across several wound models and 

demographics (9–12). The mechanism by which stress impacts healing is in part 

attributed to the elevated levels of glucocorticoids present, which suppress the 

production of cytokines essential to wound healing (10). A cohort study of 253 patients 

presenting with their first diabetic foot ulcer reported that one-third suffered from 

clinical depression, which was associated with a threefold increase in mortality (13). 

Considering the significant impact mental health has on wound healing, healthcare 

professionals must adopt a holistic approach to wound care which encompasses both 

mental and physical wellbeing (14,15). 

 

Chronic wounds have been described as a ‘silent epidemic’ (16) because the true 

impact on a financial, socioeconomic, and healthcare basis is often masked by the 

comorbid conditions associated with them. Cardiovascular, dermatological, 

endocrinological and nutritional deficiencies are amongst the most common 

comorbidities that increase the likelihood of developing of a chronic wound (4). These 

conditions most frequently occur in the elderly population; therefore, it comes as no 

surprise that chronic wounds predominately affect older adults (17). In addition, the 

age group 65 and above represents that fastest growing division of the global 

population, predicted to almost double in proportion by 2050 (18). This is a concerning 
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statistic with respect to wound care and funding, as the occurrence is only set to 

increase dramatically in the coming years. However, the disproportionately low 

investment in chronic wounds compared to their economic impact has been recognised 

(19,20). Following years of neglect and calls to make amends, The National Institute 

of Health (NIH) recently added wounds as a distinct category to their Research 

Portfolio Online Reporting Tool (RePORT) (21). This move will hopefully lead to 

increased funding into wound care research and epidemiology studies, both of which 

are paramount to tackling the shortcomings of current wound management. In 

addition, wound care is yet to become a specialism and is managed by a broad range 

of healthcare professionals, largely depending on the underlying aetiology. Surgeons, 

cardiologists, dermatologists, GPs, allied health professionals and countless other 

specialist physicians and nurses are involved in managing the wound patient 

population (22–24). Although a multidisciplinary approach has been praised in the 

past, a lack of communication between departments and hierarchies has been 

highlighted in recent reports (2,22). Going forward, wound care needs to become a 

defined specialism with appropriately trained clinicians and nurses to correctly 

diagnose and manage wounds with evidence-based treatment strategies (25,26). 

 

1.2. Wound healing 

Wound healing is a complex process that involves several overlapping phases 

orchestrated by components of the immune system and cells in the surrounding tissue. 

Normal wound healing consists of four coordinated events: coagulation, 

inflammation, proliferation and remodelling with formation of scar tissue (27). Fine 

control in each stage is essential for continuation to the next. In acute wounds, an 

elegant progression through these four dynamic stages in a timely manner leads to full 

restoration, usually within three months. 
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Figure 1.1. The four stages of wound healing: coagulation, inflammation, proliferation, and 

remodelling. Macrophage and fibroblast involvement shown throughout each stage. 

Although there is no single agreed-upon definition, chronic wounds are generally 

described as wounds which do not undergo the normal reparative process within three 

months, or those which have progressed through the healing process, but have not 

regained full functional and anatomical integrity (28,29). Chronic wounds are often 

confined to the inflammatory phase, characterised by a constant influx of 

polymorphonuclear leukocytes (PMNs) (30), which cause collateral tissue damage to 

adjacent healthy tissue through the production of free oxygen radicals, cytotoxic 

enzymes and cytokines (31). In addition, an imbalance in enzymes crucial to repair 

results in inadequate re-epithelialisation and defective remodelling.  

Matrix metalloproteinases (MMPs) are a family of zinc endopeptidases which work in 

concert to degrade and sculpt the extracellular matrix (ECM). The expression and 

production of these enzymes is tightly regulated during normal wound healing; 

however, overexpression of MMPs in chronic wounds leads to continuous destruction 

of the ECM. Key players include the promiscuous collagenases (MMP-1, MMP-8 and 

MMP-13) (32–34) and gelatinases (MMP-2 and MMP-9) (35,36) which, as suggested 

by their namesake, cleave collagen and gelatin, amongst a variety of other essential 

matrix components. The elevation of destructive MMPs is also accompanied by a 

diminution of their inhibitors (TIMPs), including TIMP-1 and TIMP-2 (37,38). 

Interestingly, the presence of bacteria can also affect MMP homeostasis in the wound 

bed, either through the attraction of neutrophils and macrophages which secrete MMPs 

to kill invading bacteria, or through the activation of host MMPs via bacterial 
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proteases. The effect of specific bacteria on MMP activation is discussed in more 

detail vide infra. 

1.3. Chronic wound characterisation and prevalence 

The development of a chronic wound is often secondary to existing health conditions 

such as diabetes, cardiovascular disease, and venous insufficiency. Therefore, chronic 

wounds have been classified into four main categories by the Wound Healing Society 

based on the underlying aetiology that precede their development; venous ulcers, 

arterial insufficiency ulcers, pressure ulcers, and diabetic foot ulcers (39).  

Venous leg ulcers (VLUs) account for 80% of all leg ulcers and predominantly affect 

the elderly (40). They manifest from sustained venous hypertension, caused by chronic 

venous insufficiency and/or a weakened calf muscle pump (41). The increase in 

pressure ruptures blood vessels in the skin which leads to ulceration, usually in the 

medial gaiter area of the legs. Amputation of the affected limb is not common, but 

VLUs are a significant cause of morbidity and incur substantial treatment costs (42). 

Reduced arterial blood flow results in the formation of arterial ulcers in the lower 

extremities, most commonly caused by atherosclerosis (43). Unlike venous ulcers, 

arterial wounds are usually more distal, affecting the foot, ankle and toes (41).  

Pressure ulcers, otherwise known as decubitus ulcers or bedsores, are cause by 

prolonged pressure on the skin which restricts blood flow and starves the underlying 

tissue of oxygen, resulting in necrosis. These ulcers commonly develop on areas of 

skin covering a bony prominence, such as the hips, elbows, heels, and tailbone. 

Bedridden patients in intensive care units, or those with impaired mobility, disability 

or deformity are at a high risk of developing pressure ulcers (44). Like other chronic 

wounds, pressure ulcers predominantly affect the elderly population with considerable 

rates of mortality; an 11-year study conducted between 1990-2001 in the US revealed 

80% of pressure ulcer deaths occurred in those aged 75 years or over (45).  

With a global patient population of 8.5%, diabetes is amongst the top four 

noncommunication diseases tackled by the World Health Organisation (WHO) (46). 

As a leading predisposing factor to chronic wound development, an estimated 15-20% 

of the diabetic population will develop a lower extremity ulcer in their lifetime, most 

commonly a diabetic foot ulcer (DFU) (47). Even with the appropriate treatment, 
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amputation of the affected limb is necessary in over half of all of cases, with a 2-year 

mortality rate of 50% (48) (Figure 1.2). A culmination of factors give rise to the 

development of DFUs in patients with diabetes. Peripheral motor neuropathy leads to 

clawing and deformation of the toes, resulting in increased pressure which the patient 

may not feel due to sensory neuropathy (49). This lack of feeling leads to accidental, 

repeated damage of the affected area, promoting ulceration. Moreover, the resultant 

ischaemia from peripheral vascular disease impedes wound healing and further 

promotes the development of a non-healing state (50). Indeed, from the onset of injury, 

wound deterioration to a chronic state is highly likely considering the multitude of 

factors at play.  

 

Figure 1.2. Diabetic foot ulcer (DFU) prevalence in diabetes population and survival expectancy of 

amputation vs. no amputation. Adapted from (51). 

Whilst some wounds show chronic traits from the outset, such as those mentioned 

above, others begin as an acute lesion and develop into a chronic wound over time. 

For example, surgical or trauma wounds may progress into a non-healing state due to 

infection, patient wellbeing (e.g., malnutrition), or inadequate wound care. These 

transitional wounds represent a significant proportion of chronic wounds in developed 

countries. A 2014 study into the prevalence and cost of chronic wounds from the US 

Medicare data set revealed that non-healing surgical wounds accounted for 12% of 

overall wound prevalence (52). In the UK, surgical wounds accounted for 14% of all 

wounds manage by the NHS in 2017/2018, with an associated cost of just over £500 
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million (2). The prevalence of different wound types in the UK is presented below in 

Figure 1.3. 

 

Figure 1.3. Prevalence of wound types in the UK. Data extracted from Guest et al. (1). 

Regardless of the underlying aetiology, it is important to note that all chronic wounds 

share the same common traits, including; perpetual inflammation, poor 

neovascularisation, recalcitrant infection, formation of antibiotic-tolerant microbial 

biofilms and the inability of cells to respond to healing stimuli (53). It is a combination 

of these factors which arrest the healing process and lead to treatment difficulties. 

1.4. The wound infection continuum 

The sequence of events leading from wound contamination to systemic infection are 

difficult to distinguish, although the difference between a non-infected and chronically 

infected wound is substantial. There has been much debate in recent years over the 

stages which constitute the wound infection continuum. The International Wound 

Infection Institute (IWII) have attempted to categorise these stages based on the 

presenting clinical symptoms to provide a universally agreed-upon continuum. 

‘Critical colonisation’ was previously included in this sequence; it marks the point at 

which the microbial load and virulence tips the theoretical balance in favour of 

infection. However, this stage was poorly defined in the literature, with no clear 

guidance on how a critically colonised wound may present. This ambiguity led to its 

removal, and a revised infection continuum was released in 2016 by the IWII (54) 
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(Figure 1.4). An important feature of the updated version is biofilm formation, 

included due to the ever-expanding evidence for its role in chronic wound infection. 

 

Figure 1.4. The wound infection continuum defined by The International Wound Infection Institute. 

Adapted from (54).  

Contamination occurs when an open wound is exposed to the environment, permitting 

the infiltration of microorganisms. In most cases however, host defences effectively 

clear these intruders, and so their presence is usually transient and bears no impact on 

wound healing. Colonisation occurs when bacteria take hold in the wound bed and 

begin to multiply. The wound is not classed as infected at this stage and bacteria cause 

little to no damage to the wound. Local infection marks the beginning of an infected 

state, as the wound shows subtle signs of infection, including hypergranulation, 

malodour, pain, delayed healing and increased wound size. These symptoms worsen 

and become more apparent as the infection spreads throughout the wound bed and 

penetrates further into the dermis. When the infection is no longer confined to the 

wound, spreading infection will commence; erythema, fever, malaise, and a high white 

blood cell count are common indicators. If the infection at this stage is not effectively 

cleared by the immune response, symptoms of severe systemic infection arise; sepsis, 

organ failure and ultimately death results.  

Treatment outcome is largely dependent on the magnitude of infection at the time of 

diagnosis; it is much easier to treat infection in the early stages. Therefore, 

understanding and identifying these unique stages is critical for successful therapy. 
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1.5. The skin microbiome - friend or foe? 

The largest bodily organ, the skin, hosts a diverse and abundant microbiome of 

approximately one billion bacteria per square centimetre (55), predominantly 

belonging to the genera Staphylococcus, Propionibacterium and Corynebacterium. 

Akin to the gut microbiome, many of these microbes may be described as commensal, 

transient, or even beneficial to the host. However, once the barrier function of the skin 

is breached, the infiltration of bacteria, both benign and opportunistic, is inevitable. 

Opportunistic pathogens that live innocuously on the skin are often the culprit of 

wound infections. Perhaps unsurprisingly, members of the genera Staphylococcus and 

Corynebacterium, are amongst the most common bacteria isolated from chronic 

wounds. The presence of opportunistic pathogens, and their predisposition to disease 

is an area of great interest to chronic wound research. One other such pathogen is P. 

aeruginosa, which is amongst the most common causative agents and pioneers to 

wound infection. Once established in the wound bed, these bacteria multiply and 

propagate to establish a robust microbial community called a ‘biofilm’, which are 

present in ~80% of chronic wounds (56).  

1.6. Biofilms  

1.6.1. Definition and history 

A biofilm is a consortium of cells living in a self-produced hydrated matrix that adhere 

to biotic or abiotic surfaces, or form as aggregates. The phenomenon of biofilm 

formation is an ancient characteristic of prokaryotes which dates to ca. 3.4 billion 

years ago. Owing to its protective function and evolutionary advantages, an estimated 

99.9% of the planets microbial biomass exist in the biofilm state (57). This mode of 

growth shields its occupants from the elements and hostile conditions, allowing the 

cells to propagate and colonise new environmental niches. Although biofilm formation 

is highly advantageous for the inhabitants of the slimy matrix, it has proven a 

considerable problem across many industries for mankind, from water distribution 

systems to the field of medicine.  

The term ‘biofilm’ was first coined by Costerton et al. in 1981 (58); however, the first 

observations of what we now know as biofilms date back to over 300 years ago. In 

1708, Antony Van Leeuwenhoek used his, at the time, state-of-the-art microscope to 

observe ‘animalcules’ in scrapings of his own dental plaque (59). In 1864, Louis 
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Pasteur discovered the spoilage of wine was due to a skin-like scum, or ‘mother of 

vinegar’, consisting of clumps of the bacterium Mycoderma aceti (60). In 1932, Arthur 

T. Henrici observed water bacteria rich in diversity and numbers attach to submerged 

surfaces such as plants and rocks, rather than existing in free-flowing water (61). 

However, regardless of these, and countless other observations throughout the 

eighteenth, nineteenth and twentieth centuries, it was not until the 1970’s when a 

greater understanding of the structure, behaviour and consequent clinical impact of 

biofilms was realised. In fact, it is estimated that biofilms are responsible for 60-85% 

of microbial infections (62), varying in occurrence and severity. Urinary tract 

infections (63), recurrent tonsillitis (64), chronic rhinosinusitis (65), medical device 

implant infections (66), and in the field of dentistry, gingivitis and periodontitis (67), 

are all common biofilm-associated infections that can prove very difficult to eradicate, 

even with the appropriate therapy. 

1.6.2. The link between biofilms and chronic wounds 

Over the past few decades, a growing body of evidence has established a link between 

microbial biofilms and impaired wound healing (68,69). A recent systematic review 

and meta-analysis of available in vivo studies revealed that biofilms are present in 

approximately 76% of various non-healing wounds (56). Work by Johani et al. (70) 

and Oates et al. (71) identified mono and multi-species biofilms in 100% of all DFUs 

investigated. In contrast to these statistics, acute wounds have a biofilm occurrence of 

only 6% (72). 

Once established in the wound, biofilms amass a significant immune response and 

contribute to a prolonged non-healing state which incurs considerable treatment 

difficulties. They are a significant contributor to the high morbidity and mortality 

associated with chronic wounds and represent a target for successful wound closure. 

The classic process of biofilm formation in the wound bed is outlined below in Figure 

1.5.  
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Figure 1.5. Diagrammatic representation of the main stages of biofilm development in the wound bed: 

attachment, adhesion, maturation and dispersion. The illustration shows a mixed species biofilm 

consisting of rods (i.e., P. aeruginosa and E. coli in green and blue, respectively) and cocci (i.e., S. 

aureus). Extracellular polymeric substance (EPS) depicted as green slime surrounding cells. (A) 

Exposure of the skin barrier through trauma allows bacteria to colonise and attach to the wound bed. 

(B) Irreversible attachment follows as bacteria produce EPS to form a juvenile biofilm. (C) Bacteria 

within the biofilm proliferate and assimilate nutrients from the surrounding matrix. Microcolony 

formation is mediated through the release of quorum sensing signals. (D) Once cell capacity has reached 

a certain quorum, the biofilm disperses, releasing cells from the matrix which colonise a new region of 

the wound bed.  

It is worth noting that more recent studies and thoughts on wound biofilms suggest the 

presence of small aggregates of single or mixed species biofilms that are distributed 

non-randomly across the wound bed (73–75). Therefore, original hypotheses on the 

classic mushroom plume biofilm may in fact not be so representative in chronic wound 

infection. This is discussed in more detail in Section 1.7.1. 

1.6.3. Antibiotic tolerance of biofilms 

Topical and systemic administration of antibiotics and biocides to eradicate biofilms 

has proven largely unsuccessful. Described as ‘tolerant’ to antimicrobial agents, 

biofilms are exceedingly resistant to killing (76). Whilst they fail to grow when 

challenged with high antibiotic concentrations, they survive at concentrations which 

prove lethal to planktonic cells (77,78). This tolerance can result in a minimum 

inhibitory concentration (MIC) value of 10-1000 times than that of planktonic cells 
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(79), resulting in limited treatment options due to the lethal concentration of drug 

required to achieve such a dose in vivo.  

The current antimicrobial resistance crisis has necessitated an understanding of the 

mechanisms employed by planktonic bacteria to dodge the effects of our antibiotic 

armoury, and develop new drugs which effectively target them. Therefore, the 

adaptations which confer resistance to planktonic cells are generally well-understood 

(80). In comparison, the process of understanding the mechanisms involved in biofilm 

tolerance to antimicrobial chemotherapy is still in the primitive stages, due to the 

relatively recent realisation that bacteria predominantly exist in sessile communities, 

rather than as free-floating cells.  

Over the past two decades, there has been much deliberation over the factors which 

equip biofilms with this tenacious survival mechanism; resulting in three main 

hypotheses. The first is the idea that the EPS may slow the penetration of antibiotics, 

or act as a barrier to larger molecules. In most cases, the matrix is not impenetrable, in 

fact, fluoroquinolones have been shown to effectively diffuse though the biofilm 

matrix (81,82). However, reduced diffusions rates lower antibiotic concentrations 

throughout the matrix, allowing for sufficient deactivation by enzymes, such as β-

lactamases. This reduced rate of penetration is exploited by β-lactamase-positive K. 

pneumoniae, which inactivates ampicillin before it can exert its biocidal effects (81). 

In addition, cationic antibiotics can form electrostatic interactions with negatively 

charged components of the matrix. For example, mucoid P. aeruginosa produces the 

negatively-charged polysaccharide alginate, which electrostatically binds to 

polycationic aminoglycoside antibiotics such as gentamicin and tobramycin, leading 

to a reduced diffusion coefficient of 20% in comparison with β-lactam antibiotics (83).  

The second hypothesis involves the physiological heterogeneity of cells within the 

biofilm. Chemical gradients throughout the matrix create regional differences in 

nutrient and oxygen levels (84). In addition, the proximity of bacteria to water 

channels also affects the acquisition of nutrients required for cell growth (85). Cells 

inhabiting areas deplete in nutrients and oxygen can adopt a stationary phase-like 

dormancy. Because the majority of antibiotics are most effective against fast-growing 

cells (77), the adoption of this state significantly reduces antibiotic efficacy (86,87). 
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The third mechanism is the formation of a subpopulation of metabolically inactive 

persister cells, which are genetically but not phenotypically identical to other cells 

within the population (88). Persister cells survive antibiotic treatment, and repopulate 

the biofilm once antibiotic levels have dropped (89). The formation of persister cells 

has been strongly linked to the recalcitrant nature of chronic infections (90), and has 

been observed in numerous pathogens, including P. aeruginosa, S. aureus and E. coli 

(91). 

1.6.4. Evading the host immune response 

Polymorphonuclear leukocytes (PMNs) and macrophages are amongst the key players 

in fighting infection at the wound site. Neutrophils are the first responders and 

facilitate the clearance of debris, microorganisms, and necrotic tissue by releasing 

proteolytic enzymes such as MMPs, elastase and cathepsin G. M1 macrophages arrive 

a few days later to phagocytise any remaining microbes and excess neutrophils. Once 

this is complete, M1 macrophages undergo programmed apoptosis, or a phenotypic 

shift to M2 macrophages, which begin the repair process through the secretion of 

growth factors such as PDGF and VEGF. The presence and action of PMNs and 

macrophages is finely controlled under normal circumstances by key signalling 

molecules to maintain homeostasis. Whilst indispensable to wound repair, excess 

infiltration of these immune cells to the wound site ultimately leads to catastrophic 

tissue damage and a worsened wound prognosis. 

Chronic wounds are characteristically rich in pro-inflammatory immune cells and 

proteolytic enzymes – this has been known for over two decades. However, the role 

biofilms play in wound inflammation has only recently been realised, largely through 

drawing comparisons of biofilm behaviour in the cystic fibrosis (CF) lung. Studies 

have shown that biofilms containing P. aeruginosa in chronic wounds and CF lungs 

are surrounded by neutrophils which appear unable to penetrate the biofilm or exert a 

killing effect (74,92). Jensen et al. attribute this to the QS-dependent production of 

rhamnolipids, which cause rapid necrotic killing of PMNs and the subsequent release 

of their destructive cellular components (93). In contrast, mutant P. aeruginosa 

lacking the QS rhlA gene was unable to produce rhamnolipids, removing the ‘shield’ 

of protection against PMNs and allowing phagocytosis to occur (94). Additional 

studies show that the LasI-LasR and RhlI-RhlR QS systems in P. aeruginosa are 
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involved in the expression of two other virulence factors, exotoxin A and exoenzyme 

S, which induce apoptosis in neutrophils and macrophages (95,96). Bjarnsholt and 

colleagues have hypothesised that the ability of P. aeruginosa to form biofilms 

facilitates immune evasion and may explain the elevated levels of MMPs, cytokines, 

and proteases found in chronic wounds (97). 

Quorum sensing appears to contribute to biofilm robustness and survival; however, 

QS-deficient mutants of P. aeruginosa have been isolated from CF sputa and wound 

exudate/biopsies (98). This suggests that QS-independent defence mechanisms are 

also employed, or, a mixed community of QS-proficient and QS-deficient cells exist 

in the matrix, and the latter benefits from the former (99,100). In addition, a recent 

study revealed that many P. aeruginosa isolates collected from human chronic wounds 

were defective in virulence determinants, including protease production (43%), 

rhamnolipid production (58%), biofilm formation (22%), twitching (97%) and 

swimming motility (23%) (101). The authors conclude that these classic virulence 

factors can be absent without affecting bacterial fitness in the wound environment. As 

of yet, the exact role of QS in chronic infection remains unclear; more research is 

required to deduce the mechanisms in place to control population dynamics and 

biofilm survival over time.   

The prevalence and persistence of Staphylococcus spp. in chronic wounds may also 

be attributed to the phenomenon of immune evasion. An in vivo study by Kristian et 

al. demonstrated that PMN action is impaired in S. epidermidis biofilm due to the 

reduced deposition of IgG and C3b, which are required for antibody mediated 

recognition and phagocytic uptake, respectively (102). The authors also report an 

increase in the potent proinflammatory chemoattractant, C3a. This creates a scenario 

in which PMNs are constantly recruited to the site by C3a but cannot exert their killing 

action in the absence of opsonin deposition. Matrix components of Staphylococcus 

spp. biofilms also confer protection against the immune system phagocytic killing, 

namely polysaccharide intercellular adhesin (PIA) and poly-gamma-DL-glutamic acid 

(PGA) (103,104). S. aureus is equipped with an arsenal of immune evading proteins 

which inhibit neutrophil extravasation, opsonisation, phagocytosis and chemotaxis 

(105). To date, 40 of these proteins have been characterised (106). However, 

proteomic analysis reveals that up to 200 proteins are secreted by S. aureus, suggesting 

that many more of these proteins are yet to be identified (107).  
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Research into the relationship between biofilms and the host immune system is in the 

primitive stages; many questions regarding these interactions in chronic wounds 

remain unanswered. However, in vitro and in vivo evidence points towards the 

protective function of the biofilm matrix and the armoury of virulence factors 

expressed in the biofilm phenotype. 

1.7. Microbiology of chronic wounds  

The wound microenvironment creates favourable living conditions for unwanted 

residents. Once the barrier function of the skin is lost, debris and necrotic tissue act as 

a scaffold for the attachment of bacteria, and the protective function of biofilm 

formation allows infection to persist. The chronic wound microbiome is abundant and 

diverse in both aerobic and anaerobic microbes, containing up to 400 different species 

(108). However, identifying and isolating species from a polymicrobial environment, 

and henceforth relating these species to infection severity has proven difficult.  

Traditional culture-based techniques have identified the presence of multiple aerobic 

and anaerobic bacterial species in chronic wounds (109–111). One study by Gjødsbøl 

et al.  analysed the bacterial profile of chronic venous leg ulcers for eight weeks using 

culture-based methodologies (109). The most prevalent bacteria were Staphylococcus 

aureus (93.5%), followed by Enterococcus faecalis (71.7%), Pseudomonas 

aeruginosa (52.2%), coagulase-negative staphylococci (45.7%), Proteus species 

(41.3%) and anaerobic bacteria (39.1%). This study also detected the presence of two 

or more (up to five) resident bacterial species in 76% of the ulcers, cementing the 

hypothesis that chronic wounds are polymicrobial. 

A significant limitation of culture-based analysis is that 99% of bacteria on Earth are 

not amenable to cultivation under laboratory conditions (112), which raises the 

question of how reflective these results are of the actual wound microbiome. 

Organisms isolated using culture-based methodologies may not represent the key 

infection protagonists in the wound, nor the most abundant. The polymicrobial nature 

of wounds imposes another challenge for culture-based techniques. The symbiotic and 

competitive relationships between species creates a dynamic environment which 

cannot be replicated in a laboratory setting. The growth of certain species may depend 

entirely on the presence of another, and vice versa. In addition, standard culture 

techniques often underestimate the quantity and diversity of anaerobes present in 
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chronic wounds, due to their fastidious nature and location within the wound bed 

(113,114). 

The advent of molecular methods to exploit the 16S gene in prokaryotes facilitated the 

identification of a plethora of bacterial species that were not previously isolated using 

culture-based methods (Figure 1.6). Quantitative polymerase chain reaction (qPCR) 

(115), pyrosequencing (116) and denaturing gradient gel electrophoresis (DGGE) 

(117) are amongst the most common methods employed today to probe species 

diversity and enhance our understanding of the chronic wound microbiome.  

 

 

Figure 1.6. Sequencing methods are superior to traditional culture-based methods in providing a better 

overview of bacterial richness in chronic wounds. All sequencing methods employed 16S 

pyrosequencing. Han et al. compared species isolated from culture-based methods to sequenced genera 

(n = 15 patients) (118). Price et al. compared genera isolated from culture-based methods to sequenced 

genera (n = 24 patients) (119). Tuttle et al. compared genera isolated from culture-based methods to 

sequenced genera (n = 10 patients) (120). 

Wolcott et al. analysed the bacterial composition of various chronic ulcers using 16S 

rDNA pyrosequencing (116). The top three most abundant bacterial species isolated 

across non-healing surgical wounds, diabetic foot ulcers, decubitus ulcers, and venous 

leg ulcers were S. aureus, S. epidermidis and P. aeruginosa. In addition, anaerobic 

species comprised four of the top ten genera, namely Finegoldia, Prevotella, 

Peptoniphilus and Anaerococcus. Vascular complications, increased demand of 

oxygen by healing tissue, and the production of reactive oxygen species result in low 

tissue oxygen levels which facilitate the growth of anaerobes (121). Interestingly, the 

authors also report that wound type and patient factors had no effect on the wound 
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microbiome. This contradicts a previous study which hypothesised a link between 

wound type and anaerobic species, with pressure ulcers, diabetic foot ulcers and 

venous ulcers containing 62%, 30% and 2% obligate anaerobes, respectively (110). In 

contrast to this, another small study on venous ulcers reported 49% anaerobic species 

(123). However, it is likely that these earlier studies suffered from a small sample size 

(n = < 75), and therefore low statistical power, in comparison to the Wolcott study 

which had a sample size of 2963.  

The fungal ‘mycobiome’ also plays a significant role in chronic wound infections. A 

retrospective study of 915 clinical samples revealed that 23% harboured fungal species 

(124). The predominant fungi identified were of the yeast genera, including Candida, 

Curvularia and Malessizia. Another more recent study employing molecular analyses 

reports that up to 80% of chronic wounds contain fungal species that interact with 

bacteria to form mixed interkingdom biofilms (125).  

A small number of studies also report the presence of herpes simplex virus in wounds, 

particularly in burn patients (126,127). In addition, metagenomic analyses of VLUs 

by Wolcott et al. revealed a significant number of reads that were most closely related 

to viruses, including human herpes and adenovirus, bacteriophage and retro-

transcribing virus (128). Interestingly, the authors report that most reads were only 

distantly related to known virus, which alludes to the possibility of undiscovered 

viruses in the chronic wound microbiome.  

1.7.1. Spatial distribution within the wound bed 

The abundance and diversity of microorganisms, ranging from aerobes to anaerobes, 

bacteria to fungi, commensal to pathogenic, is enabled by the dynamic nature of the 

wound bed. Temporal changes in the chemical and physical composition of wounds, 

spanning the superficial and deep layers of tissue provide favourable environments for 

microorganisms with specific needs. Therefore, the spatial arrangement of bacteria in 

the wound bed may be non-random and confer advantages to survival.  

Biofilms of P. aeruginosa in chronic wounds are often observed as aggregates of cells 

surrounded in a self-produced alginate matrix (74). Fazli et al. used PNA-FISH 

coupled with confocal-laser scanning microscopy to show that these aggregates of P. 

aeruginosa predominantly inhabit the deeper tissue, in the region of 40 – 70 µm from 

the wound surface (73). In contrast, S. aureus aggregates were situated close to the 
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wound surface. Both S. aureus and P. aeruginosa are facultative aerobes, which raises 

the question of why P. aeruginosa preferentially localises in the deep tissue. The 

answer may be due to the highly competitive nature of bacteria in the wound bed. The 

migration of P. aeruginosa through the wound tissue is likely facilitated by swimming 

and twitching motility (129), combined with the ability to avoid killing by host 

immune cells (93). This allows P. aeruginosa to migrate to unpopulated regions of the 

wound bed which harbour an abundance of nutrients. A study by Ni et al. revealed 

that type IV pili are deployed symmetrically or asymmetrically depending on the 

nutrient availability of the surrounding environment, allowing P. aeruginosa to select 

the best area to ‘set-up camp’, so to speak (130). The authors conclude that switching 

to a non-motile state in a nutrient-rich niche triggers cluster formation, and hence, 

early biofilm development. In addition, the low pO2 of the deep tissue protects against 

the killing action of leukocytes via respiratory burst (131), which may further explain 

why certain species preferentially reside here. 

Similar to many aspects of chronic wound infections, the spatial distribution of 

microorganisms within the wound bed is poorly understood. PNA-FISH coupled with 

CLSM, and H&E staining of wound sections has revealed that bacteria can exist as 

single and polymicrobial aggregates in different regions of the wound bed, but a 

greater understanding of the mechanisms and reasonings behind this preferential 

distribution is required before any meaningful conclusions can be made.  

1.7.2. Horizontal gene transfer 

The high species diversity and proximity of cells in polymicrobial biofilms facilitates 

the exchange of genetic information via horizontal gene transfer (HGT). HGT 

processes such as conjugation and transformation afford the exchange of antibiotic 

resistance genes and virulence determinants to enhance the overall fitness of the 

population. Early opinions on HGT through conjugation predicted a tsunami-like 

wave of plasmid invasion across the whole biofilm community because the structural 

scaffold of the biofilm holds plasma donors and recipients in close proximity 

(132,133). However, more recent studies suggest that conjugation occurs mainly in 

subpopulations of metabolically active cells, and not regions of cellular senescence 

(134,135).  
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The pool of extracellular DNA (eDNA) in biofilms acts a reservoir for the uptake of 

useful genetic information by community members through transformation. Whilst 

this is yet to be demonstrated in chronic wound biofilms, the transfer and acquisition 

of antibiotic resistance genes via transformation has been documented in oral biofilms 

(136). The general observation that HGT through conjugation and transformation is 

higher in biofilms (and greater still in multi-species biofilms) than planktonic cells 

strongly suggests that this may contribute to the highly recalcitrant nature of chronic 

wound infections (137).   

1.7.3. Multispecies interactions 

The close proximity of cells, high microbial diversity, and an inherent will to survive 

necessitates mutualistic and competitive interspecies interactions in the chronic wound 

environment, at a detriment to wound healing. Bacteria in polymicrobial biofilms are 

typically more virulent than their monospecies form. Virulence is upregulated in 

polymicrobial biofilms due to the need for one species to effectively compete with 

other species in that community. This creates a vicious battlefield with an arsenal of 

virulence factors, reactive oxygen species, and antimicrobial peptides. In stark contrast 

to this however, multi-species biofilms also confer mutualistic benefits to its 

constituents, including increased antibiotic tolerance and protection from the immune 

response. Highly virulent and pathogenic species can facilitate the invasiveness of 

ordinarily less pathogenic organisms, which on their own would have minimal impact.  

Perhaps one of the best studied examples of interspecies interactions in the context of 

wound infection is between the key infection protagonists, P. aeruginosa and S. 

aureus. A plethora of in vitro and in vivo evidence strongly suggests that co-infection 

of these pathogens leads to impaired healing, increase antibiotic tolerance and a 

worsened disease outcome (45,138–140). In 2013, Pastar et al. published the first in 

vivo study to explore the role of virulence factors in polymicrobial wound infections 

(138). The presence of P. aeruginosa was shown to induce the expression of virulence 

factors in MRSA, including α-hemolysin and Panton-Valentine leucocidin. In 

addition, co-infection with P. aeruginosa and MRSA prevented wound closure 

through reduced re-epithelialisation via the downregulation of keratinocyte growth 

factor 1 expression. One notable advantage of this study was the use of a porcine 

model, which bears superior resemblance to human infection than previous murine 
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and rabbit models (139,141). This study cemented the notion that enhanced virulence 

of multi-species biofilms is linked to delayed healing. A more recent in vivo study 

demonstrated that secondary metabolites of P. aeruginosa, namely LasA 

endopeptidase and 2-heptyl-4-hydroxyquinoline N-oxide (HQNO) can respectively 

increase or decrease the antibiotic susceptibility of S. aureus (142). The ability of P. 

aeruginosa to indirectly control the survival of S. aureus adds another facet to 

interspecies interactions, whereby one species can determine the survival of another, 

perhaps based on its own needs. 

As mentioned previously, the presence of mixed fungal and bacterial biofilms also 

plays a significant role in healing impairment. The hyphal form of C. albicans has 

been shown to enhance the pathogenicity of S. aureus in an in vitro co-infection model 

(143). The S. aureus transcription repressor, CodY, which inhibits genes involved in 

biofilm formation and virulence is downregulated in the presence of C. albicans, 

allowing S. aureus to thrive. Moreover, the close association of S. aureus to fungal 

hyphae is thought to facilitate epithelial invasion of S. aureus (143). Although these 

interactions are yet to be verified in a chronic wound setting, the very common co-

isolation of bacteria and fungi from wounds strongly suggests mutualistic interactions 

are at play (124,125). The role of fungi and yeasts in chronic wounds and their 

persistence is gaining notoriety. This realisation must be met with a shift in empirical 

treatment strategies to include antifungal agents. Townsend et al. demonstrated in 

vitro that only a combination of antifungals and antibiotics was successful in reducing 

the bioburden of a mixed-species biofilm, consisting of P. aeruginosa, S. aureus and 

C. albicans (144). The extensive C. albicans mycofilm matrix facilitates bacterial 

growth by providing structural support and protection from antibiotics (145). 

Therefore, the authors hypothesise that targeting C. albicans with an antifungal agent 

leads to collapse and dissemination of the polymicrobial community, and hence an 

overall reduction in cell viability.  

In addition, bacteria classified as non-biofilm produces have been found in close 

association with biofilm produces, suggesting synergistic interspecies interactions 

which contribute to the delayed healing process (146,147).  

Multi-species interactions, whether they are competitive or mutualistic clearly have a 

profound impact on community composition and survival. These properties that 
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manifest only in a community setting are referred to as community-intrinsic properties 

(148) (Figure 1.7), and have gained significant interest in recent years due to the 

emerging importance of bacterial social behaviours, such as biofilm formation and 

quorum sensing. Our understanding of such interactions is ever-expanding, facilitated 

by the emergence of established models which consider species selection, biofilm set-

up, and method of analysis to provide the most accurate, relevant and comprehensive 

examination of multi-species interactions (149,150).  

In the context of chronic wound research, it may be more productive to consider the 

effects of the whole microbial wound community on delayed healing, rather than 

attempting to identify a single causative organism. The fact that no causative 

organisms have been attributed to wounds of any aetiology strongly suggests that the 

host response and degree of infection depends on community-intrinsic properties. 
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Figure 1.7. Bacterial social interactions within a polymicrobial community. The green rod and yellow 

coccus depict different bacterial species, and a colour change in these bacteria represents a phenotypic 

shift. (A) Both species behave the same together as they do apart, with no resulting community effects. 

(B) The green rod interacts (black arrow) with the yellow coccus, which subsequently undergoes a 

phenotypic change (depicted by colour transition to blue). This is an example of a community-intrinsic 

property that could not be predicted by studying each species alone. (C) In this scenario, both species 

are affected. (1) The green rod induces a different phenotype in the coccus from yellow to blue. (2) The 

new blue phenotype coccus interacts with the green rod to cause a phenotypic shift to red. This is a 

more complex example of intrinsic interactions within the microbial community which cannot be 

studied or predicted based on mono-species behaviour. Adapted from (148). 

1.7.4. A move towards multi-omics 

The sheer complexity of interactions within a dynamic polymicrobial community and 

its host necessitates the adoption of holistic methods, rather than a reductionist 

approach. Molecular methods such as 16S RNA sequencing have unveiled the great 

microbial diversity present in chronically infected wounds. Going forward, 

metagenomic analysis will reveal the presence and/or absence of genes essential for 

virulence and antibiotic resistance (151), affording the possibility of targeted antibiotic 

therapies. However, metatranscriptomics must be employed to determine whether 

these genes are functionally expressed or not. In addition, metatranscriptomic 

approaches such as dual RNA-Seq have the potential to broaden our understanding of 

mutualistic, commensal and host-pathogen relationships by permitting simultaneous 

transcriptomic analysis of two or more species (152,153). Moreover, the emergence 

of stronger analysis methods, such as those based on network theory, will facilitate 
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interpretation of the vast amounts of data generated from RNA sequencing. Network 

analysis involves modelling predictions on the very intricate interactions present and 

has been hailed as an indispensable tool for disseminating complex microbiome data 

(154). It has the potential to disentangle polymicrobial and host-pathogen interactions 

and draw meaningful conclusions in relation to disease.  

Molecular and omics technologies may revolutionise our approach in understanding 

the complex and multifaceted nature of chronic infections. The insights gained from 

their application will hopefully shed light on areas that currently remain a mystery, 

including polymicrobial interactions, host-pathogen relationships and how these 

impact infection progression and severity. 

1.8. Biofilm diagnosis and treatment in chronic wounds: current guidelines 

The link between biofilms and chronic wounds has been well-established by the 

numerous studies documenting their presence in non-healing wounds of various 

aetiologies. Our understanding of biofilm tolerance mechanisms, morphology, 

interspecies interactions, and the host response has translated and shaped the classic 

mushroom-plume biofilm model into the single and polymicrobial aggregates that we 

now recognise as a wound biofilm, spanning the superficial and deep layers of the 

tissue, dynamic and unpredictable in nature. Despite this, accurately detecting and 

eradicating biofilms in wounds remains a great challenge. Organisations such as the 

European Wound Management Association (EWMA) are paving the way towards 

better guidelines by discussing evidence, addressing controversies, and suggesting 

diagnostic and treatment strategies to optimise wound healing. Without a clear set of 

guidelines, clinicians cannot accurately diagnose and pin-point biofilm growth in the 

wound bed, which ultimately leads to sub-optimal treatment and poor wound outcome. 

As the first step in biofilm identification, the chosen sampling method and standard to 

which it is performed is integral to accurate diagnosis. Common methods include 

surface swabbing, tissue biopsies and collection of wound exudate. Wound biofilms 

are typically less than 100 µm thick, and hence, very difficult to distinguish with the 

naked eye (155). Slough, debris and exudate are mistakenly identified as biofilm by 

clinicians.  This misidentification can lead to biased tissue sampling and yield false-

negative results. Due to the highly heterogenous distribution of biofilms in wounds, 
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multiple punch biopsies of both the superficial and deep layers are recommended and 

should not be subjectively guided by areas that looked typically ‘infected’. 

A recent guideline by the European Society for Clinical Microbiology and Infectious 

Diseases (ESCMID) states that microscopic techniques such as SEM, TEM, CLSM 

and PNA-FISH are the most reliable diagnostic methods to identify bacterial 

aggregates in wounds (156). However, these techniques involve highly sophisticated, 

expensive equipment which require trained personnel; in a clinical setting, this is 

simply not practical. This highlights the need for widely available and inexpensive 

point-of-care diagnostics that afford the same level of reliability as microscopic 

methods.  

The distribution of bacteria throughout the wound bed poses the biggest obstacle to 

better biofilm diagnostics. A recently published consensus document by Schultz et al. 

recognises this, and details the need for better diagnostic tests and those which can 

accurately detect and locate bacterial aggregates to guide sampling and treatment 

(157). New methods are emerging to answer this call; wound blotting with 

nitrocellulose membranes is one such example. When applied over a freshly debrided 

wound, exudate is absorbed into the nitrocellulose membrane, which can be further 

analysed for the presence of certain molecules indicative of biofilm formation. 

Moreover, this method provides spatial analysis of the biomolecule across the entire 

wound bed, without invasion. This technique has been successfully used by Nakagami 

et al. to detect biofilm formation via the staining of EPS components with ruthenium 

red (158). In a follow-up study, the authors confirmed that wound healing was 

impaired in patients with a positive staining result, in contrast to a decrease in wound 

area in those with negative staining following sharp debridement (158). 

A major advantage of the wound-blotting method is the ability to distinguish between 

biofilm and planktonic bacteria. However, detection based purely on EPS components 

does not afford species identification, which is important information when 

considering treatment strategies. With that being said, the contribution of individual 

species to delayed healing is poorly understood. The most dominant bacteria in a 

population may not necessarily be the most virulent. In fact, studies suggest that less 

dominant microbes, such as anaerobes, may impede healing greater than more 

abundant species (122). The low metabolic activity of bacteria in certain niches within 
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the biofilm adds another aspect of complexity to treatment. Indeed, advancements in 

diagnostics must be met with an endeavour to elucidate the best treatment options if 

an overall improvement in wound healing is to be achieved.  

The current recommended treatment strategy for wound biofilms includes regular 

sharp debridement of the wound bed followed by application of antiseptic agents. 

Mechanical debridement alone cannot remove all microorganisms in the wound, and 

the bacteria left behind can reform a mature biofilm within 72 hours (159). Despite 

being hailed as the gold-standard treatment option, one study suggests that 

debridement only achieves a 1-2 log reduction in bioburden (160), which may explain 

the quick relapse. However, mechanical disruption leads to biofilm dispersal and 

hence reduced tolerance in the 24 hours following debridement, providing a window 

for optimal antiseptic efficacy. Together, this combined approach aims to prevent and 

slow biofilm regrowth to maximise wound healing.  

The use of topical antibiotics and antiseptics in non-healing wounds has been 

discussed in depth by the European Wound Management Association (161). The 

Association conclude that there is no clinical data to support the use of topical 

antibiotics or antiseptics to prevent infection recurrence. However, in a more recent 

consensus document, the Global Wound Biofilm Expert Panel unanimously agreed 

that topical antiseptics should be the first line treatment in chronic wounds over 

antibiotics (157). The reasons for this preference are two-fold. Firstly, antiseptics are 

more effective against metabolically inactive cells. Whilst antibiotics mainly target 

cell division processes, antiseptics have a range of targets outside cell division which 

enhance their killing ability against senescent cells. Secondly, research suggests that 

antiseptics are less likely to induce resistance than antibiotics and hence, their use is 

not only more effective, but also more responsible (162). In conclusion, if antiseptics 

can sufficiently prevent or slow biofilm regrowth, this negates the use of antibiotics, 

in line with good antimicrobial stewardship practices. 

Once established in the wound bed, biofilms are extremely difficult to eradicate 

completely, leading to infection recurrence. The advent of new diagnostic methods 

validated and supported by clinical evidence will help definitively guide treatment 

options towards more tailored therapies for biofilm infections. Such therapies should 

be designed based on biofilm efficacy and tested using established in vitro and in vivo 
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biofilm models. However, a more suitable option may involve biofilm prevention. An 

immature biofilm is easier to treat, and its complete eradication more likely. Point-of-

care biofilm diagnostics offer this possibility, and will be explored in the final section 

of this chapter to review their potential in the bid to detect infection in the very early 

vulnerable stages. 

1.9. Current wound management  

One of the main issues with chronic wound management is monitoring the condition 

of the wound, which needs to be performed regularly to identify any signs of infection. 

A survey by Dowsett et al. reveal a mean dressing change frequency of 2.5 times per 

week, with 28.3% of wounds being dressed more than three times a week (163). At 

present, this process involves manually removing the wound dressing, performing a 

visual inspection, taking a surface swab or biopsy for further examination if necessary, 

and reapplying the dressing. In addition to causing obvious discomfort to the patient, 

this process significantly jeopardises the healing process. Frequent removal of the 

wound dressing exposes the lesion to the surrounding environment and hence, 

increases the risk of infection. All of the above is in vain if the wound is, or was, in a 

healthy state.  

In addition, samples collected from wounds may take days to process, using expensive 

and complex equipment. In that time, the condition of the wound may deteriorate if 

the appropriate therapy is not given, as is often the case with empiric antibiotic 

prescription. Check-ups on a daily or weekly basis are necessary even after treatment, 

the majority of which (86.5%) are performed in the patient’s own home or in a 

residential home by a visiting healthcare worker (163). These regular visits, which 

may be completely unnecessary if the wound is healthy, incur significant costs and 

use-up valuable resources. For the minority of patients who must return to the hospital 

or outpatient centre for examination, the frequency of these appointments can be 

extremely inconvenient.  

In short, current wound-care management strategies are inadequate. They are time-

consuming, costly, inconvenient to the patient, and above all, limited in their ability 

to rapidly identify infection, which subsequently leads to poor wound outcome and an 

overall higher cost of care. The rise in prevalence must be met with the advent of 
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sophisticated, point-of-care diagnostics to aid rapid, evidence-based medical 

intervention.   

1.10. Point-of-care diagnostics 

Point-of-care diagnostics have the potential to revolutionise wound management by 

providing real-time analysis of the wound condition. In situ monitoring of important 

wound healing parameters would reduce the amount of unnecessary dressing changes, 

and in turn allow healthy wounds to heal without disruption or exposure to the 

environment. The problem of unnecessary dressing changes was highlighted in a 

report by Dowsett et al. in which 85% of dressing changes occurred in wounds that 

were not infected, based on clinical judgment (163). Worryingly, in 8% of cases, 

clinicians answered ‘don’t know’ when asked if the wound was infected or not. This 

concerning statistic highlights the need for better diagnostic techniques that rely less 

on clinical judgement. 

Visual inspection as a means of infection diagnosis in wounds is less than ideal and 

may result in suboptimal care. The classic hallmarks of infection including, redness, 

swelling, heat and pain are not always present in the case of biofilm-associated wound 

infections. In addition, immunodeficiency, neuropathy and vascular insufficiency can 

lead to local inflammation, which can be mistakenly interpreted as an infection 

marker, rather than an attribute of an underlying health condition. Regardless of the 

years of experience and clinical expertise, clinicians cannot accurately diagnose 

infection in wounds that lack any definitive clinical signs and symptoms thereof. 

Ultimately, prompt intervention facilitated through accurate diagnosis is the key to 

successful therapy. Identifying the point at which normal healing tips towards a 

pathological state would circumvent the downstream complications of severe 

infection, and the associated costs. 

1.11. An important note on wound dressing classification 

There are over 3000 types of wound dressings available on the market. However, there 

are currently no guidelines on which type of dressing to use, or which are clinically 

superior. This may lie in the fact that wound dressings are classed as medical devices, 

and therefore do not require the same rigorous testing and clinical evidence as other 

medicines for approval. Hydrogel, film, foam, hydrocolloid, alginate, and 

antimicrobial dressings are prime examples of so-called advanced dressings which 
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claim clinical superiority (164,165). However, the evidence in favour of these more 

advanced dressings over existing dressings has been ranked as ‘low’ or ‘very low’ in 

a recent review of antimicrobial dressings and advanced wound dressings by the 

National Institute for Health and Care Excellence (NICE) (166). Many of the 

randomised control trials (RCTs) reportedly suffered from poor study design, small 

sample size and a high risk of bias. The higher cost of these specialist dressings must 

be met with superior clinical efficacy for recommendation by NICE. A greater level 

of scrutiny and regulation may improve the quality of RCTs, and hence, the strength 

of clinical evidence. The need for reclassification and clarification has been recognised 

by regulatory bodies such as the MHRA and the FDA (167,168), especially in the case 

of dressings that contain antimicrobial agents.  

1.12. Smart dressings – the next generation of wound care 

In recent years, there has been considerable interest in smart dressing systems to 

overcome the shortcomings of current wound management. Traditional dressings aim 

to protect the wound, absorb excess exudate, facilitate debridement and provide a 

moist environment for optimal healing; however, they are unable to provide 

information on the wound state with regards to pH, moisture, temperature, bacterial 

load or oxygen perfusion. These are all important factors which affect wound healing 

and can act as markers for wound deterioration. Smart dressings offer non-invasive 

monitoring of these important markers to provide real-time analysis of the wound 

state, flagging signs of infection or wound deterioration which can be monitored by 

both the clinician and patient. Smart dressings are responsive to the wound state, either 

visually or electrochemically, with some systems offering autonomous treatment. The 

overall aim of this technology is to prompt intervention at the earliest time point in the 

hope to improve treatment efficacy and wound outcome. Moreover, the wound 

dressing can be left in place in the absence of abhorrent changes, providing optimal 

conditions for healing.  

Considering the majority of wound care occurs in the community, these dressings offer 

point-of-care testing outside a hospital setting, lessening the burden on healthcare 

institutions and the number of outpatient visits. Because the frequency of routine 

dressing changes can be reduced, the associated cost and time dedicated to home-visits 

may also diminish. The potential of smart dressing to revolutionise wound care is 
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reflected by the encouraging preliminary data presented by a plethora of smart 

systems. Many of these technologies have passed the conceptual stage, with some even 

reaching market approval. However, smart dressings must meet a number of 

specifications to ensure their safety and efficacy, including (i) specificity to 

analyte/factor of interest, (ii) appropriate sensitivity to analyte/factor of interest, (iii) 

resistant to interference from wound exudate, (iv) non-toxic and biocompatible, (v) 

non-allergenic, (vi) appropriate shelf life for purpose, (vii) sufficiently flexible to 

mould to contours, and finally (viii) cost effective. The multitude of both essential and 

desirable characteristics explains the small number of smart dressings currently 

available on the market. However, as the research and knowledge on these systems 

expands, the emergence of smart dressings that meet such requirements is inevitable. 

1.13. Wound healing markers 

Numerous physical and biochemical factors can be accurately measured and 

monitored as indicators of wound health; the most common of these include pH, 

temperature, moisture, and oxygen. Such parameters are usually maintained at levels 

optimal for wound healing, but in the absence of homeostasis, wound deterioration 

often results. Early detection of abhorrent changes affords immediate treatment to 

prevent further pathological progression. Many prototype smart dressings have been 

developed to visually or electrochemically respond to changes in these factors. The 

rationale behind their monitoring is outlined below. 

1.13.1. pH 

Wound pH fluctuates depending on the stage of healing but is generally acidic to 

promote processes essential to repair and bacterial toxicity. Undisturbed tissue has a 

pH of 7.4, which dramatically drops to pH 6.2 upon wounding, and again to below pH 

6.0 shortly after to enhance protease activity and bacterial clearance (169). During the 

inflammatory phase, the pH rises and eventually reaches pH 7.5-8.0 for optimal 

angiogenesis in the granulation phase. In acute wounds, a final drop to pH 6.2 

commences epithelialisation (169). However, this latter decrease does not occur in 

chronic wounds, which have a recorded pH range of 7.15 – 8.9 (170). The alkaline pH 

in the chronic wound milieu can be attributed to cycles of reperfusion injury or 

infection.  
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Figure 1.8. Course of pH changes in (A) acute wounds, (B) chronic wounds. Adapted from (169). 

1.13.2. Temperature  

Temperature can be monitored as an indicator of inflammation, blood flow and 

infection in wounds. In a study of 35 patients with pressure ulcers, those with a higher 

wound temperature healed more slowly than those with a lower wound temperature 

(171). The authors suggest that thermographical assessment can be used to predict 

wound healing and expedite the administration of appropriate treatment. In addition, 

temperature has also been suggested as a predictive marker for diabetic foot ulceration 

(172).  

1.13.3. Moisture 

Wounds should be kept moist to promote re-epithelialisation, angiogenesis and reduce 

pain (173). However, excess exudate may provide a favourable environment for 

bacterial colonisation. Therefore, optimal moisture levels should be maintained to 
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promote healing, and minimise the risk of infection. Ohmedics Ltd. have developed 

the first commercially available smart sensor to measure moisture content of wounds. 

WoundSense™ is a disposable, sterile, wearable sensor that is placed directly on the 

wound to provide information on moisture status without the need for dressing 

changes. Moisture content is measured by a hand-held meter, based on the electrical 

impedance of the wound (higher impedance indicates a lower volume of liquid) (174). 

The meter calculates and returns data in the form of five categories based on drops: 

one drop indicates a dry wound; five drops indicate a wet wound. This technology 

provides valuable information on wound state, allows healing to progress undisturbed, 

and promotes the selection of the most appropriate dressing. Using this sensor, Milne 

et al. demonstrated that 44.9% of 588 dressing changes were made when the moisture 

content of the wound was optimal for healing (175). This study highlights the 

prevalence of unnecessary dressing changes, and the ability of smart devices to aid 

wound care. 

1.13.4. Oxygen  

Like many of the aforementioned parameters, oxygen promotes cell proliferative 

processes and collagen synthesis (176). In addition, adequate oxygen levels are 

required for the antibacterial action of leukocytes via respiratory burst (177). Whilst 

normal tissue oxygen levels are typically measured at 45 – 65 mmHg, hypoxic wounds 

exhibit oxygen levels as low as 5 mmHg (178). Oxygen levels below 20 mmHg result 

in anaerobic cellular metabolism which impairs the healing process and promotes 

infection, particularly with anaerobic species (178).  

1.14. Bacterial markers and biosensors 

Whilst the above parameters provide essential information on wound healing 

progression, none can be used as a definitive infection marker, with perhaps the 

exception of pH. Therefore, other factors that are directly associated with microbial 

growth should be investigated for applications in smart dressings with definitive 

infection diagnosis purposes. Examples of such dressings that respond to biochemical 

markers will now be discussed. 
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1.14.1. Uric acid 

Uric acid (UA) is the end-product of purine metabolism in humans and is present in 

almost all biological fluids at relatively high concentrations (179). Whilst UA cannot 

be further metabolised by the body, certain bacteria catabolise UA to allantoin via the 

enzyme uricase, including the common wound pathogens P. aeruginosa and S. aureus. 

Therefore, a rational exists to associate substantial UA depletion in wound exudate 

with bacterial infection.  

Sharp et al. designed a carbon fibre sensor to electrochemically monitor UA depletion 

in cultures of S. aureus, P. aeruginosa and K. pneumoniae (180). Square-wave 

voltammetry was used to detect the oxidation of UA as a sharp peak at +0.23 V, free 

from interference from other readily oxidised species. Biofouling of the electrode upon 

repeated measurements in exudate and blood lead to reduced peak signal; however, 

the authors rectified this by coating the electrode with cellulose-acetate. Despite the 

potential of this work for infection diagnosis in wounds, its application in the chronic 

wound environment may be compromised. A study by Fernandez et al. revealed that 

uninfected chronic venous leg ulcers exhibited elevated UA concentrations due to 

tissue remodelling (181). The findings of this study led to the development of multiple 

UA smart sensors for predicting ulceration, with little to no emphasis on infection 

diagnosis. Such biosensors include those designed by Kassal (182) and Pal (183), 

which both achieved desirable sensitivity, selectivity and wireless communication of 

UA status via wearable potentiostats. Kassal et al. designed an electrochemical smart 

dressing for wireless UA monitoring (182). The screen-printed biosensor comprises 

immobilised uricase paired with a transducer that permits UA detection at low working 

potential to minimise interference from other readily oxidised species. The sensor 

interfaces with a wearable potentiostat that wirelessly communicates data to a 

Smartphone or tablet. The sensor displayed good sensitivity (100 µM) even outside 

the normal physiological range (220 – 750 µM), and demonstrated good selectivity in 

the presence of common interferants such as ascorbic acid.  

The work by Pal and colleagues mentions bacterial metabolism of UA to explain its 

rationale as a biomarker, the study did not assess this factor experimentally. For now, 

it seems UA will mainly be used as marker of wound health, rather than infection. 
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1.14.2. Bacterial toxins and virulence factors  

Bacteria release a variety of toxins and virulence factors during infection that serve as 

potential infection markers. In addition, the species-specific production of certain 

molecules, e.g., pyocyanin by P. aeruginosa, affords the possibility of smart systems 

which alert the presence of certain bacteria. This enhanced diagnostic power enables 

a shift from empirical antibiotic prescription to more evidence-based treatment 

strategies.  

1.14.2.1. Pyocyanin 

Pyocyanin is a virulence factor unique to P. aeruginosa, owing to its potential as a 

specific marker. Responsible for the characteristic blue-green colour of Pseudomonas 

species, pyocyanin serves as a regulator (and indicator) of quorum sensing, and exerts 

antimicrobial effects on competing bacteria (184). In human infection, pyocyanin has 

been shown to arrest cell growth and induce apoptosis to escape the effects of the 

immune system (185).  

The literature covering pyocyanin concentrations in biological fluids is limited; 

however, a biomedically relevant range of 0.1 – 100 µM has been suggested based on 

the available evidence (186). Wounds typically contain concentrations nearer the 

lower estimate range (< 10 µM) (185). Therefore, systems for wound applications have 

primarily focused on achieving suitable sensitivity, specificity and linearity at very 

low concentrations. Sharp et al. used a carbon fibre tow to detect pyocyanin using 

square-wave voltammetry within a range of 1 – 100 µM (187). Sensor monitoring of 

pyocyanin production agreed with the standard chloroform-acid/photometric methods. 

Furthermore, the sensor exhibited high specificity for pyocyanin and was not affected 

by other metabolites such as pyomelanin.  

The analytical sensitivity of such carbon fibre sensors has been extended to 

submicromolar concentrations by the work of Burkitt and Sharp (188). The authors 

applied third-order polynomial baseline correction to enhance sensitivity and achieve 

a derived limit of detection of 0.09 µM in simulated wound fluid. Problems 

surrounding sensitivity may also be overcome by engineering micro and 

nanofabricated electrodes, but at an additional cost (186,189). Advances in the field 

towards clinical application include the development of cost-effective, disposable 
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carbon electrode sensors which require no sample preparation and enable selective 

detection of P. aeruginosa within five minutes (190).  

Sismaet et al. conducted the first pilot study to test a developed pyocyanin sensor on 

wound exudate from patients with chronic ulcers (191). A positive pyocyanin result 

indicated the presence of P. aeruginosa. The sensors results were compared to 16S 

rRNA profiling to reveal 9 correct matches, 2 false-negatives and 3 false-positives. 

The outcomes of this study highlight the current limitations of solely relying on 

pyocyanin as an indirect marker of P. aeruginosa. The wound environment may 

impact the expression of genes involved in pyocyanin production, and hence, 

pyocyanin concentrations may exist below the limit of detection, yielding false-

negative results. Quorum sensing-deficient strains of P. aeruginosa isolated from 

wounds have been shown to produce negligible levels of pyocyanin (192). The false-

positive results of the Sismaet study may arise from other interfering redox-active 

molecules in the wound exudate, although the authors report no other peaks within the 

reference window for pyocyanin, and so the exact cause of these results remain 

unknown.  

Since the work by Sharp et al. in 2010 (187), the electrochemical monitoring of 

pyocyanin for wound applications has advance significantly. The development of 

more sensitive, wearable, and cost-effective carbon electrodes with considerations 

towards clinical use highlights the potential of these sensors as a diagnostic tool for P. 

aeruginosa detection. Ultimately, additional studies concerning the testing of 

pyocyanin sensors on human chronic wounds must be conducted to reveal the clinical 

potential of such devices.  

1.14.2.2. Pore-forming toxins 

In a very promising approach towards theranostic wound management, Zhou et al. 

have developed a smart dressing in which the presence of pathogenic bacteria triggers 

the release of a fluorescent dye and antimicrobials; thus, providing simultaneous 

detection and treatment (193). Inspired by the pore-forming action of phospholipase-

A2 and α-hemolysin on eukaryotic cell membranes, Zhou and colleagues developed 

synthetic Trojan-like vesicles which release their cargo upon contact with these toxins. 

Since the pilot study published in 2010 (194), the conceptualisation of this technology 

into a smart dressing has been achieved through vesicle optimisation, prototype 
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dressing development and testing against relevant wound bacteria (195). The 

prototype dressing, consisting of vesicles bound to a surface-modified polypropylene 

fabric, responded to pathogenic S. aureus and P. aeruginosa via the release of 

carboxyfluorescein, visualised under UV light. Importantly, the dressing did not 

respond to non-pathogenic E. coli, which does not produce such toxins (195).  

The most recent dressing prototype consists of two layers; the lower layer houses 

vesicles containing antimicrobials (silver nitrate and gentamicin sulphate), and the 

upper layer serves as the ‘detection layer’, with vesicles containing carboxyfluorescein 

(193). Using this dressing, Zhou et al. demonstrated the simultaneous in-situ detection 

and inhibition of pathogenic wound bacteria in an in vivo mouse model. Fluorescence 

was visualised one day post-inoculation of wounds with S. aureus and P. aeruginosa. 

However, the dye could not monitor infection during healing, due to quenching by 

wound exudate, pH and temperature. Infected mice treated with the smart dressing 

showed enhanced and near complete wound closure at 15 days, comparable to the 

uninfected control group (193).  

Recently, Singh et al. developed a theranostic wound dressings that also harnesses the 

action of bacterial lipase (196). This dressing comprises an electrospun polyurethane 

scaffold loaded with a ciprofloxacin-based prodrug and a chromogenic dye (H-Cy), 

which are activated via hydrolysis of ester linkages by lipase. In vitro testing revealed 

complete kill of P. aeruginosa within 4 h of contact, and a stark colour change of 

yellow to dark green. The authors also demonstrated the antibacterial properties of the 

dressing in an ex vivo porcine wound model. The bacterial bioburden was reduced by 

87 ± 2.7% within 4 h of contact, and again, infection was visually detected via dye 

colour change. Similar to the previously mentioned approach by Zhou et al., this 

dressing only responded to pathogenic bacteria; experiments conducted with low-

lipase-producing E. coli exhibited no reduction in bacterial load and no change in 

dressing colour.  

These intelligent dressings are excellent examples of the theranostic technology 

emerging for non-invasive wound monitoring and treatment, with the added advantage 

of distinguishing between pathogenic and non-pathogenic bacteria. This selectivity is 

important for maintaining the natural microflora (197), and preventing the 

development of resistance by reducing unnecessary exposure to antimicrobials (194).  
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1.14.2.3. pH 

Wound pH is an important biochemical marker for healing progression and bacterial 

infection. It can be monitored electrochemically, predominantly using silver-silver 

chloride electrodes, or via colorimetric measurements of pH-responsive dyes. In very 

recent years, exciting examples of automated dressings which release drugs in 

response to an external stimulus have emerged in the literature. Both approaches to 

pH monitoring with a particular emphasis on bacterial detection are discussed herein. 

GelDerm is an example of a colorimetric wound dressing for measuring pH as an 

indicator of bacterial infection (198). This hydrogel-based dressing comprises 3D-

printed alginate fibres loaded with a pH-responsive dye. Importantly, the dye was 

encapsulated within mesoporous resin beads to prevent leakage into the wound site. 

In addition, 3D-printed gentamicin-loaded alginate fibres provided sustained drug 

release. The dressing was tested in vitro and ex vitro to demonstrate a pronounced 

colour change upon contact with culture media containing P. aeruginosa and S. 

aureus. pH variations detected by GelDerm and a commercially available pH probe 

were comparable with less than ± 5% error (198). Like many other emerging smart 

technologies, the dressing wirelessly interfaces to a smartphone to report pH values 

with even higher accuracy than visual detection. The authors conclude that GelDerm, 

coupled with the iDerm smartphone application offer non-invasive monitoring and 

treatment of wound infection, with future endeavours involving the incorporation of 

more specific bacterial markers (198). In another colorimetric approach, Liu and 

colleagues recently developed a smart hydrogel dressing containing modified pH 

indicator dye, phenol red (199). The dye changes colour over the clinically relevant 

pH range of chronic or infected wounds; yellow at pH 5, orange at pH 7.4 and red at 

pH 9.  

Zepon et al. have developed a unique smart wound dressing for pH monitoring with 

natural occurring materials and dyes (200). Κ-carrageenan was blended with locust 

bean gum to form a hydrogel with enhanced mechanical strength than each material 

alone. Cranberry extract was used as the pH-responsive component due to its high 

content of anthocyanin, a natural pH-responsive dye commonly found in fruits and 

berries. The dressing exhibited a visual colour change of red to deep brown in contact 

with S. aureus and P. aeruginosa cultures.  Furthermore, the bacterial anti-adhesive 
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property of cranberry extract was demonstrated in vitro by effectively preventing 

bacterial attachment and colonisation (200).   

Mostafalu et al. recently designed a fully automated electrochemical smart bandage 

for wound pH monitoring (201). The main features of this dressing include a 

potentiometric pH sensor to detect bacterial infection, and a stimuli-responsive drug 

carrier imbedded in a hydrogel sheet, which is triggered by an integrated heater to 

provide on demand antibiotic release. The heater is switched on when a critical pH 

indicative of bacterial infection is reached. The hydrogel layer is heated to 37 °C, 

which triggers the thermo-responsive polymer drug carrier, poly-N-isopropyl 

acrylamide, to release cefazolin (201). This is orchestrated through an integrated 

electronic microcontroller which wirelessly communicates to external devices using 

Bluetooth. The efficacy of this dressing was demonstrated in vitro with S. aureus with 

promising results which merit further testing.     

1.14.3. Neutrophil-derived enzymes 

Polymorphonuclear neutrophils are the first nucleated cells to arrive at the wound site 

once the skin barrier has been breached. In the case of infection, another flood of 

PMNs are recruited via chemotaxis to kill invading microbes. As such, neutrophil-

derived enzymes including cathepsin G, myeloperoxidase, human neutrophil elastase 

and lysozyme can provide an indirect approach to infection detection. Although 

enzyme assays provide a rapid response to the enzymatic activity in the wound bed, 

this approach is limited to monitoring bacterial bioburden, and does not afford species 

identification to guide appropriate treatment.  

1.14.3.1. Myeloperoxidase 

Myeloperoxidase (MPO) is stored in the azurophilic granules in neutrophils and 

released during respiratory burst. MPO catalyses the conversion of chloride ions to 

antimicrobial hypochlorous acid in the presence of hydrogen peroxide (H2O2). 

Moreover, MPO oxidises phenolic compounds such as guaiacol. Elevated MPO levels 

in infected wound exudate are closely associated with bacterial bioburden, thus, a 

variety of sensor systems exploiting the oxidation and chlorination activity of MPO 

have been developed to monitor MPO as an infection marker.  
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Hasmann et al. have explored a variety of different natural and synthetic substrates as 

markers for MPO-oxidation (202). Using guaiacol as a substrate, the authors were able 

to demonstrate significantly enhanced MPO-oxidation in infected wound fluid 

compared to uninfected wound fluid (202). However, guaiacol cannot be oxidised by 

MPO once immobilised, and is therefore unsuitable for incorporation into smart 

dressings. To overcome this, Fast Blue RR was identified as a suitable synthetic 

substrate that can be easily immobilised onto alkoxysilanes via hydrolytic 

polymerisation. In a proof of concept study, alkoxysilane-derivatised Fast Blue RR 

produced a blue colour when incubated with infected wound fluid (203). No 

conversion was observed with uninfected wound fluid. Furthermore, cross reactions 

with haemoglobin did occur, but with 60% less colour development which renders the 

sensor suitably specific for MPO oxidation.  

MPO oxidation may be achieved by several means in the complex wound 

environment, therefore, the chlorination activity of MPO has been explored as an 

alternative and more specific method for sensor development. This was first realised 

by Hajnsek et al., who demonstrated that MPO oxidation correlated with MPO 

chlorination in infected and uninfected wound fluid (204). Based on this, Hajnsek and 

colleagues designed an electrochemical sensor to quantify the consumption of H2O2 

by MPO in wound fluid samples (204). This sensor contains immobilised glucose 

oxidase which provides a constant source of H2O2, so the reaction is not limited. The 

in situ production of H2O2 renders this sensor suitable for point-of-care testing, and 

negates the need for external standard solutions against which H2O2 consumption 

would be measured. The sensor detected significantly higher consumption of H2O2 by 

MPO in infected wound fluid compared to uninfected wound fluid. Moreover, the 

chlorination activity of MPO was correlated to bacterial bioburden which offers the 

possibility of distinguishing between colonised and infected wounds.   

1.14.3.2. Human neutrophil elastase and cathepsin G 

These serine proteases are released from the azurophilic granules in neutrophils and 

act alongside each other in response to infection. Similar in approach to MPO, 

monitoring human neutrophil elastase (HNE) and cathepsin G (CatG) could serve as 

an early warning to wound infection. One of the simplest methods of measuring 

enzyme activity involve the hydrolysis of a chromogenic substrate specific to that 
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enzyme to provide a colour change. Likewise, sensors for detecting HNE and CatG 

rely on the cleavage of a chromogenic substrate that is immobilised onto a polymer 

material. Early work by Edwards et al. established the use of peptide/chromophore 

substrates for HNE detection (205). In this example, the substrate, N-Succinyl-Ala-

Ala-Pro-Val-p-nitroanilide (Suc-AAPV-pNA) was immobilised onto an ethoxylate 

acrylate resin. The AAPV amino acid motif was hydrolysed by HNE to liberate pNA, 

and hence, an increase in visible wavelength absorbance was observed.  

Hasmann and colleagues developed this further towards clinical application by 

immobilising substrates for HNE and CatG onto common wound dressing materials 

including collagen, silica gel and polyamides (206). The substrates, N-

methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide (MeOSuc-AAPV-pNA) and N-

succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (Suc-AAPF-pNA) were designed for HNE 

and CatG, respectively; substrate specificity towards each enzyme was achieved by 

altering the short amino acid sequence (AAPV for HNE, AAPF for CatG). Incubation 

of the modified wound dressings with infected wound fluid induced a colour change 

indicative of HNE and CatG activity (206).   

1.14.3.3. Lysozyme 

The presence of lysozyme in bodily secretions such as mucus, saliva and tears was 

discovered by Sir Alexander Fleming in 1922 (207), eight years before his Nobel 

prize-winning discovery of penicillin. Lysozyme is also released in abundance from 

human neutrophils, and exerts a bactericidal effect by hydrolysing the glycosidic 

linkages between peptidoglycan (PG) molecules in bacterial cell walls. Elevated levels 

of this enzyme in infected wound fluids have been previously reported, thus indicating 

its potential as an early infection marker. 

The first sensors developed for lysozyme detection in wounds were based on the 

natural substrate, PG, combined with agarose to form PG/agarose gel layers (208). In 

the presence of lysozyme, the hydrolysis of PG led to a visual increase in turbidity of 

the gel layer. To further aid visual detection, Remazol Brilliant Blue (RBB) dye was 

covalently coupled to PG. The dye was released from the upper PG layer upon 

incubation with infected wound fluid samples, which stained the lower agarose layer 

blue for visual detection (208).  
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In a similar approach, Schneider et al. developed a multi-layer system comprising 

agarose/PG gel bound to laccase (209).  In this system, laccase was incorporated into 

the matrix via PEGylation to act as an ‘enhanzyme’ to magnify the detection signal.  

Lysozyme digests PG to liberate free laccase, which oxidises ABTS to reveal a colour 

change. In the absence of lysozyme, laccase remains tightly bound to PG, and cannot 

oxidise ABTS. The authors demonstrated the superior sensitivity of this system by 

comparison with a simple dye release mechanism; following 30 minutes of 

incubations, 26 nmol of ABTS was oxidised by lysozyme, compared to just 14 nmol 

of RBB dye released in the same time frame (209). Clearly, an advantage of this 

approach is the short incubation time required to achieve visually detectable results; 

however, many other enzymes in the wound environment, aside from lysozyme, can 

hydrolyse PG chains. The combination of lysozyme and proteases (elastase or MMP-

9) in wound fluid has been shown to exert a synergistic effect on PG hydrolysis (208).  

Aptamer-based sensors may provide a solution to the questionable specificity of the 

previously described lysozyme detection systems. Aptamers are short single strands 

of RNA or DNA with very high affinity for a specific target. A number of aptamer-

based sensors for lysozyme detection had been developed in recent years, but so far 

none have been trialled in wound fluid. Nevertheless, the central methodology which 

underpins these sensor systems is similar to existing electrochemical and 

spectrometric devices for wounds, and so one can imagine their application being 

successful.  

One such device which holds promise for wound applications is the gold nanoparticle 

aptamer-based biosensor developed by Li et al. (210). This device comprises a DNA 

duplex immobilised onto gold nanoparticles. Aptamer DNA specific to lysozyme 

forms one of the DNA strands which is covalently attached to gold nanoparticles, and 

the other strand is tagged with a ferrocene (Fc) redox label. In the absence of lysozyme, 

the DNA duplex holds the Fc label in close proximity to the gold nanoparticles which 

interface with a gold electrode, resulting in an electrochemical signal. In the presence 

of lysozyme, the aptamer undergoes a conformational change which liberates the Fc 

label into solution and away from the electrode, thus decreasing the signal. Indeed, the 

sensor was shown to be as specific as the aptamer itself; no significant signal change 

was observed following interrogation with other proteins, such as thrombin and 

albumin (210). A feature which renders this device particularly applicable for wound 
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monitoring is the redox Fc label, which can be repeatedly oxidised and reduced for 

continuous monitoring, unlike other aptasensors which rely on the irreversible 

oxidation of purines within the aptamer (211). However, the release of the Fc label is 

an obvious concern in terms of toxicity and biocompatibility and requires further 

investigation before the true potential of this technology in wound care becomes 

apparent.  

1.14.4. Impedance microbiology 

Impedance measurements have been used for decades to monitor the growth of 

bacteria in bodily fluids. Bacterial impedance is detected by monitoring the change in 

impedance caused by bacterial adsorption onto electrodes, or the change in 

conductivity of growth medium caused by metabolically active cells (212). In recent 

years, examples of more elegant and compact impedance sensors have emerged for 

detecting Gram-positive and Gram-negative bacteria (213,214). However, the 

application of these new sensors in wound care has only been alluded to, and not 

determined experimentally. This is likely due to the complexity of wound fluid, and 

the need to refine the sensitivity and specificity of such devices in a biologically and 

electrochemically complicated environment.  

However, recent work by Sheybani and colleagues is a prime example of an elegant 

impedance sensor with wound infection diagnosis as a key aim (215). This technology 

combines electrochemical pH and cell-attachment arrays to monitor the growth of 

common wound bacteria. High sensitivity and specificity was achieved by coating the 

bacteria impedance sensor with functional polymers. Chitosan coating enabled the 

detection of S. aureus at 1 x 102 CFU/mL by enhancing bacterial electrode adsorption, 

and the micrometre porous gel, Nafion™, prevented non-specific fouling by 

mammalian cells. Furthermore, this sensor does not require biological recognition 

elements (e.g., enzymes and aptamers) or sample preparation and can be easily 

incorporated into bandages to provide continuous wound monitoring. The authors 

consider this work as a proof-of-concept towards future in vivo experiments.  

1.14.5. Volatile compounds 

Microbial metabolic processes yield many volatile species that are commonplace in 

everyday life and can be used as indicators of health and disease. Historically, the 

signature volatile profile of Clostridium perfringens was used to diagnose gas 
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gangrene on the battlefield (216). In the laboratory, one might be familiar with the 

grape-like smell of P. aeruginosa, due to 2-aminoacetophenone production, or the 

characteristic smell of E. coli caused by indole. In recent years, there has been much 

interest surrounding microbial volatiles (MVs) as markers of infection (217). This 

non-invasive approach has been applied with great success in pulmonary disease, 

permitting clinical diagnosis of infection depending upon volatile analysis of breath 

or sputum samples (218). Furthermore, volatile markers unique to P. aeruginosa and 

S. aureus have been identified to aid rapid diagnosis in cystic fibrosis (219). Following 

this success, there is now a growing body of literature on its potential application in 

wound diagnostics. Early identification of MVs in wound infection would afford 

rapid, non-invasive diagnosis prior to the onset malodour and serious wound 

deterioration. In addition, tailored treatment may be possible if species-specific 

volatiles are identified.  

Putrefaction of a wound occurs when the inhabiting microbial population utilises the 

surrounding tissue as a source for the anabolic and catabolic processes essential to 

survival and proliferation. The type and variety of volatile compounds produced 

depends on several factors, including the stage of growth, the feedstock available to 

the population and the local physicochemical conditions (pH, temperature and salt 

concentration) (217). Recent work by Ashrafi et al. corroborated this by demonstrating 

that MV production is affected by bacterial species, biofilm formation and the 

experimental model used (220). Using GC-MS, the authors analysed the volatile 

profile of common wound bacteria grown in in vitro and ex vivo wound models over 

five days. 2-nonanone and 2-undecanone were flagged as possible wound biofilm 

markers for P. aeruginosa, as their relative abundance increased markedly over time. 

For MSSA, 3-methylbutanol and pentanal were uniquely identified in all models, and 

only during planktonic/very early biofilm growth (220). These promising results 

reveal that volatile analysis may be used to differentiate between planktonic and 

biofilm bacteria in the wound bed, which currently relies on invasive sampling 

followed by microscopy. Furthermore, this study highlights the importance of 

selecting a model which closely mimics the substrate composition of wounds, as the 

presence and relative abundance of MVs differed significantly between in vitro and ex 

vivo experiments. 
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Current methods for analysing the volatile headspace of wounds can be broadly 

divided into three categories: mass spectrometry (MS), ion-mobility spectrometry 

(IMS) and electronic nose devices (eNose). A detailed explanation of the uses, 

advantages and disadvantages of these methods in regards to MVs has been compiled 

in a review by Ratiu et al. (221) and so the reader is directed there for more 

information. In short, IMS-based methods are more suitable for point-of-care 

applications than MS-based methods, although GC-MS still remains the gold-standard 

in the laboratory. Advantages include a lower cost, real-time measurement, no sample 

pre-concentration, excellent sensitivity, and miniaturisation. An electronic nose is an 

instrument that essentially mimics the human olfactory system but with greater 

sensitivity. It combines gas sensor arrays and pattern-recognition technology to 

qualitatively analyse complex volatile profiles. Such devices are very cheap and easy 

to use, which explains the interest in this technology for point-of-care testing in 

hospitals.  

1.14.5.1. Mass spectrometry methods 

Thomas et al. conducted a study on chronic leg ulcers to compare the volatile profile 

of infected tissue and asymptomatic skin (222). Samples were obtained from the 

lesion, healthy control skin, and a boundary area just outside the lesion using 

polydimethylsilicone (PDMS) membrane patches which were subsequently analysed 

using gas chromatography – ion trap mass spectrometry. Principle component analysis 

revealed significant differences between the volatile profiles of the control and lesion 

areas and the control and boundary areas, but not between the lesion and boundary 

areas. The study identified six volatile compounds that may be responsible for these 

differences; however, these compounds are common ingredients in skin cream/gel 

formulations. Hence, their application as volatile markers may be limited. 

Selected ion flow tube-mass spectrometry (SIFT-MS) is a direct MS technique that 

permits real time measurement of volatiles with sensitivity in the parts-per-billion 

range (223). Trace gas analytes are suitably ionised without interference from major 

air components such as N2, O2 or CO2. SIFT-MS coupled with multivariate statistical 

analysis has been successfully employed to detect and discriminate common wound 

bacteria in vitro by Slade and co-workers (224). Four out of six wound pathogens were 

differentiated based on their respective volatile product ion profiles, cultured in both 
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simulated wound fluid and continuously perfused wound dressing material. In line 

with previous studies (225,226), ammonia and hydrogen cyanide were identified as 

important volatiles specific to P. aeruginosa, which suggests that these particular 

compounds could be important for in vivo identification. Although SIFT-MS provides 

the superior sensitivity needed for MV analysis, the high cost and bulkiness of the 

instrument may prove a limitation with regards to widespread clinical use.  

1.14.5.2. Ion-mobility spectrometry 

Ion mobility spectrometry is a great alternative to GC-MS and eNose technologies. 

These instruments are significantly less expensive and cumbersome than GC-MS, and 

exhibit low drift compared to the arrays of metal oxide sensors in eNose devices. 

Separation of key analytes can be achieved via coupling with GC, or multi-capillary 

columns (MCC) for even faster analysis. Recently, Dalton and colleagues published 

the first study to demonstrate the use of GC-IMS to distinguish infected wounds from 

colonised wounds (227). Wound dressings were collected from patients with post-

operative lesions or leg ulcers, in addition to non-malodourous dressings from split 

skin graft donor sites to act as a control. Results of wound dressing GC-IMS analysis 

were compared to that of standard culture techniques, revealing 100% sensitivity and 

88% specificity. Although discrimination of causative pathogens was not achieved, 

the authors list this as a key aim for future experiments.  

Despite the limitations of the Dalton study, species differentiation has been achieved 

using MCC-IMS by Kunze and colleagues (228). They identified six volatiles 

exclusive to E. coli, and seven to P. aeruginosa in the late exponential or stationary 

phase of growth. Furthermore, the volatile profile of 12 clinical isolates was identical 

to that of a reference strain which suggests that findings from one species could be 

transferable to another strain of the same species. However, differentiation between 

MRSA and MSSA based on volatile headspace analysis has been achieved (229), 

which challenges this hypothesis. Nevertheless, perhaps discrimination between 

species is only possible with certain species.   

1.14.5.3. Electronic nose devices 

One of the first in vivo demonstrations of an eNose for infection detection was 

provided by Byun et al. (230). The instrument comprised an array of metal oxide 

sensors and an automated solid-phase microextraction (SPME) system for sample pre-



Chapter 1 

46 
 

concentration. The eNose was able to differentiate between infected and uninfected 

burn wounds by monitoring key volatile markers associated with common burn wound 

bacteria. Interestingly, the intensity of volatile emissions from wound dressings was 

higher than that of wound swabs, which suggests that dressings may acts a reservoir 

for volatile markers (230). Although this system was designed with clinical application 

in mind, the eNose was very large, like many others of its time. In addition, the use of 

a pre-concentration step hampered this eNose in terms of simplicity. 

In more recent years, a number of more refined eNose instruments have emerged for 

infection monitoring. One such example includes the handheld, portable eNose 

developed by Saviauk et al. which combines an ion-mobility spectrometer and metal 

oxide gas sensor (229). This eNose was successfully employed to discriminate 

between the volatile profiles of common wound bacteria within minutes and without 

sample preparation. In particular, discrimination between MSSA and MRSA was 

achieved with high sensitivity and specificity; this potentially offers a culture-

independent method of antibiotic susceptibility testing (229). However, this proof-of-

concept study was conducted in vitro on culture plates, and more relevant in vivo 

studies are required to reveal clinical efficacy.  

Yusuf et al. used a commercial eNose (Cyranose®320) with several statistical 

classifiers to identify and discriminate between single and polymicrobial species 

common to diabetic foot infection (231). To make this study more clinically relevant, 

the authors used wild-type bacteria isolated from DFU debridement samples, but the 

actual headspace analysis was conducted via the in vitro culture of isolates on various 

media. Importantly, this is one of the few studies of any emerging sensor technology 

to acknowledge the polymicrobial nature of chronic wounds. 

The use of eNose devices as a non-invasive means of infection detection is certainly 

promising but requires a great deal of further research. The true clinical efficacy of 

these devices will be confirmed through in vivo studies, which use skin and relevant 

wound fluid as substrates for growth. Advances in statistical methods and neural 

networks for data interpretation will help detangle the complex MV profiles of 

infected wounds. In turn, this will be complemented by more powerful background 

elimination methods to enhance the obtained signals. In terms of instrument design, 

improvements in simplification and miniaturisation have enabled the development of 
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wearable eNose sensors for monitoring health-related skin volatiles (232). Such 

advancements reflect the growing interest in volatile markers for monitoring disease 

and bode well for their implication as point-of-care diagnostics.  

1.14.5.4. Colourimetric sensors for volatile detection 

Several colourimetric sensor arrays have emerged in the last decade to offer a more 

simple and inexpensive method for detecting MVs than the three methods outlined 

above. These sensors can offer continuous monitoring of complex samples without the 

need for complex pattern recognition software, which eNose devices require. It is easy 

to imagine the implementation of such arrays as a device for monitoring wound 

infection.  

An innovative approach to MV detection has been presented by Tait et al. which 

discriminates bacteria based on the release of volatile compounds following the 

enzymatic cleavage of substrates (233). Two substrates were chosen for this purpose; 

the first is 2-nitrophenyl-β-D-glucosidase which liberates 2-nitrophenol in the 

presence of β-glucosidase producing bacteria such as E. faecium and K. pneumoniae; 

the second is a TFA salt of a synthesised substrate which liberates aniline in the 

presence of bacteria with β-alanyl aminopeptidase activity, such as P. aeruginosa. In 

the presence of said bacteria, exogenous volatiles generated from the enzymatic 

reaction become trapped in an agarose gel layer to reveal a colour change which is 

visualised with the naked eye. The authors note that other enzyme substrates can be 

designed for incorporation into the gel, and their responses optimised for maximum 

colour generation. However, the applicability of this approach may be hindered by the 

highly enzymatic nature of wounds, both infected and uninfected. Substrate specificity 

to bacterial enzymes is a key consideration for all enzyme sensor systems. 

Carey et al. developed a disposable colourimetric sensing array comprising 36 

chemically responsive dyes including pH indicators and metal salts that change colour 

upon exposure to MVs (234). Importantly, most of these dyes are reversible which 

permits continuous monitoring of the volatile headspace over time. This sensor was 

successfully employed to identify 10 strains of bacteria, including S. aureus and E. 

faecalis and their antibiotic resistant counterparts. Each bacterial strain had a unique 

colour change fingerprint which permitted differentiation when coupled with 

hierarchical cluster analysis (234). 
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Lonsdale and colleagues have expanded on this further by creating a colourimetric 

sensor with superior sensitivity and stability (235). This was achieved by embedding 

the indicators in a nanoporous sol-gel matrix and expanding to 80 chemoresponsive 

reagents. The sensor array was able to identify the bioterrorism agents, Bacillus 

anthrax and Yersinia pestis, at low inoculums of ca. 10 CFU/plate. In addition, 

interspecies discrimination of five strains of each species was possible via feature 

extraction and linear discriminant analysis (235). The application of this sensor is 

certainly different to wound infection diagnosis, yet very transferable. The closed-

system Petri dish model used in this study is very similar to the low volume headspace 

of wounds. Moreover, the temporal monitoring of bacteria at very low bioburden is 

ideal for tracking biofilm development in the wound bed. Whilst this preliminary work 

involves imaging the sensor array with a bulky flatbed scanner, applications for point-

of-care wound monitoring could utilise a portable scanner for a more sophisticated 

approach. 

The colourimetric sensors developed by Carey and Lonsdale may prove the most 

suitable for discriminating between highly complex mixtures. Whilst GC-MS and 

other hyphenated techniques remain the most popular methods, separation and 

consequent characterisation of complex mixtures can still prove difficult. The 

colourimetric method is entirely different in its approach as sample classification does 

not actually require identification of the individual analytes, rather, it is the combined 

response of the indicator dyes that act as the classifying component. This avoids the 

use of chemical libraries and databases. However, quantification of key analytes based 

on the sensor response is not possible. In comparison to eNose devices, colourimetric 

arrays offer higher specificity due to the nature of the sensing technology. Whilst 

eNose devices rely on non-specific intermolecular interactions or physical adsorption, 

colourimetric sensors rely on strong dye-analyte interactions (236). Hence, 

colourimetric sensors may be more appropriate for discriminating between closely 

related chemical components in complex mixtures than eNose instruments.  

A summary of the smart dressings and sensors for detecting infection markers in 

chronic wounds is presented in Table 1.2. 
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Table 1.2. Smart dressings and sensors for detecting markers of infection in wounds.  

Marker Sensor Method Reference 

Uric acid Carbon fibre mesh Electrochemical Sharp 2008 

 Smart bandage Electrochemical Kassal 2015 

 Omniphobic paper-based smart bandage Electrochemical Pal 2018 

Pyocyanin Carbon fibre tow Electrochemical Sharp 2010 

 Pad-printed carbon electrodes Electrochemical  Burkitt 2017 

 Disposable carbon electrode Electrochemical Webster 2014 

 Disposable, screen-printed electrode Electrochemical Sismaet 2016 

Phospholipase A2 and 

α-hemolysin 

Theranostic nanocomposite wound dressing Fluorescent dye and antimicrobial-containing 

vesicles 

Zhou 2018 

Bacterial lipase Electrospun theranostic wound dressing Hydrolysis of chromogenic dye and pro-drug to 

active form 

Singh 2019 

pH Hydrogel-based dressing (GelDerm) Colourimetric pH responsive dye with continual 

antibiotic release 

Mirani 2017 

 Smart hydrogel wound patch Colourimetric pH-responsive dye Liu 2017 

 
Smart hydrogel wound dressing Natural pH responsive dye with inherent bacterial 

anti-adhesion properties 

Zepon 2019 

 
Automated wound dressing Electrochemical  

Triggered antibiotic release 

Mostafalu 2018 

Myeloperoxidase Siloxane derivatised materials Colourimetric - Fast Blue RR  Schiffer 2015 

 Electrochemical sensor Electrochemical measurement of chlorination Hajnsek 2015 

Cathepsin G Modified wound dressings Colourimetric pNA peptide substrates Hasmann 2011 

Human neutrophil 

elastase  

Preliminary work Colourimetric pNA-peptide substrates Edwards 2005 
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 Modified wound dressings Colourimetric pNA-peptide substrates Hasmann 2011 

Lysozyme Agarose/peptidoglycan gels Colourimetric – Remazol Brilliant Blue Hasmann 2011 

 Agarose/peptidoglycan gels with laccase Colourimetric – ABTS  Schneider 2012 

 Aptamer sensor Electrochemical – reversible redox system Li 2010 

Bacterial impedance  Screen-printed carbon electrode Electrochemical impedance spectroscopy (S. 

aureus) 

Ward 2018 

 
Nanostructured biosensor Electrochemical impedance spectroscopy (Gram-

negative bacteria) 

di Miranda 2017 

 
Dual sensor array with polymer coatings Electrochemical impedance spectroscopy (Gram-

positive and Gram-negative bacteria) 

Sheybani 2017 

Volatile compounds  GC-MS Ashrafi 2018 

  GC-ion trap MS Thomas 2010 

  SIFT-MS and PCA Slade 2017 

  GC-IMS Dalton 2020 

  MCC-IMS Kunze 2013 

 eNose Metal oxide sensors Byun 2010 

 eNose IMS and metal oxide sensors Saviauk 2018 

 Cyranose®320 eNose 32-polymer sensors  Yusuf 2015 

 Agarose gel optical sensor Colourimetric substrates Tait 2015 

 Disposable colourimetric sensor array 36 chemically responsive dyes Carey 2011 

 Disposable colourimetric sensor array 80 chemically responsive nanoporous dyes Lonsdale 2013 
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1.15. The future of wound care: Concluding remarks 

The growing threat of chronic wounds on a global scale necessitates a change in 

wound diagnosis, treatment, and management if the burden on healthcare is to be 

alleviated. The need for new wound care management strategies to effectively monitor 

the condition of chronic wounds without physical intervention is paramount for 

promoting the reparative process and improving patient outcome. The chronic wound 

environment is incredibly complex, comprising a concoction of microbes, enzymes, 

host immune cells and varying physical conditions which presents a real challenge for 

the development of new diagnostic technologies. However, multiple non-invasive 

detection techniques have emerged in recent years to meet the growing demand for 

point-of-care testing. These technologies focus on biochemical and physical markers 

of infection and general wound deterioration to provide an early warning system for 

chronicity. Many of the sensors discussed in this chapter are still in various stages of 

development, but the approval of smart dressings such as WoundSense™ and 

WOUNDCHEK™ bodes well for prototype devices. Whilst efficacy remains the 

primary focus, an ideal sensor should also be biocompatible, disposable, flexible and 

low-cost to warrant clinical implementation, which may explain the low number of 

currently approved smart systems. Nevertheless, the high input of research into these 

various devices will inevitably lead to a higher yield of successful products in years to 

come. 

Theranostic devices are a particularly exciting prospect for better wound management. 

The ability to provide in situ diagnosis and treatment would have numerous patient 

benefits and reduce the likelihood of complications. However, the intense build-up of 

necrotic tissue in chronic wounds may prove a problem for the delivery of therapeutic 

agents to the underlying wound bed. Therefore, these devices must be tested on 

clinically relevant wounds to reveal their true therapeutic efficacy. Telemedicine also 

stands at the forefront of wound care reformation. Future research should be directed 

towards devices with wireless connectivity to permit long-distance patient and 

clinician contact and lower the amount of home/outpatient visits. 

Ultimately, technology is only as good as the knowledge it is built upon, therefore, a 

greater understanding of the chronic wound milieu will facilitate the development of 

more robust sensors with high sensitivity and specificity. Mixed-species biofilms, 
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community-intrinsic properties and host-pathogen relationships are all important 

factors which need to be studied extensively in relevant wound models to elucidate 

key targets for new sensor systems.  

Considering the prevalence of biofilms in chronic wounds, early detection systems for 

infection development would be an indispensable tool for improving wound outcome. 

Antimicrobial therapy is more effective against microorganisms in the early stages of 

infection; once a mature biofilm has taken hold, tolerance mechanisms and persister 

cells lead to recalcitrant infection which requires painful cycles of surgical 

debridement and antiseptics/antibiotics to eradicate. The smart systems for infection 

detection discussed in this chapter have the potential to revolutionise wound care at 

the benefit of patients and healthcare professional. 

 

1.16. Aims and Objectives  

 

This review has highlighted the many shortcomings of current wound care practices 

and the need for new point-of-care diagnostics to flag early wound infection. The 

overarching aim of this thesis was to develop a novel, non-invasive, colourimetric 

sensor that responds to carbon dioxide production from microorganisms as a marker 

of colonisation and developing infection in the wound bed. The implementation of 

such a device would have many benefits in terms of promoting undisturbed wound 

healing, prompting intervention for deteriorating wounds, and improving patient 

wellbeing. The main objectives of this thesis are: 

• Formulate several pH-sensitive dyes into a biocompatible polymer film and 

test against common wound pathogens for response time, colour change, and 

colour intensity in an ex vivo porcine skin wound model. 

• 3D print the best formulation from the previous work and prove acceptable 

sensitivity to CO2 under wound relevant conditions. Test the sensor against a 

range of P. aeruginosa inocula, and several other common wound pathogens 

packaged in a wound dressing model to establish a relationship between sensor 

colour, wound bioburden and biofilm development. 

• Investigate the 3D printed sensor as a tool for non-invasive therapeutic 

monitoring of wound infection. 
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2.1. Introduction 

2.1.1. Carbon dioxide: Current detection methods and potential applications as a wound 

infection biomarker 

Carbon dioxide (CO2) is one of the most important analytes on planet Earth. All living 

things across the six kingdoms of life require, produce, or use CO2 as part of everyday 

life. On a less fundamental level, the use of CO2 is also commonplace in many 

industries (brewery, agri-food, biotechnology etc.) and its measurement is essential to 

ensure process efficacy and safety of the workforce. It is not surprising, then, that 

many different types of sensors exist to accurately monitor, detect and quantify levels 

of CO2 in medical, industrial, environmental and agricultural settings (237–241).  

However, an avenue which remains largely unexplored is the detection of CO2 as an 

infection marker. Monitoring the production of volatile organic species as indicators 

of infection has been extensively studied in recent years (242,243); however, the 

literature remains bereft of studies pertaining to CO2 as a biomarker. In the context of 

wound research, several smart-dressing prototypes based on detection of virulence 

factors and toxin production have been developed for detecting bacteria in wounds, 

namely P. aeruginosa and S. aureus (194,244). However, CO2 is perhaps a more fail-

safe, all-encompassing marker of infection as its production is common to all aerobic 

bacteria as part of normal respiration and metabolism, in contrast to virulence factor 

production which can vary between strains of the same species (245). 

Following contamination and initial colonisation of bacteria in the wound bed, which 

can be thought of as the ‘lag’ phase in a growth curve, the acquisition of nutrients and 

subsequent replication during the exponential phase results in high production of CO2 

as a by-product of metabolic processes and respiration. The development of a sensor 

to detect these small changes in local CO2 levels can give an early warning to bacterial 

colonisation, infection, and biofilm development, and prompt medical intervention 

before the infection develops into a mature biofilm which spans the superficial and 

deep layers of the tissue. However, there are many factors to consider when developing 

a sensor for such purposes, including: sensitivity, cost, biocompatibility, size, and 

degree of interference from other analytes. In short, the developed sensor must 

overcome the disadvantages associated with traditional CO2 detectors. 
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The most common method for measuring CO2 in the gaseous phase is infrared 

spectroscopy, or more specifically, non-dispersive infrared (NDIR) (246,247). For 

quantitative measurements in the aqueous phase, the Severinghaus electrode has 

served as the gold-standard for the past 60 years (248). However, these instruments 

are bulky, expensive, require specialist training to use, suffer from electrical 

interference, and in the context of the research presented herein, are not suitable for 

day-to-day monitoring of CO2 production in the wound bed.  

2.1.2. The advent of optical CO2 sensors and repurposing of sulphonephthalein dyes 

In recent years, optical CO2 sensors have soared to the forefront of sensor research, 

possessing numerous advantages over existing detectors. These sensors are 

inexpensive, sensitive, biocompatible, easy to use and amenable to scalable 

production. These advantages render such sensors suitable for patient-friendly, real-

time monitoring of the wound state. Optical sensors can be colourimetric or 

lumophoric, characterised by a change in UV-Vis absorbance (249,250) or 

fluorescence (251,252), respectively. Not without their disadvantages, such sensors 

are affected by changes in humidity and osmotic pressure (253), and so require a gas-

permeable membrane to overcome these issues. In addition, fluctuations in 

temperature significantly affect sensitivity due to the temperature dependence of the 

equilibria process by which these sensors function. Per degree Celsius, sensor 

response towards CO2 can alter by as much as 0.21% CO2 (254). Therefore, these 

sensors are more suited to monitor CO2 in environments with a relatively constant 

temperature. Despite these disadvantages, a great deal of research has been conducted 

into such sensors with promising results, leading to their current popularity in the field 

(249,255–257).  

Colourimetric optical CO2 sensors contain chromic dyes which respond to local 

changes in pH. Chromic dyes reversibly change colour in response to environmental 

stimuli and have been studied for their application as smart materials (258–262). They 

are classified according to the inducing trigger, for example: heat (thermochromism), 

light (photochromism), electrical current (electrochromism), and pH (halochromism) 

(263). Halochromic dyes were initially used as pH indicators but fell in popularity due 

to the advent of more sophisticated instruments for pH analysis. Today, these dyes are 

being researched for their potential in sensor applications, with the sulphonephthalein 
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class of indicators being of particular interest for detecting CO2 and ammonia 

(249,264). 

In this chapter, four sulphonephthalein dyes were investigated for their potential as 

colourimetric CO2 sensors, namely, phenol red (PR), meta-cresol purple (MCP), 

thymol blue (TB), and xylenol blue (XB). The chemical structure and characteristics 

of these indicators is presented in Figure 2.1 and Table 2.1, respectively. 

 

Figure 2.1. Chemical structure of the sulphonephthalein dyes studied in this work. 
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Table 2.1. Indicator dye pKa, pH region and associated colour change.  

 

Each indicator exhibits a stark colour change in response to changes in pH. In this 

instance, where pH will decrease with increasing CO2 concentrations, the expected 

colour change for each dye was as follows: PR – pink to yellow-orange, MCP – violet 

to yellow, XB and TB – blue to yellow. The different substituents on each dye 

determine the pH at which the colour change occurs, depending on the electron-

withdrawing or electron-donating properties of that substituent. PR is the simplest of 

the sulphonephthalein dyes, with no substituents, and has a pKa of 7.9 in the pH region 

6.8 – 8.2. MCP has two electron-donating methyl substituents, which confer a slightly 

greater negative charge to the molecule compared to PR. Hence, the bond between the 

hydrogen and oxygen of the hydroxyl group is stronger and requires a more alkaline 

medium for deprotonation. This explains why a greater pH range of 7.4 – 9.0 is 

required to elicit the colour change in MCP. The additional methyl substituents on XB 

and TB add to the electron-donating effect, which cause a shift to higher pH values, 

and hence, higher pKa values of 9.5 and 8.9, respectively. The electron-donating 

effects of the isopropyl group in TB are very similar to that of methyl groups in XB, 

which explain the identical colour change pH region of TB and XB (265). 

2.1.3. Measuring colour change via digital colour colourimetry 

Standard RGB, or sRGB, is a universally adopted colour space which defines the range 

of colours that can be displayed on-screen or in-print for 8-bit colour (i.e. 0 – 255) 

(266). Image processing programmes such as Image J (267) and Adobe Photoshop 

(268) can be used to analyse images to return non-linear sRGB values, which can be 

subsequently converted into apparent absorbance values, i.e. A(sRGB). The 

quantitative analysis of images taken with a digital camera or smartphone is termed 

digital colour colourimetry (DCC), and is the method adopted in this chapter to analyse 

Indicator dye pKa pH region Colour change 

Phenol red 7.9 6.8 – 8.2 Yellow-orange to pink 

Meta-cresol purple 8.3 7.4 – 9.0 Yellow to violet 

Thymol blue 8.9 8.0 – 9.6 Yellow to blue 

Xylenol blue 9.5 8.0 – 9.6 Yellow to blue 
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the colour-changing indicators. Yusufu et al. demonstrated that the apparent 

absorbance, A(sRGB), generated from sRGB values directly correlates with actual 

absorbance, as measured by UV-Vis spectrometry (269). DCC is a cheaper, more 

accessible alternative to UV-Vis spectrophotometry and carries the advantage of 

simultaneous multi-indicator analysis by capturing several different indicator films at 

once in one photo. This attractive feature renders DCC suitable for high-throughput 

screening of indicator candidates.  

2.2. Aims and Objectives 

The aims of this chapter include testing several CO2-sensitive polymer films against a 

range of common wound pathogens to determine which dye exhibits the clearest 

colour change upon exposure to CO2 in the wound headspace. Sensitivity to CO2 

production is also an important feature that will be considered when choosing the most 

promising candidate. 

These aims will be achieved by the following: 

• Development of a suitable ex vivo porcine skin wound model with a small 

headspace. 

• Formulate and extrude polymer films containing each candidate dye. 

• Inoculate common wound pathogens onto the ex vivo wound model and 

monitor the change in sRGB of several CO2 indicator films via digital colour 

colourimetry (DCC).  

• Calculate apparent absorbance, A(sRGB), from sRGB values to yield actual 

non-linear absorbance values to mimic what the human eye detects. 

2.3. Materials and Methods 

All chemicals were purchased from Sigma Aldrich (unless otherwise stated) in the 

highest purity available. LDPE powder (MFI = 20) was purchased from PW Hall, UK. 

LDPE pellets for film preparation (MFI = 4) were purchased from Ultrapolymers, UK. 

All gases used were from BOC gases. Silicon dioxide (SiO2) (Aerosil® 130 

hydrophilic fumed silica) was gifted from Evonik (Brunauer-Emmett-Teller (BET) 
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surface area = 130 ± 25 m2 g-1). All aqueous solutions were prepared fresh, using 

double-distilled deionised water. 

All solutions, media etc. for microbiological work were prepared fresh on-site and 

autoclaved prior to use. 

Digital images were captured using a Canon EOS 700D digital camera with an EFS 

18-135 mm lens. Red (R), green (G) and blue (B) channels were analysed using Fiji 

ImageJ software (267). 

2.3.1. Preparation of CO2 indicator film 

2.3.1.1. PR, MCP, TB and XB pigment preparation 

Phenol red, meta-cresol purple, thymol blue and xylenol blue were chosen to monitor 

CO2 production because the pH range at which each colour change occurs is close to 

neutral. When CO2 reacts with water to form carbonic acid, the pH of the solution 

shifts from neutral to weakly acidic. All indicators should operate in this range. 

0.2 g dye (PR, MCP, TB or XB) and 3.2 mL of tetrabutylammonium hydroxide 

(TBAH, 1 M in methanol) were added to a 120 mL jar containing 2 g Aerosil® 130 

hydrophilic fumed silica and 100 mL ethanol and sonicated for 10 min to disperse 

larger particles of silica and dye. The suspension was stirred vigorously for 2 h using 

a magnetic stirrer and the solvent removed using rotary evaporation to yield dry 

powder pigment, which changed colour when exposed to CO2, shown in Figure 2.2. 

Figure 2.2. Candidate pigments, from left to right: PR, MCP, TB and XB in (A) ambient air and (B) 

100% CO2. 
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2.3.1.2 Extruded polymer film indicator preparation 

2 g of PR, MCP, TB or XB powder pigment was blended with 18 g of fine LDPE 

powder (1:9 ratio) until a uniform colour was achieved. The resultant powder (10% 

pigmentation) was pelletised using a Rondol Microlab Twin Screw extruder with feed 

operating temperatures of 90, 110, 125, 135 and 140 °C, in the feed, zones 1-3, and 2 

mm strand die, respectively, and a pigment/LDPE mixture feed hopper rate of 41 rpm. 

Once extruded through the die, the polymer was cooled and solidified in a water bath, 

air dried, and then fed into a rotary pelletiser to cut the polymer into 3 mm pellets. The 

pelletiser speed was 0.5 m min-1 and the extruder screw speed was 80 rpm. To ensure 

homogenous distribution of pigment, the resulting pellets were fed through the 

extruder once more except with a feed hopper rate of 20 rpm. The resulting pellets 

were then diluted to 50 % w/w using LDPE pellets to 5 wt% pigmentation using the 

same procedure stated above and run through the pelletiser twice more. A coat hanger 

die was attached to the extruder to form the final plastic films used in this chapter. 

Pellets were extruded into a thin film (central thickness 55-60 μm) with 5 wt% 

pigmentation at operating temperatures of 90, 110, 125, 135 and 140 °C, in the feed, 

zones 1-3, and die, respectively. The feed hopper rate was 20 rpm, extruder speed was 

80 rpm and take-off speed was 1.7 m min-1. The resultant film was cut into squares 

(15 x 15 mm). 

2.3.2. Bacteria used in this study 

Several common wound pathogens were used in this study to test the indicator film 

response: Pseudomonas aeruginosa strain PAO1, Enterococcus faecium NCTC 7379 

Staphylococcus aureus NCTC 10788 and Streptococcus pyogenes NCTC 8306. All 

pathogens were stored at -80 °C in 15% glycerol. To ensure purity, strains were 

resuscitated onto Luria-Bertani agar (LBA). Streaked plates containing single colonies 

were wrapped in Parafilm® and refrigerated until further use. Single colonies from 

refrigerated plates were inoculated in Luria-Bertani broth (LBB) and grown overnight 

with shaking at 37 °C. 

For all experiments, the optical density, at 600 nm (OD600nm) was adjusted accordingly 

for each pathogen using a colorimeter and diluted in simulated wound fluid (SWF) to 

achieve a starting inoculum corresponding to ~ 105 CFU/mL). The recipe for SWF 

contained 50% physiological NaCl (Merck, Dorset, UK) in 0.1% bacteriological 
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peptone (Oxoid, Basingstoke, UK) and 50% foetal bovine serum (FBS) (Gibco, 

Thermo Fisher, Warrington, UK) (270).  

2.3.3. Preparation of porcine skin explants 

Stillborn piglets from organically grown animals were ethically sourced from Agri-

food and Biosciences Institute (AFBI) research farm (Hillsborough, Northern Ireland) 

and immediately stored at -20 °C until further use. Piglets were thawed in a water bath 

for one day and rinsed with water to remove any remaining afterbirth before 

dissection. Skin from each flank of the pig was removed using a surgical scalpel and 

stored at -20 °C until further use. 

Porcine skin was defrosted in a fridge at 5 °C and washed with deionised water. The 

skin was depilated, and any excess connective tissue or muscle removed to provide a 

smooth, even surface and rinsed once more in deionised water before allowing to dry. 

A surgical scalpel was used to score the skin in a criss-cross fashion to create a 

‘wounded’ skin structure. A cork-borer (14 mm diameter) was heated in a Bunsen 

burner flame and pressed on the skin to excise each circular skin explant. Skin circles 

were washed with 70% ethanol for 20 minutes to disinfect the skin and then flamed in 

100% ethanol to remove any remaining ethanol and provide a dry surface for 

inoculation.  

2.3.4. Indicator set-up in ex vivo porcine skin wound model 

Plastic indicator films of PR, MCP, TB or XB were placed on the inside of a 35 x 10 

mm cell culture dish lid (Nunclon™). Tyvek® (DuPont) sheets were cut into squares 

(20 x 20 mm) and placed on top of the indicator film. Tyvek® is a water-resistant, 

breathable synthetic material that also provides a white background for optimum 

colour analysis (271). The Tyvek® film, housing the indicator dye underneath was 

sealed to the lid of the Petri dish using double-sided tape. A sterile absorbent pad, 47 

mm diameter (Merck Millipore Ltd., UK), was fixed to the other side of the tape to 

prevent condensation droplets collecting on the lid from the sample below. Another 

absorbent pad was placed in the Petri dish and wetted with 700 µL sterile water to 

prevent the porcine skin explant from drying out. 
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2.3.5. Inoculation of porcine explants for indicator monitoring 

Each explant was transferred onto the absorbent pad in the Petri dish housing indicator 

film as prepared in Section 2.3.4. Explants were inoculated with 20 µl of ca. 105 

CFU/mL of either P. aeruginosa, E. faecium, S. aureus, or S. pyogenes, in triplicate 

directly onto the wounded area and spread using the inoculating tip. Uninoculated 

explants served as disinfected controls. Petri dishes were sealed with Blu Tack® 

(Bostik) and incubated at 30 °C until full colour change of the indicator film was 

achieved. A recent study into neuropathic diabetic and non-diabetic foot ulcers 

revealed a wound temperature range of 28 – 32 °C (272), therefore the mean of this 

range, i.e. 30 °C, was chosen for this work. The complete set-up of the porcine skin in 

the Petri dish is presented in Figure 2.3. Photographs of the skin through each stage 

of the experiment are shown in Figure 2.4. 

 

Figure 2.3. Experimental set-up of the sealed ex vivo porcine skin model for indicator monitoring. 
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Figure 2.4. Photographic images of (A) Depilated porcine skin. (B) Skin scored with a scalpel and 

disinfected with 70% ethanol for 20 min. (C) Skin dipped in 100% ethanol and flamed. (D) Skin 

inoculated with 20 µL of suspension. (E) Skin following 24 h incubation at 30 °C. 

2.3.6. Digital colour colourimetry (DCC) of indicator films  

A photograph of the indicator film was taken once every hour with a Canon EOS 700D 

digital camera until a complete colour change was achieved. Images were analysed 

using ImageJ software and split into red (R), green (G) and blue (B) colour channels, 

to yield gamma-corrected, non-linear values i.e., sR’, sG’, sB’. 

The colour channel which varied the greatest with change in A0 was selected to best 

measure the change in apparent absorbance (ΔA(sRGB)) of each dye. This colour is 

known as the primary colour component (PCC); as a general rule of thumb, this is 

usually the complementary colour of the dye under test. For MCP, XB and TB this 

was red. For PR, the PCC was green. 

Firstly, the non-linear value of sR’ or sG’ in 8-bit format (i.e. 0 – 255) was converted 

to its fractional format (i.e. 0 – 1), via the following equation, with sR’ used as an 

example: 

Equation 2.1. 

sR’ (fractional format) = sR’ (8-bit format) / 255 
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From this, a series of calculations were used to convert non-linear sR’ values to their 

linear sR counterparts to determine apparent absorbance, A(sR):   

Equation 2.2. 

If sR’ ≤ 0.04045, then sR = 12.92. R’, otherwise sR = {(sR’ + 0.055)/1.055}2.4 

                                                                                                                   

Equation 2.3. 

sR (8-bit format) = sR (fractional format) x 255 

 

Equation 2.4. 

A(sR) = log(255/sR) 

The calculated A(sR) or A(sG) values were plotted against the respective time of each 

photo capture.  

2.4. Results and Discussion 

2.4.1. Formulation of CO2-sensitive polymer films 

Optical CO2 sensors can be categorised as ‘wet’ or ‘dry’ depending on the nature of 

the sensor matrix. The sensors formulated in this chapter are categorised as ‘dry’ 

because the dye is encapsulated in a solid-state sensor system, as opposed to free 

flowing in an aqueous medium. This is made possible by the use of a quaternary 

ammonium hydroxide (Q+OH-), in this case TBAH, which acts as a phase transfer 

agent (PTA) to allow the anionic pH indicator dye to respond to CO2 even when it is 

encapsulated in a water-insoluble polymer, such as LDPE. It is well established that 

when a phase transfer agent is used to extract an anion from a polar environment into 

a less polar medium, a few water molecules of solvation are associated with the ion 

pair (273,274). The cation of the PTA, Q+, solubilises the hydrophilic dye, D-, into the 

hydrophobic LDPE matrix via the formation of a hydrated ion pair (Q+D-·xH2O) 

(275,276). The ion pair is less polar than the deprotonated dye alone, which permits 

dispersion of the dye into the more hydrophobic matrix. In addition, the water 
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molecules associated with the ion pair facilitate the conversion of gaseous CO2 to 

aqueous CO2 via the following equation: 

Equation 2.5. 

Q+D-·H2O  +  CO2 (g)  ⇌  Q+D-·xH2O·CO2 (aq) 

Without TBAH, protonation of the dye would not be possible and hence, no colour 

change would be observed. The water molecules of solvation are essential for dye 

protonation, the mechanism of which is discussed in more detail below (Figure 2.6).  

The properties of the encapsulating polymer contribute to the overall response rate and 

stability of the sensor system. Numerous groups have reported solid-state CO2 sensors 

with different matrix mediums, including ethyl cellulose (EC) (252,256,277), silicone 

(278) and hydroxyl propyl methylcellulose (279). Here, encapsulating the solid-state 

sensor system in LDPE offers many advantages in terms of sensor stability and 

sensitivity to CO2. The lipophilic LDPE acts as an ion-impermeable, gas-permeable 

membrane (GPM) to prevent dye leaching into the tissue whilst also eliminating 

interference from ions in the wound site, a feature which renders the film safe and 

biocompatible. Previously described CO2 sensors necessitate an additional GPM, for 

example a coating of EC (280,281) or silicone (282), to prevent dye leaching and 

cross-interference from ions. However, the films in this chapter are described as 

‘naked’ because they do not require this; the LDPE acts as both an encapsulating 

medium and an intrinsic GPM.  

LDPE also shows excellent permeability towards CO2, but low permeability to other 

acidic gases such as sulfur dioxide and nitrogen dioxide (283), which are known to 

cause irreversible protonation of the dye (276,281). Water vapour permeability also 

plays an important factor in terms of stability – LDPE has a relatively low water 

permeability which encourages retention of water in the system by the hydrophilic 

silica particles, preventing the dye from ‘drying out’ and becoming non-functional 

(283). In comparison, EC has a water vapour permeability of ca. 100 times greater 

than LDPE, and hence, EC-based CO2 sensors typically have a shorter shelf life. 

Finally, LDPE is inexpensive and can be extruded at low temperatures (ca. 140 °C), 

unlike other polymers (e.g., polypropylene) which usually require temperatures 
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greater than 200 °C. This feature is particularly important because the dye in the 

pigment will degrade at temperatures exceeding 180 °C (275).  

Previous work by Mills et al. (275) has shown that hydrophilic silica is more suitable 

than hydrophobic silica for dye-TBAH-LDPE films. The hygroscopic nature of 

hydrophilic silica ensures that the dye-TBAH ion pair remains hydrated, which 

contributes to a longer shelf-life and better storage stability. In addition, hydrophilic 

silica produces films that are more reproducible and brighter in colour. Hence, in this 

work hydrophilic silica was chosen to suit this particular formulation. 

In the same body of work, Mills et al. have shown that 5 wt% pigmentation is optimal 

for the polymer performance properties of the film as well as the film appearance in 

terms of colour intensity. Loading greater than 20 wt% has a negative effect on 

elasticity and tear resistance, whilst lower than 5 wt% generates a film with a washed-

out colour. Therefore, all films in this chapter contained 5 wt% dye pigmentation, and 

exhibited uniform colour distribution and intensity throughout the LDPE matrix 

(Figure 2.5). 

Figure 2.5. Candidate indicator films with 5 wt% pigmentation, from left to right; PR, MCP, TB and 

XB in (A) ambient air and (B) 100% CO2. 

2.4.2. Theory of dye colour change 

The process by which each dye changes colour follows the same principle: Under 

normal atmospheric conditions (%CO2 = 0.04) the indicator exists in its deprotonated 

form (D-). As the local concentration of CO2 increases, brought about by bacterial 

respiration and metabolism, a concentration gradient between the headspace and 

sensor exists and hence, CO2 molecules begin to diffuse through the gas-permeable 
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LDPE membrane of the sensor. Gaseous CO2 molecules become hydrated by the water 

molecules associated with TBAH, as in Eq. 2.5, vide supra. The ion pair reacts with 

water to form carbonic acid, which further dissociates into a bicarbonate ion, HCO3
-, 

and a proton, H+. The proton reacts with the dye, D-, to yield the protonated form of 

the dye, DH. This occurs via the following equilibria equations: 

Equation 2.6. 

Q+D-·xH2O·CO2 (aq)  ⇌  Q+D-·(x-1)H2O·H2CO3 

Equation 2.7. 

 

Q+D-·(x-1)H2O·H2CO3  ⇌  Q+HCO3
−·(x-1)H2O·DH 

A summary of reactions 2.6 and 2.7 is given in the scheme below. 

 

Figure 2.6. Reaction scheme of a typical CO2-sensitive dye with TBAH as the phase transfer agent 

upon exposure to CO2. Protonation of ion pair occurs via carbonic acid, and the water molecules 

associated with TBAH. The rate constant for each reaction is represented by k1 and k2. Adapted from 

Zhang et al. (277). 

k2 

k1 
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The value of the rate constant, k1 is expected to be smaller than k2, and serves as the 

rate-limiting step in the colour transition where the rate of reaction 2.6 depends on the 

diffusion of CO2 through the LDPE matrix and hydration via the dye-TBAH ion-pair 

(277).  

A stark colour change is observed as the dye converts from its deprotonated to 

protonated form. This reaction can be summarised by the following equilibrium 

equation: 

Equation 2.8. 

Q+D-·xH2O  +  CO2  ⇌  Q+HCO3
- (𝑥 -1)H2O·DH 

Or more simply: 

Equation 2.9. 

D-  +  H2O  +  CO2  ⇌  DH  +  HCO3
- 

 

Where D- and DH are the deprotonated and protonated forms of the dye, respectively. 

This colour change is reversible and entirely dependent on the local concentrations of 

CO2. Figure 2.7 illustrates this colour change with the example of XB plastic film: 

 

Figure 2.7. Schematic representation of the %CO2-dependent colour change exhibited by XB polymer 

film as it converts from its deprotonated (D-) to protonated form (DH), visually interpreted as blue to 

yellow with a green intermediate.  

2.4.3. Response of sensor films to CO2 production by wound pathogens 

All candidate sensor films were tested against four common wound pathogens, E. 

faecium, S. aureus, S. pyogenes and P. aeruginosa, in the ex vivo porcine skin wound 

model. The response time, colour intensity and colour transition of the sensor films to 

each pathogen were considered when choosing the most appropriate candidate for 
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wound infection monitoring. It was important to select a pathogen panel that included 

some of the most commonly isolated bacteria from wounds to probe the scope of the 

sensor film. Of course, S. aureus and P. aeruginosa were selected because they are the 

top two causative organisms of wound infection identified by both traditional culture-

dependent and modern molecular methods (284). Their presence is associated with 

delayed healing, increased wound size and, in general, a poorer prognosis (285).  

The Gram-positive bacteria, E. faecium, is a member of the genus Enterococcus, and 

was chosen for this work due to the frequent isolation of Enterococcus spp. from all 

wound types including burn (286), surgical site (287) and diabetic foot ulcers (288). 

This genus is of particular concern due to increasing resistance to antibiotics, 

especially vancomycin (289).  

Wounds are a known risk factor for Group A Streptococcus (GAS) infection, which 

can cause life-threatening necrotising fasciitis, but more frequently skin and soft tissue 

infections (290). The facultative Gram-positive bacteria, S. pyogenes, was chosen to 

represent this group. 

The response of each sensor film to these pathogens is presented below in Figure 2.8, 

2.9, 2.10 and 2.11 and is discussed further vide infra; however, sensors containing 

MCP, XB and TB responded to all bacteria tested, which demonstrates the 

appropriateness of monitoring CO2 evolution as a marker of infection. 

2.4.3.1. Phenol red 

Phenol red has been established as a CO2 indicator through the commercialisation of 

smart sensors for food packaging, a prime example being the ‘After Opening 

Freshness’ label by Insignia Technologies Ltd. (291) which was recently trialled by 

UK supermarket chain, Sainsbury’s, for packaged ham. Other prototype indicators 

containing PR have been developed to monitor CO2 in food packaging since its 

measurement is related to microbial growth and mass transfer in modified atmosphere 

packaging (277,292). As such, a rationale exists to test if PR is adequately sensitive to 

CO2 production from microbes in wounds, where it could serve as an early-warning 

infection indicator. However, CO2 levels in food packages typically exist between 5-

40%, and so it was not known beforehand if the amount of CO2 generated by bacteria 
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would be sufficient to trip PR. Indeed, the results in Figure 2.8 show that LDPE films 

containing PR did not respond to the mock wound infection. 

Figure 2.8. (A) Digital images of PR sensor film in the ex vivo porcine skin wound model as a 

function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 105 CFU/mL. 

(B) Plot of apparent absorbance of the sensor film, A’, as a function of time, calculated using data 

derived from the images in Figure 2.8A and Eq. 2.4, except with sG, instead of sR. Control is 

uninoculated skin. EF – E. faecium, SA – S. aureus, SP – S. pyogenes, PA – P. aeruginosa. 

The films remained pink for the entirety of the experiment and did not differ even 

slightly in colour from the uninoculated control, which demonstrates that the amount 

of CO2 generated by each strain was insufficient to protonate PR to its yellow-orange 

form. This is perhaps not too surprising, considering PR has the lowest pKa (7.52) of 

all the dyes tested, and hence, the lowest sensitivity to CO2. It has been shown that, in 

general, dyes with a higher pKa are more sensitive to CO2 (293). Therefore, selecting 

a dye with a higher pKa, such as MCP, TB or XB should yield films with a higher 

sensitivity to CO2.  It is worth noting that the sensitivity of an indicator film is defined 

as the %CO2 at which the concentrations of the protonated and deprotonated forms of 

the dye are equal, where a half-way colour change is observed. A lower %CO2 (S = 

½) indicates greater sensitivity. The S = ½ value for PR is 4.3% CO2 (data not 

published). Therefore, the percentage CO2 in the headspace above inoculated explants 

did not reach 4.3%.  
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The results in Figure 2.8 show that PR is not suitable for detecting the minute changes 

in %CO2 brought about by bacterial respiration and metabolism. As such, PR films 

were eliminated as a candidate for wound infection monitoring. 

2.4.3.2. Meta-cresol purple 

Similar to PR, MCP is a popular sulphonephthalein indicator, and has been used for 

decades to monitor the pH of oceans, estuaries and freshwater (294–296). The pKa of 

MCP (8.3) is higher than PR (7.9), and hence, films containing MCP have a lower S 

= ½ value of 0.3% and should be more sensitive to CO2 production from bacteria. The 

data in Figure 2.9A confirms this, as a colour transition from blue to grey-green was 

observed for all pathogens tested. 

Figure 2.9. (A) Digital images of MCP sensor film in the ex vivo porcine skin wound model as a 

function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 105 CFU/mL. 

(B) Plot of apparent absorbance of the sensor film, A’, as a function of time, calculated using data 

derived from the images in Figure 2.9A and Eq. 2.4. Control is uninoculated skin. EF – E. faecium, 

SA – S. aureus, SP – S. pyogenes, PA – P. aeruginosa. 

Sensors monitoring S. pyogenes exhibited the strongest colour response, showing an 

obvious change from blue to green. However, the colour transition for all other 

pathogens tested was not so pronounced, as the colour associated with the protonated 

form of the dye presented as a washed-out grey-green colour. None of the pathogens 

tested elicited a full colour change in MCP to yellow, which can be seen in Figure 
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2.5B when the film was exposed to 100% CO2 gas. The response time of MCP films 

was between 12 – 21 h, which was considered too long for an early-warning infection 

indicator. This, coupled with the undesirable colour change, ruled-out MCP as an 

appropriate dye for the scope of this work. 

2.4.3.4. Thymol blue 

Similar to MCP, TB is commonly used to make environmental water measurements 

(297), but has been used for other applications, including air pressure monitoring 

(298). Films containing TB were expected to possess a better colour change than those 

containing MCP, because the pKa of TB is higher (8.9). As predicted, TB films 

exhibited a more satisfactory colour change in response to inoculated explants, as 

shown in Figure 2.10. 

Figure 2.10. (A) Digital images of TB sensor film in the ex vivo porcine skin wound model as a 

function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 105 CFU/mL. 

(B) Plot of apparent absorbance of the sensor film, A’, as a function of time, calculated using data 

derived from the images in Figure 2.10A and Eq. 2.4. Control is uninoculated skin. EF – E. faecium, 

SA – S. aureus, SP – S. pyogenes, PA – P. aeruginosa. 

Sensor films containing TB displayed a colour change of light blue to light green in 

response to CO2 production by the pathogen panel. Inspection of Figure 2.10A reveals 

that the colour transition occurred very gradually, reflected by the slow decrease in A’ 
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in Figure 2.10B. Sensors monitoring S. pyogenes, S. aureus and E. faecium responded 

within 12 h, which is approximately 6 h faster than films containing MCP. Similar to 

Figure 2.9, P. aeruginosa elicited the longest response time in TB, but again this was 

faster than observed with MCP films.  

The initial increase in A’ in Figure 2.10B is due to an increase in entropy of the system 

as the samples are heated to 30 °C from room temperature. A disordered state is 

entropically favoured at this higher temperature, where dye particles prefer to be 

deprotonated (D-), until local levels of CO2 increase to a point where this is overcome, 

and protonation of TB results (DH). As mentioned previously, the sensitivity of optical 

CO2 sensors is affected by temperature, due to the importance of water in Eq. 2.8. At 

higher temperatures, there are fewer water molecules of hydration associated with the 

ion pair, Q+D-·xH2O, and so gaseous CO2 cannot as easily react to form the bicarbonate 

salt (Q+HCO3
-·(x-1)H2O·DH). Hence, the sensitivity of these sensors is undoubtedly 

reduced at 30 °C compared to 20 °C, but the TB sensor still demonstrates an adequate 

response to CO2 at 30 °C. 

The reported S = ½ value for TB LDPE films is 0.06% CO2 (299), which is 5 times 

more sensitive than MCP films, and ca. 77 times more sensitive than PR films. This 

is clearly reflected in the results by comparing Figure 2.8, 2.9 and 2.10. However, TB 

may not be appropriate for a system that relies heavily on visual interpretation, as the 

colour change is not obvious. The steady transition through light blue to light green is 

not desirable, although the response time is satisfactory.  

2.4.3.3. Xylenol blue 

In comparison to the other dyes investigated in this chapter, XB is lesser known with 

very limited coverage in the literature. XB was the next dye chosen because it operates 

in the same pH range as TB, and has the same sensitivity value of 0.06% CO2 (data 

not published), but it is a different shade of blue. The rationale behind choosing a 

slightly different coloured dye with the same sensitivity was that a better colour change 

may be achieved whilst maintaining the same response rate. In turn, XB gave excellent 

results in terms of colour intensity, transition, and response time (Figure 2.11).  
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Figure 2.11. (A) Digital images of XB sensor film in the ex vivo porcine skin wound model as a 

function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 105 CFU/mL. 

(B) Plot of apparent absorbance of the sensor film, A’, as a function of time, calculated using data 

derived from the images in Figure 2.11A and Eq. 2.4. Control is uninoculated skin. EF – E. faecium, 

SA – S. aureus, SP – S. pyogenes, PA – P. aeruginosa. 

All four bacteria tested elicited a stark colour change in the XB sensor from blue to 

yellow, with green as an intermediate colour, brought about by an approximately equal 

ratio of deprotonated and protonated forms of XB. The colour of XB throughout the 

experiment reflected the %CO2 in the wound headspace, which increased over time 

due to bacterial aerobic respiration and metabolism. A decrease in A’ is evident in 

Figure 2.11B, indicating protonation of the dye to its yellow form by carbonic acid, 

formed through the interaction of gaseous CO2 with the dye-ion pair complex.  

The estimated time taken for the sensor colour change to occur, which is a measure of 

the rate of CO2 generation, differed between each strain but only by ca. 4 h. Growth 

rate relies heavily on the immediate surroundings, and will differ between bacterial 

species, depending on the inherent or adaptive mechanisms in place for nutrient 

acquisition and survival in that niche. Nonetheless, all XB sensors responded with 12 

h of incubation, in keeping with an early-warning system. 
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The pKa of XB is 9.5, which is the highest of all the dyes tested. Therefore, it is not 

surprising that the response characteristics (colour, time, intensity) were superior to 

that of PR and MCP, which have lower pKa’s. From the S = ½ value for XB (0.06%), 

one can assume that the percentage of CO2 in the headspace has increased from 0.04% 

(atmospheric levels) to greater than 0.06%. 

The colour transition of XB films (Figure 2.11A) was more pronounced than observed 

with TB, and, as such, is much easier to visually interpret. Figure 2.11B demonstrates 

this more clearly, as a marked decrease in A’ is seen with respect to incubation time. 

A clear colour change is one of the most important aspects of an optical smart dressing; 

by comparing the digital images of TB and XB in Figure 2.10A and Figure 2.11A, 

respectively, one can appreciate the superior colour depth and tone of XB in all its 

colour forms.  

2.4.4. Selecting the most suitable candidate dye for monitoring wound infection 

development 

The two most important attributes of a colourimetric film for wound infection 

monitoring are: (i) fast response time and (ii) a colour change that is easy to interpret 

with the naked eye. Therefore, sensor films containing XB dye were chosen as the 

most promising candidate for the scope of this work based on the superior response 

rate and complete colour change upon contact with the headspace of an infected 

wound. 

2.5. Conclusion 

The CO2-sensitive indicator film comprising XB dye has proven the strongest 

candidate for effective real-time monitoring of infection development in the wound 

bed, with a striking colour change of blue to yellow that is easily interpreted with the 

naked eye. Sensors incorporating TB and MCP were excluded due to imperceptible 

colour transitions, whilst those containing phenol red were deemed unfit for purpose 

due to no colour change. XB sensor films optically respond to a small increase in the 

%CO2 in the region of 0.04 to >0.06%, owing to the dye’s high sensitivity. In addition, 

encapsulating the dye in LDPE creates a biocompatible, gas-permeable, ion-

impermeable membrane which eliminates protonation by wound exudate and prevents 
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leaching of the dye into the wound bed. In line with previous research on similar water-

based CO2 sensors, this film should be stable for >8 months under ambient conditions 

(299). In closing, the highly sensitive CO2 indicator offers non-invasive, 24/7 

monitoring of the wound state to flag infection in the early states and prompt medical 

intervention. This sensor offers a novel method for detecting a volatile inorganic 

species in the wound bed, which exploits the ubiquitous production of CO2 by aerobic 

bacteria.  
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3.1. Introduction 

3.1.1. 3D printing 

3D printing is an additive manufacturing process which involves fabricating a three-

dimensional object layer-by-layer using computer-aided design (CAD). Since the 

conception of the first 3D printer in 1984 (300), computer and printer technologies 

have evolved and become significantly more affordable, owing to the successful 

incorporation of 3D printing into many industries today, such as: aerospace, 

automotives, construction, manufacturing, robotics and healthcare (301). Where 

traditionally these industries would have relied on manufacturing methods that require 

the use of expensive tools (e.g. moulds, casts, drills), 3D printing offers a fast, 

automated process with less manual labour, virtually no start-up cost and a significant 

reduction in material waste (302). The benefit of this extends to the rapid development 

and alteration of prototypes that can be printed in almost any geometry. Realisation of 

this design fluidity can be seen in the medical field, where custom anatomical models 

have been printed for complex hip replacements and maxillofacial surgeries (303). 

Whilst 3D printing is more cost effective for small scale manufacture, traditional 

methods are still cheaper for mass production. In addition, the material list currently 

amenable to printing is not exhaustive. However, the global 3D printing market value 

is predicted to more than double from $15 billion (2021) to $37.2 billion in the next 5 

years (304), and so one can assume the current limitations will be overcome during 

this growth.   

3.1.2. 3D printed sensors 

3D printing has been successfully integrated into sensor fabrication to produce 

intelligent designs that involve either a printed scaffold to which sensing elements are 

attached, or intrinsically printed sensors. This technology has been applied to monitor 

changes in pressure, temperature, strain, force, and other mechanical and electrical 

properties of interest (305). In more recent years, there has also been a surge in bio- 

and chemical-detection systems (306). Such devices can detect minute levels of 

important disease markers and offer point-of-care monitoring of physiological events 

via wearable sensor arrays. However, 3D printing in these systems is mostly used to 

craft a microfluidic chip or electrochemical cell to which the sensing elements are 

attached. For example, Krejcova et al. developed a 3D printed sensor for the rapid 
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detection of influenza haemagglutinin; the sensing component of this device consisted 

of three electrodes, which were attached to a 3D printed microfluidic chip (307). This 

design is reflective of most others in the field of 3D printed sensors; 3D printing is 

often used to create custom prototypes to house sensing materials, but does not play a 

direct role in monitoring the analyte of interest. One major exception to this is 3D 

printed metals and conductive carbon materials (e.g. carbon black and carbon fibre) 

(308,309). The film presented in this chapter is unique in that the sensing component 

is integrated into the 3D printed material to form the first example of 3D printed optical 

CO2 gas sensor.  

3.1.3. Fused filament fabrication technology 

The 3D printing technology employed in this chapter is fused filament fabrication 

(FFF), also more commonly known as fused deposition modelling (FDM), a term 

trademarked by its inventors, Stratasys. It is the most widely used material extrusion 

technology, with advantages including scalability, relatively low cost and material 

flexibility (310). The printing process of FFF is illustrated in Figure 3.1. 

 

Figure 3.1. Schematic illustration of FFF 3D printing technology. 
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The printing process of FFF is analogous to a very precise hot-glue gun; it involves 

melting and extruding a thermoplastic through a heated nozzle onto a platform where 

the material cools and solidifies. This process is repeated to deposit material next to, 

or on top of a previous layer to create a 3D object in a layer-by-layer fashion. 

Commonly used thermoplastics include polylactic acid (PLA), polyamide (PA) and 

acrylonitrile butadiene styrene (ABS).  

Disadvantages of FFF include inferior part quality/details due to low printing 

resolution (e.g. ridged edges that need sanding), and a slow print time. In addition, 

thin parts or materials that require a high print temperature are prone to shrinkage and 

warping upon cooling, which may be helped by using a heated bed (302). In relation 

to the 3D printed sensor presented herein, only warping presented an issue, but was 

solved by experimenting with different printing geometries.  

3.2. Aims and Objectives 

The aims of this chapter include the development and characterisation of a 3D printed 

CO2-sensitive indicator film containing XB dye. In addition, indicator colour change 

was correlated to the %CO2 in the wound headspace. The sensor response to common 

wound bacteria was investigated in a newly developed ex vivo wound dressing model 

containing porcine skin, with an emphasis on a clinical wound isolate of P. 

aeruginosa.    

These aims were achieved by the following: 

• 3D print XB-containing filaments into various film shapes (circle, square) to 

determine the best geometry. 

• Ensure correlation of film sensitivity values as measured by UltraViolet-

Visible (UV-Vis) spectroscopy and digital colour colourimetric (DCC) 

analysis. Once proven, film sensitivity was determined at 30 °C in dry and 

humid gas using DCC analysis. 

• Calibrate a custom-made IR gas cell with CO2 gas using Fourier-transform 

infrared spectroscopy (FT-IR). This allowed the %CO2 in the headspace of 

infected porcine skin explants to be calculated and correlated with indicator 

colour, via simultaneous digital photography of CO2 indicator films. 
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• Correlate peak metabolic activity with sensor colour change using isothermal 

calorimetry. 

• In parallel experiments, inoculate porcine skin with common wound pathogens 

(P. aeruginosa, A. baumannii, C. albicans, E, faecium, S. aureus and S. 

pyogenes) packaged in the wound dressing model, and monitor pathogen 

growth in tandem with sensor response over 30 h. Biofilm formation was also 

monitored and compared to sensor response time. 

3.3. Materials and Methods 

Unless otherwise stated, all chemicals and solvents were purchased from Sigma 

Aldrich in the highest purity available. LDPE powder (melt flow index, MFI = 20) 

was purchased from PW Hall, UK. All gases used were from BOC gases. Hydrophilic 

fumed silica (Aerosil® 130 V, particle size ~ 20 nm) was purchased from Evonik, 

Essen, Germany. Silicon dioxide (SiO2) was gifted from Evonik Industries, Essen, 

Germany, (Brunauer-Emmett-Teller, BET surface area = 130 ± 25 m2 g-1). Aqueous 

solutions were prepared fresh, using double-distilled deionised water. 

The wound dressing used for this work was 3M™ Tegaderm™ Transparent Film 

Dressing 1624W, 6 x 7 cm, purchased from Amazon UK. 

All solutions, media etc. for microbiological work were prepared fresh on-site and 

autoclaved prior to use. Broths and agars were purchased from Oxoid, Basingstoke, 

UK. 

Stillborn piglets from organically grown animals were ethically sourced from Agri-

Food and Biosciences Institute (AFBI) research facility (Hillsborough, Northern 

Ireland) and stored at -20 °C until further use. 

Digital images were captured using a Canon EOS 700D digital camera with an EFS 

18-135 mm lens. Red (R), green (G) and blue (B) colour channels were analysed using 

Fiji ImageJ software (267). 
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3.3.1. Preparation of CO2 indicator 

3.3.1.1. XB pigment preparation 

The CO2-sensitive pigment was made by coating XB dye on hydrophilic fumed silica 

particles (particle size ~ 20 nm). Briefly, 0.2 g XB dye and 3.2 mL of 

tetrabutylammonium hydroxide (TBAH, 1 M in methanol) was added to a 120 mL jar 

containing 2 g hydrophilic fumed silica and 100 mL ethanol and sonicated for 10 min 

to disperse larger particles of silica and dye. The suspension was stirred vigorously for 

2 h using a magnetic stirrer and the solvent removed using rotary evaporation to yield 

dry powder pigment. The powder pigment comprises silica particles coated with XB 

and TBAH. 

3.3.1.2. Formation of 3D printable indicator filament 

The bright blue XB pigment was then used to make a CO2 indicator filament. 1 g of 

XB powder pigment was blended with 19 g of fine LDPE powder until a uniform 

colour was achieved. The mixture was fed through a Rondol Microlab Twin Screw 

extruder with a feed zone operating temperature of 90 °C and a temperature profile 

which gradually increased along its length to 140 °C at the exit die zone. The extruder 

screw speed was maintained at 80 rpm. The extruded 2 mm diameter filament was cut 

into 3 mm long pellets using an inline pelletiser (speed 0.9 m min-1). These 

masterbatch pellets were fed through the extruder thrice more to ensure homogenous 

distribution of pigment throughout the pellets. Finally, the pellets were fed into the 

3devo (Utrecht, Netherlands) filament maker (Composer 350) to form a 3D printable 

filament (XB/TBAH/LDPE), with a diameter of 1.75 ± 0.05 mm. 

3.3.1.3. 3D printing 

The CO2-sensitive filament was 3D printed at 135 °C to form a 50 µm thick, 12 x 12 

mm square indictor film using the ZMorph25 VX Full Set FDM (ZMorph, Wrocław, 

Poland), fitted with a 0.3 mm nozzle. The glass platform on the printer was heated to 

80 °C. 

3.3.2. Sensitivity testing of 3D printed XB film  

The sensitivity of the 3D printed XB blue film to different concentrations of CO2 at 

room temperature was determined using UV-Vis absorption spectroscopy and digital 
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colour colourimetric (DCC) analysis. Previous work by Yusufu et al. has shown that 

the apparent absorbance (A’) obtained from RGB analysis of digital images is 

proportional to the actual absorbance as measured by UV-Vis spectrophotometry 

(269). The following experiments were conducted to confirm that the calculated 

sensitivity of the 3D printed indicator film at room temperature using both UV-Vis 

and DCC were concordant. Hence, the sensitivity of the film at 30 °C can be calculated 

using DCC analysis. 

3.3.2.1. UV-Vis absorption spectroscopy 

UV-Vis absorbance measurements were made using an Agilent Technologies CARY 

60 UV-Vis spectrophotometer. The absorbance of XB 3D printed film was monitored 

using UV-Vis for the following CO2 concentrations: 0, 0.04, 0.1, 0.5, 1 and 100% 

CO2. Cannisters of (i) 0.1% CO2/air, (ii) 1% CO2/air and  

(iii) 100% CO2 were purchased from BOC. All other concentrations were obtained by 

blending (ii) with argon using a Cole Parmer gas blender. The 3D printed XB film was 

placed inside the spectrophotometric cell and flushed with each test gas for at least 15 

minutes before any absorbance measurements were taken. The absorbance of the film 

in its deprotonated blue form (D-) was recorded for each concentration. From this, R, 

a measure of the transformation of the dye from its deprotonated to protonated form 

was calculated using experimentally determined absorbance values. 

3.3.2.2. Digital colour colourimetric analysis  

The same CO2 concentrations in Section 3.3.2.1 were used to determine the sensitivity 

of the 3D printed film via DCC analysis at room temperature. This work involved a 

custom-made glass cell with a screw-lid bottom, through which the indicator could be 

affixed to the inside of the cell. Gas blends (0, 0.04, 0.1, 0.5, 1 or 100% CO2) were 

flushed through the cell via an inlet and outlet needle through a rubber bung (Suba-

Seal®, Sigma) for 15 mins. The needles were removed, and silicone oil (Sigma) was 

dropped onto the rubber bung to minimise gas leakage. The cell was placed under a 

D65 daylight lamp and photographed using a digital camera. To determine the 

indicator film sensitivity at 30 °C, the experiment was repeated, except the cell was 

placed in a water bath (30 °C) and allowed to equilibrate for 15 min to temperature 

before photographing. For assessing film sensitivity in 100% relative humidity (RH) 
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at 30 °C, the test gas (0, 0.04, 0.1, 5 or 100% CO2) was purged through two Dreschel 

bottles half filled with water in series to achieve 100% RH humid gas. 

The apparent absorbance of the film was calculated as detailed in Chapter 2, Section 

2.3.6. Hence, R was calculated using the generated apparent absorbance values.  

3.3.3. Pathogens used in this study 

A collection of wound-associated pathogens were used in this chapter to investigate 

the diagnostic power of the CO2-sensitive indicator. Bacterial strains used include: 

Acinetobacter baumannii NCTC 13304, Enterococcus faecium, NCTC 7379, 

Staphylococcus aureus NCTC 10788, Streptococcus pyogenes NCTC 8306 and 

Pseudomonas aeruginosa NCIMB 10548. The yeast, C. albicans NCYC 610 was also 

included in this study due its prevalence in chronic wound infections (124). All 

pathogens were stored at -80 °C in 15% glycerol. To ensure purity, strains were 

subcultured onto Luria-Bertani agar (LBA), or Sabouraud dextrose agar (SDA) for C. 

albicans. Streaked plates containing single colonies were wrapped in Parafilm® and 

refrigerated until further use.  

Single colonies from refrigerated plates were inoculated in LBB, or SDB for C. 

albicans, and grown overnight with shaking at 37 °C. 

The optical density at 600 nm (OD600nm) was adjusted accordingly for each pathogen 

in growth media (LBB or SDB) and diluted in simulated wound fluid (SWF) to achieve 

the required starting inoculum. The recipe for SWF contains 50% physiological NaCl 

(Merck, Dorset, UK) in 0.1% bacteriological peptone (Oxoid, Basingstoke, UK) and 

50% foetal bovine serum (FBS) (Gibco, Thermo Fisher, Warrington, UK) (270). 

3.3.4. Preparation of porcine skin explants 

Piglets were thawed in a water bath for one day and rinsed with water to remove any 

remaining afterbirth before dissection. Skin from each flank of the pig was removed 

using a surgical scalpel and stored at -20 °C until further use. 

Porcine skin was defrosted in a fridge at 5 °C and washed with water. The skin was 

depilated, and any excess connective tissue or muscle removed to provide a smooth, 

even surface and rinsed once more in deionised water before allowing to dry. A cork-

borer (14 mm diameter) was heated hot in a Bunsen burner flame and pressed into the 
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skin to excise uniform explants circles. Score marks were made in a criss-cross fashion 

on the skin using a surgical scalpel to create a ‘wounded’ skin structure for pathogens 

to grow. Explants were washed with 70% ethanol for 20 minutes to disinfect the skin. 

Finally, each explant was dipped in 100% ethanol and flamed to remove any remaining 

ethanol and provide a dry, disinfected surface for inoculation.  

3.3.5. Inoculation of explants in wound dressing model 

Sheets of polyethylene terephthalate (PET) (50 µm) were cut to size and wiped with 

70% ethanol to disinfect. Sterile absorbent pads, 47 mm diameter (Merck Millipore 

Ltd., UK), were cut into quarters using sterile scissors and placed onto the PET sheet. 

Each quarter was wetted with 500 µL sterile water to prevent the explant from drying 

out. Porcine skin was placed onto the absorbent pad and inoculated with 20 µL of cells 

in SWF. Four thin sheets of sterile lint were cut to size (15 x 15 mm) and placed over 

the explant. To seal the system, 3M™ Tegaderm™ transparent film dressing (6 cm x 

7 cm) with 3D printed XB film attached on the adhesive side was fixed to the 

underlying PET sheet (Figure 3.2).  

 

Figure 3.2. Schematic of wound dressing set-up. 

3.3.6. Correlating sensor colour to %CO2  

3.3.6.1. FT-IR CO2 calibration 

Prior to determining CO2 production from inoculated skin explants, a calibration curve 

for CO2 in the IR gas cell was generated. The gas cell was purged with argon to give 

a reading for 0% CO2, then, the cell was equilibrated with ambient air and another 

reading was taken (0.04% CO2). The area under the CO2 peak, between 2400 and 2200 
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cm-1, was calculated and plotted against the known %CO2 to yield a straight line. From 

this, the %CO2 generated from an infected explant could be calculated. 

3.3.6.2. Measuring CO2 production from ex vivo wound model with FT-IR 

A porcine skin explant inoculated with 20 µL of approximately 105 CFU/mL of 

PA10548 was prepared as previously described in Section 3.3.4 and 3.3.5. The explant 

was placed into a custom IR gas cell on top of an absorbent pad with 0.5 mL of sterile 

water to maintain humidity inside the system. The sensor was fixed to the inside of the 

cell with Tyvek® backing (DuPont) to provide a white background for superior colour 

analysis. The cell was sealed and placed into a Perkin Elmer Spectrum 1 Fourier 

Transform Infrared Spectroscopy machine. The cell was wrapped in a water jacket 

tubing to ensure the temperature of the explant was maintained at 30 °C. An IR 

spectrum of the headspace above the explant was taken every hour over a period of 30 

hours, in tandem with a digital image of the XB sensor. The experimental set-up is 

shown below in Figure 3.3, without the water jacket. The peak area (2400-2200        

cm-1) was calculated for each hour. The %CO2 associated with the peak area was 

calculated using the calibration curve generated from Section 3.3.6.1.  

 

Figure 3.3. Experimental set-up showing inoculated porcine explant and 3D printed XB CO2 sensor 

inside an IR gas cell.  

3.3.7. Monitoring bacterial growth in wound dressing model 

The work in this chapter focusses primarily on the clinical wound isolate, P. 

aeruginosa NCIMB 10548 due to the abundance of P. aeruginosa strains in wound 
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infection and association with chronic wound development. Hence, growth of 

PA10548 on porcine skin was monitored at concentrations ranging from 103 to 108 

CFU/mL over 30 h. For all other pathogens, a starting inoculum of only 105 CFU/mL 

was investigated. The purpose of monitoring growth in the wound dressing model is 

two-fold: First, to compare the bioburden at each timepoint to the colour of the XB 

indicator; second, to assess how well each pathogen grows in the model over the 

investigated time frame.  

An overnight culture of PA10548 was centrifuged (5 min, 5000 x g) and the pellet 

resuspended in SWF. The optical density at 600 nm (OD600nm) was adjusted to 0.15, 

corresponding to ~ 1 x 108 CFU/mL. Serial one in ten dilutions were performed in 

SWF to achieve subsequent suspensions of 107, 106, 105, 104, and 103 CFU/mL. 

Porcine skin explants were prepared as detailed in Section 3.3.4 and 3.3.5 and 

inoculated with 20 µL of each suspension, in triplicate. Disinfected, uninoculated skin 

served as a disinfection control. Unwounded skin (no scoring with scalpel), inoculated 

with 106 CFU/mL provided an additional control. The wound dressing was sealed, as 

detailed in Section 3.3.5 except without XB indicator and incubated at 30 °C for either 

6, 12, or 24 h. 

For all other pathogens (A. baumannii, E. faecium, S. aureus, S. pyogenes and C. 

albicans) the OD600nm of an overnight culture was adjusted accordingly for each 

pathogen in growth media (LBB or SDB) and diluted in SWF to achieve a starting 

inoculum corresponding to ~ 105 CFU/mL.  

At each timepoint (0, 6, 12, 24 h) the skin and lint were harvested from the wound 

dressing using sterile scissors and forceps, and transferred to 2 mL PBS in a 15 mL 

Falcon® tube. To remove adherent bacteria from the skin and lint, the tube was 

vortexed for 30 s (Vortex-Genie 2, Scientific Industries, US), sonicated for five 

minutes (Elmasonic S 30, Elma, Germany) and vortexed again for 30 s. Samples were 

serially diluted and plated onto the appropriate agar (Cetrimide for PA10548, SDA for 

C. albicans, LBA for all other pathogens) using the Miles and Misra method (311), 

and incubated at 37 °C overnight. Counts were recorded as CFU/g. 

3.3.8. Monitoring CO2 indictor response to infection 

In a parallel experiment, skin explants were inoculated with 108 through to 103 

CFU/mL PA10548 in triplicate, or 105 CFU/mL of other previously mentioned wound 
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pathogens and sealed in the dressing as mentioned in Section 3.3.5, with the XB 

indicator. Dressings were transferred to a hotplate set to 30 °C, to mimic a dressing 

applied on actual human skin, with the topside of the dressing in contact with ambient 

air. The samples were placed under a D65 daylight lamp and photographed once every 

hour with a Canon EOS 700D digital camera. 

Images were analysed using ImageJ software to extract the red, green and blue colour 

space values (RGB). In this work, the red value was used to calculate the apparent 

absorbance (A’) because this colour channel varies the most during the blue to yellow 

transition of the dye. The full calculation is detailed in Chapter 2, Section 2.3.6, but 

can be summarised using the expression: 

Equation 3.1. 

A'  =  log{255/RGB(red)} 

Where A’ is the apparent absorbance of the 3D printed XB sensor, and RGB(red) is 

the value of the red parameter in the RGB-analysed image of the indicator. 

3.3.9. Characterisation of metabolic activity using isothermal calorimetry  

Temporal metabolic activity of PA10548 was assessed via heat production, using the 

calScreener™ microcalorimeter (Symcel, Stockholm, Sweden). The calWell plastic 

inserts were loaded with 200 µL molten LBA and allowed to set at room temperature. 

Inocula of PA10548 were prepared as detailed in Section 3.3.7 at concentrations of 

ca. 106, 105, 104 and 103 CFU/mL in SWF. Plastic inserts containing LBA were 

inoculated with 5 µL of each suspension, in triplicate and set into the titanium cups of 

the 48-well calPlate. The calPlate was sealed with titanium lids and inserted into the 

calScreener for analysis. Heat flow was measured at 30 °C for 24 h. Resulting data 

were analysed using the calView software (Symcel). 

3.3.10. Assessing biofilm formation 

3.3.10.1. In vitro 

Overnight cultures of the full wound pathogen panel were diluted in LBB to a 

concentration of ~ 105 CFU/mL. 100 µL of each inoculum was added to a 96-well 

plate, LBB or SDB served as a media control. Plates were incubated at 30 °C static 

overnight. The next day, wells were rinsed with PBS to remove loosely attached cells. 
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Biofilms were stained with 125 µL 0.1% crystal violet (CV) solution and incubated at 

room temperature for 20 min. Wells were rinsed thoroughly with PBS and left to dry 

in a laminar flow cabinet. Photographs of the CV-stained biofilm in wells were taken 

for qualitative analysis before solubilising CV with 125 µL 30% acetic acid in water. 

The absorbance at 570 nm was measured in a FLUOstar Omega plate reader (BMG 

Labtech, UK). 

3.3.10.2. Ex vivo 

A simple staining method employing CV was developed to measure PA10548 biofilm 

formation over a 48 h period on porcine skin, based on the original protocol by 

O’Toole et al. (312). The purpose of this particular experiment was to elucidate when 

biofilm formation begins, and if this timepoint is before or after the colourimetric 

response of the 3D printed CO2 sensor i.e. does the sensor change colour before or 

after a mature biofilm takes hold in the wound bed. Wounded porcine skin was 

prepared as detailed in Section 3.3.4 in triplicate for each timepoint (0, 6, 12, 24, 30 

and 48 h) and placed on an absorbent pad containing 1 mL sterile water, housed in a 

Petri dish. 20 µL of ~106 CFU/mL PA10548 was inoculated onto the skin and 

incubated at 30 °C for the required time. Uninoculated skin served as a control. At 

each timepoint, samples were washed twice in PBS to remove any loosely attached 

cells and immersed in 1 mL of 0.1% CV solution for 20 min at room temperature. 

Samples were then washed thrice in PBS to remove any excess dye and transferred to 

a 1.5 mL microcentrifuge tube containing 1 mL 95% ethanol and vortexed for 30 s to 

destain. The resulting purple solution was diluted ten-fold in a 96-well plate to allow 

for an accurate absorbance measurement at 570 nm using a FLUOstar Omega plate 

reader.  

3.4. Results and Discussion 

3.4.1. 3D printed XB sensor 

The results from Chapter 2 guided the selection of XB as the most appropriate dye 

for monitoring CO2 production from microorganisms. Like other well-established 

colourimetric CO2 indicators (292,298), the colour change of this sensor is based on 

the protonation of a pH-sensitive anionic dye by the weakly acidic carbonic acid 
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(H2CO3). The anionic XB dye ion-pairs with the tetrabutylammonium quaternary 

cation to yield a lipophilic ion pair with high sensitivity towards CO2. The reversible 

response of the ion pair to CO2 can be shown using the following equation: 

Equation 3.2. 

Q+D-·xH2O  +  CO2  ⇌  Q+HCO3
-·(x-1)H2O·DH 

Where Q+D-.xH2O and Q+HCO3
-.(x-1)H2O.DH are the deprotonated and protonated 

forms of the ion pair, respectively. An up-close photograph of the 3D printed film is 

presented below in Figure 3.4. The printing pattern is observed as connecting 

concentric squares, printed from the outside in. A circular printing geometry was also 

trailed but was discarded due to the formation of a cone shape on cooling. The 3D 

printed XB-containing LDPE polymer sensor exhibits the same stark transition of blue 

to yellow as the plastic film developed Chapter 2.  

 

Figure 3.4. Photographic images of the 3D printed 12 mm square CO2 sensor under (A) 0% CO2 (in 

argon) and (B) 100% CO2. 

 

3.4.2. Sensitivity of 3D printed XB sensor to CO2 

The sensitivity of XB LDPE films to CO2 (identical to those presented in Chapter 2) 

was 0.06 % at 20 °C and 0.11% at 30 °C (data not published). It serves that, in an 

identical formulation to the 3D printed sensors presented herein, the sensitivity values 

should be concordant with the LDPE plastic films. To confirm this, the sensitivity of 

the 3D printed XB sensor was determined via UV-Vis at 20 °C and correlated to that 

determined by DCC at 20 °C. Once it was established that the sensitivity 

measurements obtained via UV-Vis and DCC were the same, the sensitivity of the 3D 
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printed indicator was determined at a heightened temperature of 30 °C, using only 

DCC.  

3.4.2.1. Defining sensitivity  

The sensitivity of optical gas sensors is the most important factor when choosing a dye 

for a particular function. In this work, XB dye was chosen for its stark colour change 

in response to minute local changes in %CO2. In Chapter 2, it was noted that the 

sensitivity of optical indicator films is commonly defined as the %CO2 at which the 

concentrations of the protonated and deprotonated forms of the dye are equal, i.e. 

where a half way colour change is observed. This follows an established method 

(292,313,314) of measuring sensitivity, which is expressed as %CO2(S = ½). To better 

understand how this value is obtained, a more in-depth explanation of the theory and 

calculations behind the sensitivity measurement is given vide infra. 

First, it is important to define parameter R, which is a measure of the transformation 

of the dye from its deprotonated to protonated form by CO2. From Eq. 3.2, it follows 

that: 

Equation 3.3. 

R  =  [DH]/[D-]  =  α  x  %CO2 

Where [DH] and [D-] are the concentrations of Q+HCO3
-·(x-1)H2O·DH and              

Q+D-·xH2O, respectively, and α (units %-1) is a proportionality constant which yields 

a sensitivity measure of the dye towards CO2. 

According to the definition of %CO2(S = ½) and Eq. 3.3, parameter R is equal to 1 

when [DH] and [D-] are equal. Therefore, the reciprocal of α, 1/α, can be used to 

provide a measure of the %CO2 present when the normalised optical signal, S, is equal 

to ½ i.e., %CO2(S = ½). In keeping with the literature, the sensitivity of the 3D printed 

sensor in this chapter was reported in terms of %CO2(S = ½). 

3.4.2.2. Film sensitivity measured via UV-Vis 

The UV-Vis spectrum in Figure 3.5A shows that, as expected, the absorbance of D- 

at 620 nm (λmax) decreases as the indicator transitions from blue (0% CO2) to yellow 

(100% CO2). The following equation, adapted from Eq. 3.3, was used to calculate R 

from the experimentally determined absorbance values: 
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Equation 3.4. 

R  =  (Abs0 – Abs)/(Abs – Abs∞)  =  α  x  %CO2 

Where, Abs0 is the absorbance value at λmax[D
-], when %CO2 = 0, i.e., when the dye 

is completely deprotonated (100% argon in spectrophotometric cell). Abs∞ is the 

absorbance when all the dye is protonated, DH, i.e., when %CO2 = ∞. To achieve this, 

the film was exposed to 100% CO2. 

Figure 3.5. (A) UV-Vis absorption spectrum of 3D printed indicator exposed to increasing %CO2 at 20 

°C (from top to bottom: 0, 0.04, 0.1, 0.5, 1, 100% CO2). B. Plot of R vs. %CO2 where R is calculated 

using Eq. 3.4 and the absorbance of λmax 620 nm in A. for each %CO2.  

The plot of R vs. CO2 yields a straight line, consistent with previous work by Mills et 

al. (274,293). The reciprocal of the gradient α (15.4204%-1), i.e. 1/α, gave a sensitivity 

value, %CO2(S= ½) of 0.06%. This value conforms with the sensitivity of the XB 

LDPE plastic film, which was previously determined by UV-Vis as 0.06%. As 

predicted, the sensitivity of the standard plastic film and the 3D printed film is 

identical. 

3.4.2.3. Film sensitivity measured via DCC  

Digital camera colourimetry can be used as a less expensive, simpler alternative to 

UV-Vis spectroscopy to provide accurate apparent absorbance measurements using a 

digital camera which are proportional to actual absorbance values determined by UV-

Vis. This has been demonstrated for colourimetric dyes such as phenol red, resazurin 

and methylene blue (269), and has been previously conducted for XB LDPE plastic 

films (data not published). For this work, it was important to confirm that DCC could 
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be used as an alternative to UV-Vis to determine the sensitivity of 3D printed films 

containing XB. 

For each digital image in Figure 3.6A, RGB colour analysis was conducted to monitor 

the change in the red colour channel. Through a series of calculations detailed in 

Chapter 2, raw gamma-corrected, non-linear values were converted to their linear 

counterparts to yeild apparent absorbance values. Then, the value of R was calculated 

using an adapted version of Eq. 3.3 with the calculated apparent absorbance values: 

Equation 3.5.   

R  =  (A’0 – A’)/(A’ – A’∞)  =  α  x  %CO2 

Where A’0 is the apparent absorbance value when the dye is fully deprotonated (D-, 

blue), when %CO2 = 0. A’∞ is the apparent absorbance of the film when all the dye is 

protonated (DH, yellow), i.e., when %CO2 = ∞ (100%). 

The plot of R vs. CO2 generated a straight line, of gradient α (15.9062%-1). The 

recipricol of α gave a sensitivity value, %CO2(S = ½) of 0.06%. 

Figure 3.6. (A) Photographic images of 3D printed XB sensor exposed to increasing %CO2 at 20 °C. 

(B) Plot of R vs. CO2 at where R is calculated using Eq. 3.5 and the apparent absorbance values derived 

from RGB colour analysis. 
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3.4.2.4. Correlation of UV-Vis and DCC film sensitivity data 

To effectively compare the values of R generated from DCC with those from UV-Vis, 

the two data sets were plotted together for R vs. %CO2 (Figure 3.7). 

Figure 3.7. Comparison of plots of R vs. %CO2 for R generated using DCC (black circles) and UV-Vis 

(white circles). 

The calculated %CO2(S = ½) for 3D XB films interrogated by DCC and UV-Vis were 

0.0629% and 0.0649% to four decimal places, respectively. However, the sensitivity 

of such sensors is usually reported to two decimal places, and hence, %CO2(S = ½) 

for both methods is 0.06%. UV-Vis spectroscopy still remains the most accurate 

method of determining absorbance; however, the widespread use of digital and 

Smartphone cameras makes it increasingly likely that DCC will be used to provide a 

quick and easy method of colour analysis, outside of the laboratory or clinic. Here, it 

was confirmed that the proportional relationship between these two methods still 

stands for the 3D printed indicator film containing XB dye. This means that DCC can 

be used to measure the sensitivity of the film at heightened temperatures, e.g. in this 

work, 30 °C.  

3.4.2.5. Effect of temperature on sensitivity 

For both dry and wet sensor types, it is well known that increasing temperature yields 

a lower sensitivity towards CO2 due to the temperature-dependent nature of the 

equilibrium equation by which these sensors function (275,315). Following 

fundamental thermodynamics, the equilibrium constant for Eq. 3.2, which is measured 

by the value of α, will decrease as the system temperature increases (274,299). The 
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sensitivity of the XB 3D printed film was probed at 30 °C to determine if the film 

retained an appropriate response to CO2 at wound temperature. Previous results 

revealed that DCC could be used for this instead of UV-Vis, and hence, the apparent 

absorbance of the indicator film was determined for a range of %CO2 at 30 °C (Figure 

3.8A) 

Figure 3.8. (A) Photographic images of 3D printed XB sensor exposed to increasing %CO2 at 30 °C. 

(B) Plot of R vs. CO2 at where R is calculated using Eq. 3.5 and the apparent absorbance values derived 

from RGB colour analysis. 

The plot of R vs. %CO2 in Figure 3.8B revealed a straight line of gradient α,    

8.7714%-1. From this, the calculated %CO2(S = ½) at 30 °C was 0.11%. In 

comparison, the sensitivity of the film at 20 °C was 0.06%. As expected, the sensitivity 

of the film decreases with a rise in temperature, and in this case, the sensitivity has 

approximately halved with a 10 °C increase. This may appear significant; however, 

the response of such sensors towards CO2 can alter by as much as 0.21% CO2 per 

degrees Celsius (254); in this instance, it is only 0.05% for 10 °C. The difference in 

sensitivity between 20 and 30 °C is best interpreted visually by a colour comparison 

of the sensor in 0.1 and 0.5% CO2 at each temperature (Figure 3.6A and Figure 3.8A). 

This effect can be explained by the reduced solubility of gaseous CO2 in the sensor 

matrix at heightened temperatures. The formation of the deprotonated form of the ion 
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pair requires a decrease in system entropy, but of course, entropy increases with 

temperature. As a result, CO2 cannot react as readily to form the deprotonated form of 

the ion pair. 

Evidently, the application of these, and other temperature-sensitive CO2 sensors is 

restricted to environments with only small variations in temperature, such as expected 

in a chronic wound (28 – 32 °C) (272). One important point to note is that although 

there are slight differences in colour, the sensor still works perfectly well in the 

relevant concentration range %CO2 at 30 °C, and thus is suitable for monitoring CO2 

in the wound bed. 

3.4.2.6. Effect of humidity on sensitivity 

Relative humidity (RH) is a measure of water vapour content in air, expressed as the 

ratio of vapour partial pressure to the saturated vapour pressure, relative to temperature 

(316). The sensitivity of the films described in this chapter are known to be 

temperature and humidity-dependent, due to the nature of Eq. 3.2. In the previous 

section, the effect of temperature on film sensitivity was probed and deemed 

acceptable for application in chronic wounds, which vary little in temperature. 

However, the humidity of the wound environment varies considerably, and is heavily 

related to healing outcome. As such, assessing wound humidity is a key principle of 

the wound management acronym TIME - tissue debridement, inflammation/infection, 

moisture balance and edge effect (317). Work by Mills et al. has shown that the 

sensitivity of similarly formulated plastic films decrease with increasing RH (299); 

therefore, it was important to determine if the films in this chapter retained acceptable 

sensitivity to CO2 in extremely moist wounds, i.e. up to 100% RH. 
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Figure 3.9. (A) Photographic images of 3D printed XB sensor exposed to increasing %CO2 at 30 °C, 

100% RH. (B) Plot of R vs. CO2 at where R is calculated using Eq. 3.5 and the apparent absorbance 

values derived from RGB colour analysis. 

The effect of humidity on CO2 sensitivity is immediately apparent in Figure 3.9A as 

the film appears unresponsive up to 0.1% CO2 and retains a deep blue colour, 

corresponding to its deprotonated form. Yet, the same sensor in dry CO2 gas is green 

at 0.1% CO2 (Figure 3.8A). The plot of R vs. CO2 in Figure 3.9B yeilds the value of 

α, 0.7540%-1, and hence, a calculated sensitivity of 1.33%, which is less sensitive than 

that of the film in dry gas (0.11%). This result aligns with the original hypothesis on 

the relationship between RH and film sensitivity. Although the exact reason for this 

trend is unknown, one plausible explanation could be that under extremely humid 

conditions, gaseous CO2 produced from the infected wound reacts with water vapour 

in the headspace to form carbonic acid which cannot protonate the sensor due to the 

ion-impermeable nature of the film. Only gaseous CO2 can diffuse through the LDPE 

matrix, where it becomes hydrated by the water molecules of solvation associated with 

the dye-TBAH ion pair to form carbonic acid in situ. Therefore, it follows that in less 

humid conditions, more gaseous CO2 is available to propel the protonation of the ion 

pair in the sensor matrix and hence, the film is more sensitive to CO2. 
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In Chapter 2, XB LDPE films showed a clear colour change of blue to yellow for a 

simulated humid wound infected with several pathogens. Now, with a determined 

sensitivity of 1.33% at 30 °C in 100% RH, and the results in Figure 3.9A, one can 

assume that the %CO2 in the wound headspace increased to greater than 5%. As such, 

films containing XB are suitable for monitoring infection even in extremely moist 

wounds. The next series of experiments were conducted to determine the exact %CO2 

in the wound headspace and correlate this to sensor colour. 

3.4.3. Correlation of %CO2 to XB indicator colour using FT-IR 

A series of experiments involving FT-IR spectroscopy were performed to quantify 

%CO2 in the wound headspace over time and correlate this to the exact colour of the 

3D printed XB polymer film.  

The IR spectra in Figure 3.10A show a broad peak between 2400 and 2200 cm-1, 

corresponding to the energy absorbed by the asymmetric stretch of the CO2 molecule 

at 2349 cm-1 (318). The peak area increases with incubation time due to an 

accumulation of CO2 in the IR gas cell, produced by PA10548 respiring and growing 

on the wounded porcine skin. The %CO2 associated with each peak area was 

calculated from the calibration plot. Hence, %CO2 could be plotted with respect to 

incubation time as a measure of bacterial growth in the wound model, and related to 

the colour of the sensor. 
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Figure 3.10. (A) FT-IR spectra of the headspace monitoring a porcine skin explant inoculated with 105 

CFU/mL PA10548 recorded at hourly intervals over 30 h at 30 °C. (B) %CO2 generated from porcine 

skin explant inoculated with PA10548 as a function of time in a FT-IR gas cell. The sensor colour 

change is pictured as %CO2 in the gas cell increases. (C) Quantitative colour change expressed as 

apparent absorbance, A’, over incubation time. (D) Correlation of observed colour change of XB CO2 

gas sensor and %CO2 in the cell, as measured by FT-IR spectroscopy. 

The %CO2 in the gas cell produced from the inoculated porcine explant increased very 

gradually from 0 to ca. 0.25% in the first 10 hours (Figure 3.10B). This slow increase 

may be explained by comparison to the lag phase in a typical bacterial growth curve. 

Once inoculated onto porcine skin, the bacterial cells must adapt to the new 

environment and assimilate nutrients for the metabolic processes required for growth 

and replication (319). It stands to reason that CO2 production is sedate, especially in 

the first 5-7 h of this experiment. After the initial lag period, CO2 production increased 

markedly over the next 10-15 hours, which coincided perfectly with the sensor 

changing colour to yellow, pictured in Figure 3.10B. This part of the curve represents 

cells rapidly dividing and respiring during the exponential phase, according to the 

general equation for aerobic respiration: 
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Equation 3.6.                                                                 

C6H12O6 + 6O2 → 6CO2 + 6H2O + ATP 

The illustrated colour change in Figure 3.10B shows that the halfway green colour 

occurs at approximately 14 h, which coincides with a measured %CO2 of over 1%. 

This corresponds to the previously determined %CO2(S = ½) value of 1.33% for XB 

3D printed film at 30 °C, 100% RH.  

From 26 hours onwards, CO2 production begins to plateau as cells enter the stationary 

phase and exhibit a reduced metabolic rate. Mempin and colleagues noted that in 

Gram-negative bacteria, levels of extracellular adenosine triphosphate (ATP) (nM) in 

the stationary phase are ca. 14% of that observed in the exponential phase (320). This 

shift from a high to low energy output is thought to be advantageous for biofilm 

formation. A fine balance exists between carbon channelled into carbon dioxide and 

biofilm biomass, i.e. catabolic and anabolic processes (321). In relation to Figure 

3.10B, it stands to reason that CO2 production begins to decrease as a mature, robust 

biofilm forms in the wound-bed. 

The plot of %CO2 vs. A’ reveals a linear correlation between the sensor colour change 

and the amount of CO2 generated into the FT-IR gas cell by the simulated wound 

(Figure 3.10D). Regression analysis returned an R2 value of 0.9698, which is excellent 

considering the biological nature of the sample. 

3.4.4. Development of a wound dressing model 

In the previous chapter, a simple set-up involving a Petri dish was used to house the 

inoculated porcine explant and the XB sensor film. However, for future work it was 

important to develop a more realistic system to further test the diagnostic power of the 

indicator for wound infection monitoring. Hence, a wound dressing model was 

developed and optimised to best simulate a dressed, infected wound with a small 

headspace, pictured in Figure 3.11.  
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Figure 3.11. Photographs of wound dressing. (A) Wounded porcine skin atop absorbent pad on PET 

sheet. (B) Addition of 3D printed XB sensor and lint on top of skin explant, packaged in Tegaderm™ 

dressing. 

Work by Winter in the early 1960’s showed that occluded wounds heal faster by 

reepithelisation than those left in the open an air (322), and so a range of occlusive 

dressings, mainly based on polyurethane, were clinically implemented for improved 

wound healing. Occlusive and semi-occlusive dressings are still the most routinely 

used dressings today, boasting faster wound healing, protection from exogenous 

pathogens, and reduced scarring. For this work, the semi-occlusive dressing, 3M™ 

Tegaderm™ Transparent Film Dressing was chosen for several reasons. Firstly, 

numerous clinical trials support the use of this film for superior wound care regarding 

healing time, external contamination and patient comfort (323–325). The transparent 

nature of the film means the colour-changing indicator film can be clearly interpreted 

by patients and clinicians. The film allows for free exchange of oxygen, carbon dioxide 

and water vapour; it was important to demonstrate sensor efficacy in this breathable 

film, especially considering its popularity for wound applications. The 3D printed XB 

indicator can be attached to the underside of the adhesive film. Finally, the Tegaderm 

film dressing is indicated for longer wear times, which coincides with the scope of this 

sensor. 

Trials of varying wound dressing model prototypes revealed that an absorbent pad 

with 0.5 mL sterile water was necessary to maintain moisture inside the dressing and 

prevent skin explant desiccation. The purpose of gauze was two-fold: (i) to absorb any 

excess moisture in the wound and (ii), to provide a white background for optimal 
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colour analysis. In circumstances where gauze is not appropriate, Tyvek® can be used 

instead to provide a white background – it is breathable, biocompatible and waterproof 

(271). 

Once the inoculated explant is sealed with the wound dressing, a small headspace 

exists between the skin and dressing film that differs in composition from ambient air 

and reflects to some extent the condition of the wound regarding bioburden. If a wound 

becomes colonised and infected, it stands to reason that the headspace composition 

will change as a consequence of bacterial metabolism, and hence, an opportunity exists 

to monitor this change as a marker of infection. 

3.4.5. Sensor response to P. aeruginosa simulated wound infection 

The Gram-negative rod, P. aeruginosa is routinely isolated from chronic wounds and 

is amongst the top wound infection protagonists (146). In Chapter 2, the common 

laboratory strain, PAO1, was used to investigate sensor response. In this work, a 

clinical wound isolate, P. aeruginosa NCIMB 10548 (PA10548) was employed for 

better representation of wound infection. 

PA10548 was inoculated onto wounded porcine skin at a range of different 

concentrations and packaged in the wound dressing for sensor monitoring via imaging 

analysis. Previous work in this chapter has established the use of DCC for monitoring 

the colour change of the indicator film using a digital camera, i.e., converting RGB 

values into apparent absorbance values which are proportional to the actual 

absorbance. The response of the 3D printed indicator to wound infection with 

PA10548 is presented in Figure 3.12. 
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Figure 3.12. (A) Photographic images of the 3D printed XB indicator film in the dressed, inoculated 

wound as a function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 

108, 107, 106, 105, 104 and 103 CFU/mL PA10548. C1 and C2 are controls where; porcine skin was not 

inoculated, and unscored skin was inoculated with 105 CFU/mL PA10548, respectively. (B) Plot of 

apparent absorbance of the indicator film, A’, as a function of time, calculated using data derived from 

the images in Figure 3.12A and Eq. 3.5. 

The response of the 3D printed sensor to different inocula of P. aeruginosa is 

immediately apparent in Figure 3.12A. The two controls, C1 and C2 remained blue 

for the entirety of the experiment, thereby indicating no significant CO2 production 

and hence no rapid colonisation of PA10548. For C1, this is not surprising considering 

the skin was not inoculated; this serves as a disinfection control. For C2, this result 

shows that, as expected, disrupting the barrier function of the skin is necessary for 

infection. In contrast, sensors monitoring wounded skin inoculated with a range of 

PA10548 concentrations changed colour from blue to yellow, indicating significant 

CO2 production (ca. > 2%) in the wound headspace. The response time is clearly 

inoculum-dependent, i.e., the incubation time to colour change decreases as the 
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microbial load in the initial 20 µL inoculum increases. This is not surprising, 

considering that a greater number of metabolically active cells will collectively 

produce more CO2 than lower inocula, and thereby produce enough CO2 to protonate 

XB from blue (D-) to yellow (DH). Colour analyses of the images in Figure 3.12A 

generated a subsequent plot of apparent absorbance (A’) vs. incubation time (Figure 

3.12B) which was used to determine the time at which the sensor begins to change 

colour i.e., transition from blue to green. The apparent absorbance value for the green 

intermediate is 0.6, and hence the incubation time taken to reach the halfway colour is 

termed t(A’ = 0.6). Table 3.1 below contains the t(A’ = 0.6) values for each inoculum, 

vide infra. 

In a parallel set of experiments, the microbial load of PA10548 in the wound dressing 

was determined at 0, 6, 12, and 24 h incubation and recorded as CFU per gram of 

tissue (CFU/g) (Figure 3.13).  

Figure 3.13. Microbial load of PA10548, expressed as CFU/g, vs. incubation time at 30 °C for an 

identical for a set of dressed, inoculated porcine skin wound samples as used to generate the data in 

Figure 3.12, with inocula of 108, 107, 106, 105, 104 and 103 CFU/mL.  

Regardless of the starting inoculum, PA10548 viable counts increased to a high 

microbial load of greater than 7 CFU/g at 24 h. This demonstrates the suitability of the 

wound dressing model for supporting microbial growth, even at low starting inocula. 

Despite recent speculations on the link between wound bioburden and healing 

(326,327), the number of invading microbial cells in a wound still remains a key 

clinical determinant of infection. Typically, a bioburden of 105-106 CFU per gram of 

tissue (biopsy) or mL of exudate (swab) is a diagnostic indicator of infection 

(328,329). Therefore, the time taken for PA10548 to reach 106 CFU/g in the wound 
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dressing model, t(106), was determined where possible. Table 3.1 contains the t(A’ = 

0.6) and t(106) values for each inoculum. 

Table 3.1. Incubation time (h) to reach halfway colour change, t(A’ = 0.6), and a microbial load of ca. 

106 CFU/g, t(106), for each inoculum of PA10548 in wound dressing. 

Interestingly, a subsequent plot of t(A’ = 0.6) vs. t(106) reveals a linear correlation 

between the two parameters, shown in Figure 3.14. 

Figure 3.14. Plot of t(A’ = 0.6) from Figure 3.12B vs. t(106) from Figure 3.13. 

The time taken for the indicator to change from blue to green is directly proportional 

to the time taken for the wound bioburden to reach 106 CFU/g (Figure 3.14), which is 

believed to be the colonisation threshold for infection and progression to a non-healing 

state. This result is not too surprising, considering the identical nature of both 

experiments. Therefore, it is important to translate these results into a real-life scenario 

where wounds of varying shapes and sizes, requiring different dressings, are infected 

with multiple microbial species. In this case, Figure 3.14 suggests that the indicator 

could be used to detect the onset of infection by responding to rapid microbial growth.  

Initial inoculum (CFU/mL) t(A’ = 0.6) (h) t(106) (h) 

108 2.5 0.0 

107 6.5 2.0 

106 8.5 6.8 

105 12.0 10.5 

104 15.0 14.0 

103 18.0 17.2 
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The non-zero intercept in Figure 3.14 is a reminder that for high inocula, i.e. > log 6 

CFU/mL, the indicator will not respond immediately because it takes time for CO2 to 

accumulate in the wound headspace to a percentage that will induce the sensor 

response. Clearly, the lag time decreases as the inoculum increases. 

3.4.6. Correlating metabolic activity of P. aeruginosa and sensor colour change  

The temporal change in metabolic activity of PA10548 was monitored using 

isothermal calorimetry, where heat produced from bacterial metabolism was measured 

as energy output in µW. The kinetic trace is shown below in Figure 3.15. 

Figure 3.15. Metabolic activity of PA10548 measured as an increase in heat flow (µW) as a function 

of incubation time at 30 °C, with inocula of 106, 105, 104 and 103 CFU/mL PA10548. Data presented as 

the mean, n = 3. 

The plot of heat flow vs. time reveals a sharp increase in heat flow to a peak of ca. 170 

µW, regardless of the starting inoculum. This value corresponds to the maximum 

metabolic activity of PA10548, and hence, the time associated with the peak for each 

inocula, t(µW peak), was determined (Table 3.2). As expected, the incubation time 

taken to reach peak metabolic activity increased as the starting inoculum decreased, 

with a time interval of approximately 3 h between inocula. This observation is 

consistent with the literature, as others have associated peak heat flow with cells 

entering the exponential phase of growth (330,331).  

In theory, for a given inoculum, the time of peak metabolic activity should coincide 

with the time of the sensor colour change, as CO2 is a by-product of key metabolic 

processes. Therefore, the time taken for the sensor to fully transition to yellow from 
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Figure 3.12B, t(full colour change), was determined and presented alongside the time 

of peak metabolic activity in Table 3.2. 

Table 3.2. Incubation time (h) to reach peak metabolic activity, t(µW peak), and full colour change of 

3D printed XB sensor for each inoculum of PA10548. 

Initial inoculum (CFU/mL) t(µW peak) (h)  t(full colour change) (h) 

106 12.0 12.0 

105 14.5 15.0 

104 16.5 18.0 

103 18.5 21.0 

 

A subsequent plot of t(full colour change) vs. t(µW peak) reveals a linear correlation 

between the two parameters with an R2 value of 0.9968 (Figure 3.16). This trend 

confirms that sensor colour change is associated with an increase in metabolic activity 

of PA10548 and an accompanying rise in CO2, which ultimately induces the sensor 

colour change.  

Figure 3.16. Plot of t(full colour change) from Figure 3.12B vs. t(µW peak) from Figure 3.15. 

3.4.7. Monitoring biofilm formation in ex vivo wound dressing model 

The formation of biofilms in wounds is one of the main obstacles to healing, affecting 

up to 80% of chronic wounds (56). The recalcitrant biofilm persists and propagates 

infection even with regular debridement and treatment with antimicrobial and 

antiseptic agents (332,333). Therefore, a rationale exists to prevent the formation of a 

mature biofilm in the wound bed, which should result in better healing outcomes. This 

‘prevention is better than cure’ approach is the core of modern medicine, and in this 
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case can be achieved by detecting early infection using the 3D printed indicator before 

a mature, robust biofilm takes hold in the wound bed. 

An important aspect of this study was to determine when the indicator changes colour 

in relation to P. aeruginosa biofilm formation in the wound dressing model. To do 

this, biofilm biomass was monitored over a period of 48 h using an established crystal 

violet assay (312), adapted to suit the ex vivo model. The results are shown in Figure 

3.17.  

Figure 3.17. Biomass of PA10548 biofilm grown in ex vivo wound dressing model as a function of 

incubation time. Initial inoculum was 106 CFU/mL. Biofilm biomass determined via crystal violet 

absorbance at 570 nm. Means ± S.D., n = 3. 

The CV assay is commonly used to assess biofilm formation on abiotic surfaces such 

as plastic wells, plates and discs which exhibit low background staining. In this 

instance, high background staining was expected due to the proteinaceous nature of 

the skin, and hence, resolubilised CV was diluted ten-fold to enable better absorbance 

measurements. The background staining for uninoculated skin was 0.309 ± 0.006. The 

results in Figure 3.17 show that there is no appreciable increase in biofilm biomass in 

the first 12 h of incubation following inoculation with 106 CFU/mL PA10548. 

However, a steady increase in biomass is observed from 12 h onwards, from 0.347 to 

0.533 at 48 h. This slow increase in biomass with respect to incubation time has been 

reported by others using a preconditioned polycarbonate membrane (334), but has not 

been previously demonstrated for a skin model. The results show that biofilm 

formation begins after 12 h, which is after the sensor exhibits an apparent absorbance 

of 0.6, and the microbial load exceeds 106 CFU/g (Table 3.1). In other words, the 
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sensor has already transitioned to green before biofilm formation has begun, and 

before the microbial load has reached the critical threshold for clinical infection. These 

encouraging results demonstrate that the CO2 sensor can detect early-stage infection 

before a mature biofilm forms. Hence, subsequent treatment is more likely to be 

effective against a population of mostly planktonic cells, which are known to be up to 

1000 times more susceptible to antibiotics than their biofilm counterpart (335).  

3.4.8. Sensor response to other common wound pathogens 

Previous work in this chapter has focussed on the common wound pathogen, P. 

aeruginosa, however, numerous other microbial species have been isolated from 

chronically infected wounds (109). Therefore, it is important to test the breadth of the 

sensor response to different pathogens, including Gram-negative and Gram-positive 

bacteria, and yeast. A collection of the most frequently isolated wound microbes were 

inoculated onto porcine skin and packaged in the wound dressing model. The growth 

of each species in the model was determined at a series of timepoints over 24 h, whilst 

sensor response was monitored in a parallel experiment.  
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Figure 3.18. (A) Photographic images of the 3D printed XB indicator film in the dressed, inoculated 

wound as a function of incubation time at 30 °C, taken every hour for 24 h with initial inocula of ca. 

105 CFU/mL. (B) Plot of apparent absorbance of the indicator film, A’, as a function of time, calculated 

using data derived from the images in Figure 3.18A and Eq. 3.5.  

A clear colour change of blue to yellow was observed for sensors monitoring all tested 

wound pathogens, demonstrating that each species produced sufficient CO2 to 

protonate the sensor (Figure 3.18A). The incubation time taken to reach the green 

intermediate colour (A’ = 0.6) was determined for each pathogen from Figure 3.18B 

and presented below in Table 3.3. In a parallel set of experiments, growth curves of 

each species in the wound dressing model were obtained, the results of which are 

shown in Figure 3.19. 
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Figure 3.19. Microbial load of wound pathogens, expressed as CFU/g, vs. incubation time at 30 °C for 

an identical for a set of dressed, porcine skin wound samples as used to generate the data in Figure 

3.18, inoculated with 105 CFU/mL of either A. baumannii, C. albicans, E. faecium, P. aeruginosa, S. 

aureus or S. pyogenes. 

As expected, the wound dressing model supported the growth of all wound pathogens 

to a high microbial load, exceeding 107 CFU/g. E. faecium and A. baumannii exhibited 

the fastest growth, whilst C. albicans and S. aureus lagged slightly behind by between 

1 – 2 log values. As such, the time taken for each pathogen to reach 106 CFU/g was 

determined and presented in Table 3.3, alongside the t(A’ = 0.6) values. 

Table 3.3. Incubation time (h) to reach halfway colour change, t(A’ = 0.6), and a microbial load of ca. 

106 CFU/g, t(106), for each species in wound dressing model. 

A plot of t(A’ = 0.6) vs. t(106) reveals a linear correlation between the two parameters, 

with an R2 value of 0.9701 (Figure 3.20). This result suggests that, regardless of the 

infecting pathogen, the XB indicator changes colour in response to the cumulative 

production of CO2 from ca. 106 CFU/g microbial species. This is a particularly 

promising result on two levels; first, it confirms that CO2 is an all-encompassing 

Species t(A’ = 0.6) (h) t(106) (h) 

A. baumannii 9.3 10.0 

C. albicans 13.8 14.5 

E. faecium 7.8 7.5 

P. aeruginosa 10.3 11.3 

S. aureus 13.8 14.5 

S. pyogenes 11.6 13.0 
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marker of aerobic microbial infection, and secondly, it demonstrates the suitability of 

the sensor for detecting early-stage infection in wounds, where polymicrobial and 

cross-kingdom communities are common. In theory, the sensor should be able to 

detect an infection of 106 CFU/g microbial species, regardless of the ratio of infecting 

microorganisms. This perhaps offers a more fail-safe diagnosis of infection, rather 

than relying on biomarkers that are specific to only certain species e.g. pyocyanin for 

P. aeruginosa infection (191). However, an obvious disadvantage of this broad 

approach to infection diagnostics is that it does not afford species identification.  

 

 

 

 

 

 

Figure 3.20. Plot of t(A’ = 0.6) from Figure 3.18B vs. t(106) from Figure 3.19. 

 

3.4.9. Biofilm propensity of other wound pathogens 

The biofilm-forming capabilities of the bacterial strains, A. baumannii, E. faecium, P. 

aeruginosa, S. aureus, S. pyogenes and the yeast, C. albicans was briefly investigated 

in vitro in a 96-well plate CV assay. The results are shown in Figure 3.21. 
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Figure 3.21. Biofilm biomass of wound pathogen panel determined in vitro via crystal violet 

absorbance at 570 nm. Qualitative data shown as images of three replicate wells above the data bar for 

each media control/pathogen. LBB served as a media control for all pathogens, except C. albicans, 

which was grown in DMEM. Means ± S.D., n = 30. 

The entire pathogen panel had intense CV staining after 24 h incubation, indicative of 

biofilm development. Using the absorbance data in Figure 3.21, all strains were 

classified as strongly adherent according to Stepanović et al. (336), where the mean 

OD of the test pathogen was more than four times greater than the cut-off OD (defined 

as three standard deviations above the mean of the media control). It is therefore likely 

that these strains will form biofilms in the wound bed, owing to their implication in 

chronic wound infections. However, predictions on biofilm propensity in a wound 

from in vitro data must be taken with a degree of caution, considering the disparity 

between biofilm formation in vitro vs. in vivo (337). Nevertheless, these results 

confirm that all pathogens included in the panel can form robust biofilms within a 24 

h timeframe. By comparison, it is promising to note that the XB sensor changes colour 

in less than 15 hours for all pathogens (Table 3.3), alluding to an early warning system 

for biofilm development. 
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3.5. Conclusion 

Numerous smart wound dressing prototypes have been developed to detect bacterial 

infection based on different factors, including, but no limited to, uric acid, pH, 

bacterial enzymes, and temperature. The detection of infection via the generation of 

bacterial volatiles represents a smaller proportion of the literature, but usually relies 

on highly sophisticated, complicated, and expensive spectroscopies. Portable eNose 

devices are more attractive in terms of clinical use, but they too rely on complex 

pattern recognition software to interpret results. Here, a first-of-its-kind 3D printed 

colourimetric gas sensor containing XB dye was shown to have excellent sensitivity 

towards ubiquitous CO2 production from a range of common wound pathogens when 

tested under wound-relevant conditions. The stark colour change of the sensor from 

blue to yellow was analysed semi-quantitatively using DCC with a digital camera and 

was shown to be proportional to actual absorbance measurements from UV-Vis 

spectroscopy. The time taken for the sensor to change colour was linearly correlated 

to peak metabolic activity using isothermal calorimetry, and a wound bioburden of 106 

CFU/g, which is considered the threshold of clinical infection and progression to a 

non-healing state. In addition, the sensor was shown to change colour before robust 

biofilm formation by P. aeruginosa, which demonstrates the sensors potential as an 

early-warning indicator of biofilm development. This technology does not afford 

species differentiation, but its strength lies in the scope of the sensor in relation to all 

aerobic wound pathogens, and its simple, affordable, and clinically implementable 

design.  
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4.1. Introduction 

4.1.1. Current practices towards treating and managing wound infection 

Once the barrier function of the skin is compromised, the infiltration of 

microorganisms and debris from the surrounding environment is inevitable. As such, 

wound infection is a possible complication of any wound type (e.g., surgical site, burn 

and diabetic foot ulcers). Predisposition to, and successful eradication of, infection 

depend on a culmination of factors, including patient health and general hygiene, 

immune response, virulence of contaminating microorganisms and wound care 

management. Shortfalls in one or more of these risk factors can result in 

microorganisms colonising the wound bed and multiplying in number to where local 

signs of infection become apparent, such as increased pain, redness, inflammation, and 

pus (54). This is often accompanied by the formation of robust microbial biofilms 

which halt healing progression in up to 80% of cases, and hence, lead to the 

development of a chronically infected wound (56). 

The type of treatment and route of administration depend largely on the wound and 

general health of the patient. For small wounds with an equally small infected area, 

topical ointments or creams containing an antibiotic or antiseptic agent are commonly 

used. For example, the narrow-spectrum antibiotic, fusidic acid, is often prescribed for 

Staphylococcal skin infections (338). However, recommendations suggest the use of 

topical antiseptics over topical antibiotics because they have a broader spectrum of 

activity, are less affected by antimicrobial resistance, and less likely to cause allergic 

reactions (157,339). Conversely, oral antibiotics such as amoxicillin and ciprofloxacin 

are recommended for prophylactic use, or if the wound is larger and appears to be 

progressing (339,340). The treatment of chronic wounds (DFU, pressure ulcers, 

venous ulcers) require long-term antibiotic therapy, which of course has repercussions 

in terms of developing antimicrobial resistance and increased systemic toxicity due to 

prolonged use (339).  

In addition to any antibiotic or antiseptic treatment, regular debridement is essential to 

remove foreign matter or dead tissue from the wound before it is dressed. Unlike 

treatment guidelines, there are currently no recommendations on the type of dressing 

to use; the selection relies heavily on the clinician’s experience and judgement on 

wound state (53). For example, a dressing containing alginate would be likely chosen 
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for excessively exuding wounds, whereas a hydrogel dressing would be more 

appropriate for dry wounds. Numerous so-called ‘advanced’ dressings containing 

antimicrobial agents have also been developed to control wound infection; however, 

there is very little high-quality evidence to suggest clinical superiority over existing 

dressings (166,341,342). Regardless of the chosen dressing, regular, often daily 

changes are necessary to visually inspect the wound for signs of healing or worsened 

infection in the absence of non-invasive determinants of successful therapy. These 

frequent changes can cause great discomfort to the patient, induce further wound 

trauma, and expose successfully treated healing wounds to the surrounding 

environment which increases the risk of contamination and re-infection.  

In short, current wound treatment strategies for already infected wounds are 

inadequate, as exemplified by the high number of chronically infected wounds 

remaining unhealed for extended periods. This is compounded by a lack of wound 

dressing guidelines, and the reliance on visual inspection of wound state by frequent 

and often unnecessary dressing changes. The 3D printed CO2-sensitive indicator is 

applied in this chapter to circumvent the need for visual inspection by providing a non-

invasive method of monitoring treatment efficacy that can be incorporated into any 

type of dressing. The implementation of this indicator has advantages in terms of 

promoting healing of successfully treated wounds, flagging further intervention for 

ineffective treatment, and a reduction in home/outpatient visits and costs.  

4.1.2. Alternative treatment options for wound infection 

Since the ‘golden age’ of antibiotic discovery in the 1950s, there has been a severe 

void in new antibiotic classes being approved for clinical use. It has now been over 30 

years since the last truly novel class of antibiotics was successfully brought to market. 

Poor antimicrobial stewardship has facilitated the emergence of multi-drug resistant 

(MDR) pathogens for which there are very limited treatment options (343–345). This, 

compounded by a lack of financial incentives for pharmaceutical companies to pursue 

antibiotic research programmes, has propelled mankind towards a post-antibiotic era 

(346). Consequently, the World Health Organisation now lists antimicrobial resistance 

(AMR) as one of the top 10 global public health threats facing humanity (347).   

The global threat of AMR has necessitated the discovery and application of alternative 

treatment options that can either be used alone or in conjunction with existing 



Chapter 4 

118 
 

antibiotics to improve their efficacy against MDR pathogens. In the context of wound 

infection, which are amenable to topical interventions, examples of such therapies 

include the use of honey (348), cold atmospheric plasma (349,350), nanoparticles 

(351,352) and bacteriophages (353,354). In this chapter, bacteriophage therapy was 

used alone and in combination with an antibiotic to investigate the efficacy of this 

alternative treatment option. However, the main purpose of this was to demonstrate 

that the CO2-sensitive indicator could be used to monitor the success or failure of 

different treatment modalities. 

4.1.3. Bacteriophage therapy  

Bacteriophages, known informally as phages, are viruses that infect bacteria without 

harming mammalian cells. The use of phages to treat infection (i.e., phage therapy) 

was historically associated with Russia and Eastern European countries, due to an 

alliance between the phage therapy discoverer, Félix d’Hérelle, and his Georgian 

colleagues (355). However, phages are now being investigated in Western countries 

as promising alternatives to antibiotics for treating MDR infections. 

Phages initiate infection by attaching to strain-specific receptors on the surface of 

bacteria via tail proteins. This lock-and-key attachment confers high specificity of 

phages to a limited number of bacterial strains, or sometimes even just one strain. 

After anchoring to the bacterial cell, the phage usually follows either the lytic or 

lysogenic life cycle to replicate. Lytic phages inject viral genetic material into the cell 

and hijack host machinery to make phage proteins which are then packed and 

assembled to form new phage particles. These new phages are released upon lysis of 

the cell and attach to other bacterial cells to continue infection. This auto-propagation 

is clinically advantageous because very few doses of phage preparations are needed, 

unlike antibiotics which require repeated administration. The lysogenic cycle begins 

with the incorporation of phage DNA or RNA into the host genome, which is then 

passed onto subsequent generations when the parent cell divides. Occasionally, phage 

DNA can be excised from the host genome to initiate the lytic cycle, but this usually 

only occurs under high stress (356). To summarise, lytic phages kill bacteria, whereas 

lysogenic phages generally do not. For this reason, only lytic phages are used to treat 

bacterial infections.   
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In this chapter, a cocktail comprising two lytic phages belonging the Podoviridae 

family was investigated against a clinical wound isolate of P. aeruginosa. This family 

belongs to the order of tailed phages, Caudovirales, alongside the Myoviridae and 

Siphoviridae family. The general structure of Podoviridae phages is presented in 

Figure 4.1. Characteristic features include an icosahedral head which encloses linear 

double-stranded DNA, and a short, non-contractile tail to which the side-tail fibres are 

directly attached (357). Numerous other Podoviridae phages with activity against P. 

aeruginosa strains have recently been characterised (358–360). 

Figure 4.1. Structure of Podoviridae bacteriophage family.  

Bacteriophage therapy boasts numerous advantages over traditional antibiotics, 

including: (i) specificity of action coupled with a narrow spectrum of activity, (ii) safer 

and better tolerated, (iii) fewer doses needed, and (iv) less expensive (361). 

Disadvantages include the rapid emergence of resistance when using a single phage to 

treat infection, hence, phage therapy often involves the use of multiple phages in a 

phage ‘cocktail’ to circumvent this issue. Despite these claims, and a growing interest 

in phage therapy from researchers and physicians, the paucity of high quality clinical 

trials supporting the safety and efficacy of phage preparations remains the biggest 

obstacle to clinical implementation in Western countries (362). To date, no phage 

preparation has been approved for human use by the Food and Drug Administration 

(FDA) or the European Medicine Agency (EMA). However, a step towards this was 

taken in 2013, with the launch of the first randomised controlled clinical trial to 

investigate the efficacy and tolerability of a phage cocktail for treating burn wounds 
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infected with P. aeruginosa, in accordance with Good Manufacturing (GMP) and 

Good Clinical Practices (GCP). The trial demonstrated that phage therapy decreased 

the bacterial load in burn wounds; of note, six cases of MDR bacterial infections were 

successfully treated (363). However, the reduction in wound bioburden occurred at a 

slower rate than standard treatment of 1% sulfadiazine silver emulsion cream. Phage 

therapy was also better tolerated, with less adverse events than the standard care group. 

The results of this trial were very promising, but unfortunately it was terminated early 

in 2017 due to concerns regarding phage stability (363).  

The efficacy of phage therapy has been shown for other chronic wound types in human 

observational studies, where topical preparations were used alone or in combination 

with antibiotics to achieve bacterial eradication (364–366). In addition, phages have 

been shown to have anti-biofilm properties against several pathogens common to 

chronic wound infection, such as S. aureus, P. aeruginosa and A. baumannii (367–

369). For this reason, phage therapy was chosen in this work as an alternative to 

antibiotics for treatment of wound infection where biofilms are extremely common. 

Whilst routine clinical implementation in Western countries awaits the safety and 

efficacy reports of robust clinical trials (beyond small numbers of contemporary, high-

profile ‘compassionate use’ cases) and better regulatory frameworks, the volume of 

success stories of phage therapy and increased investment into their application 

highlight their potential as life-saving antimicrobial agents in a post-antibiotic era. 

4.2. Aims and Objectives 

The results presented in Chapter 3 demonstrate the ability of the 3D printed CO2-

sensitive indicator to act as an early-warning indicator of infection and biofilm 

development in the wound bed. Following on from that work, the aims of this chapter 

were to demonstrate the suitability of the sensor for monitoring treatment efficacy in 

a non-invasive manner. A range of treatment options were explored that included 

conventional antibiotic chemotherapy, bacteriophage therapy and a combination of 

both.   
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These aims were achieved by the following: 

• Establish treatment efficacy of ciprofloxacin, gentamicin and a phage cocktail 

against P. aeruginosa biofilm grown in vitro.  

• Demonstrate the emergence of phage-resistant P. aeruginosa post-treatment 

by treating subsequent resistant bacteria with phage. 

• Grow 24 h biofilms of P. aeruginosa on wounded porcine skin explants and 

treat with ciprofloxacin, gentamicin, phage cocktail, or a combination of 

ciprofloxacin and phage cocktail for 24 h. Transfer treated skin to wound 

dressing with 3D-printed CO2 sensor and monitor sensor colour via digital 

colour colourimetry (DCC). 

• Correlate the results of sensor response to actual treatment efficacy by 

determining the CFU/mL of the treatment solution surrounding the explant. 

4.3. Materials and Methods 

Unless otherwise stated, all chemicals and solvents were purchased from Sigma 

Aldrich in the highest purity available. LDPE powder (melt flow index, MFI = 20) 

was purchased from PW Hall, UK. All gases used were from BOC gases. Hydrophilic 

fumed silica (Aerosil® 130 V, particle size ~ 20 nm) was purchased from Evonik, 

Essen, Germany. Silicon dioxide (SiO2) was gifted from Evonik Industries, Essen, 

Germany, (Brunauer-Emmett-Teller, BET surface area = 130 ± 25 m2 g-1). Aqueous 

solutions were prepared fresh, using double-distilled deionised water. 

The wound dressing used for this work was 3M™ Tegaderm™ Transparent Film 

Dressing 1624W, 6 x 7 cm, purchased from Amazon UK. 

All solutions, media etc. for microbiological work were prepared fresh on-site and 

autoclaved prior to use. Broths and agars were purchased from Oxoid, Basingstoke, 

UK. 

Stillborn piglets from organically grown animals were ethically sourced from Agri-

Food and Biosciences Institute (AFBI) research facility (Hillsborough, Northern 

Ireland) and stored at -20 °C until further use. 
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Digital images were captured using a Canon EOS 700D digital camera with an EFS 

18-135 mm lens. Red (R), green (G) and blue (B) colour channels were analysed using 

Fiji ImageJ software (267). 

4.3.1. Preparation of 3D printed CO2 indicator  

The 3D printed CO2-sensitive indicator prepared herein is identical to those 

manufactured in the previous chapter, and hence, the reader is directed to Section 

3.3.1. for full details. Briefly, 2 g of XB dye and 3.2 mL of tetrabutylammonium 

hydroxide (TBAH, 1 M in methanol) was added to jar containing 2 g hydrophilic 

fumed silica and 100 mL ethanol and sonicated for 10 min. The suspension was stirred 

vigorously for 2 h with a magnetic stirrer and the solvent removed using rotary 

evaporation to yield dry powder pigment comprising silica particles coated with XB 

and TBAH. 

The resulting bright blue XB pigment was used to make an indicator filament for 3D 

printing. 1 g of XB powder pigment was blended with 19 g of fine LDPE powder and 

fed through a Rondol Microlab Twin Screw extruder. The extruded 2 mm diameter 

filament was cut into 3 mm long pellets using an inline pelletiser. These masterbatch 

pellets were fed through the extruder thrice more to ensure homogenous distribution 

of pigment throughout the pellets. Finally, the pellets were fed into the 3devo (Utrecht, 

Netherlands) filament maker (Composer 350) to form a 3D printable filament 

(XB/TBAH/LDPE), with a diameter of 1.75 ± 0.05 mm. 

The CO2-sensitive filament was 3D printed at 135 °C to form a 50 µm thick, 12 x 12 

mm square indictor film using the ZMorph25 VX Full Set FDM (ZMorph, Wrocław, 

Poland), fitted with a 0.3 mm nozzle. The glass platform on the printer was heated to 

80 °C. 

4.3.2. Bacteria used in this study 

The clinical wound isolate, Pseudomonas aeruginosa NCIMB 10548 (PA10548), was 

chosen for this work due to the prevalence of P. aeruginosa in wound infections. 

Stocks were stored at -80 °C in 15% glycerol. To ensure purity, PA10548 was 

subcultured onto Luria-Bertani agar (LBA). Streaked plates containing single colonies 

were wrapped in Parafilm® and refrigerated until further use.  
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Single colonies from refrigerated plates were inoculated in Luria-Bertani broth (LBB), 

and grown overnight with shaking at 37 °C. 

The optical density at 600 nm (OD600nm) was adjusted accordingly and diluted in 

simulated wound fluid (SWF) to achieve the required starting inoculum. The recipe 

for SWF contains 50% physiological NaCl (Merck, Dorset, UK) in 0.1% 

bacteriological peptone (Oxoid, Basingstoke, UK) and 50% foetal bovine serum (FBS) 

(Gibco, Thermo Fisher, Warrington, UK) (270). 

4.3.3 Phage cocktail 

The phage cocktail used in this work was kindly prepared by Cormac J Rice, Biofilm 

Research Group, School of Pharmacy, Queen’s University Belfast. The cocktail 

contained two phages which were isolated from a commercial P. aeruginosa phage 

cocktail from Russian pharmaceutical company, Microgen. The phages were 

determined to belong to the family, Podoviridae, based on genomic and morphological 

analysis.  

4.3.4. Preparation of porcine skin explants 

Piglets were thawed in a water bath for one day and rinsed with water to remove any 

remaining afterbirth before dissection. Skin from each flank of the pig was removed 

using a surgical scalpel and stored at -20 °C until further use. 

Porcine skin was defrosted in a fridge at 5 °C and washed with water. The skin was 

depilated, and any excess connective tissue or muscle removed to provide a smooth, 

even surface and rinsed once more in deionised water before allowing to dry. A cork-

borer (14 mm diameter) was heated hot in a Bunsen burner flame and pressed into the 

skin to excise uniform explants circles. Score marks were made in a criss-cross fashion 

on the skin using a surgical scalpel to create a ‘wounded’ skin structure. Explants were 

washed with 70% ethanol for 20 minutes to disinfect the skin. Finally, each explant 

was dipped in 100% ethanol and flamed to remove any remaining ethanol and provide 

a dry, disinfected surface for inoculation.  

4.3.5. Preparation of treatments 

Four treatment options were trialled in this work. Two classes of antibiotics were used: 

the aminoglycosides and fluoroquinolones, represented by gentamicin and 
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ciprofloxacin, respectively. Antibiotic stocks were made up in water to a concentration 

of 5 mg/mL and maintained at -20 °C. Phage therapy was also explored as an 

alternative to conventional antibiotic treatment. A phage cocktail containing two 

Podoviridae phages at a titre of 1 x 1011 plaque forming units per mL (PFU/mL) in 

water was stored at -4 °C and suitably diluted prior to use. Finally, a combination 

therapy of ciprofloxacin and phage cocktail was tested to elucidate if a lower 

concentration of antibiotic could be used when combined with phage therapy. For all 

treatments, it was important to demonstrate that the sensor could accurately monitor 

wound bioburden post-treatment. 

4.3.6. Susceptibility testing in vitro 

The susceptibility of PA10548 to each treatment was determined first in vitro before 

commencing ex vivo testing. An overnight culture of PA10548 was centrifuged (5 min, 

5000 x g) and the pellet resuspended in SWF. The optical density at 600 nm (OD600 

nm) was adjusted to 0.15, corresponding to ca. 1 x 108 CFU/mL and diluted 100-fold 

in SWF to achieve a starting inoculum of ca. 1 x 106 CFU/mL. Wells of a 24-well plate 

(Nunc™) were filled with 980 µL SWF and inoculated with 20 µL of 1 x 106 CFU/mL 

PA10548. Plates were incubated at 30 °C static and incubated for 24 h.  

After incubation, a biofilm growth check was first performed to determine the initial 

number of biofilm bacteria that would be challenged by each treatment. For this, media 

was expelled from wells which were then rinsed with PBS to remove any loosely 

adherent cells. This was discarded and another 1 mL PBS added. The biofilm was 

scraped from the edge and bottom of well using a pipette tip. The entire 1 mL was 

transferred to a 1.5 mL microcentrifuge tube (Eppendorf®, Hamburg, Germany) and 

vortexed for 30 s (Vortex-Genie 2, Scientific Industries, US). The resulting 

homogenous suspension was serially diluted and plated on Cetrimide agar. Plates were 

incubated at 37 °C overnight. 

For all other wells, the media was expelled and the wells rinsed with 1 mL PBS. Then, 

1.3 mL treatment was added to cover the air-liquid interface of the biofilm at the well 

edge. Biofilms were treated in triplicate with 1.3 mL of either, (i) 64, 16, or 4 µg/mL 

gentamicin, (ii) 2, 1, 0.5 µg/mL ciprofloxacin, (iii) high, medium, and low (109, 106, 

and 103 PFU/mL) concentration of phage cocktail, (iv) combination treatment of 109 

PFU/mL phage and either 2, 1 or 0.5 µg/mL ciprofloxacin. All treatments were 
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prepared in SWF. Growth control wells contained 1.3 mL SWF. Plates were incubated 

for either 4 h or 24 h at 30 °C. 

Following incubation, treatment solution was expelled from wells and rinsed with PBS 

to remove planktonic cells, which was then discarded and replaced with 1 mL PBS. 

The well bottom and edge were scraped with a pipette tip to remove any adherent 

biofilm. From this point, the same procedure was followed as with the biofilm growth 

check. Counts were recorded as CFU/mL. 

4.3.7. Phage enumeration 

After removing 20 µL of the homogenous suspension for bacterial enumeration, the 

remaining volume was added to 50 µL chloroform and vortexed to release any 

intracellular phages and kill bacterial cells. This was then centrifuged at 5000 x g for 

3 minutes and the supernatant passed through a 0.22 µM membrane filter (MF-

Millipore™). Serial 10-fold dilutions were performed in PBS and spotted onto LBA 

plates containing seeded PA10548, following the double-layer plaque assay method 

(370). Plates were incubated at 37 °C overnight and counts recorded as PFU/mL. 

4.3.8. Phage resistant vs phage sensitive PA10548 

The results from the in vitro biofilm treatment suggested the emergence of phage-

resistant PA10548. To test this theory, the effect of high, medium, and low phage titre 

(109, 106, or 103 PFU/mL) on phage-sensitive (PA10548-S) and phage-resistant 

(PA10548-R) PA10548 was examined via temporal absorbance readings. An 

overnight culture of either PA10548-S or PA10548-R was centrifuged (5 min, 5000 x 

g) and the pellet resuspended in SWF. The optical density (OD600 nm) was adjusted to 

0.1 in SWF. Phage titres of 109, 106 and 103 PFU/mL were prepared in SWF. In each 

well of a 96-well plate, 20 µL of phage titre (109, 106 or 103 PFU/mL) was added to 

180 µL of either PA10548 suspension (resistant or sensitive). 180 µL of resistant or 

sensitive PA10548 suspension plus 20 µL SWF served as an untreated control. The 

absorbance of PA10548 at 600 nm was measured every 30 min for 12 h in a FLUOstar 

Omega plate reader (BMG Labtech, UK) maintained at 37 °C. Wells containing 200 

µL SWF served as a blank. 
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4.3.9. Monitoring treatment efficacy with 3D printed colourimetric sensor 

4.3.9.1. Biofilm formation on ex vivo porcine skin 

An overnight culture of PA10548 was centrifuged (5 min, 5000 x g) and the pellet 

resuspended in SWF. The optical density at 600 nm (OD600nm) was adjusted to 0.15, 

corresponding to ca. 1 x 108 CFU/mL and diluted 100-fold in SWF to achieve a 

starting inoculum of ca. 1 x 106 CFU/mL. Skin explants, prepared as detailed in 

Section 4.3.4., were transferred to wells of a 24-well plate containing 200 µL SWF 

and inoculated with 20 µL of a 1 x 106 CFU/mL suspension of PA10548 in triplicate 

for each treatment. Plates were incubated for 24 h at 30 °C. 

4.3.9.2. Treatment of infection 

The next day, explants were transferred to wells of a new 24-well plate containing 1 

mL of each treatment condition, so that the explant was just submerged. The 

treatments were as follows: (i) 2, 4, 8, and 16 µg/mL gentamicin, (ii) 0.5, 1, 2 and 4 

µg/mL ciprofloxacin, (iii) high, medium, and low (109, 106, and 103 PFU/mL) 

concentration of commercial phage cocktail, (iv) combination treatment of 109 

PFU/mL phage cocktail and 2 µg/mL ciprofloxacin. For this work, 2 µg/mL 

ciprofloxacin was chosen because it was the lowest concentration that did not eradicate 

infection. Each treatment was prepared in SWF. Explants submerged in 1 mL SWF 

served as a growth control. Plates were incubated for 24 h at 30 °C. 

4.3.9.3. Sensor monitoring 

Following 24 h treatment, explants were washed in PBS to remove any remaining 

treatment solution and transferred to the wound dressing model with 3D printed 

indicator, the set-up of which is described in Section 3.3.5. Sealed wound dressings 

containing treated skin explants were placed onto a hotplate set to 30 °C. The samples 

were photographed once every hour with a Canon EOS 700D digital camera under a 

D65 daylight lamp. 

Images were analysed using ImageJ software to extract the red, green and blue colour 

space values (RGB). The apparent absorbance, A’, was calculated using the value of 

the red colour channel. The full calculation is detailed in Chapter 2, Section 2.3.6, 

but can be summarised using the expression: 
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Equation 4.1. 

A'  =  log{255/RGB(red)} 

Where A’ is the apparent absorbance of the 3D printed XB sensor, and RGB(red) is 

the value of the red parameter in the RGB-analysed image of the indicator. 

4.3.9.4. Infection bioburden post-treatment 

The microbial load of the treatment solution that each explant was submerged in was 

determined to give a direct measure of treatment efficacy. Each treatment medium was 

serially diluted and plated onto Cetrimide agar using the Miles and Misra method 

(311). Plates were incubated at 37 °C overnight. Counts were recorded as CFU/mL. 

4.3.9.5. Phage enumeration post-treatment 

Once 20 µL of treatment solution had been removed for bacterial enumeration, the 

remaining volume was used to determine phage numbers by following the same 

procedure described in Section 4.3.7. 

4.4. Results and Discussion 

4.4.1. In vitro susceptibility of PA10548 biofilm to different treatments 

The efficacy of gentamicin, ciprofloxacin, phage cocktail and a combination treatment 

of ciprofloxacin and phage cocktail was first assessed in vitro to 24 h PA10548 

biofilms grown in wells of a 24-well plate. A range of concentrations for each 

treatment were trialled to determine susceptibility. Ciprofloxacin was chosen for 

combinatorial treatment with phage therapy because an enhanced killing effect with 

these two therapies has been previously documented in the literature (371–373). The 

results are presented in Figure 4.2. 
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Figure 4.2. Antimicrobial susceptibility of 24 h PA10548 biofilms following 24 h mono-treatment with 

(A) 64, 16 or 4 µg/mL gentamicin. (B) 2, 1 or 0.5 µg/mL ciprofloxacin. (C) high, medium, or low (109, 

106, and 103 PFU/mL) titre of phage cocktail. Biofilm growth check prior to treatment shown as BGC. 

Statistical analysis was performed using one-way ANOVA with Dunnett’s post-hoc test where ns 

denoted not significant, * denoted p < 0.05, **** denoted p < 0.0001.  

4.4.1.1. Antibiotic monotherapy 

Higher concentrations of gentamicin were required to reduce PA10548 biofilms 

counts than ciprofloxacin, which is a commonly observed trend with P. aeruginosa 

strains. For example, 64 µg/mL was the highest sublethal concentration of gentamicin, 

compared to just 2 µg/mL ciprofloxacin. Generally, the results of antibiotic 

monotherapy at sub-lethal concentrations were as expected, with an increased 

reduction in biofilm counts with doubling ciprofloxacin or quadrupling gentamicin 

concentrations. The highest sub-lethal dose of ciprofloxacin and gentamicin achieved 

a ca. 5-log and 4-log reduction in PA10548 biofilm, respectively. 

4.4.1.2. Phage cocktail monotherapy 

Surprisingly, the phage cocktail had a negligible effect on PA10548 biofilm counts 

when used as a monotherapy. Statistical analysis revealed a significant difference only 

for the medium and low phage titres (p < 0.05) in comparison to the untreated growth 

control (Figure 4.2C). Previous work had demonstrated activity of this phage cocktail 

against PA10548 (data not shown); therefore, this result suggests the development of 

resistance to phage therapy in the 24 h treatment time.   
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4.4.1.3. Combination treatment of phage cocktail and ciprofloxacin 

The antimicrobial effect of combinatorial treatment, comprising phage cocktail at a 

high titre (109 PFU/mL) with sub-lethal concentrations of ciprofloxacin was 

investigated to determine if the reduction in PA10548 biofilm was greater than with 

either treatment alone. The results are shown in Figure 4.3.  

Figure 4.3. (A) Comparison of 24 h phage monotherapy vs. combination treatment of high titre (109 

PFU/mL) of phage cocktail and 2, 1 or 0.5 µg/mL ciprofloxacin. (B) Comparison of 24 h ciprofloxacin 

monotherapy at 2, 1 or 0.5 µg/mL vs. combination treatment with high titre (109 PFU/mL) of phage 

cocktail. (C) Phage enumeration. Statistical analysis for (A) and (B) was performed using one-way 

ANOVA with Tukey’s post-hoc test where **** denoted p < 0.0001. 

Indeed, statistical analysis revealed a highly significant difference between 

monotherapy and combination treatment (p < 0.0001). Interestingly, treatment with 

109 PFU/mL and 2 µg/mL resulted in complete eradication of PA10548 biofilm. This 

result conforms with other studies in the literature, which show that phage therapy 

enhances the efficacy of low antibiotic concentrations (371,374). This of course has 

positive implications with regards to antimicrobial stewardship, where lower 

concentrations of antibiotics can be used to produce the same therapeutic outcome. 
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4.4.2. In vitro susceptibility of PA10548 following 4 h treatment 

The negligible decrease in biofilm counts following 24 h treatment with the phage 

cocktail suggested the development of phage-resistant bacteria. To probe this further, 

the antimicrobial susceptibility was determined after only 4 h of mono and dual 

treatment with ciprofloxacin and the phage cocktail. The results are shown in Figure 

4.4. 

Figure 4.4. Antimicrobial susceptibility of 24 h PA10548 biofilms following 4 h treatment with (A) 

High, medium, or low (109, 106, and 103 PFU/mL) titre of phage cocktail. (B) 2, 1 or 0.5 µg/mL 

ciprofloxacin. Biofilm growth check prior to treatment shown as BGC. Statistical analysis was 

performed using one-way ANOVA with Dunnett’s post-hoc test where ns denoted not significant, ** 

denoted p < 0.01, **** denoted p < 0.0001.  

4.4.2.1. Phage Monotherapy  

A significant reduction in PA10548 biofilm was observed following 4 h treatment with 

high and medium phage titre (Figure 4.4A) (p < 0.01). In contrast to the insignificant 

reduction following 24 h treatment with high phage titre, this result further supports 

the hypothesis concerning the development of phage-resistant bacteria. The results in 

Figure 4.2C and 4.4A suggest that, during the 24 hours of treatment, the proportion 

of resistant bacteria increased due to the selective advantage this confers. Therefore, 

at the end of the full treatment time of 24 h, a majority of only resistant PA10548 

remain, which can grow and multiply despite the presence of phage. The possible 

mechanism surrounding phage resistance and the implication of this for treatment is 

discussed vide infra. 
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4.4.2.2. Ciprofloxacin monotherapy  

The susceptibility of PA10548 biofilm to ciprofloxacin after 4 h treatment is 

statistically similar to that after 24 h for 2 µg/mL and 1 µg/mL (Figure 4.2B). 

However, the reduction in biofilm counts after 4 h treatment with 0.5 µg/mL is 

statistically significant (p < 0.0001) (Figure 4.4B), whereas after 24 h this difference 

was determined not significant. 

4.4.2.3. Combination treatment of phage cocktail and ciprofloxacin 

For all combinatory treatments, the statistical significance following 4 h treatment was 

the same as 24 h, although the reduction in counts following 4 h treatment was 

numerically greater. 

Figure 4.5. (A) Comparison of 4 h phage monotherapy vs. combination treatment of high titre (109 

PFU/mL) of phage cocktail and 2, 1 or 0.5 µg/mL ciprofloxacin. (B) Comparison of 4 h ciprofloxacin 

monotherapy at 2, 1 or 0.5 µg/mL vs. combination treatment with high titre (109 PFU/mL) of phage 

cocktail. (C) Phage enumeration. Statistical analysis was performed using one-way ANOVA with 

Tukey’s post-hoc test where **** denoted p < 0.0001. 
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4.4.3. Development of phage resistant PA10548 following phage therapy 

The results in the previous section pointed towards the development of phage resistant 

PA10548 (PA10548-R) within the 24 h treatment time. To confirm the presence of 

phage resistant bacteria, colonies were picked from the 24 h treatment period CFU 

count plates and propagated to obtain a liquid culture. PA10548-R was treated with 

the same three titres of phage cocktail that were used for susceptibility testing, 109, 

106, and 103 PFU/mL. The absorbance of PA10548-R in each treatment solution was 

monitored over a 12 h period and compared to wild-type, phage susceptible PA10548 

(PA10548-S) was treated under the same conditions. The results are presented in 

Figure 4.6. 

Figure 4.6. Measured absorbance at 600 nm of (A) PA10548-S and (B) PA10548-R following addition 

of high, medium and low titre (109, 106, and 103 PFU/mL) of phage cocktail, incubated at 37 °C. 

Readings taken every 30 min. Untreated PA10548-S or PA10548-R served as a growth control (GC). 

Results presented as means, n = 6. 

The growth curve of PA10548-S following the addition of high, medium and low 

phage titre follows the expected trend. The OD of untreated cells increases gradually 
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over the 12 h incubation period. In comparison, the growth of PA10548 treated with 

the phage cocktail is delayed, and the time taken to detect a measured increase in OD 

is titre dependent. For the lowest concentration (103 PFU/mL), an initial increase in 

OD, indicative of bacterial growth and replication, is quickly followed by a decrease 

to just below the original inoculum as the cells become lysed by phages. This trend is 

also observed for the medium phage titre (106 PFU/mL); however, the lag period until 

lysis is approximately one hour shorter. This bump in the growth curve is typical in 

instances where the MOI is not drastically small or large (375). In contrast, the growth 

of PA10548 does not show an initial increase in OD or delayed lysis. The bacterial 

cells are immediately lysed, reflected by a decrease in initial OD up to approximately 

6 h incubation. After this time, the OD of PA10548 treated with either phage cocktail 

titre began to gradually increase, indicating the emergence of a subpopulation of phage 

resistant cells. 

Indeed, Figure 4.6B confirms the development of a population of phage resistant 

PA10548 as the growth trajectory of phage treated PA10548 does not differ from the 

untreated growth control. Phages and bacteria have existed together for millennia, and 

as such, the development of bacterial resistance to phage attack, or vice versa, is 

essential for each entity’s survival and propagation. In bacteria, these resistance 

mechanisms include spontaneous mutations, restriction-modification systems and 

adaptive defence through the CRISPR-Cas system (376). Spontaneous mutations are 

the main cause of phage resistance and commonly involve modifications to the 

bacterial cell surface. Such mutations include modifying cell surface receptors which 

confer phage specificity or producing proteins that mask or block the phage receptor. 

However, mutations involving the cell surface usually have an associated fitness cost; 

for example, mutations in lipopolysaccharide (LPS), flagella and cell capsule can 

diminish bacterial virulence (376). In response to these resistance mechanisms, phages 

can adapt to recognise the new bacterial surface receptor, or produce enzymes to 

cleave exopolysaccharide (EPS) to facilitate adsorption (376). This back and forth 

development of defensive and offensive strategies is key to survival, and rather aptly 

described as an evolutionary arms race (377,378). 

The phage cocktail used in this work contained two phages belonging to the 

Podoviridae family. Interestingly, a review article by Silva et al. which compiled a 

pool of cell wall moieties and bacterial structures that interact with phages, found that 
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all surveyed Podoviridae phages required polysaccharides for adsorption (379). In 

addition, phages belonging to this family are known to enzymatically degrade sugar 

moieties in the O-chain of LPS, in fact, they are the only family known thus far to 

have this capability (379,380). Therefore, it is likely that the observed phage resistance 

in this work is due to a mutation in polysaccharide presentation. Of course, further 

experimentation would be needed to confirm this. 

The development of phage resistance is a concern for clinical implementation, 

considering phage therapy is now being explored as an alternative to antibiotics, which 

have almost been made ineffectual by resistance. However, unlike antibiotics, phages 

can naturally overcome resistance mechanisms via coevolution. A recent review on 

the development of phage resistance during therapy revealed that resistant variants 

emerged in up to 80% of studies pertaining to the intestinal milieu, and 50% of studies 

involving sepsis models (381). These statistics at first appear concerning, but the use 

of polyphage therapy, and combination treatment with antibiotics does appear to 

overcome this (382). Future studies by those in the field and better regulatory 

frameworks for phage therapy will ultimately decide if widespread implementation is 

clinically feasible and efficacious. 

4.4.5. Monitoring wound infection treatment efficacy with the CO2 sensor 

When a wound becomes infected, various treatment options can be used depending on 

infection severity and patient health. In most cases, topical antiseptics/antibiotics, or 

oral antibiotics are prescribed to clear infection. Regardless of the administration 

route, frequent dressing changes are required to visually inspect the wound for signs 

of infection clearance and wound healing, such as reduced redness, new tissue growth, 

improved smell, and overall appearance. The 3D printed CO2 sensitive indicator was 

applied in this work to negate the need for frequent dressing changes, by providing a 

non-invasive method for monitoring treatment efficacy. Biofilms of a clinical wound 

isolate of P. aeruginosa, PA10548, were grown on wounded porcine skin for 24 h 

before being submerged in various treatment types. After a 24 h treatment period, the 

skin explant was packaged in the wound dressing model containing the CO2-sensitive 

indicator, the colour of which was monitored as a non-invasive determinant of 

successful or unsuccessful treatment.  
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4.4.5.1. Gentamicin treatment 

Gentamicin is the most commonly used aminoglycoside antibiotic. It exhibits broad-

spectrum bactericidal activity against many aerobic Gram-negative and some aerobic 

Gram-positive microorganisms by binding to ribosomal RNA and disrupting protein 

synthesis (383). Due to its very low oral bioavailability, gentamicin is administered 

via intramuscular or intravenous injection, or as a topical cream formulation 

(384,385). Here, a range of gentamicin concentrations were prepared in SWF to treat 

a 24 h biofilm of PA10548. Previous work determined that this range contained 

gentamicin concentrations that had virtually no effect on the PA10548 biofilm, and 

concentrations that achieved full eradication. The reasoning behind this was to test the 

sensor against the full span of treatments, including ineffective, mildly effective, and 

successful. The sensor response to treatment efficacy is presented in Figure 4.7. 

Figure 4.7. (A) Hourly photographic images of the 3D printed XB indicator film in the dressed wound 

as a function of incubation time at 30 °C, following 24 h treatment of PA10548 biofilm with either 2, 

4, 8 or 16 µg/mL gentamicin. GC represents untreated growth control where explants were submerged 

in SWF. (B) Plot of apparent absorbance of the indicator film, A’, as a function of time, calculated using 

data derived from the images in Figure 4.7A and Eq. 4.1. 
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The treatment efficacy of each gentamicin concentration is immediately apparent in 

Figure 4.7A. Photographs of sensors monitoring explants treated with 2 µg/mL barely 

differed in colour compared to the growth control, with a transition from blue to yellow 

within the first 4 h incubation, indicating a high microbial load. However, as the 

concentration of gentamicin was doubled to 4 µg/mL, and again to 8 µg/mL, the time 

to full colour change was extended to ca. 13 and 18 h, respectively (Figure 4.7B). 

This suggests that these antibiotic concentrations were more effective against the 

PA10548 biofilm, but still did not lead to complete kill. The MIC of gentamicin 

against PA10548 in SWF was determined as 16 µg/mL. The longer sensor response 

time indicated a lower initial wound bioburden post-treatment, which was confirmed 

by the results presented in Figure 4.8. 

Figure 4.8. Bioburden of wound fluid surrounding porcine skin explant with 24 h PA10548 biofilm 

after 24 h treatment with either 2, 4, 8 or 16 µg/mL gentamicin. Skin submerged in SWF was used as 

an untreated growth control. Means ± S.D., n = 3. 

The bioburden of the wound fluid surrounding the explant gives a measure of the 

microbial load of the porcine skin itself, in the absence of a direct measurement due 

to the skin being packaged for sensor monitoring purposes. Accordingly, the CFU/mL 

of PA10548 in the wound fluid appears to match the sensor response in Figure 4.7. 

Wound fluid of the growth control and skin treated with 2 µg/mL both had a high 

bioburden of ca. 108 CFU/mL. The almost identical sensor response in Figure 4.7 

reflects this. As predicted, the longer time to colour change for explants treated with 

4 µg/mL and 8 µg/mL was due to a lower initial count of PA10548 post-treatment, 
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corresponding to approximately 104 and 103 CFU/mL, respectively. In this instance, a 

lower number of cells would collectively need more time to recover in number and 

produce enough CO2 to protonate the sensor to its yellow form. This relates back to 

the inoculum-dependent response time of the sensor, as discussed in Chapter 3. 

Finally, sensors monitoring explants treated with 16 µg/mL did not change colour for 

the entirety of the experiment, which suggests that this concentration of gentamicin 

had successfully eradicated infection. Indeed, the results in Figure 4.8 confirm this, 

as complete kill was achieved with this concentration. 

4.4.5.2. Ciprofloxacin treatment 

Ciprofloxacin is a broad-spectrum bactericidal antibiotic belonging to the 

fluoroquinolone drug class and exhibits the greatest efficacy against P. aeruginosa of 

all the quinolones (386). Its mechanism of action involves binding to DNA gyrase and 

DNA topoisomerase to inhibit cell division. Ciprofloxacin can be administered via 

intravenous injection or orally; in fact, it is one of the few oral antibiotics that can treat 

P. aeruginosa infections (387). Again, a range of concentrations of ciprofloxacin were 

chosen to treat PA10548 biofilm on porcine skin, that included ineffective to 

successful treatment. The results of sensor monitoring for these samples is presented 

in Figure 4.9. 
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Figure 4.9. (A) Hourly photographic images of the 3D printed XB indicator film in the dressed wound 

as a function of incubation time at 30 °C, following 24 h treatment of PA10548 biofilm with either 0.5, 

1, 2 or 4 µg/mL ciprofloxacin. GC represents untreated growth control where explants were submerged 

in SWF. (B) Plot of apparent absorbance of the indicator film, A’, as a function of time, calculated using 

data derived from the images in Figure 4.9A and Eq. 4.1. 

Untreated control explants immediately elicited a colour change in the sensor, due to 

a high number of metabolically active cells producing CO2. Treatment with 0.5, 1 and 

2 µg/mL ciprofloxacin was insufficient to eradicate PA10548 infection, indicated by 

the sensor response of blue to yellow at ca. 8, 12 and 16 h, respectively. As with 

gentamicin treatment, an increase in sub-lethal antibiotic concentrations leads to 

longer sensor response times. In this case, doubling sub-lethal ciprofloxacin 

concentrations results in a 4 h increase in response rate. This can be explained by 

higher concentrations killing a greater proportion of the biofilm population, which in 

turn take longer to repropagate and produce sufficient CO2 to trip the sensor in the 

wound dressing. The MIC of ciprofloxacin against PA10548 in SWF was determined 

as 1 µg/mL. The accompanying wound exudate counts are shown in Figure 4.10. As 

expected, a stepwise decrease in bioburden is observed with increasing ciprofloxacin 

concentrations.  
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Figure 4.10. Bioburden of wound fluid surrounding porcine skin explant with 24 h PA10548 biofilm 

after 24 h treatment with either 0.5, 1, 2 or 4 µg/mL ciprofloxacin. Skin submerged in SWF was used 

as an untreated growth control. Means ± S.D., n = 3. 

With respect to increasing antibiotic concentrations, a stepwise decrease in bioburden 

(1.3 log between both 0.5 and 1 µg/mL, and 1 and 2 µg/mL) is met with an 

accompanying stepwise increase in response time (4 h between both 0.5 and 1 µg/mL, 

and 1 and 2 µg/mL). The CFU counts in Figure 4.10 confirm that longer sensor 

response time with increasing ciprofloxacin concentrations is due to a lower bioburden 

post-treatment. Successful eradication of PA10548 infection was achieved with 4 

µg/mL ciprofloxacin (Figure 4.10), in accordance with the sensor remaining blue for 

the entirety of the experiment.  

The take-home message of both antibiotic experiments is that sensor colour reflects 

the condition of the wound with regards to bioburden in a non-invasive manner. In the 

case of unsuccessful treatment, the sensor dye changes colour from blue to yellow due 

to production of CO2 from rapidly dividing and metabolically active cells. In a clinical 

setting, this would alert healthcare staff or patients of failing treatment and provide an 

early warning to progressing infection. The sensor is equally as important in the 

opposite scenario, where successful treatment is reflected by a steady blue colour. 

Here, the wound may be redressed only when necessary, negating the need for frequent 

changes to visually inspect wound condition.   
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4.4.5.3. Bacteriophage treatment 

Bacteriophage therapy was explored an additional treatment modality for wound 

infection. For this work, it was important to show that the sensor could surveil the 

effectiveness of different treatment options. The treatment consisted of a cocktail of 

two phages belonging to the Podoviridae family. The 24 h PA10548 biofilm was 

treated with a high, medium and low concentration, equating to 109, 106 and 103 

PFU/mL. The sensor response following 24 h treatment with the bi-phage cocktail is 

shown below in Figure 4.11. 

Figure 4.11. (A) Hourly photographic images of the 3D printed XB indicator film in the dressed wound 

as a function of incubation time at 30 °C, following 24 h treatment of PA10548 biofilm with either 109, 

106 or 103 PFU/mL phage cocktail. GC represents untreated growth control where explants were 

submerged in SWF. (B) Plot of apparent absorbance of the indicator film, A’, as a function of time, 

calculated using data derived from the images in Figure 4.11A and Eq. 4.1. 

It is immediately clear from the sensor photographs in Figure 4.11A that none of the 

three phage therapy concentrations tested achieved complete eradication of infection, 

as expected from the in vitro data. All sensors monitoring treated explants transitioned 

to yellow with 12 h incubation post-treatment, indicating a relatively high wound 

bioburden. This is perhaps not too surprising, considering the cocktail consisted of 

only two phages which were only administered once to the infected skin explants. 
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Other studies on polyphage therapy report cocktails of two to six phages with a general 

trend of more phages equating to higher eradication of infection/biofilm (388–392). 

Nevertheless, the apparent absorbance of the film in Figure 4.11B shows a dose-

dependent decline in A’, corresponding to a colour change of blue to yellow. The 

sensor response suggests that although none of the treatments were effective in treating 

infection, still, a higher concentration of phage cocktail was more effective against 

PA10548 infection. Enumeration of wound bioburden and phage numbers 

complements this result, presented in Figure 4.12. 

Figure 4.12. (A) Bioburden of wound fluid, and (B) enumeration of phage particles in wound fluid, 

surrounding porcine skin explant with 24 h PA10548 biofilm after 24 h treatment with either 109, 106 

or 103 PFU/mL phage cocktail. Skin submerged in SWF served as an untreated growth control. Means 

± S.D., n = 3. 

In comparison to the growth control, treatment with 109 PFU/mL phage cocktail 

resulted in a 2-log reduction in PA10548 wound fluid counts, which explains the later 

colour transition of sensors monitoring this high phage treatment in Figure 4.11A. 

When the concentration of the phage cocktail is reduced to 106 PFU/mL, the effect on 

treatment efficacy is also diminished to 1-log compared to the untreated control. 

Treatment with 103 PFU/mL yields a similar reduction in counts. Interestingly, the 

sensor data presented in Figure 4.11 mirrors the CFU counts of PA10548 remaining 

in the wound fluid post-treatment within a 1-log difference. The colourimetric sensor 

response concurs with actual experimentally determined bacterial counts with a high 

degree of accuracy, within 1-log. These results highlight the sensor’s ability to not 
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only distinguish between successful and unsuccessful treatment, but to provide an 

indication of treatment efficacy within this range. Enumeration of phage particles for 

each of the three treatments revealed an overall increase over the 24 h treatment time 

from the initial concentrations of 109, 106 and 103 PFU/mL, which sensibly reflects 

the impact on wound bioburden (Figure 4.12B). In contrast to the data presented in 

Figure 4.3, the emergence and impact of phage resistant PA10548 mutants does not 

seem to be so pronounced in the ex vivo model. This result is somewhat unusual, 

however, disparities between in vitro and ex vivo experimentation is very common.  

4.4.5.4. Combination therapy 

The use of two or more therapeutic agents to achieve a superior clinical outcome 

common in the treatment of cancer, HIV and malaria (393–395). Now, with the 

emergence of MDR pathogens, antibiotic cocktails containing two of more drugs are 

frequently used to treat infections for which monotherapy is inadequate. However, a 

combined antibiotic strategy will likely follow the same fate as single treatment – the 

emergence of resistance (396). To this end, several combination therapies comprising 

antibiotic and another entity are being investigated, based on the paradigm that two 

different selective pressures will likely be more effective than either alone (397). One 

such promising therapy involves combining antibiotics and phages, which is now 

supported by numerous positive examples in the literature (398–400).  

In this chapter, a combination of ciprofloxacin and the phage cocktail was trialled to 

investigate if this approach could more successfully eradicate PA10548 biofilm, than 

either of the therapies alone. A concentration of 2 µg/mL ciprofloxacin was chosen 

because previous work (Figure 4.10) determined this was the highest concentration 

that did not eradicate infection. This was combined with 109 PFU/mL phage cocktail, 

which again, from previous work (Figure 4.12) was shown to elicit a ca. 2-log 

reduction in PA10548 CFU counts. The 3D printed colourimetric sensor was also 

employed to monitor this treatment modality. The results are presented in Figure 4.13. 
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Figure 4.13. (A) Hourly photographic images of the 3D printed XB indicator film in the dressed wound 

as a function of incubation time at 30 °C, following 24 h treatment of PA10548 biofilm with 109 

PFU/mL phage cocktail plus 2 µg/mL ciprofloxacin. GC represents untreated growth control where 

explants were submerged in SWF. (B) Plot of apparent absorbance of the indicator film, A’, as a 

function of time, calculated using data derived from the images in Figure 4.13A and Eq. 4.1. 

Combination therapy of 109 PFU/mL phage cocktail and 2 µg/mL ciprofloxacin was 

proven successful for eradication PA10548 mock wound infection. Sensors 

monitoring these treated explants remained blue for the duration of the experiment, 

indicating an absence of live bacterial cells. Serial dilutions and plating of the 

surrounding wound fluid post-treatment also revealed complete eradication of 

PA10548, shown in Figure 4.14. 
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Figure 4.14. (A) Bioburden of wound fluid, and (B) enumeration of phage particles in wound fluid, 

surrounding porcine skin explant containing 24 h PA10548 biofilm after 24 h treatment with either 109 

PFU/mL phage cocktail, 2 µg/mL ciprofloxacin (CIP), or combination therapy of both. Skin submerged 

in SWF served as an untreated growth control. Means ± S.D., n = 3. Statistical analysis for (A) was 

conducted using one-way ANOVA with Tukey’s post-hoc test to compare treatment groups. *** 

denoted p < 0.01 and **** denoted p < 0.0001. Statistical analysis in (B) was performed using the 

Student’s t-test. ns denotes not significant. 

The reduction in wound bioburden by either of the three treatment options was 

statistically significant (p < 0.01) compared to the untreated growth control. However, 

the combination treatment of phage cocktail and 2 µg/mL ciprofloxacin led to a 

statistically significant reduction in CFU counts compared to either treatment alone (p 

> 0.0001). Simultaneous treatment with two therapies can result in either an additive, 

antagonistic or synergistic effect, where the combined effect is equal to, less than, or 

greater than the sum of each as a monotherapy, respectively. In this case, the effect of 

combining phage and antibiotic therapy appears to be synergistic, as the reduction in 

PA10548 following combination therapy is greater than the sum of each single 

treatment. However, the definition of phage antibiotic synergy (PAS) is often 

described in the literature as a phenomenon whereby phage production increases when 

combined with sublethal antibiotic concentrations (401), yet the results in Figure 

4.14B show an insignificant difference in phage numbers between phage monotherapy 

and combination with sublethal ciprofloxacin. Therefore, the results seen here may not 

be due to true PAS, and rather an enhanced additive effect. Nevertheless, these results 
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show that, when ciprofloxacin is combined with the phage cocktail, a lower 

concentration of ciprofloxacin can be used to effectively clear infection i.e., 4 µg/mL 

in Figure 4.10 vs. 2 µg/mL in Figure 4.14. Moreover, the colourimetric sensor 

containing XB dye was able to accurately monitor the efficacy of a third treatment 

modality. 

A likely mechanism for this enhanced killing with combination therapy could be due 

to the production of enzymes from the phage cocktail, such as depolymerases or lysins. 

Such enzymes are known to degrade components of the EPS, and hence, facilitate the 

transport of ciprofloxacin through the biofilm matrix to the bacterial cells where it can 

exert its bactericidal effects.  

4.5. Conclusion 

Current wound management strategies rely heavily on visual inspection of wound state 

and involve frequent, often unnecessary dressing changes. The work presented in this 

chapter demonstrates that the 3D printed CO2-sensitive film can be used to not only 

detect the onset of infection, but monitor the effectiveness of different treatment 

modalities accurately. In a clinical setting, this sensor has the potential to reduce 

dressing changes for successfully treated wounds, and prompt further intervention for 

failing treatment. A colour response of blue to yellow was observed for all sensors 

monitoring P. aeruginosa biofilm treated with sub-lethal doses of antibiotic or phage. 

A greater log-fold reduction in wound bioburden following treatment was 

complemented by a longer sensor response time. Sensors monitoring successfully 

treated wound biofilm remained blue, indicating complete eradication of P. 

aeruginosa. When combined with a phage cocktail, a lower concentration of 

ciprofloxacin could be used to successfully eradicate infection. This combinatorial 

treatment may be synergistic, but further experimentation is required to confirm this. 

The emergence of a phage-resistant mutant of P. aeruginosa was also observed, which 

highlights one of many obstacles currently facing widespread clinical implementation 

of phage therapy in the Western world. 
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5.1. Conclusion 

The management and treatment of chronic wounds presents a significant challenge to 

modern healthcare. The annual occurrence of wounds between 2012/2013 to 

2017/2018 increased by 71%, coupled with a staggering 10 000% increase in 

healthcare visits (1). The associated cost of managing these wounds is set to increase 

with an aging population; however, a rise in associated comorbidities indicate that 

chronic wounds will be less confined to the elderly and encompass a wider proportion 

of the population. As such, chronic wounds are often ominously described as a ‘silent 

epidemic’.  

One of the main issues with current practices, highlighted by multiple reports, is the 

variance in wound care due to lack of appropriate guidelines. In addition, the 

disproportionately low investment in wounds compared to their economic burden 

hampers impactful change. New practice proposals call to include a multidisciplinary 

approach supporting evidence-based strategies and education for carers and patients 

with a focus on promoting patient self-management. In time, better guidelines should 

complement proper and routine implementation of these proposals.  

One approach to improving wound care is to tackle the burden of chronic wounds, 

which consume more resources and incur greater costs than acute lesions. Chronic 

wounds are confined to the inflammatory phase of the healing cycle and fail to heal or 

achieve full anatomical integrity within three months. The non-healing state of chronic 

wounds can be attributed to several factors, but a growing body of evidence now 

supports microbial biofilms as a key deterrent to healing, with their presence occurring 

in up to 80% of non-healing wounds (56). These microbial communities span the 

superficial and deep layers of tissue, colonising over a gradient of nutrient and oxygen 

availability (73). As such, mature biofilms are extremely difficult to eradicate even 

with frequent debridement and antimicrobial therapy due to their position in the wound 

bed, enhanced antibiotic tolerance, and presence of metabolically inactive persister 

cells which can repropagate infection. Furthermore, infection with certain pathogens, 

such as P. aeruginosa and S. aureus, is associated with increased wound size over time 

and a worsened disease prognosis (402–404).  
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The doctrine of modern medicine revolves heavily around disease prevention. In the 

case of wound care, this approach is being taken to address the rise in predisposing 

conditions, such as cardiovascular disease, obesity, and diabetes through the 

encouragement of a healthier lifestyle. The work in this thesis follows that same 

principle, where a novel sensor was developed to detect the onset of infection and 

prompt medical intervention before the formation of a robust, mature biofilm in the 

wound bed, i.e., preventing progression to chronicity. Treatment is more likely to be 

successful on a population of largely planktonic cells, which are known to be up to 

1000 times more susceptible to antibiotics than their biofilm counterparts (335). 

Therefore, when invading pathogens are quickly eradicated, wound healing should 

progress through the inflammatory phase and follow the normal trajectory which leads 

to full restoration of the skin. 

Current wound monitoring involves visual examinations for signs of infection, such 

as redness, inflammation, and pus. This necessitates frequent removal of the wound 

dressing, which is known to cause patient distress and impair healing progression 

(405). In addition, repeated exposure of healing wounds to the surrounding 

environment increases the likelihood of microbial contamination. In an ideal scenario, 

a non-invasive determinant of wound status regarding infection would decrease the 

number of unnecessary dressing changes and promote undisturbed wound healing. 

This would also have positive implications in terms of reduced resources, home 

healthcare visits, costs, and better patient wellbeing. The sensor described in this thesis 

has the potential to improve wound care by enabling this through continuous 24/7 

monitoring of wound state regarding infection. 

The work presented in Chapter 2 focused on choosing the best candidate dye for 

detecting the minute levels of CO2 produced by respiring and metabolically active 

bacteria. The rationale behind choosing CO2 as a marker of infection lay in its 

ubiquitous production from aerobic bacteria to provide an all-encompassing marker of 

infection. In this chapter, four colour-changing sulphonephthalein dyes with pKa 

values ranging from 7.9 to 9.5 were investigated against a panel of common wound 

pathogens in terms of response time, colour change and colour intensity. The dyes 

were formulated into a CO2-sensitive LDPE film with 5% pigmentation to form a 

solid-state sensor system. This was made possible by the use of a phase transfer agent 

which provided the water molecules necessary for dye deprotonation from colour A 
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to colour B in the presence of CO2. The polymer, LDPE, was chosen due to its high 

permeability towards CO2 and low permeability to other acidic gases such as NO2 and 

SO2 which are known to cause irreversible dye protonation. In addition, LDPE is 

cheap, biocompatible and can be extruded at relatively low temperatures to suit dye 

thermal stability. The LDPE-dye matrix forms a gas-permeable, ion-impermeable 

membrane which prevents dye leaching into the wound bed and avoids cross-

interference from wound exudate.  

Photographs of each sensor were taken hourly as the film monitored the headspace 

above a scored, burnt, and inoculated porcine skin explant. Sensors containing phenol 

red were deemed unfit for purpose due to no colour change, whereas those containing 

meta-cresol purple or thymol blue were eliminated due to imperceptible colour 

transitions. Xylenol blue proved the best candidate for monitoring CO2 production 

from bacteria, with an obvious colour transition of blue to yellow within 10-15 hours 

inoculation. Therefore, the following chapters employed xylenol blue as the dye of 

choice for monitoring CO2 production from microorganisms associated with wound 

infection. 

In Chapter 3, the XB-LDPE formulation was 3D printed to form a 12 x 12 mm 

indicator square. The field of 3D printing is exciting, innovative, and predicted to 

double in market value over the next five years (304). In addition, it is a relatively 

cheap manufacturing method that offers an automated process with less manual 

labour, virtually no start-up cost and a significant reduction in material waste. As such, 

it was perfect for developing and trialling wound sensor prototypes. In this chapter, 

the sensitivity of 3D printed sensor containing XB dye towards CO2 was determined 

under wound relevant conditions and deemed acceptable for use. Then, a series of 

experiments involving FT-IR spectroscopy were performed to quantify %CO2 in the 

wound headspace over time and correlate this to the exact colour of the 3D printed XB 

polymer film. Indeed, sensor colour was found to linearly correlate with %CO2 in the 

IR gas cell, which, in turn, matched and validated the sensitivity values determined in 

the previous experiment.  

A wound dressing model was developed in Chapter 3 to provide a more realistic 

system for sensor testing than the Petri dish set-up used in the previous chapter. This 

simulated a dressed, infected wound with a small headspace to further test the 



Chapter 5 

150 
 

diagnostic power of the sensor. In this model, the popular semi-occlusive dressing, 

Tegaderm™, encased the inoculated skin explant and sensor, which could be visually 

monitored due to the transparent nature of the dressing. Sensor response to different 

inocula of a clinical P. aeruginosa wound isolate was monitored in the wound dressing 

model using DCC and found to be inoculum dependent. In other words, incubation 

time to colour change decreased as the microbial load in the initial inoculum increased. 

The time taken for the sensor to reach the halfway green colour was determined for 

each inocula and found to be proportional to the time taken for the bioburden of P. 

aeruginosa to reach 106 CFU/g, a value which is generally considered the threshold of 

clinical infection. In addition, increase in biofilm biomass for an explant inoculated 

with 106 CFU/mL occurred at 12 h incubation, whereas the halfway colour response 

for sensors monitoring this inocula occurred at 8.5 h. Taken together, these 

encouraging results demonstrate that the CO2 sensor can detect early-stage infection 

before biofilm formation begins. This has obvious advantages for enhancing wound 

care by ticking many boxes of an ideal wound infection diagnostic: non-invasive, easy 

to interpret, and responds at the onset of infection prior to biofilm formation.   

The diagnostic power of the CO2-sensitive film was also shown against a range of 

other common wound pathogens, including Gram-negative and Gram-positive 

bacteria, and yeast. Again, the incubation time to reach the halfway green colour was 

linearly correlated with the time taken to reach 106 CFU/g. Interestingly, this result 

suggests that the XB indicator changes colour in response to CO2 production from ca. 

106 CFU/g of any aerobic microbial species. Moreover, this confirms that CO2 is an 

excellent marker of aerobic microbial infection and demonstrates the suitability of the 

sensor for detection infection in wounds, where polymicrobial and cross-kingdom 

infection are common. 

The results from Chapter 3 were very encouraging and demonstrated the potential of 

the indicator film to detect early-stage infection in wounds in a newly developed ex 

vivo wound dressing model with clinically relevant pathogens. However, current 

practices for monitoring wound infection treatment have several downfalls with 

limited alternatives; hence, the potential of this sensor for non-invasive therapeutic 

monitoring was realised and exploited in the final experimental chapter. 
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In Chapter 4, the ability of the 3D printed XB film to accurately monitor the 

effectiveness of three different treatment modalities was investigated. These included 

traditional antibiotic chemotherapy, phage therapy, and a combination of both. Phage 

therapy was explored in this work due to the recent resurgence and interest in phages 

for treating MDR pathogens. As the pipeline of effective antibiotics run dry, the use 

of alternative treatments is now being investigated; phage therapy represents just one 

of such alternative treatment regimens for wound infections. In this work, 24 h 

biofilms of P. aeruginosa were grown on porcine skin explants and subsequently 

treated with each agent for 24 h. Then, the treated explants were packaged in the 

wound dressing model and the sensor response monitored using DCC. The bioburden 

of the wound fluid surrounding the treated explant was determined and compared with 

the sensor response. Unsuccessful treatment with sublethal concentrations of 

ciprofloxacin, gentamicin or phage cocktail was reflected by the sensor changing 

colour from blue to yellow, indicating the presence of rapidly dividing and 

metabolically active P. aeruginosa. In contrast, sensors monitoring successfully 

treated wound biofilm remained blue, indicating complete eradication of P. 

aeruginosa. When combined with a phage cocktail containing two Podoviridae 

phages, ciprofloxacin could be used at a lower concentration to eradicate infection in 

comparison to monotherapy with ciprofloxacin.  

Sensor colour change concurred with would fluid bioburden determined by traditional 

CFU counts in all experiments. A greater log-fold reduction in wound bioburden 

following treatment was complemented by a longer sensor response time. The results 

in this chapter confirmed that the sensor could be used to accurately monitor treatment 

efficacy in a non-invasive manner. This has obvious positive implications for wound 

care by permitting successfully treated wounds to heal undisturbed, prompting further 

intervention for failing treatment, and a reduction in costs and time dedicated to 

dressing changes.  

There are of course some disadvantages with the scope of this sensor that should not 

be overlooked. Exploiting ubiquitous CO2 production offers an all-encompassing 

marker of infection, but it does not afford species differentiation. However, the beauty 

of this sensor lies in its simplicity, and perhaps a more complicated design or 

incorporating species-specific markers would detract from the advantages that render 

it so amenable to routine clinical implementation. This work has not investigated 
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sensor response to anaerobic species. The role anaerobes play in infection severity and 

chronicity is not yet clear and requires further research, but evidence shows that they 

are always isolated from a polymicrobial community alongside aerobic species. 

Therefore, one could argue that their detection is not essential when simply diagnosing 

wound infection because their presence is accompanied by the aerobic species that can 

be flagged with the CO2-sensitive indicator. Nevertheless, the pathogenic role of 

anaerobes should not be underestimated; the results of large-scale studies employing 

molecular methods should help elucidate their part in delayed wound healing. 

To summarise, this thesis presents a novel 3D printed colourimetric gas sensor for CO2 

detection in the wound bed. Its implication has the potential to aid the wound care 

revolution by meeting many of the desirable and essential criteria for better infection 

diagnostics. The sensor is biocompatible, sensitive, inexpensive, amenable to scalable 

production and can be incorporated into any dressing type. In addition, the colour 

change is easily interpreted with the naked eye and does not require complicated post-

processing that is common to other such proposed devices (e.g., eNose). Patients can 

rely on this sensor to monitor wound condition outside the healthcare setting, which 

provides peace of mind and encourages one of the new practice proposals for better 

wound care – patient self-management. The sensor responds to a wide variety of 

common wound pathogens, including Gram-negative and Gram-positive bacteria and 

yeasts, which proves its suitability for monitoring infection development in an 

environment that is known to be microbially diverse. It can also offer accurate 

monitoring of treatment efficacy following a range of different treatment options to 

ensure optimal healing. Several inadequate aspects of wound care were targeted by 

the CO2-sensitive sensor to overcome the shortcomings of current practices. The work 

in this thesis proves the potential of this sensor, which, with more research and 

development, may play a part in tackling the burden of wounds on healthcare services 

and patients across the globe.  
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5.2. Future Directions 

The colourimetric response of the sensor upon contact with CO2 is easy to interpret 

with the naked eye. In this thesis, sensor colour was measured using a digital camera; 

however, it could be equally measured using a smartphone camera. Considering the 

close correlation of exact sensor colour to wound bioburden, the development of an 

application (app) which would analyse exact sensor colour through the phone camera 

would additionally content the patient. Moreover, results of the app analysis could be 

relayed to healthcare personnel to provide frequent updates on wound state. App 

development would also benefit patients who may have issues with colour 

interpretation and differentiation, e.g., colour blindness. 

The next stage of this research should focus on more accurate models of infection 

involving live animals. The response of the sensor in a real wound infection model, 

where the host immune response plays an intricate and important role, would be 

paramount for progression to human clinical trials. Furthermore, response to 

polymicrobial infection should also be investigated, although the work in this thesis 

suggests this will occur in the presence of ca. 106 CFU/mL of any microbial species, 

regardless of the ratio. Nevertheless, this needs to be confirmed.  

Other volatile gases released during microbial infection may also make useful markers 

of wound deterioration. Whilst this work focused on CO2, ammonia and volatile 

amines are also common constituents of the wound headspace that merit further 

investigation. These compounds are produced via the metabolism of nitrogen-

containing compounds and have been detected in the headspace of P. aeruginosa 

cultures and biofilms in vitro (224,225). In relation to this work, the production of 

ammonia could be detected by sulphonephthalein indicators with a low pKa, such as 

bromochlorophenol blue or bromophenol blue. In this case, colour change would arise 

from dye deprotonation by ammonia. An investigation into the suitability of these dyes 

for monitoring ammonia production in the wound bed could reveal another sensor 

which, depending on the results, could be used alone or alongside the CO2 indicator 

to provide information on wound infection and deterioration.  
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