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Abstract 
Background: 

Microbial Keratitis (MK) is an acute, sight-threatening corneal infection. First line treatment for bacterial keratitis 

(BK) comprises topical antibiotics, either a dual therapy of fortified cephalosporin and aminoglycoside, or single 

fluoroquinolone therapy. Surveys describe increasing bacterial resistance to antibiotics, necessitating 

exploration of alternative treatments. Ultraviolet C (UVC) light possesses potent broad spectrum antimicrobial 

activity against prokaryotic cells; bacteria, fungi, protozoa, and viruses, without demonstrating microbial 

resistance. Eukaryotic (mammalian) cells have an innate resistance to UVC through more evolved DNA repair 

mechanisms, but fear of carcinogenicity stemming from observed effects of cumulative doses of broad spectrum 

light (primarily UVB), has limited evaluations of UVC as an option for treating corneal infection. This research 

first explored the local MK landscape, to provide context for the experimental work. Secondly, while balancing 

the risk of UVC against the threat of corneal scarring secondary to the infection / inflammation process, the 

research sought to determine a safe and effective UVC dose for managing corneal infection, through a series of 

in vitro and ex vivo experiments, and ultimately in vivo experiments, using a developed mouse model of keratitis. 

Methods:  

Demographic, clinical and microbiological characteristics of hospitalised MK cases were evaluated over two 2-

year periods; 2006/2007 and 2013/2014, and compared with published findings from 1999/2000. In UVC efficacy 

experiments, the lowest effective antimicrobial dose of 265 nm wavelength UVC, in in vitro and ex vivo settings, 

was determined by quantifying, with an In Vivo Imaging System, the effect of controlled UVC exposure to a 

virulent strain of bioluminescent Pseudomonas aeruginosa. In safety assessments, cultured ex vivo human 

corneal epithelial cells exposed to UVC at this dose underwent immunocytochemical analysis, to quantify DNA 

damage in the form of Cyclobutane Pyrimidine Dimer (CPD) formation. In the in vivo keratitis model, daily UVC 

exposure was assessed for treatment efficacy as well as safety, with regard to keratocyte number, inflammation 

and CPD formation. UVC effects were compared to ciprofloxacin as an established therapy, a combined UVC 

and ciprofloxacin therapy, and no treatment as control. 

Results:  

In Auckland, MK incidence rose consistently over the assessed time period, by approximately 25-30% every 

seven years. Recent results suggest that over time post-treatment visual outcomes are improving, less time is 

spent in hospital but the prevalence of P. aeruginosa is rising. Antibiotic efficacy patterns remained generally 

stable except for cefuroxime which demonstrated only 37% efficacy. In the in vivo keratitis model, daily 

application of 15 s UVC (28.95 mJ/cm2) for two consecutive days (2 doses) effectively managed an established 

corneal infection. UVC was, however, unable to control severe infections with once daily exposure. UVC 

treatment, at this dose, was deemed safe in terms of CPD formation and inflammation but effected a 12% 

reduction in keratocyte number.  
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Conclusion:  

The threat to public health from MK is increasing due to rising disease prevalence coupled with rising microbial 

resistance. UVC shows promise as an empiric alternative or adjunctive antibacterial therapy considering its 

broad spectrum of action, lack of microbial resistance, safety profile, and potential reduced dosing schedule 

compared to topical antibiotic therapy. Further studies are warranted to support and extend the current evidence, 

in seeking to translate these laboratory findings into clinical practice.  
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Chapter 1 

The cornea in health and disease 

 

1.1. Corneal anatomy 

The anterior one-sixth of the human eye’s surface is bound by an aspheric, avascular and transparent tissue 

known as the cornea (Figure 1.1A). The cornea forms the major refractive medium of the visual system with its 

complex and highly ordered optical characteristics.[1] The smooth wet surface of the ocular surface is maintained 

by the tear film, which is a complex amalgamation of lipids, proteins, mucins, defensins and electrolytes. [1, 2] 

Tears contain four major proteins (lysozyme, lipocalin, lactoferrin, and secretory immunoglobulin-A) which exhibit 

antimicrobial activity against a wide range of pathogens. When the inherent characteristics of the tear film (e.g. 

pH, osmolality, surface tension, viscosity) are compromised, the eye can become susceptible to inflammation 

and infection.[2] Tears have an additional role in conveying oxygen to different ocular tissues while 

simultaneously removing metabolites.[3] The health and integrity of the tear film is, therefore, crucial to 

maintaining the health of the five structurally and functionally distinct layers of the cornea (Figure 1.1B).[4] 

The anterior-most corneal epithelium is generally five to six cell layers thick and is composed of three types of 

cells: a single layer of basal cells, two to three layers of wing cells in the centre and a superficial layer of flattened 

squamous cells.[5] These cells regularly undergo apoptosis in line with the circadian cycle or due to external 

forces, such as shear lid stresses or extreme UV exposure, and are replaced by new cells which originate from 

the corneal stem cells located in the basal cell layer at the limbus.[6, 7] From here, transient amplifying cells 

migrate centripetally while continuing to divide and, after leaving the basal cell layer, migrate towards the surface 

to be exfoliated in the tear film. This process takes approximately two weeks, and in recognition of the cell 

movement in three dimensions, has been described as the XYZ hypothesis.[6, 8, 9] Hemidesmosomes form tight 

bonds anchoring the epithelial cells to the basement membrane and anterior stroma and preventing entry of 

pathogens into the stroma.[3, 10] This basement membrane is secreted by overlying epithelia and comprises 

extracellular matrix including type IV collagen, various glycoproteins (laminin, entactin, nidogen, and fibronectin) 

and growth factors.[11] Although the epithelium is regularly exposed to potentially invasive ocular pathogens, the 

eye is protected from invasion through a variety of defence mechanisms including the epithelial intercellular tight 

junctions and regular desquamation.[12] The need for rapid mobilisation of corneal epithelial cells following 

corneal wounding is fulfilled by the basal cell layer of the limbus and the epithelial stem cell microenvironment, 

or niche, that includes both melanocytes and blood vessels.[3] Melanocytes produce melanin, which absorb light 

to protect stem cells from DNA damage.[3, 13, 14] The niche is characterised by stromal invaginations known as 

‘Pallisades of Vogt’ which act to protect the corneal junction.[14] Epithelial injury or trauma to the cornea leads to 

an 8 - 9 fold increase in proliferative limbal activity that persists until wound closure.[14]  
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Figure 1.1. Optical Coherence Tomography (OCT) of the human cornea and anterior eye (A). In vivo confocal 

microscopy of the normal cornea showing five principal layers (B). Image modified from Lagali et al.[15] 

Bowman’s layer, underlying the epithelium, is an acellular homogenous structure comprising an array of collagen 

fibrils that merge into the more structurally organised anterior stroma.[16] Bowman’s layer provides strength and 

integrity to the cornea and facilitates neural innervation of the ocular surface.[3] The stroma makes up 

approximately 90% of the total corneal thickness in humans and consists of stacked lamellae of collagen fibrils, 

extending from limbus to limbus, which are interspersed with keratocytes. The keratocytes produce and maintain 

the stromal matrix. The regular arrangement of the collagen matrix is critical to the regulation of corneal hydration 

and thus, to corneal transparency. Moreover, it also provides structural resistance and allows intraocular 

pressure to be maintained. Lying between the stroma and the corneal endothelial cells is a specialised 

homogenous basement membrane termed Descemet’s membrane. Nutrients diffuse across Descemet’s 

membrane and then diffuse outwards, passively, to nourish the corneal stromal and epithelial cells.[3] The 

endothelium is the innermost layer of the cornea, bathed on its inner aspect by aqueous humour. It comprises a 

single layer of regular hexagonal cells which number approximately 5000 - 6000 cells/mm2 during the first month 

of life but decrease to about 2500 to 3000 cells/mm2 by 5 years of age and then remain relatively stable.[17] The 

main function of the endothelium is to maintain relative corneal dehydration by pumping water from the 

extracellular matrix into the anterior chamber.[5] 

1.2. Corneal defence mechanism 

Using DNA sequencing-based detection and identification of bacteria, it has been observed that at least 12 

genera of bacteria including Pseudomonas, Propionibacterium, Corynebacterium, Acinetobacter, Staphylococci 

and Streptococcus reside on the ocular surface of a healthy individual.[18] The abundance and diversity of 
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potentially pathogenic bacteria suggest that the healthy ocular surface has a powerful ability to resist microbial 

pathogenicity. The two-tiered immune defence mechanism, with active and passive components, helps the 

cornea to remain protected from a multitude of microorganisms and physical stresses.  

The passive barrier consists of several anatomic, physical, and chemical barriers that work together to prevent 

infection without inducing inflammation. The anatomical and physical barriers consist of the eyelids and 

eyelashes, the tear film, and the corneal epithelium. The chemical barrier consists of soluble factors that include 

lysozyme, secretory phospholipase A2, defensins, lactoferrin, secretory IgA and lipocalin-A which serve to inhibit 

bacterial growth, adherence, and survival.[12] Due to a high concentration of antimicrobial chelating proteins such 

as lysozyme, lactoferrin and lipocalin in tears, the cornea is a low-iron environment that tends to make bacterial 

growth unfavourable.[19, 20] Therefore, the active mechanisms of innate immunity are switched on only when the 

passive mechanism is ineffective or has been breached.  

The active defence mechanism consists of cellular and secretory components that together cause acute 

inflammation aimed at eradicating a pathogen. This includes pattern recognition receptors that detect unique 

pathogen-associated molecular patterns, toll-like receptors that recognise bacteria, viruses, fungi and protozoa, 

and cytokines, chemokines, and effector cells that initiate and amplify immune response to clear the pathogens. 
[12, 21] Preventing unnecessary inflammation in the cornea is vital because a severe inflammatory reaction is 

detrimental to the function and structure of local tissues.[21] Breakdown of all defence mechanisms, 

unsurprisingly, predisposes the cornea to a range of infiltrative events and infection.[22] 

 

1.3. Corneal inflammation 

When different proteins and inflammatory molecules migrate to the site of infection, small hazy greyish areas 

surrounded by oedema may be observed clinically in the cornea.  These are termed infiltrates and the resulting 

condition is termed keratitis. Sterile keratitis develops when the cornea is compromised without microbial 

invasion.[23] When a cornea is infected by microorganisms, it is called ‘infective keratitis’ or ‘microbial keratitis’ 

(MK). A healthy cornea resists breach by most pathogens. Corneal infection is thus most often associated with 

compromised corneal barrier function.  

 

1.4. Microbial Keratitis 

The causative agents and predisposing risk factors for MK vary tremendously with geographical location, 

season, and host factors.[24, 25] Population-based studies in Scotland have reported the overall incidence of 

culture-proven MK to be 0.26 per 10,000 individuals with the prevalence being greater in contact lens wearers 

at 1.8 per 10,000 individuals.[26] On the other hand, a similar study in Australia reported the incidence of MK to 

be as high as 4.2 per 10,000 contact lens wearers.[27] In Hong Kong, the annual incidence of MK was found to 

be 0.63 per 10,000 individuals, increasing to 3.4 per 10, 000 among contact lens wearers.[28] Up to 88% of MK 

cases have a predisposing factor such as contact lens wear (21.7% to 50.3%),[24, 29] trauma (15%-24%),[24, 29, 30] 
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ocular surface disease (18% to 21%),[24, 29] corneal surgery (4% to 30%) [24, 29, 30] or systemic disease.[31-34] The 

disease is underdiagnosed and, due to overlapping signs and symptoms, can be misdiagnosed, and result in 

exacerbation if prescribed inappropriate antimicrobial agents and/or a corticosteroid.[30, 31, 33, 35] Clinical outcomes 

are dependent on a number of factors, including the time until presentation to a health care professional, prior 

treatment, the responsible microorganism, overall immune status and co-existing systemic diseases, such as 

diabetes.[36, 37] Clinically, MK is classified according to the causative microorganism, into viral, fungal, parasitic 

and bacterial keratitis, as discussed below.  

 

1.4.1. Herpetic Keratitis 

Herpetic keratitis is the most common cause of corneal opacification and a leading cause of blindness.[38, 39] 

Infection occurs in two different forms: Herpes Simplex virus (HSV) and Herpes Zoster virus (HZV).[40] HSV 

infections are broadly categorised as type I and type II; HSV type I affects mainly the upper body, and HSV type 

II affects mainly the lower body. Global incidence of HSV keratitis is approximately 1.5 million with almost 40,000 

new cases reported each year.[40] Although it was suggested for a long time that HSV I inhabits the trigeminal 

ganglia and HSV II the sacral ganglia, it is now believed that there is no ganglion site preference and that local 

host factors play the major role in viral reactivation.[41, 42] Recurrence can be triggered by a variety of stimuli 

including, but not limited to, fever, hormonal changes, ultraviolet exposure, psychological stress, ocular trauma, 

and trigeminal nerve manipulation.[39] 

HSV initially may appear consistent with blepharitis, conjunctivitis or corneal epithelial keratitis, but recurrent 

disease ultimately manifests as an ulcerative and/or stromal keratitis.[43] Dendritic lesions, which appear as linear 

branching lesions within the epithelium (Figure 1.2A), due to a direct viral invasion of the corneal epithelial cells, 

are the most frequently observed.[38] Dendritic lesions that progress to larger irregular ulcers are generally 

described as geographic ulcers, while a medically unresponsive herpetic keratitis is referred to as an indolent 

ulcer.[38] A dendritic ulcer that leads to stromal keratitis, of various forms, including disciform keratitis, deep focal 

keratitis and diffuse stromal keratitis, typically exhibits stromal haziness directly beneath the site of the ulcer. [38] 

All such lesions can cause corneal scarring and thinning, subsequently leading to descemetocele and corneal 

perforation. Indeed, it has been reported that corneal scarring occurs in 18 – 28% of all cases of stromal 

keratitis.[44] 

Latency with HSV is the norm and the clinical history helps determine only the presenting form of the disease. A 

serologic investigation is thus necessary to confirm prior infection and to identify latent disease.[39] Antiviral 

treatments are typically unable to eliminate latent virus. However, epithelial lesions respond favourably to 

treatment with antiviral drugs that may be offered in combination with epithelial debridement. Geographic ulcers 

exhibit a slow response to antiviral therapy while indolent ulcers fail to respond at all.[38] Vaccines have been 

ineffective to date but continue to be studied.[45, 46] 
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Figure 1.2. Keratitis types. A) Herpes simplex keratitis; B) fungal keratitis from Aspergillus; C) Acanthamoeba 

keratitis; and D) bacterial keratitis from Pseudomonas. Images adapted from www.eyerounds.org, the University 

of Iowa.[47] 

 

1.4.2. Mycotic Keratitis 

Mycotic Keratitis refers to an infection caused by fungi. In the UK in 2005, the incidence of fungal keratitis was 

observed to be 0.32 cases per million individuals.[48] The disease varies significantly by geography, season and 

socioeconomic status and occurs in two basic forms: infections caused by filamentous fungi, such as Fusarium 

solani, and those caused by yeasts, such as Candida albicans. Infections due to filamentous fungi are more 

common in tropical climates [49] while infections in a temperate climate are usually due to yeast.[50, 51] Fusarium 

solani infections are the most severe of all fungal infections and may cause hypopyon. They may extend beyond 

the ulcer edge with irregular branches (Figure 1.2B) and progress rapidly, often leading to corneal perforation 

within a few weeks.[52] These infections are mostly triggered by trauma involving vegetative matter.[31, 53] 

Infections due to yeasts occur most often secondarily to pre-existing ocular or systemic conditions, such as 

diabetes, and immunosuppressed states.[52, 54] 

When a pathogenic fungus attaches to the corneal epithelium, the host defence mechanism tries to clear it. The 

ultimate result depends on the efficacy of the defence mechanism and the virulence of the pathogen. Diagnosis 
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of fungal keratitis is often confounded by clinical signs that overlap with the other types of keratitis.[54] 

Nonetheless, an irregular, feathery border to an ulcer is a characteristic sign of fungal keratitis.[55] The most 

reliable diagnosis occurs with isolation of the fungus from a specimen culture from infected tissue. 

Histopathological examination may be helpful when a tissue sample is available.[56] Advanced imaging 

techniques, such as in vivo confocal microscopy have also been found to be highly reliable in differentially 

diagnosing fungal keratitis.[57]  

Treatment of fungal keratitis is generally difficult and should be started at the earliest opportunity possible to 

avoid complications such as visual impairment and perforation.[58] Antifungal agents are divided into three main 

groups: 1) polyenes (amphotericin B, natamycin, and nystatin); 2) azoles (ketoconazole, miconazole, econazole, 

fluconazole, itraconazole, voriconazole, and posaconazole); and 3) allylamine (terbinafine) and echinocandine 

(caspofungin).[59] Natamycin is the only anti-fungal ophthalmic solution that is commercially available globally.[59] 

Cases unresponsive to medical treatment may also be managed by penetrating keratoplasty or [60] lamellar 

keratoplasty.[58] 

 

1.4.3. Acanthamoeba Keratitis 

Acanthamoeba keratitis (AK) is a severe sight-threatening condition of the eye caused by the ubiquitous free-

living amoebic species, Acanthamoeba.[61] The wear of contact lenses and use of cleaning systems, such as 

home-made saline, domestic tap water, chlorine-based solution, as well as exposure to ocular trauma, are risk 

factors for AK.[62-68] The disease is rare and occurs in less than one in 10,000 contact lens wearers.[35] In New 

Zealand, the first case of AK was reported in 1990. By the end of 1996, only seven cases of AK had been 

reported and all of them were linked to the use of contact lenses.[61, 69] Further cases have continued to receive 

attention in the literature since that time.[30, 35]   

 

AK tends to occur in immunocompetent healthy individuals. Both innate and adaptive immunities play a role in 

resisting the disease [70] but once a trophozoite adheres to the cornea, it triggers a sequence of events, including 

the production of several pathogenic proteases that degrade the basement membrane, and cause cytolysis and 

apoptosis of the corneal cells, and dissolution of the corneal stroma.[71] The disease results in severe pain, 

characteristically out of proportion to the visible signs, and may cause ptosis, conjunctival hyperaemia and 

epithelial ulcers.[71, 72] Early cases show superficial corneal infiltrates and perineural infiltrates, while intermediate 

cases may be associated with a ring infiltrate (Figure 1.2C) and the late cases may have an ulcer with stromal 

lysis that can lead to hypopyon, scleritis, glaucoma and cataract.[73, 74] Disease progression beyond the cornea 

is rare because intense neutrophilic reaction guards against the entry of trophozoites to the anterior chamber.[71]  

Acanthamoeba cysts are resistant to harsh environmental conditions, including acids, gamma and ultraviolet 

irradiation, disinfectants, antimicrobial agents and even several amoebicidal agents.[75-77] The most common 

drug combination in AK is the anti-amoebic drug combination consisting of biguanides such as 

polyhexamethylenebiguanide (PHMB) and chlorhexidine, and diamidines such as propamidine and hexamidine. 

Dual therapy with PHMB and hexamidine is the preferred treatment. The disease has also been treated 
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successfully with adjunctive therapy of ultraviolet A and riboflavin (due to free oxygen radicals) [78] as well as 

with Penetrating Keratoplasty (PKP).[79] Oral immunization against AK has been suggested as the best 

preventative technique and remains under investigation.[72]  

 

1.4.4. Bacterial Keratitis  

Bacterial keratitis (BK) is the most common type of MK and frequently results in visual dysfunction. [30, 35, 80] Rural 

areas with low socioeconomic status are known to have a higher incidence of bacterial keratitis compared with 

urban areas.[80-82] Similarly, the spectrum, prevalence and antimicrobial resistance profile among bacterial 

keratitis isolates have been noted to be a function of geography, season and degree of urbanisation. [37, 83-85] 

Bacterial keratitis tends to be serious and may or may not involve hypopyon. The ulcer is mostly round or oval 

in shape and most often involves the central or paracentral cornea (Figure 1.2D).[80] 

Gram-positive isolates account for most cases of bacterial keratitis worldwide and Staphylococcus is the most 

common species.[29, 50, 86] Among Gram-negative bacteria, variability exists in incidence rates, especially for 

Pseudomonas.[87] In New Zealand, Moraxella species are reported to be more common than other Gram 

negative bacteria,[30, 35] suggesting that the earlier notion of Moraxella species being associated with 

malnourished and poor communities may not hold true in the present time.[88] Overall, however, the proportion 

of Moraxella species in bacterial keratitis has been noted to decrease, while that of Pseudomonas and Serratia 

species has increased since the late nineties.[89] Contact lens use is considered to be a major risk factor 

contributing to the increasing rate of Pseudomonas infections worldwide.[29] Various hypotheses have been 

suggested to account for the higher incidence of Pseudomonas keratitis among contact lens wearers,[2, 22, 90-92] 

including decreased epithelial adhesion because of a reduced number of hemidesmosomes,[93] central 

suppression of basal cell proliferation, central epithelial thinning, decreased basal turnover rate (vertical 

migration of basal cells into the wing cell layers), central suppression of surface cell exfoliation in the presence 

of a contact lens, enlargement of surface cell size and increased proliferation of the limbal epithelium.[8] 

Corneal scraping is the most commonly adopted method for isolating the pathogen in cases of BK, however, a 

survey by McDonnell in 1992 indicated that general practising ophthalmologists overlooked its potential benefits 

and almost half of the patients with corneal ulcers were treated with antibiotics empirically without a preceding 

corneal scrape.[94] When a corneal scrape fails to isolate bacteria, other invasive techniques, such as corneal 

biopsy may be used.[95] 

A wide range of bacteria are pathogenic to the cornea [96] yet broad-range antibiotics from the early nineties have 

become gradually ineffective [87] and this poses a serious threat to the population as a whole. The, treatment of 

BK can, therefore, be challenging as it requires the use of an antibiotic delivered at a dose sufficient to achieve 

a therapeutic concentration in the cornea that is effective against the target pathogen.[89, 97] Globally, the 

preferred initial therapy of bacterial keratitis often consists of antibiotics without corticosteroids,[29] either a 

fortified cephalosporin (e.g. cefuroxime 5%) and aminoglycoside (tobramycin 1.35%) (dual therapy) or a topical 

fluoroquinolone alone (e.g. ciprofloxacin 0.3%) (Monotherapy).[29, 35] Aminoglycosides inhibit bacterial protein 

synthesis and display a strong bactericidal activity against Gram-negative bacteria.[98] Cephalosporins, on the 
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other hand, inhibit cell wall synthesis by interfering with peptidoglycan and are effective against Gram-positive 

bacteria.[99] Therefore, a combination of two antibiotics from these drug groups tends to be highly effective 

against bacterial keratitis. Interestingly, topical monotherapy with a fluoroquinolone is very common practice in 

some parts of the world, including Australia where it is prescribed in up to 80% cases of BK.[34] Fluoroquinolones 

are synthetic broad-spectrum antibiotics which inhibit the DNA gyrase and topoisomerase enzymes, key in DNA 

replication and transcription. Inhibition of these enzymes leads to cell death.[100] There are various generations 

of fluoroquinolones due to resistance issues. The choice of initial (empirical) treatment depends on several 

factors, including disease severity, geography, risk factors and physician’s preference.[101] In New Zealand, dual 

therapy is the more common.[35]   

 

1.5. Microbial keratitis: therapeutic challenges and potential new 
treatments 

Despite their clinical success, aminoglycosides have several limitations in ocular therapy, of which corneal 

toxicity is perhaps the most significant. Prolonged use of aminoglycosides is known to cause pain, redness, 

punctate staining, and delayed wound healing.[102] A systematic review of the literature which included a meta-

analysis of existing data, revealed that fortified tobramycin-cefazolin was approximately three times more likely 

to cause ocular discomfort than topical fluoroquinolone.[103] Combined fortified therapy was associated with a 

longer hospital stay in an Australian study conducted by Gangopadhyay et al.[104] Moreover, increasing 

resistance of bacterial keratitis isolates to aminoglycosides, primarily tobramycin, at a rate of up to 29% in China, 

is another major concern.[87] Therefore, although dual therapy shows effectiveness in treating bacterial keratitis, 

many avoid its use as an initial therapy.[105] 

Ciprofloxacin is another common antibiotic used to treat BK although the resistance of BK isolates to 

ciprofloxacin has been evident for several years. Reports show resistance rates of between 1% and 36%.[87, 106-

114] In India, there has been a reported resistance rate to ciprofloxacin of 30.7%,[113] and in South Florida, the 

rate increased from 11% in 1990 to 28% in 1998.[114] Similarly, in Pittsburgh, USA, the reported resistance rates 

of BK isolates to ciprofloxacin rose from 5.8% in 1993 to 35.0% in 1997.[112] Although these reports focussed on 

demonstrating the increasing inefficacy of ciprofloxacin against primarily Gram-positive cocci, higher resistance 

rates for ciprofloxacin have also been reported against Gram-negative bacilli, previously.[87] In China, 36% of BK 

isolates resisted ciprofloxacin, while only 15.5% resisted levofloxacin, a newer generation fluoroquinolone.[87] 

The efficacy of fourth generation fluoroquinolones in treating infectious keratitis has been studied in a prospective 

randomised controlled trial in Australia. The study showed that there was no difference in outcome whether 

treatment was by combined fortified cefazoline and tobramycin, ciprofloxacin, ofloxacin or moxifloxacin.[115] While 

the literature highlights some inconsistencies, perhaps reflecting country-specific prescribing practices, on 

balance it seems there are increasing trends towards BK isolates developing resistance against potent antibiotics 

which, only a few decades ago, formed a major line of defence against bacterial keratitis.[116]  
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The increase in antimicrobial resistance is not reflected in a corresponding development of new antimicrobial 

agents. In fact, only two new classes of antibiotics were introduced into the clinic between 1968 and 2003, neither 

of which are significantly active against Gram-negative bacteria.[117] This is of concern, as clinically significant 

bacterial resistance can appear within a few months to years following the introduction of a new antibiotic into 

the clinic.[118] According to ‘The Review on Antimicrobial Resistance (AMR)’, capital investment on antimicrobial 

research and development between 2003 and 2013 was only 5% in pharmaceutical companies and for the 

groups of organisms classified by the U.S. Centre for Disease Control and Prevention (CDC) as ‘urgent’ antibiotic 

resistant threats, only five products were in the pipeline, most in the early stages of development, and none in 

clinical use, as reported in 2013. Furthermore, it has been projected that if not tackled, rising antimicrobial 

resistance could lead to the death toll of one person every three seconds by 2050.[119] Based on conservative 

assumptions and data, the CDC estimates that currently more than two million people become affected each 

year by antibiotic-resistant bacteria with at least 23,000 dying each year as a result, in the US, alone.[120] 

However, the AMR data has higher estimates (Figure 1.3) In fact, antibacterial resistance ranks among the top 

10 causes of death in the United States and poses a substantial economic burden, worldwide. In the US alone, 

annual costs associated with the loss of antibiotic effectiveness in outpatient prescriptions was estimated to be 

as high as US$225 million.[121] The burden to the health care system will likely continue to increase because the 

bacterial resistance rate is anticipated to continue to rise in the coming years. As a result, alternative approaches 

to controlling bacterial infections are needed. 

 

Figure 1.3. Worldwide mortality estimates caused by antimicrobial resistance by 2050. Image adapted from “The 

Review on Antimicrobial Resistance 2014”.[119] 
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1.6. Alternative approaches to controlling bacterial infections 

Several clinical and pre-clinical studies have suggested that treatments other than antibiotics may have the 

potential to be equivalent or possibly superior in treating infections.[122] Several innovative treatments have been 

proposed, such as probiotics, antimicrobial peptides, lipid-based therapy and gene therapy. Probiotics are live 

non-pathogenic microorganisms of gastrointestinal microbiota which inhibit pathogen adhesion and modulate 

the immune system by recruiting immune cells and activating appropriate immune and inflammatory 

responses.[123] In a recent study, Kugadas et al. (2016) reported the role of microbiota in regulating the immune 

response at the ocular surface,[124] indicating the possibility of research in this field for potential alternative 

approaches to treating corneal infection. Similarly, antimicrobial peptides, which are naturally produced by 

various organisms such as mammals, arthropods, plants and bacteria, possess a different affinity for mammalian 

cell membranes than for bacterial cell membranes. The overall negative charge found on the membranes of 

bacteria provides a preferential binding site for antimicrobial peptides which may cause increased cell membrane 

permeability, inhibition of processes such as protein and cell wall synthesis, as well as enzyme activity, among 

others, ultimately killing the pathogen.[125] Lipid-based therapies have further been advocated for the modulation 

of ocular surface inflammation and gene therapy involving microRNA has been proposed as a means of blocking 

gene expression for several diseases. While these therapeutic strategies might be considered for the eye, it may 

be that they have limited applicability in corneal infection because of the disease urgency, low bioavailability and 

limited penetration. Therefore, other modalities are continuing to receive attention. Specific treatments that may 

offer promise in keratitis, and are currently under investigation, include photodynamic therapy, blue light therapy, 

as well as ultraviolet light therapy.  

 

1.6.1. Photodynamic therapy  

There is evidence that photodynamic therapy (PDT) has potential in the treatment of localised microbial 

infections.[126] PDT has been used in the dermatological field to treat skin cancers and uses exogenously 

administered or endogenously formed photosensitizers which are activated by light to induce cell death via the 

formation of singlet oxygen and other free radicals.[127] PDT has been used in ophthalmology mainly in corneal 

collagen cross linking (CXL) to treat corneal diseases such as ulceration and melting. The procedure was 

successful in preventing the corneal melting process in 3 out of 4 eyes.[128] The same procedure was later found 

to be effective against several types of corneal infections.[129-131] Since then, the uses of CXL have expanded in 

altering the biomechanical behaviour of cornea to treat keratoconus and currently forms a standard procedure 

in slowing keratoconus progression.[132] 

CXL involves removal of the epithelium around the infection site to ensure adequate penetration of riboflavin eye 

drops (riboflavin/ dextran solution 0.5% - 0.1%) which are dropped onto the surface of the cornea every 2-3 min 

for a period of 20-30 min, prior to illumination of the cornea with UVA at an irradiance of 3.0 mW/cm2 to give a 

total dose of 5.4 J/cm2 (Figure 1.4).[131] 
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Figure 1.4. Corneal collagen cross linking. Image courtesy of Dr Akilesh Gokul, Professor Dipika Patel and 

Professor Charles McGhee, the University of Auckland. 

Riboflavin has a modest affinity for nucleic acid and its absorption of UVA leads to the oxidation of guanine 

bases, thereby preventing the replication of the viral and bacterial genome.[133] With this technique, therapy-

resisting infectious keratitis has successfully been treated in recent years.[130, 134] However, the investigation of 

CXL as an antimicrobial therapy is still in the early stages.[135] Although promising, CXL application has limitations 

as a routine keratitis treatment for three main reasons. Firstly, the CXL procedure is long and invasive. For 

optimal results it involves surgical removal of the corneal epithelium which results in pain and discomfort until 

complete epithelial healing occurs. To address the associated pain and comfort, the procedure has been recently 

optimised  and an accelerated CXL procedure has been developed in which UVA exposure duration is shortened 

and fluencies increased to deliver equivalent energy dose without changing the biological effects (the Bunsen–

Roscoe law of reciprocity).[136] Nonetheless, CXL is still rather invasive and increases susceptibility to secondary 

infections. Secondly, it presents a potential safety hazard to deeper ocular structures. UVA exposure for long 

durations may cause radiation damage to the endothelial cells, and therefore, therapy cannot be undertaken in 

very thin corneas. Thirdly, the necessity for a photosensitising substrate in CXL adds another element of 

complexity and risk to the procedure. Free radicals, generated as a result of the photosensitising substrates, 

have the potential to damage limbal stem cells.[135] 

 

1.6.2. Phototherapy 

Recently, there has been a resurgence of interest in potential phototherapy technologies for the local treatment 

of bacterial and fungal infections and a number of in vitro and in vivo investigations are currently ongoing.[137-139] 

Zhu et al. investigated the effectiveness of antimicrobial blue light (415 nm wavelength) as an alternative or 

adjunctive therapeutic for infectious keratitis in a mouse model.[138] They used bioluminescent P. aeruginosa to 
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infect mouse corneas and monitored the treatment efficacy using an in vivo imaging technique and found that 

corneal bacterial burden significantly reduced (>2-log10) after a single exposure of blue light.[138] Although the 

treatment is highly effective, there are safety concerns because of the longer wavelength which has the potential 

to cause retinal damage.[138] In the studies by Narita et al.,[139] irradiation with 222 nm wavelength of UVC showed 

a bactericidal effect against Methicillin Resistant Staphylococcus aureus (MRSA) without causing DNA defects 

in mouse wounds. Approximately 2-log10 CFU of bacteria were killed after exposure to 75 mJ/cm2 222 nm 

wavelength of UVC. The potential thus exists for UVC radiation to be a promising therapy to treat localised 

infections. Current knowledge on its efficacy and safety is reviewed below. 

 

1.7. Ultraviolet C: an overview of a promising class of therapeutics 

The emergence of multidrug-resistant bacterial strains has put global public health under threat [140] driving the 

development of newer methods of targeting bacteria. Ultraviolet (UV) light is known to be a major stressing factor 

for microorganisms and thus has been considered an alternative approach to treating localised infection. 

Phototherapy, including UV radiation, is used extensively in medical subspecialties including ophthalmology 

(Figure 1.5). Ultraviolet light (UV) is divided into three major spectra based on wavelength: UVC (200 – 280 nm), 

UVB (280 – 320 nm) and UVA (320 – 400 nm), with only the latter two being transmitted to a certain extent 

through the earth’s atmosphere. Ultraviolet C (UVC) is a natural antimicrobial agent, recognised in terminology 

such as ‘germicidal UV’. UVC is destructive to most classes of pathogens ranging from prokaryotes to 

eukaryotes, including multidrug-resistant bacteria.  The high energy of UVC photons is imparted by its shorter 

wavelength (Figure 1.5). For example, at 265 nm, UVC photons have 1.37x more energy than UVA (365 nm) 

and 1.12x more energy than UVB (300 nm). The high-energy of UVC photons makes them reactive, with an 

important example of this being when they strike ordinary oxygen molecules (O2), splitting the molecule into two 

single oxygen atoms, known as atomic oxygen. A released oxygen atom then combines with an oxygen molecule 

to form a molecule of ozone (O3). In this way, high energy UVC is completely absorbed in the stratosphere, while 

approximately 10% UVB is absorbed by ozone created by UVC due to its lower associated level of energy. In 

fact, the UV transmitted through to the earth’s surface comprises no UVC, only 7.3% UVB and up to 25.5% UVA 

of the total spectral transmission.[141, 142]    

 

1.7.1. Mechanism of action   

UVC has the potential to kill a wide range of microorganisms by affecting their DNA integrity, and cellular and 

tissue homeostasis. UVC in the range of 250 - 270 nm is efficiently absorbed by cellular DNA molecules, the 

peak being about 265 nm.[143] The UVC and DNA interaction results in Pyrimidine-Pyrimidone (6–4) 

Photoproducts (6–4PP) with a noncyclic bond between C6 and C4 of the involved pyrimidines, and Cyclobutane 

Pyrimidine Dimers (CPD) between adjacent pyrimidine sites, thymine (T) and cytosine (C) (at TT, TC, CT and 

CC sequences, with predominance of photoproducts at T containing sites), comprising 25% and 75% of adducts, 

respectively (Figure 1.6).[144] 
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Figure 1.5. A schematic diagram of the electromagnetic spectrum and its applications within ophthalmology.

Both types of photoproducts are bulky adducts affecting the spatial structure of DNA.[145] These types of

alterations at the molecular level can cause immediate cell death or impair the replication process, both in

eukaryotic and prokaryotic cells.[146-148] In humans, the 6–4 PP adducts can be repaired with high efficiency,

while CPDs are removed more slowly by transcription-coupled repair (TCR). In fact, CPDs are responsible for

at least 80% of mutations induced by UV radiation.[149] The 6–4 PPs can be converted into dewar isomers (which

are poorly repaired), thus contributing to UV-induced mutations and carcinogenesis.[145] Other UVC effects at a

cellular level include production of free oxygen radicals such as singlet oxygen, superoxide anion, hydrogen

peroxide and hydroxyl radicals. Oxygen radicals can attack DNA at either the sugar or the base, giving rise to a

large number of by-products. The attack of a sugar ultimately leads to its fragmentation, base loss, and strand

breaks with a terminal fragmented sugar residue.[150] Unlike UVB and UVC, low energy UVA is weakly absorbed

by DNA, but can be absorbed by other cellular chromophores, and induces mainly oxidative changes in the

cells.[144] This contributes to the generation of reactive oxygen species (ROS), leading indirectly to DNA damage.

The main target of ROS within DNA is guanine. To minimise the toxicity of oxygen radicals resulting from

radiation exposure, cells utilise antioxidants and DNA repair enzymes. UVA also promotes DNA strand

breaks,[151] and may contribute to CPD formation as well.[145]

Phototherapy in Ophthalmology

1. Excimer laser photorefractive

keratectomy (193 nm)

2. Corneal collagen cross-linking (370

nm)

3. Retinal photocoagulation in diabetic

retinopathy and macular oedema

(532 nm)

4. Argon laser trabeculoplasty (532

nm)

5. Cyclodiode laser for advanced

glaucoma (810 nm)

6. Neodymium-yttrium-aluminum

garnet (ND: YAG) laser

capsulotomy (1064 nm)

7. Selective laser trabeculoplasty
(1064 nm)
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Figure 1.6. An illustration of UVC effects on DNA. Nucleic acids that make up DNA and RNA absorb radiation 

strongly at 265 nm creating several photoproducts including pyrimidine – pyrimidone (6–4) photoproducts and 

cyclobutane pyrimidine dimers between adjacent pyrimidine sites, thymine (T) and cytosine (C) (at TT, TC, CT 

and CC sequences, with predominance of photoproducts at T-containing sites).  

Although realisation of UVC germicidal properties is more than 100 years old, [152] and much of its biological 

interaction and therapeutic potential has been explored in the past two decades, little remains known about its 

true potential in treating infections. A number of factors appear to have contributed to this gap in knowledge. 

First is the ecological irrelevance. UVC fails to reach the earth’s surface and thus did not generate the same 

interest as other UV wavelengths until recently. Second is carcinogenicity.  UVC in high doses has recognised 

potential carcinogenicity which likely limited further investigation for clinical applications. The third is the lack of 

a convenient UVC sources. The conventional UVC source has been a mercury vapour lamp which generates 

broadband UV and creates harmful ozone, but it also requires a high voltage for its operation. The development 

of light emitting diodes (LEDs) has solved these technical and mechanical issues significantly and can be 

produced to deliver narrowband radiation at only the desired wavelength (± 12 nm from the spectral peak) without 

ozone formation or high voltage hazards. Research shows that UVC is lethal to most microorganisms including 

bacteria, viruses, protozoa, fungi, yeasts and algae.[153] This germicidal property of UVC has been used to 

eradicate microorganisms across a range of applications.[154-156] It has been used for water sanitation [156], fruit 

sterilisation [153], milk pasteurisation [155] as well as in vacuum disinfection.[157] Recently, there has been an 

increasing interest in light-based anti-infective therapy for clinical application, including UVC.[137, 146, 158-160] 

 

1.7.2. In vitro studies 

A large volume of experimental work aiming to understand efficacy and dosage of UVC to inactivate 

microorganisms has been carried out, reflecting the increasing interest in this area. In particular, Rao et al. [161] 

showed a UVC (254 nm, 0.0318 mW/cm2) dose-dependent effect on microorganisms, in addition to its poor 

penetration through a 0.15-mm thick transparent polythene sheet. They tested different UVC doses (5 s, 10 s, 
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15 s, 20 s, 25 s and 30 s) against a range of species of Gram-positive cocci recovered from pus. They 

demonstrated that different bacterial species require varying doses of UVC energy for 100% growth inhibition. 

While 15 s exposure was required for growth inhibition of Methicillin-susceptible Staphylococcus aureus and 

Enterococcus species, a 10 s exposure was sufficient to inhibit the growth of Methicillin-resistant Staphylococcus 

aureus and Methicillin-susceptible coagulase-negative Staphylococcus. Additionally, a 5 s exposure was able to 

inhibit the growth of Methicillin-resistant coagulase-negative Staphylococcus and Streptococcus pyogenes. 

However, some materials are opaque to UVC whilst being transparent to the naked eye; the bactericidal UVC 

was blocked by a transparent 0.15 mm thick polythene sheet in the above study for example. The inability of 

UVC to be transmitted through materials optically transparent in the visible spectrum, including plastic and thin 

film dressings, has been confirmed in other studies as well.[162]  

High lethality of UVC against prokaryotic cells[162] and a relatively reduced damaging effect against more complex 

eukaryotic cells, has been demonstrated by Sullivan and Conner-Kerr.[163] They exposed Streptococcus 

pyogenes to a range of UVC fluences (254 nm, 15.54 mW/cm2) (0, 2, 3, 4, 5, 15, 30, 45, 60, 90, 120, and 180 

s). The smallest exposure duration in which 99.9% bactericidal effect was achieved was 4 s. They also showed 

that UVC treatment was ineffective when administered through thin film dressings. In a different study, they 

showed that UVC (254 nm, 15.54 mW/cm2) led to 99.9% kill rate in bacteria (Pseudomonas aeruginosa and 

Mycobacterium abscessus) with exposures of 3 to 5 s while eukaryotic organisms (Candida albicans, Aspergillus 

fumigatus) needed exposures of 15 to 30 s for similar effect.[163] They proposed that in prokaryotic organisms 

genetic material lies freely in the cytoplasm and there is no additional physical barrier to protect it. In addition, 

the replication rate and DNA synthesis are faster in prokaryotic organisms than in mammalian cells, making 

prokaryotic organisms more susceptible to UVC radiation.[162, 164]   

Selective inactivation of pathogens by UVC relative to human blood cells and platelet proteome was 

demonstrated by Mohr et al.[165] Platelet concentrates were irradiated with UVC (254 nm, 4.16 mW/cm2 output) 

of varying exposures in an attempt to reduce pathogens from a contaminated platelet concentrate. UVC 

selectively inactivated bacteria and viruses and had a lesser effect on human blood cells and was also least 

damaging to the platelet proteome relative to UVB and gamma irradiation. The selective effect of UVC is 

attributed to dissimilar absorption characteristics of nucleic acids and proteins.[166] While the nucleic acid 

absorption peak is at 265 nm, the absorption spectrum of proteins is wider. In the pool of proteins, absorption at 

220 nm occurs due to the presence of peptide bonds, and the peak at 280 nm is caused by the absorption of 

photons by aromatic amino acids.[167] Investigations by Conner-Kerr et al. [168] demonstrated that antibiotic-

resistant bacteria are susceptible to UVC. They studied the in vitro effectiveness of UVC (254 nm, 15.54 

mW/cm2) in killing antibiotic-resistant and antibiotic-susceptible strains of Staphylococcus aureus and 

Enterococcus faecalis. Bacterial kill rates of 99.9% to 100% were achieved with UVC exposures between 5 s 

and 120 s. These data support the hypothesis that UVC is lethal to a broad spectrum of bacterial cells, 

irrespective of phenotypic and/or genotypic variations.  

Recent investigations by Dean et al. [83] have further supported the selective activity of UVC (265 nm, 1.93 

mW/cm2) against bacteria over human cells. They treated lawns of bacteria grown on agar plates with UVC 

fluences ranging from 1.93 mJ/cm2 to 57.9 mJ/cm2 (exposure durations of 1 s, 2 s, 5 s, and 30 s). The overall 
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efficacy was measured in terms of in vitro growth inhibition achieved after overnight incubation. While UVC 

fluences as low as 1.93 mJ/cm2 (1 s exposure duration) achieved 100% bacterial growth inhibition, a dose as 

high as 57.95 mJ/cm2, delivered over 30 s, did not cause significant cell death in cultured corneal epithelial cells. 

Total (100%) growth inhibition was achieved for the full range of tested bacteria in this study (Staphylococcus 

aureus, Escherichia coli, Pseudomonas aeruginosa and Streptococcus pyogenes).[83] 
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Table 1.1. Major studies on UVC antimicrobial properties based on research set up   

Investigators Tested pathogens  UVC spectrum and 
exposure duration/dose 

Minimum effective 
dose  Major results / comments 

Key in vitro and ex vivo studies which solidified UVC efficacy against bacteria 

Dean et al. 
(2011)[83] 

S. aureus, E. coli, P. 
aeruginosa, S. pyogenes 

265 nm, 1.93 mW/cm2; 1 s, 
2 s, 4 s, 5 s and 30 s 1.93 mJ/cm2 

UVC inhibited bacterial proliferation by 100% for 
exposure of 1 s but did not kill cultured corneal epithelial 
cells with an exposure as high as 30 s. 

Rao et al. 
(2011)[161] Gram-positive cocci 

254 nm, 0.0318 mW/cm2 
output; 5 s, 10 s, 15 s, 20 s, 
25 s, 30 s 

0.159 mJ/cm2   
Doses ≥5 s were 100% bactericidal; UVC activity was 
reduced when passed through a 0.15-mm thick 
transparent polythene sheet. 

Al-Mariri A. 
(2008)[169] Brucella melitensis 

240 nm, 19.5 mW/cm2; 10 s, 
45 s, 60 s, 240 s 

2340 mJ/cm2 (dark) 
and 4680 mJ/cm2 
(light) 

UVC was highly effective in inhibiting the growth of 
bacteria but photo-reactivation occurred in the 
presence of light. 

Sullivan et al. 
(1999, 2000) [162, 

163] 
Bacteria and fungi 

254 nm, 15.54 mW/cm2; 0 s, 
2 s, 3 s, 4 s, 5 s, 15 s, 30 s, 
45 s, 60 s, 90 s, 120 s or 180 
s 

62.16 mJ/cm2 5 s UVC resulted in 99.9% growth inhibition of bacteria, 
and 15 s, growth inhibition of fungi.  

Taylor et al. 
(1993)[170] 

Ex vivo surgical wound 
model with airborne bacterial 
contamination 

253.7 nm, 1.2 mW/cm2; 5 s, 
15 s, 30 s, 60 s, 300 s or 600 
s 

72 mJ/cm2   
A 60 s UVC exposure caused a 99.1% bacterial growth 
inhibition on agar, 97.1% on muscle and 53.5% on 
muscle coated with blood. 

Key animal studies which show UVC efficacy  

Narita et al. 
(2018)[139] 

Mouse skin contaminated 
with MRSA and skin wounds 
infected with MRSA 

222 nm, 5 mW/cm2 at 10 
mm, 75, 150, 450 and 1500 
mJ/cm2 

75 mJ/cm2 

~2-log10 CFU of bacteria killed in the contaminated 
skin by the irradiation with 75 mJ/cm2, ~0.9-log10 CFU 
bacteria killed in skin wounds; there was no CPD 
formation after irradiation with 150 mJ/cm2, 222 nm 
UVC showed wound healing properties. 

Dai et al. 
(2012)[159] 

Partial thickness abrasion 
and full thickness burns in 
mice infected with 
Acinetobacter baumannii  

254 nm, 2.7 mW/cm2; 20 min 
for the skin abrasions and 16 
min for the burn infections 

3240 mJ/cm2 
(abrasions) and 2059 
mJ/cm2 (burn 
infections) 

>2-log10 reduction in bacterial luminescence after 3.24 
mJ/cm2 UVC on skin abrasions and complete 
eradication after 2.59 J/cm2 on the burn infection. UVC 
caused DNA lesions which healed extensively within 72 
h.  
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Dai et al. 
(2012)[158] 

Cutaneous wounds  in mice 
infected with P. aeruginosa 
and S. aureus  

254 nm, 2.7 mW/cm2 output; 
16 min  

2590 mJ/cm2 (a single 
radiant dose tested) 

Tenfold reduction by UVC in the treated wounds; 
increased the survival rate of mice infected with P. 
aeruginosa, and facilitated wound healing. UVC caused 
DNA lesions, which repaired within 48 h. 

Dai et al. 
(2011)[137] 

Third-degree dermal burn in 
mice infected with Candida 
albicans  

254 nm, 2.57 mW/cm2 

2920 mJ/cm2  at 30 min 
and 6480 mJ/cm2   at 
24 h after bacterial 
inoculation 

UVC reduced fungal burden by 96%-99%; treatment 
was superior to topical nystatin cream. The treatment 
caused DNA lesions, which repaired within 24 h. 

Basford et al. 
(1986)[171] 

Full-thickness skin wound in 
pig 

254 nm; Two MED, twice 
daily, 6 days a week MED UVC led to faster healing than air-exposed wounds 

although not clinically significantly. 

Clinical studies showing UVC efficacy 

Thai et al. 
(2005)[172] 

Chronic wounds infected with 
MRSA, P. aeruginosa, S. 
aureus, Streptococcus group 
B and G 

254 nm, 15.54 mW/cm2 
output; a single 180 s 
exposure  

2797.2 mJ/cm2 UVC bactericidal against antibiotic- resistant bacteria 
such as MRSA and other virulent bacterial strains. 

Thai et al. 
(2002)[154] 

MRSA in chronic wound 
(case series) 

254 nm, cold quartz UVC 
generator; 180 s in multiple 
exposures  

7-14 days, daily 
application 

Treatment reduced bacterial load and facilitated wound 
healing after multiple exposures of 180 s UVC 

Freytes et al. 
(1965)[173] Indolent ulcers 254 nm; MED (150 s) MED Ulcer size decreased with a formation of granulation 

tissues in follow-up visits. 
MED; Minimal Erythrema Dose, MRSA; Methicillin Resistant Staphylococcus aureus 
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While most of the literature supports superior germicidal activity of UVC over UVB and UVA,[174] the studies by 

Argyraki et al.[175] contradict this claim. They tested the efficacy of 296 nm (UVB) and 266 nm (UVC) radiation in 

reducing P. aeruginosa biofilms. They varied the irradiance (radiant flux per unit area) between 1.86 mW/cm2 

and 10.84 mW/cm2 for UVC and 0.1 mW/cm2 to 1.48 mW/cm2 for UVB. It was observed that 1000 mJ/cm2 UVC 

could reduce bacterial burden by one-log unit whereas 144 mJ/cm2 UVB caused a 3-log unit reduction. They 

hypothesized that bacteria in the biofilms aggregate in the extracellular polymeric matrix with more sophisticated 

defence mechanisms due to processes like quorum sensing;  a cell density-dependent signalling mechanism 

which helps bacteria develop resistance against stresses [176], and may require higher energy dose for growth 

inhibition. In addition, the authors hypothesized that UVC may not penetrate deep enough through the biofilms.  

Interestingly, Bak et al.[177] demonstrated that UVC doses of 7.8 mJ/cm2 at 265 nm could reduce P. aeruginosa 

biofilms on the inner surface of the catheter-like tubes by 99.9%. These data suggest that bacterial density and 

growth phase are likely important determinants of the required UVC doses in specific experimental conditions.  

Like human cells, bacterial cells possess a mechanism that repairs UVC-induced DNA damage. In particular, 

Nakamura and colleagues [178] demonstrated temperature dependent recovery of bacteria exposed to UVC (254 

nm, 0.172 mW/cm2), which was optimal at 37° Celsius. Bacteria are well equipped to repair UVC inflicted DNA 

damage.[179-181] The repair mechanism may occur either in dark or light, depending on bacterial species. Light 

repair or photo-reactivation refers to that requiring visible light (approximately 380 – 430 nm) which activates the 

enzyme photolyase, and directly restores the original DNA structure by repairing UV-induced CPD.[182] In addition 

to chromosomally encoded DNA repair systems, various plasmids increase UV resistance by encoding functions 

that afford increased protection of the host to UV irradiation.[183] Pseudomonas aeruginosa has been observed 

to be sensitive to UV radiation and shows only low levels of Weigle reactivation; a phenomenon where bacteria 

survive when the host is irradiated with UV.[183] Al-Marir [169] irradiated Brucella melitensis, a Gram-negative 

bacterium, with 240 nm UVC (18.7 mW/cm2). The results demonstrated higher exposures were required to inhibit 

bacterial proliferation in light (240 s) than in the dark (120 s), suggesting an efficient bacterial repair mechanism 

in the presence of light. 

 

1.7.3. Ex vivo studies 

There is convincing evidence to support the efficacy of UVC in treating a broad range of microorganisms in vitro, 

including antibiotic-resistant strains, but there has been little ex vivo investigation into UVC efficacy. An early ex 

vivo study by Taylor et al. [170], compared the bacterial reduction rate of UVC (253.7 nm, 1.2 mW/cm2) exposed 

for 5 s, 15 s, 30 s, 60 s, 300 s or 600 s), to that of antiseptics (hydrogen peroxide 3%, povidone-iodine 1% and 

10%, chlorhexidine 0.05%) and lavage (UVC with chlorhexidine 0.05%) in an undressed wound model. The 

bactericidal activity of these agents was tested on infected substrates of agar, ovine muscle tissue, ovine adipose 

tissue and ovine muscle coated with blood. Results showed the bactericidal activity of UVC was very high on 

agar; one minute of UVC reduced colony counts by 99.1%, while on muscle the reduction in CFU was 97.1%. 

However, a coating of blood over the organisms on muscle substantially reduced the effectiveness of UVC 

(53.5% reduction in CFU), although, UVC irradiation for one minute after a pulsed jet lavage of muscle restored 
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effectivity, with a resulting reduction in colony count of 97.7%. It was hypothesized that the coating of blood had 

contributed to the ineffectiveness of UVC and that effectivity of UVC improved after the pulsed jet lavage because 

it removed this blood layer along with a proportion of the contaminating organisms.[170] These observations are 

consistent with the literature describing in vitro studies which suggest that UVC has only shallow penetration 

through many media, thus reducing its activity beyond the surface. 

 

1.7.4. In vivo studies  

Termed ‘germicidal UV’, previous UVC application has tended to be limited to prophylactic use, such as for 

sterilizing medical devices where carcinogenicity is not an issue. Increasing curiosity in characterising the 

efficacy of UVC in treating infections in animal models allowed Dai et al.[137] to show that UVC was extremely 

effective in treating infected wounds. The results of their studies altered the field’s previous understanding of 

applicability of UVC in effectively and safely treating infections, an approach which had initially been thought to 

be fairly risky. They developed a mouse model using a 3rd-degree non-lethal burn infected with bioluminescent 

Candida albicans. UVC (254 nm, 2.7 mW/cm2) was delivered either at 30 min or at 24 h after infection. Yeast 

suspensions and monolayer keratinocyte (an epidermal cell that produces keratins) cultures were also treated 

under comparable conditions. Results showed that UVC reduced fungal bioburden in mouse burns in early-stage 

as well as in established infections and that there was selective deactivation of C. albicans to keratinocytes. 

Radiant exposure of 6480 mJ/cm2 after 24 h reduced fungal bioluminescence by 2.03 log10-units (99.1%). 

However, the treatment was noted to be more effective in the early stage of the disease. It was hypothesized 

that in established infections, there was formation of resistant biofilms which limited UVC efficacy because of 

limited tissue penetration. To investigate UVC safety in terms of DNA damage, immuno-histochemical analysis 

of CPD was performed. Results showed CPD defects which, although significant, repaired extensively within 48-

hours.[137]   

In a separate study, Dai et al.[158] demonstrated the wound healing property of UVC in addition to its bactericidal 

effect. They used UVC (254 nm, 2.7 mW/cm2 output) to treat mouse models of partial thickness skin abrasions 

infected with bioluminescent P. aeruginosa and S. aureus. A single UVC exposure (2590 mJ/cm2) reduced the 

bacterial burden by approximately 10-fold compared to control. UVC treatment protected P. aeruginosa infected 

mice from sepsis and facilitated accelerated wound healing in non-lethal S. aureus infected mice. In addition, 

UVC was less harmful to a monolayer of keratinocytes compared to cells of P. aeruginosa and S. aureus by a 

factor of 31.7 and 18.5, respectively.[158, 159]  

Adopting a multidrug-resistant bacteria Acinetobacter baumannii as their model pathogen in a further study, Dai 

et al. [159], were able to demonstrate UVC efficacy (254 nm, 2.7 mW/cm2) in healing infection, irrespective of 

bacterial genotype. Bioluminescent A. baumannii was applied to infect either a skin abrasion (1.2 cm x 1.2 cm) 

or a third-degree full thickness burn (1 cm x 1.5 cm) in mice.  Optimal UVC doses that were exposed to the skin 

abrasions and the burn infections consisted of 3240 mJ/cm2 and 2590 mJ/cm2, respectively. Results showed 

that a single dose of UVC reduced bacterial burden in both infection models by almost 10-fold when compared 

to untreated wounds.[159] In addition, UVC inactivated bacteria more efficiently than it did host cells, where there 
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was a rapid healing of CPD defects by the host cell DNA. However, these UVC treatments can be considered 

largely prophylactic because UVC was delivered within 30 min of bacterial inoculation, and therefore is unlikely 

to represent a fully established infection. In an established infection, bacteria may be present in very high 

concentrations (for example 108-1010 organisms per gram of tissue) and UVC is more likely to be less effective 

due to poor penetration.[184] This would indicate a need for further animal studies to test UVC efficacy in more 

established infections. 

In a study by Narita et al. [139], irradiation with 222 nm UVC showed a bactericidal effect against MRSA without 

causing DNA defects and also showed wound healing properties. Approximately ~2-log10 CFU of bacteria were 

killed in the MRSA contaminated skin by the irradiation with 75 mJ/cm2 and 0.9-log10 CFU bacteria were killed 

in skin wounds. It was believed that the lower efficacy of the irradiation in the infected wounds was due to an 

absorption of the radiation by wound exudate.  

Basford et al. [171] compared the efficacy of different treatments that included UVC (254 nm), HeNe laser 

irradiation (632.8 nm), occlusion with a semipermeable plastic film, and air-exposed control wounds, in a 

randomised, masked study in pigs. Efficacy of the treatment was assessed in terms of time-to-wound closure, 

wound strength and the presence of bacteria. UVC treated wounds tended to heal faster than air-exposed 

controls, however, the difference was not clinically significant. The authors concluded that there was no 

advantage in using UVC treatment. Unfortunately, they did not assess the effect of each modality combined with 

occlusion, since optimum clinical conditions are dependent on a moist wound surface.[185] Despite these 

unfavourable results, the overall literature in this area is supportive of the effectiveness and safety of UVC 

treatments in infections.  

 

1.7.5. Clinical studies 

UVC has recently received support for its application in treating skin and nail infections with several UVC-based 

patents having been registered for the treatment of these diseases.[164, 186] Freytes et al.[173] used germicidal UV 

to treat three cases of indolent skin ulcers during the 1960s. The treatment dose - the Minimal Erythema Dose 

(MED) - was first determined by exposing the skin near the areas to be treated by UV irradiation from a Kromayer 

lamp for durations of 1 s, 2 s, 4 s and 8 s and examining the areas after 24 h. Each ulcer was exposed to 150 s 

UVC in each patient, in multiple-doses of four to five applications over several weeks, and all cases healed 

satisfactorily.  

Thai et al.[154] successfully treated three cases of antibiotic-resistant S. aureus infected chronic wounds. These 

patients were treated with daily to weekly UVC exposures, which facilitated the closure of chronic wounds with 

good re-epithelisation and prominent epithelial buds. No toxic effects were reported. The UVC served as an 

adjunctive treatment, in combination with standard wound care and antibiotic therapy. The same group [172] 

treated chronic wounds (pressure ulcers, venous ulcers, diabetic ulcers, and arterial ulcers) of longer than 3 

months duration and less than 1 cm in depth colonised by antibiotic-resistant bacteria. They irradiated wounds 

for 180 s and assessed the colony forming units of the predominant type of bacteria from the wounds pre- and 

post- UVC treatment. The relative number of Methicillin-Resistant Staphylococcus aureus (MRSA), 
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Staphylococcus aureus, Pseudomonas aeruginosa, and Streptococcus group B and G were monitored before 

and after treatment. UVC significantly reduced the proliferation of the predominant (p < 0.0001) as well as other 

bacteria (p < 0.05). Interestingly, UVC was more effective against Pseudomonas aeruginosa compared to 

Staphylococcus and MRSA.[183] It was also suggested that wounds containing more than one bacterium and with 

heavy proliferation probably need more than one exposure of UVC for an effective treatment. Although they did 

not describe the wound healing specifics post-exposure, bacteria was noted not to have proliferated in any of 

the cases (n = 22) following UVC treatment.  

A clinical trial (Boker et al; 2008) conducted to assess the safety, local tolerability and efficacy of UVC 

phototherapy to treat toenail onychomycosis, suggested a favourable response with a good tolerance to the 

treatment.[187] Wills et al. [188] reported complete healing of superficial pressure sores in 18 patients in a 

randomised placebo-controlled trial. The UV (a combination of UVC, UVB and UVA) was delivered using a 

Kromayer lamp at an increasing dose of 50% each visit, which reached a final exposure duration of 7 min and 

30 s in patients who completed the 8 weeks of treatment.  The treatment dosage was 2.5 times the MED twice 

weekly. While controlling other factors such as age, location, and initial ulcer size, healing was shown to be 

slower in the placebo group by 33%. Mean time to complete healing was 6.3 weeks in the UV treated group, 

significantly (p < 0.02) less than the mean of 8.4 weeks in the placebo group. The authors stated that most of 

the wounds were infected on enrolment, but there was no standardied definition of infection and culture 

techniques described. Dai et al. [160] demonstrated the antifungal efficacy of UVC. An irradiation dose of 120 

mJ/cm2 destroyed pathogenic fungi such as Trichophyton rubrum, T. mentagrophytes, Epidermophyton 

loccosum and Microsporum canis, which cause onychomycosis in toenails. It should be acknowledged that the 

complex cellular structures of fungi probably require higher doses of UVC compared to bacteria for complete 

eradication. To summarise, there have been several clinical trials undertaken but, unfortunately, it is difficult to 

compare the results and draw strong conclusions because of methodological differences where there are 

variations in the wavelengths used and the distances from the wound across the reported studies. Of note, no 

significant adverse outcomes related to UV exposure were reported. 

 

1.7.6. UVC: Wound healing properties  

The literature shows convincing evidence that UVC possesses wound healing properties.[189, 190] It is 

hypothesized that UVC improves wound healing by tissue hyperplasia and enhanced re-epithelialisation or 

desquamation of the leading edge of peri-ulcer epidermal cells, forming granulation tissue, sloughing the necrotic 

tissue, inactivating pathogens, increasing epithelial cell turnover and inducing epidermal cell hyperplasia. 

Moreover, it is believed to increase DNA synthesis by facilitating prostaglandin precursor and histamine release, 

which increases skin blood flow. Other effects include increased vascular permeability and increased vitamin D 

production.[191] Recently, in a double-blind randomised trial Nussbaum et al. [192]  demonstrated improved wound 

healing of tissue after UVC exposure in patients with spinal cord injuries. Similarly, Suo et al. [193] studied the 

effect of UVC on the expression of Tissue Growth Factor – beta (TGF- β) on full thickness dermal wounds in rats 

and observed accelerated wound healing. Animals were treated with a radiant dose of 15 or 60 mJ/cm2 UVC, 
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daily, for three successive days. Expression of TGF- β at day 7 post-wounding, in the cases treated with 15 

mJ/cm2 UVC was found to be higher than those treated with 60 mJ/cm2. However, at day 21, expression of TGF 

– β in the wounds treated with 60 mJ/cm2 UVC became much higher than in those treated with 15 mJ/cm2. The 

wound healing property of UVC has also been demonstrated in an elderly patient with a diabetic foot ulcer.[194]

1.7.7. UVC: safety concerns

Recently, the literature has expanded considerably around the theme of UVC safety. Research shows that UVC 

is safe across a range of medical applications, such as that treating the proteome content of platelet concentrate, 

where it has been observed that UVC enhances platelet metabolism, facilitating enhanced glucose consumption, 

improving lactate accumulation and resulting in a stronger decrease in pH during storage.[165] UVC has also 

been demonstrated to reduce the risk of several transfusion-related adverse immune events, including non-

haemolytic febrile transfusion reactions in platelet concentrate.[195] Christen et al. [196]  treated human donor milk 

with conventional heat treatment methods and with UVC, and compared the effect on immunological proteins 

that maintain the bacteriostatic properties of milk. UVC showed a superior effect in preserving proteins and 

inhibiting bacterial growth when compared with the heat treatments, maintaining levels similar to those of 

untreated milk. Human milk irradiated with UVC had a higher retention rate of milk proteins including, lactoferrin, 

lysozyme and sIgA, when compared with the Holder pasteurisation (heat) method.

There is evidence in the literature that supports that UVC is less carcinogenic than UVB.[197] In an animal model 

using a hairless mouse, cumulative doses of UVB were shown to be more carcinogenic than UVC in a dose-

dependent manner.[198] Use of either UVA or UVB as phototherapy is a well-established practice for a variety of 

dermatological disorders with an excellent safety profile and well-documented side effects.[199] With UVC, 

erythemal effectiveness peaks at 250 nm[200] but blistering or intense erythema seldom occurs, even at high 

multiples of the MED. UVB causes more acute damage to the tissues, although the absorption spectrum of 

nucleic acids peaks at 250 - 270 nm.[201] Nonetheless, the chronic effects of UV irradiation have the potential to 

be long-lasting, cumulative and may not appear for several years.[202]

1.7.8. UVC applications in the treatment of superficial corneal infections

Light-based technology has been employed for treating a number of ophthalmological conditions for more than 

four decades (Figure 1.5). This encompasses a broad range of UV radiation (UVR) including shorter wavelength 

UVC, such as in photorefractive keratectomy using excimer laser.[203-205] Over the last two decades, UVA has 

been utilised in corneal collagen cross-linking (CXL) where the cornea is irradiated following the application of 

riboflavin as a photosensitizer, to strengthen the corneal stroma, in conditions such as keratoconus, [206] and to 

treat unresponsive cases of microbial keratitis.[130] Following chronic UVA and UVB exposure, animal studies 

have revealed stromal thinning, marked loss of keratocytes, keratoconus, corneal vascularisation and 

fibrosis.[207] Other animal studies have demonstrated dose-dependent keratocyte damage in CXL.[208] However, 

keratocyte loss following corneal procedures is recognised to be a temporary stress response and in a favourable 

environment repopulation occurs within 4-6 weeks.[209] In direct comparison, high cumulative UVA doses (18
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x1012 mJ/cm2) are required for an observable loss of corneal transparency,[210]  while the damage threshold of 

UVC is significantly lower (~58 mJ/cm2).[83, 211] The current literature would thus suggest that the potential effects 

of UVR in cumulative high doses should be considered, in investigating UVC for treating infections. That said, it 

is known that acute effects of UVR in high doses in the eye experienced during welding, typically manifest as 

erythema and photokeratitis, and these have been shown to subside within 24 to 36 h without permanent 

damage.[212] Clinically recognised as ‘arc eye’, these exposures have not been linked to neoplasia development, 

even with repeated exposures at doses far in excess of the levels required to eradicate microorganisms.[213] 

Neither have such acute reactions following UVR exposure been observed to cause damage to the corneal 

endothelium in occupational welders working within their profession for at least 17 years.[214] Nonetheless, UVC 

in high doses presents at least a theoretical risk of DNA damage, possibly leading to CPD induction, single-

stranded DNA chain breaks, and DNA-protein cross-links.[137, 215, 216] CPDs could manifest, clinically in the 

cornea, as opacification or neovascularisation,[217] and could lead to an increased risk of neoplasia if not repaired 

by cells.[216] 

From the literature review, the safety margin for UVC used to treat corneal infections would appear to be larger 

than previously thought. The potential risks of UVC to ocular structures have been identified as: A) damage at 

the cellular and genomic level, although robust repair mechanisms are in place, and B) penetration to deeper 

structures, although transmission is understood to be minimal beyond the corneal epithelium (50 microns).  

 

1.7.8.1. Risk at the cellular and genomic level  

Choy and colleagues[197] demonstrated that of UV radiation, UVB is most genotoxic to corneal epithelial cells, 

followed by UVC and UVA. They irradiated porcine corneal epithelial cells with equal intensities of UVA, UVB 

and UVC (216 mJ/cm2) and assessed DNA strand breaks. Those defects were demonstrated to be mostly 

confined to the superficial corneal layers. This is due to short wavelength photons being efficiently absorbed in 

the corneal epithelium and Bowman’s layer. UVC, with the shortest wavelength is absorbed the most, with UVA 

penetrating the most. Constituents of the corneal matrix such as ascorbic acid and tryptophan residues in the 

corneal cells also augment this absorption of photons reducing the risk of any UV transmission through the 

cornea, most especially for UVC.[218] Kolozsvari et al. [218] quantified the UVR absorption characteristics of 

corneal tissue in human cadavers.  They demonstrated that the corneal stroma absorbs two-thirds of the 

radiation (70% to 75%) transmitted by the epithelium and bowman’s layer in the 240 nm to 400 nm wavelength 

range (Figure 1.7)).[218] 
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Figure 1.7. The absorption coefficient (A) and absorbance (B) of different corneal layers as a function of 

wavelength. The epithelium and Bowman’s layer have the highest absorption coefficients, absorbing the majority 

of the UVC.  

It is predicted that the cornea suffers damage from UVC (260 - 280 nm) at fluences in excess of 5 mJ/cm2.[211] 

Saarloos et al. [219] investigated the acute effects of irradiation with 193 nm, 213 nm and 266 nm wavelengths in 

the rabbit cornea to evaluate histological changes and unscheduled DNA synthesis (replication of DNA during 

nucleotide excision repair of DNA damage). With high levels of exposure (total fluence of 150 mJ/cm2), the 266 

nm wavelength irradiation was observed to cause stromal melting and vacuolation as well as unscheduled DNA 

synthesis to a greater extent than occurred with lower wavelength radiation. Nuss et al. (1987) investigated the 

amount of unscheduled DNA synthesis produced in rabbit corneal cells after exposure to 193 nm and 248 nm, 

using 254 nm UVC as a positive control. They reported DNA damage (quantified in the form of unscheduled 

DNA synthesis) with total UVC radiation doses of between 500 mJ/cm2 and 1000 mJ/cm2, although the tissue 

remained viable.[215] Depending on dose and wavelength, UVC can also modify the expression and activity of 

growth factors/cytokines and their receptors, including the p53 tumour suppressor gene that plays a pivotal role 

in the cellular damage response pathway. The p53 gene is upregulated after UV-induced DNA damage which 

indicates initiation of cellular recovery mechanisms, involving activation of DNA damage response pathways, 

cell cycle arrest and apoptosis.[220] Latonen et al. [221] studied the cellular response of UVC exposure on human 

skin fibroblasts. A low dose (1 mJ/cm2) induced a transient p53 response and decrease in DNA-replication 

activity whereas a high dose (50 mJ/cm2) caused cell apoptosis, a slower but sustained increase in p53, a 

permanent cessation of DNA replication, and subsequent cell death. To date, there has been no reliable 

evidence on the damage threshold of corneal UVC exposure, but the cumulative exposure to UVR through 

ambient light level exposure necessary to be considered a risk factor for malignant change [142, 222] would suggest 

that a transient small exposure is unlikely to lead to significant genome damage. The small UVC dose compared 

to the cumulative lifetime exposure to UVB, UVA, and occasionally UVC with welding or excimer laser refractive 

surgery, in the setting of normal eukaryotic cellular repair mechanisms, is likely to be inconsequential. This might 

be an acceptable risk in the longer term in the context of treatment of a patient whose sight is at threat if the 

corneal ulcer is not managed successfully in the immediate term. A systematic review reported that annual UV 

exposure to outdoor-working adults is about 10% of the total available dose on a horizontal plane.[223] Most 
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indoor-working adult Europeans get 10,000-20,000 J/m2 UV per year, Americans get 20,000-30,000 J/m2 UV 

per year and Australians are estimated to get 20,000-50,000 J/m2 UV per year , doses increase by 30% or more 

in vacation when people are involved in outdoor recreational activities.[223] Moreover, in the population at large, 

infrequent cases of corneal epithelial neoplasia are routinely effectively treated with topical therapeutic agents 

such as interferon alpha and mitomycin-C, with or without adjuvant surgical debulking / biopsy, thereby partly 

mitigating the potentially serious consequences of neoplasia should it occur.[224] Additionally, the obvious and 

readily observable location of corneal and conjunctival neoplasia is conducive to rapid diagnosis and prompt 

treatment. Interestingly, topical application of liposomes containing DNA repair enzymes are observed to be 

protective against ultraviolet-induced skin damage in humans[225] and the application of UVC along with an 

application of green and white tea extracts could be photo-protective.[226] Their optimisation for ocular application 

may help DNA reparation post-UVC treatment.

1.7.8.2. Risk of penetration to deeper structures

Studies by Kolozsvari et al.[218] and Ijiri et al.[227] demonstrated shorter wavelength photons penetrate significantly 

less through the cornea compared with longer wavelength photons. In fact, the corneal epithelium and Bowman’s 

layer transmit only approximately 5% of the 280-nm light intensity to the stromal surface.[218] Poor penetration of 

shorter wavelength light radiation is further evidenced by the excimer refractive laser treating only the corneal 

surface with UVC, without penetration or damage to deeper important structures such as the lens and retina.[203, 

204, 228, 229] Shalchi et al.[204] reported a prospective case series of excimer laser photorefractive keratectomy with 

18 years follow-up and found no sight-threatening complications in any of the 46 patients. UVA exposure in 

crosslinking may present a different risk with investigations on ex vivo human corneal buttons after corneal 

collagen cross-linking demonstrating keratocyte apoptotic changes such as the formation of apoptotic bodies, 

chromatic condensation and cell shrinkage. Others, however, have failed to demonstrate any morphological 

changes in the stroma and endothelium following the standard cross-linking procedure.[230] Additionally, there is 

little evidence in the literature suggesting an adverse effect of UVR on corneal endothelial cells. In vivo animal 

studies have shown that in CXL, as long as the cornea retains a minimum thickness of 400 µm, corneal 

endothelial cell damage is unlikely [231] although, more recently a single case of endothelial damage secondary 

to CXL in a human cornea of more than 400 µm was reported.[232] This damage is presumed to be due to the 

photochemical reaction of UVA and riboflavin together, which results in free radical production and is thought to 

be the main catalyst in the treatment process, rather than the UV alone.[231] Indeed, eyes are regularly exposed 

to UVA at a cross linking intensity on a daily basis; as noted previously, as it is the most abundant UV radiation 

to reach the Earth’s surface.  

To conclude, it has been known for some time that UVC is an effective antimicrobial agent. Historically, UVC 

has been thought to be significantly carcinogenic, and this presumption has contributed to a lack of research on 

its applicability as an antimicrobial agent in vivo. While safety remains of paramount importance in treating a 

disease, an appropriate risk-benefit analysis is now relevant in the light of increasing antibiotic resistance. In 

addition, untreated and undertreated corneal infections are likely to pose more of a threat to corneal integrity
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and function than the potential risk of low fluence UVC exposure. Recent innovations in technology have allowed 

in-depth analysis of both the efficacy and safety of applying UVC to treat infections. Although studies showing 

UVC application to be potentially safe and effective at doses required to inhibit microorganisms, are only limited, 

the evidence in the literature is not substantial enough to discount UVC as a treatment. Further studies are 

required to confirm these findings.  

1.8. Luciferase reporter to monitor infection 

A myriad of experimental models have been developed to investigate antimicrobial efficacy of therapies for 

corneal infection, however, in vivo models typically rely upon observations of disease, cultures from the cornea, 

and sacrifice of high numbers of infected animals to determine distribution and density of the pathogen when 

assessing therapeutic time course. Recent technological developments of genetically-engineered 

bioluminescent bacteria and a light sensitive imaging system - In Vivo Imaging System (IVIS®) - has eliminated 

the high sacrifice rate by enabling real-time visualisation of the course of infection.[137, 138]   

Metabolically active bioluminescent bacteria in an infection can be labelled by monitoring luciferase, the 

bioluminescent reporter, and a dimer formed from lux A and lux B genes in the lux operon. The lux operon is a 

cassette of five genes (lux CDABE) which codes proteins in the bioluminescent process. The remainder of the 

genes, lux C (aldehyde reductase), lux D (transferase) and lux E (synthetase) are responsible for protein 

products that catalyse production and turnover of the required aldehyde substrate. Luciferase protein catalyses 

the oxidation of reduced luciferin in the presence of ATP-MG2+ and oxygen to generate CO2, AMP, PPi, 

oxyluciferin, and yellow-green light (562 nm). Oxyluceferin is a highly unstable compound that emits light upon 

relaxation to its ground state.[233, 234] The reaction takes place in two parts: the adenylation of luciferin (attachment 

to the protein by covalent bond) followed by oxygenation of adenylyl-luciferin. This latter step activates luciferin 

as an enzyme, adenyl-luciferin-complex. Luciferase acts as an oxygenase on adenyl-luciferin to produce the 

final breakdown products and light [233, 234] (Figure 1.8).  

 

Figure 1.8. Luciferase reaction.  

The most studied lux-containing bacterial species are marine bacteria from the vibrio genus.[235] Three major 

genera are photobacterium, vibrio and photorhabdus. In total, six light generating luciferase enzymes have been 

isolated and studied and they include, firefly luciferase, renilla luciferase, bacterial luciferase, gaussia luciferase, 

metridia luciferase and vargula luciferase.[236] Firefly luciferase is the best studied luminescent protein and the 

genes utilised in most studies are those from the common ‘North American Firefly, ‘Photinus pyralis’.[237] In the 

experiments of Zhu et al. and others, [138, 238] it has been demonstrated that light produced by bioluminescent 

bacteria correlates significantly with bacterial bioburden. Moreover, in mammalian tissue the lack of an 

endogenous bioluminescent reaction allows for near background-free imaging conditions.[236] Using this 
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technique, Luker et al.[238] developed mouse models of HSV type I infection in mouse footpads, peritoneal cavity, 

brain, and eyes, which could be detected by bioluminescence imaging of firefly luciferase. The magnitude of 

bioluminescence from firefly luciferase measured in vivo correlated directly with input titres of recombinant virus 

used for infection. Treatment response with valacyclovir, a potent antiviral drug, could be monitored non-

invasively in real time.[238] 

From this review of the literature, it is clear that corneal infections are a major challenge throughout the world 

because of increasing antimicrobial resistance, diversity of pathogens, and treatment inefficacies. It is, therefore, 

appropriate that novel, cost-effective methods of targeting bacteria in corneal infection are explored. UVC is one 

such novel concept that shows promise as an antimicrobial agent and will be investigated in this thesis for its 

safety and efficacy with the aid of bioluminescent bacteria and an In Vivo Imaging System. To place this work in 

context, in regard to pathogen relevance, the local profile of MK in New Zealand will be evaluated.  Within this 

retrospective evaluation, disease characteristics, antibiotic efficacy and patient morbidity, will be assessed to 

provide a snapshot of the current clinical scenario and allow for comparison of the findings with other studies 

across the world.  Outcomes of the retrospective study will help inform the next phase of the study which will 

entail a prospective investigation of the efficacy and safety of UVC treatment for bacterial corneal infection.  
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1.9. Research hypothesis 

Null hypothesis: UVC treatment is unable to facilitate the treatment of corneal infection by failing to reduce 

bacterial load and/or causing significant damage to the corneal tissue.  

Alternative hypothesis: UVC treatment can facilitate the treatment of corneal infection by reducing bacterial load 

without causing significant damage to the corneal tissue. 

 

1.10. Research aims and objectives 

The overall aims of this thesis are thus to gain an understanding of the clinical landscape of disease burden in 

Auckland, New Zealand and to investigate the antimicrobial efficacy of UVC in treating experimental keratitis. In 

total, this thesis has four aims.  

 

1.10.1. To explore the current local MK landscape, identify any trends of antimicrobial 
resistance in Auckland, and explore, in detail, the clinical and microbiological profile 
of Pseudomonas aeruginosa keratitis. 

The objective is to explore temporal variations in MK presentation, management patterns, antibiotic efficacy and 

treatment outcomes, across two periods 2006/2007 and 2013/2014 in Auckland Hospital, and to compare with 

published data from the same centre, with similar catchment area, collected in the 1999/2000 time period. 

 

1.10.2. To explore the efficacy of UVC in inhibiting bacterial proliferation in in vitro and 
ex vivo infection models and to optimise the dose to achieve therapeutic effect.  

This five-fold objective involves:  

I. assessing the relationship between UVC dose and bacterial kill level in in vitro infection models  

II. generating UVC time-to-kill curves, to establish the optimal dosing regimens 

III. understanding the relationship between UVC-mediated bacterial inactivation and bacterial 

bioluminescence 

IV. investigating the antimicrobial efficacy of varying UVC doses on an ex vivo keratitis model, and  

V. ascertaining the minimum effective dose in treating an ex vivo keratitis model 

1.10.3. To investigate the safety of applying selected UVC doses to corneal cells. 

The objective is to investigate the effects of UVC treatment on human corneal epithelial cells at a molecular 

level, by quantifying UVC-mediated Cyclobutane Pyrimidine Dimer formation in the DNA of corneal cells. 
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1.10.4. To explore the efficacy and safety of UVC treatment in in vivo keratitis model.  

This three-fold objective involves: 

I. Developing a clinically relevant experimental mouse keratitis via application of a modest bacterial 

inoculum to a corneal wound of consistent size 

II. Investigating the antimicrobial efficacy of UVC on an in vivo keratitis model  

III. Evaluating the effects of UVC treatment in corneal DNA and corneal keratocyte number
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Chapter 2

A retrospective cross-sectional comparative study of risk
factors and clinical spectrum of patients admitted to hospital

with microbial keratitis
Publications arising from this chapter are as follows:

Marasini S, Wang MT, Swift S, Dean SJ, Ormonde SE, Gamble GD, Craig JP. Clinical and microbiological 

profile of Pseudomonas aeruginosa keratitis admitted to a New Zealand tertiary centre. Clinical & 

experimental ophthalmology. 2018 May;46(4):441-4.

Marasini S, Swift S, Dean SJ, Ormonde SE, Craig JP. Spectrum and Sensitivity of Bacterial Keratitis Isolates in 

Auckland. Journal of Ophthalmology. 2016, Article ID 3769341, 8 pages, 2016

The previous chapter described microbial keratitis and recognised therapeutic challenges that exist across the

world. The focus of this chapter is to gain understanding of the disease burden and antibiotic efficacy in the local

context of New Zealand by reviewing a snapshot of the disease spectrum in terms of its morbidity and treatment

outcomes over two, 2-year time periods. This chapter is an edited version of the articles entitled “Spectrum and 

Sensitivity of Bacterial Keratitis Isolates in Auckland” and “Clinical and microbiological profile of Pseudomonas 

aeruginosa keratitis admitted to a New Zealand tertiary centre” which have already been published in peer 

reviewed journals (see above).

2.1. Introduction

Microbial keratitis (MK) is a rare but devastating ocular emergency that requires prompt and specific

management.[24, 25] Surveys have shown an increasing incidence of MK across the globe [81, 239] requiring a huge

investment in resources.[34] Contact lens wear is one of the most common predisposing risk factors for MK [27]

for which the reported incidence rates vary between 1.8 per 10,000[26] and 4.2 per 10,000 individuals.[27] The

disease progresses rapidly and may result in serious sequelae. Therefore, characterising the disease in terms

of treatment outcome and morbidity is important in understanding the benefits and limitations of disease

management strategies and in striving to improve clinical care. Recognising local disease risk factors, the

microbiological profile and antibiotic efficacies is critical in future management of MK, which shows geographical,

ethnic, and temporal variations,[35, 240, 241] [27] and for which treatment often needs to be individually tailored. The

past decade has seen a growing literature on antibiotic resistant bacteria and their threat to efficacious treatment

of MK.[242] In MK, there are a large number of published studies [29, 81, 239-241, 243] that describe risk factors,

causative organisms, treatments and outcomes but results are divergent and controversial, especially about the
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optimal mode of treatment.[97, 244] Therefore, the generalisability of the much published research on MK is 

problematic. To understand the relationship among the diverse variables that influence clinical outcomes in a 

local context, longitudinal data are helpful. These data can be used to help to choose the most effective treatment 

with limited development of pathogen resistance, based on a composite assessment of risk factors, microbiology 

spectrum, and drug efficacy as well as health behaviours of patients.   

This chapter seeks to examine temporal variation in disease patterns, antibiotic efficacy and treatment outcomes, 

across two periods 2006/2007 and 2013/2014, and explore the ways in which these data differ from those 

collected between 1999/2000 from the same centre, with similar catchment area, in Auckland, New Zealand and 

in the context of the global literature.[35] There were three main aims of this study, 1) to examine temporal 

variation in MK in terms of demographics, clinical outcome and hospital utilisation, 2) to investigate the ocular 

microbiological data for MK cases for the two 2-year study periods to determine the bacterial species causing 

keratitis and their susceptibility to antibiotics in laboratory testing, and 3) to explore the clinical and 

microbiological profile of keratitis caused by Pseudomonas aeruginosa to identify local aetiological trends, 

incidence rate, treatment patterns and clinical outcomes during the two study periods, 2006/2007 and 

2013/2014. 

 

2.2. Methods 

All hospitalised cases of presumed MK at Greenlane Clinical Centre (GCC), Auckland, were identified 

retrospectively, through a computerised record system, over two periods of 24-months (1 January 2006 to 31 

December 2007 and 1 January 2013 to 31 December 2014). A discharge diagnostic code which included 

‘microbial keratitis’ and ‘corneal ulcer’ was used. In total, 138 and 196 cases were identified in 2006 to 2007 and 

2013 to 2014, respectively. These two periods were selected to enable comparison of the disease trends over 

time. A documented diagnosis of MK in the patient records and a treatment consistent with a diagnosis of MK 

were additional inclusion criteria. Exclusion criteria included a diagnosis of ‘marginal ulcer’, or MK as a non-

primary diagnosis. Sample size was determined according to available data. The University of Auckland Human 

Participants Ethics Committee (UAHPEC - 013549) and The Auckland District Health Board Research Review 

Committee (A+ 6539) approved the conduct of the study. All data were treated in strict confidence and reports 

contain only aggregate, de-identified data. 

The following demographic information was collected: age, gender, date of admission and discharge, symptom 

duration, and ethnicity (NZ European, Maori, Asian, Pacific peoples and other). The frequency and the duration 

of follow-up visits was also documented. Also recorded was the previous ocular and systemic history. Clinical 

information documented included presenting best corrected visual acuity (VA), lesion characteristics, lids and 

adnexa, and pupils. The size of the lesion in the longest meridian (<1 mm, 1-2 mm, >2 mm) was noted. The 

treatment and clinical outcome documentation included commencing therapy, treatment changes, date of 

epithelial closure, best corrected post-treatment visual acuity, and any complications. The laboratory 

documentation included whether or not a corneal scrape had been performed, the spectrum of pathogens 

isolated, and their antibiotic sensitivities. All microbiological testing was carried out independently by the 
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microbiology laboratory at GCC. Existing laboratory protocols and the isolated organism(s) determined the 

antimicrobial agents tested for susceptibility and these included: penicillin (amoxicillin, amoxicillin/clavulanate, 

ticarcillin/clavulanate, penicillin, flucloxacillin), fluoroquinolones (ciprofloxacin), cephalosporins (cefazolin, 

cefuroxime and ceftazidime), aminoglycosides (tobramycin, gentamicin and neomycin), and others 

(chloramphenicol, tetracycline, erythromycin, doxycycline and vancomycin). 

Predisposing MK risk factors were identified from the clinical notes. Cases with more than one risk factor were 

classified as multifactorial disease unless the attending clinician stated a predominant risk factor.  Wherever 

possible, logarithm of the minimum angle of resolution (log MAR) VA was recorded, but where necessary, 

Snellen VA was converted to log MAR, following the methods used by Steinberg et al.,[245] to allow statistical 

analysis. Disease severity was characterised following the guidelines provided by Aasuri et al.[246] This guideline 

takes into account several disease characteristics to achieve a cumulative score from 0 to 13. Cases which 

presented with ‘No perception of light’ in the affected eye were excluded from analysis.[247] Six and 4 cases each 

presented with no perception of light during 2006/2007 and 2013/2014, respectively. Cases were then grouped 

according to the documented risk factors (Table 2.2). The cases with herpetic keratitis were included within the 

risk category of prior ocular surface disease (OSD). Since the cases with multiple risk factors were not mutually 

exclusive (for example, trauma due to CL wear, steroid use in OSD and after ocular surgery etc.), assignment 

to more than one category was possible.  

 

Table 2.1. Most commonly documented risk factors in MK in the literature 

Risk Factor Reported prevalence 

Contact lens wear (21.7% to 50.3%)[24, 27, 29, 248] 

Ocular surface disease  (18% to 21%)[27, 29] 

Ocular trauma  (15%-24%)[24, 29, 34, 35, 249] 

Corneal surgery  (4% to 30%)[24, 29, 35] 

 

2.3. Statistical analysis  

Comparisons of continuous variables between two groups were performed using t-tests, and categorical data, 

using Fisher’s exact test. Means ± standard deviation (SD) or median with interquartile range (IQR) were 

calculated depending on data spread. For the assessment of the predictors of outcome, the data from the two 

2-year study periods were pooled. From the pooled data, univariate analyses for potential predictors of treatment 

outcome were performed using Pearson’s correlation coefficients. Multivariate analyses for potential predictors 

of treatment outcome were performed using multiple linear regression. Statistical analyses were performed using 

GraphPad Prism version 6 (California, USA) and IBM SPSS Statistics version 22.0 (New York, USA). All tests 

were two-tailed and p < 0.05 was considered significant.  
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2.4. Results 

2.4.1. MK demographics, clinical outcome and hospital utilisation 

A total of 334 patients with MK admitted for treatment; 138 in 2006 to 2007 and 196 in 2013 to 2014, were 

identified. Mean age ± SD was 44 ± 7 years (52.7% female). Taking into account the rise in catchment 

population between the two time periods under assessment, the population prevalence of MK tended to be 

higher from 105.7 to 138.4 hospitalised cases per million [95% CI: 36.16 to 46.66 (2006 - 2007) and 53.33 to 

63.83 (2013 - 2014)]. Baseline characteristics of the study population between the two study periods were 

comparable (p > 0.05) as summarised in Table 2.2.  

Table 2.2. Baseline demographics of the study population for 2006/2007 and 2013/2014. Data are presented as 

mean (± SD) or median (IQR) and the number of patients (%). 

Patient characteristics 

2006/2007 

(n = 138) 
2013/2014 

(n = 196) 
p 

value 

Female gender  78 (56.5%) 98 (50%) 0.50 
Age, years 39 (25.41 to 62.06) 48 (28.44 to 63.18) 0.11 
Presenting best corrected VA (log MAR) 0.47 (0.10 to 1.69) 0.74 (0.30 – 1.69) 0.054 
Hospital presentation time (days) 3 (1 to 7) 3 (1 to 7) 0.52 
Predisposing factors 

  Contact lens wear (%) 44 (32.0) 65 (33.1) 0.97 
  History of ocular trauma (%) 16 (11.6) 29 (14.8) 0.70 
  History of ocular surface disease (%) 35 (25.4) 58 (29.6) 0.69 
  History of ocular surgery (%) 13 (9.4) 36 (18.4) 0.07 
  History of steroid use (%) 5 (3.6) 16 (8.2) 0.24 
 Multiple risk factors (%) 25 (18) 27 (13.8) 0.55 
 No predisposing factor (%) 39 (28.2) 38 (19.4) 0.16 
Season of diagnosis 

Spring (%) 26 (18) 52 (26.5) 0.26 
Summer (%) 33 (24) 45 (22.9) 0.97 
Autumn (%) 39 (29) 42 (21.4) 0.35 
Winter (%) 40 (29) 57 (29) 0.99 

The majority (82.0%) of cases had at least one recognised ocular risk factor predisposing to MK. CL wear 

(comprising 32.0% of all cases in 2006/2007 and 33.1% in 2013/2014, respectively) and OSD (25.4% in 

2006/2007 and 29.6% in 2013/2014, respectively) were the most common risk factors in both periods. Twenty-

five cases (18%) were deemed multifactorial during 2006/2007, and 27 (13.8%) during 2013/2014. In contact 
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lens related MK (n = 110), mean age was 34 (± 14) years. There was a higher proportion of patients with a 

history of prior ocular surgery during the 2013/2014 time period (18.4%) than during the 2006/2007 (9.4%) time 

period but the difference was not statistically significant (p = 0.075). There did not seem to be any seasonal 

variation in the rate of patient presentation during the two study periods (p > 0.05) (Table 2.2). A predisposing 

risk factor could not be recorded in 28.2% (n = 39) of presenting patients during 2006/2007 and in 19.4% (n = 

38) during 2013/2014, either because it was missing from the notes or it was noted that no cause was identified. 

The mean presenting best corrected log MAR acuity in the affected eye was 0.91 (Snellen equivalent = 20/162, 

SD 0.78) and the mean best corrected final VA was 0.47 (Snellen equivalent = 20/59, SD 0.63). This did not 

differ between the two periods but was significantly lower (better clinical outcome) from the published report from 

data collected in 1999/2000.[35] Table 2.3 displays an overview of the treatment course and outcomes. The most 

striking results to emerge from these data is the increased use of ciprofloxacin and decreased use of 

cefuroxime/tobramycin therapy, longer healing times and decreased hospital admission days during 2013/2014 

(all p < 0.05). Interestingly, antibiotic choice was influenced by presenting VA; patients with poorer presenting 

VA were more likely to receive cefuroxime/tobramycin therapy (p < 0.05). The mean presenting VA in the 

cefuroxime and tobramycin-treated patients was 1.01 ± 0.78 log MAR (n = 212) and that in the ciprofloxacin-

treated patients was 0.39 ± 0.47 log MAR (n = 54). Similarly, the final VA was significantly better following 

monotherapy (0.53 ± 0.68 log MAR versus 0.20 ± 0.28 log MAR, p < 0.05). The MK in 57% of patients during 

2013/2014 and 50% during 2006/2007 resulted in various degrees of corneal scarring. The rate of complications 

did not differ between the two study periods (all p > 0.05).  
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Table 2.3. Treatment course and outcomes of patients admitted with microbial keratitis during 2006/2007 and 

2013/2014. Data are presented as median (IQR) and the number of patients (%). Asterisks denote statistically 

significant differences (p < 0.05). 

Clinical parameters 
2006/2007 
(n = 138) 

2013/2014 
(n = 196) 

p value 

Antibiotic choice    
Cefuroxime and Tobramycin (%) 113 (81.8) 121 (61.73) 0.0004* 

Ciprofloxacin (%) 15 (10.8) 41 (29.71) 0.04* 

Clinical outcome    

Resolution with medical therapy (%) 111 (80.4) 158 (80.6) 0.99 
Healing time in days (IQR) 7.0 (3.50-17.0) 9.0 (5.0-21.0) 0.03* 

Post-treatment best corrected log MAR VA 

(IQR) 
0.17 (0.00-0.69) 0.20 (0.10-0.60) 0.24 

Neovascularisation (%) 18 (13) 20 (10.2) 0.72 
Corneal thinning (%) 16 (11.5) 17 (8.6) 0.67 

Corneal perforation (%) 8 (5.8) 8 (4.08) 0.77 

Corneal scarring (%) 69 (50) 112 (57.1) 0.43 

Hospital admission days (IQR) 3.0 (2.0-5.0) 3.0 (1.0-5.0) 0.03* 
Total clinic visits (IQR) 4.0 (3.0-8.0) 5.0 (3.0-8.0) 0.85 

The range of surgical interventions employed to treat the disease are listed in Table 2.4. A total of 26% required 

tarsorraphy in combination with medical therapy over both study periods. The other most common surgical 

interventions were corneal transplantation (23.1%), corneal gluing (9.2%), evisceration (7.7%), corneal biopsy 

(7.7%), and vessel cautery or other minor procedures (1.5%). 

Table 2.4. List of surgical interventions in hospitalised cases of MK for the period 2006/2007 and 2013/2014. 

Data are presented as number of patients (%).  

Intervention 2006-2007 (%) 
(n = 138) 

2013-2014 (%) 
(n = 196) 

Total (%) 

Tarsorraphy 7 (25.9) 10 (26.3) 17 (26.1) 

Corneal transplantation 6 (22.3) 9 (23.7) 15 (23.1) 

Enucleation 2 (7.4) 4 (10.5) 6 (9.2) 

Corneal gluing 2 (7.4) 4 (10.5) 6 (9.2) 

Evisceration 4 (14.8) 1 (2.6) 5 (7.7) 

Corneal biopsy 3 (11.1) 2 (5.2) 5 (7.7) 

Botox ptosis 0 (0.0) 4 (10.5) 4 (6.2) 

Others 1 (3.7) 3 (7.9) 4 (6.2) 
Vessel cautery 1 (3.7) 1 (2.6) 2 (3.1) 
Lid repair 1 (3.7) 0 (0.0) 1 (1.5) 
Total 27 (100) 38 (100) 65 (100) 
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Univariate analysis of predictors of final VA is presented in Table 2.5. Multivariate analysis demonstrated that 

presenting VA, ulcer size and monotherapy independently influenced healing time (all p < 0.05) (Table 2.6). 

Similarly, age, presenting VA, ulcer size and presenting symptom duration independently influenced the final 

VA. Multivariate analysis also revealed that monotherapy was independently associated with a more rapid 

healing rate (p = 0.02). However, there was no independent effect of treatment choice on length of hospital stay 

or final VA. Indeed, length of hospital stay was not independently associated with any of the individual variables 

tested (all p > 0.05).  

Table 2.5. Univariate analysis of predictors of final VA in cases of MK leading to hospital admission during 

2006/2007 and 2013/2014. Data are presented as Pearson correlation coefficients and p-values.  

Predictors Pearson correlation coefficient P - value 

Age (n = 303) 0.417 <0.0001* 

Presenting symptom duration (n = 292) -0.015 0.79 

Presenting VA (n = 297) 0.682 <0.0001* 

Ulcer size (n = 294) 0.480 <0.0001* 

Healing time (n = 304) 0.336 <0.0001* 

Hospital admission days (n = 301) 0.024 0.68 
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Table 2.6. Multivariate linear regression analysis of predictors of clinical outcomes in MK leading to hospital 

admission during 2006/2007 and 2013/2014. Asterisks denote statistically significant differences (p < 0.05). 

Predictors 

Hospital admission 

days 
Healing time 

post - treatment best 

corrected VA 

Age (n = 334)    

F value 0.052 1.810 26.974 
p value 0.81 0.18 <0.0001* 
Presenting VA (n = 297)    
F value 1.162 7.453 85.133 
p value 0.28 0.007* <0.0001* 
Ulcer size (n = 294)    

F value 1.056 5.731 26.598 
p value 0.30 0.01* <0.0001* 
Presenting symptom duration (n = 

292) 

   

F value 1.136 0.314 4.373 
p value 0.28 0.57 0.03* 
cefuroxime/tobramycin Therapy (n 

= 233) 

   

F value 0.174 0.141 0.808 
p value 0.67 0.70 0.37 
Monotherapy (n = 56)    

F value 0.414 5.356 0.108 
p value 0.52 0.02* 0.74 

 

2.4.2. MK microbiology and antibiotic efficacy 

The spectrum of pathogens isolated during the 2006/2007 and 2013/2014 time periods together with the reported 

rates from the 1999/2000 time period are summarised in Table 2.7. 

During the 2006/2007 time period, 52 (42.6%) corneal scrapes grew at least a one positive culture. Similarly, 

during 2013/2014, 89 (57.8%) scrapes grew microorganisms, including bacteria (89/89 scrapes), fungi and yeast 

(8/89 scrapes), Acanthamoeba (1/89 scrape) and a virus (HSV in 16 and HZV in 2). The culture rate of coagulase 

negative Staphylococcus aureus decreased consistently across the study periods whereas that of viruses 

increased when compared with that during 1999/2000 (both p < 0.05). Similarly, the rate of Propionibacterium 

culture decreased in 2013/2014 when compared with the previous time periods (1999/2000 and 2006/2007) (p 

< 0.05). In addition, the rate of positive culture in both the study periods was less than that during 1999/2000 (p 

< 0.05). Although, statistically non-significant, isolation rates showed an increasing trend for Pseudomonas 
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aeruginosa (9.16% during 2006/2007 to 20.2% during 2013/2014) and Moraxella species (7.5% in 2006/2007 to 

18% during 2013/2014) across the study periods.  

 

Table 2.7. The spectrum of pathogens isolated in hospitalised cases of MK during 2006/2007 and 2013/2014. 

Data are presented as numbers (% of total isolates). Asterisks denote statistically significant differences (p 

<0.05). 

Organism 
Positive cultures (% of total) # 

p value 
1999/2001[35] 2006/2007 2013/2014[250] 

Gram positive cocci N/A 50 (96.1) 53 (59.5) - 

Coagulase -ve Staphylococcus  20 (26.7) 8 (15.3) 2 (2.3) 0.0004* 

Staphylococcus aureus 7 (9.3) 10 (19.2) 14 (15.7) 0.61 

Staphylococcus epidermidis 14 (18.7) 14 (26.9) 8 (8.9) 0.09 

Streptococcus pneumoniae 11 (14.7) 3 (5.7) 10 (11.2) 0.65 

Other species N/A 15 (28.8) 19 (21.3) - 

Gram positive bacilli N/A 32 (61.5) 19 (21.3) - 

Propionibacterium species 17 (22.7) 24 (46.1) 3 (3.4) <0.0001* 

Corynebacterium species 6 (8.0) 7 (13.4) 15 (16.9) 0.58 

Other species N/A 1 (1.9) 1 (1.1) - 

Gram negative bacilli N/A 30 (57.6) 53 (59.5) - 

Pseudomonas aeruginosa 7 (9.3) 11 (21.1) 18 (20.2) 0.29 

Moraxella species 6 (8.0) 9 (17.3) 16 (18.0) 0.43 

Serratia marcescens  3 (4.0) 6 (11.5) 5 (5.6) 0.52 

Other species N/A 4 (7.6) 12 (13.5) - 

Other bacteria N/A N/A 4 (4.4) - 

Polymicrobial infection 25 (33.3) 23 (44.2) 29 (32.5) 0.69 

Fungi 4 (4.0) 3 (5.7) 8 (9.0) 0.91 

Virus 2 (2.0) 5 (9.6) 18 (20.2) 0.01* 

Acanthamoeba 1 (1.0) - 1 (1.1) - 

Total number of isolates 122 126 165 - 

Positive culture (of total scrapes) 75/105 52/122 89/154 0.0007* 

N/A; not available; # Percentage sum was greater than 100% because of polymicrobial infections 

The spectrum of pathogens and antibiotic efficacies are reported in Table 2.8. Except for tobramycin which 

showed decreased efficacy against Gram-positive bacteria (88.8%) during 2006/2007, all other tested 

aminoglycosides were 100% effective against all bacteria tested across both study periods. Among the 
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cephalosporins, cefuroxime showed a consistently decreased efficacy against Gram-negative bacteria in both 

the periods; 37.5% efficacy during 2006/2007 and 33.3% during 2013/2014. Similarly, ciprofloxacin showed a 

decreased efficacy against Gram-positive bacteria during 2006/2007 (98.6%) and 2013/2014 (98.8%). 

Antibiotics from the penicillin group showed a variable but decreased efficacy against both Gram-positive and 

Gram-negative bacteria, ranging from 11% to 100% efficacy. Chloramphenicol was also less effective against 

Gram-negative bacteria during both periods (97.7% and 94.7% during 2006/2007 and 2013/2014, respectively).  

 

Table 2.8. Antibiotic efficacy of bacteria identified in hospitalised cases of MK during the periods 2006/2007 and 

2013/2014. For each bacterial isolate, only selected antibiotics were tested. (-) indicates that the particular 

antibiotic was not tested against given isolate. 

Tested 
Antibiotics 

2006/2007 2013/2014 

N 
Gram -ve 

N (%) 

Gram 
+ve 

N (%) 

total 
sensitivity 

(%) 
N 

Gram -ve 
N (%) 

Gram 
+ve 

N (%) 

total 
sensitivity 

(%) 

Aminoglycoside         

Gentamicin 27 19 (100) 8 (100) 100 31 29 (100) 2 (100) 100 
Neomycin 55 25 (100) 30 (100) 100 53 27 (100) 26 (100) 100 
Tobramycin 63 27 (100) 32 (88.8) 93.7 54 27 (100) 27 (100) 100 
Cephalosporin         

Cefazolin 28 8 (72.7) 17 (100) 89.3 28 12 (100) 16 (100) 100 
Cefuroxime 8 3 (37.5) - 37.5 9 3 (33.3) - 33.3 
Ceftazidime 11 10 (100) 1 (100) 100 24 22 (100) 2 (100) 100 
Fluoroquinolone         

Ciprofloxacin 71 25 (100) 45 (97.8) 98.6 80 41 (100) 38 (98.8) 98.8 
Penicillin group         
Penicillin 50 1 (11.1) 21 (51.2) 44 70 1 (7.7) 29 (50.9) 42.9 
Amoxicillin 10 3 (30) - 30 12 5 (41.6) - 41.6 
Flucloxacillin 28 - 22 (81.4) 78.6 33 4 (100) 29 (100) 100 
Other         
Chloramphenicol 43 16 (94.1) 26 (100) 97.7 42 18 (94.7) 23 (100) 94.7 
Erythromycin 47 3 (100) 36 (81.8) 83 56 5 (100) 51 (100) 100 
Tetracycline 13 1 (100) 7 (58.3) 61.5 16 2 (100) 14 (100) 100 
Doxycycline 31 1 (100) 30 (100) 100 47 4 (100) 43 (100) 100 
Vancomycin 39 2 (100) 37 (100) 100 29 - 29 (100) 100 
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2.4.3. Clinical and microbiological profile of Pseudomonas aeruginosa keratitis

Twenty-nine eyes of 29 patients exhibited P. aeruginosa keratitis during the two study periods, of which 24 

(82%) were contact lens wearers. The population prevalence tended to rise from 8.3 to 12.5 hospitalised 

cases per million between 2006 - 2007 and 2013–2014 [95% CI: 22.68 to 55.99 (2006 - 2007) and 44.0 to 

77.31 (2013 - 2014)], and was higher than those reported in 1999–2000 (5.4 cases per million).[35] Baseline 

characteristics did not differ between time periods, except for presenting VA which was poorer in 2013–2014 (p 

= 0.02) (Table 2.9).

Ciprofloxacin use decreased, while fortified cefuroxime/tobramycin therapy rose between the study periods 

(both p = 0.005 (Table 2.10). Hospital admission and healing times were longer in 2013/2014 (both p < 0.05), 

although post-treatment best corrected VA and medical resolution rates did not differ significantly (both p > 

0.05).

Table 2.9. Baseline characteristics of patients presenting with Pseudomonas aeruginosa keratitis during 

2006/2007 and 2013/2014. Data are presented as mean ± SD, or the number of patients (% of patients). 

Asterisks denote statistically significant differences (p < 0.05).

Patient characteristics
2006/2007
(n = 11)

2013/2014
(n = 18)

p

Age, years 40 ± 17 47 ± 22 0.40

Predisposing factors

Contact lens wear 10 (91%) 14 (78%) 0.62

History of ocular trauma 0 (0%) 1 (6%) > 0.99

History of ocular surface disease 0 (0%) 1 (6%) > 0.99

History of ocular surgery 0 (0%) 2 (11%) 0.51

History of systemic disease 0 (0%) 0 (0%) > 0.99

History of steroid use 0 (0%) 0 (0%) > 0.99

No predisposing factors 1 (9%) 0 (0%) 0.37

Chloramphenicol use prior to referral 5 (45%) 5 (28%) 0.43

Presenting symptom duration (days) 1.9 ± 0.9 2.3 ± 0.9 0.28

Clinical severity score (out of 13) 7. 1 ± 3.4 7.3 ± 3.0 0.84

Presenting best corrected VA (log MAR) 0.62 ± 0.61 1.31 ± 0.81 0.02*
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Table 2.10. Treatment course and outcomes of patients presenting with Pseudomonas aeruginosa keratitis 

during 2006/2007 and 2013/2014. Data are presented as mean ± SD or the number of patients (% of patients). 

Asterisks denote statistically significant differences (p < 0.05). 

Treatment course and outcome 
measures 

2006/2007 
(n = 11) 

2013/2014 
(n = 18) 

p 

Antibiotic choice    

  Cefuroxime and Tobramycin 3 (27%) 15 (83%) 0.005* 

  Ciprofloxacin 8 (73%) 3 (17%) 0.005* 

Clinical outcome    

Resolution with medical therapy 10 (91%) 16 (89%) >0.99 
Hospital admission (days) 3 (2 -4) 5 (3 – 8) 0.03* 

Healing time (days) 6 (3 – 8) 11 (6 – 20) 0.04* 

Post-treatment best corrected VA (log MAR) 0.34 ± 0.43 0.47 ± 0.62 0.55 

Corneal thinning 2 (18%) 2 (11%) 0.62 
Corneal perforation 0 (0%) 2 (11%) 0.51 

Corneal scarring 4 (36%) 11 (61%) 0.26 

 

Univariate correlation analysis is presented in Table 2.11. Multivariate analysis demonstrated that ciprofloxacin 

monotherapy use predicted shorter healing time than cefuroxime/ tobramycin (p < 0.05) and chloramphenicol 

treatment before referral was associated with slower healing and poorer post-treatment VA (both p < 0.05) 

(Table 2.12). 
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Table 2.11. Univariate analysis of predictors of treatment outcomes for hospitalised cases of Pseudomonas 

keratitis. Data for continuous predictors are presented as Pearson or Spearman correlation coefficients and 

categorical predictors as mean ± SD or median. Asterisks denote statistically significant results (p < 0.05). 

Predictor 

Hospital 
admission 
(days) 

Healing 
time 
(days) 

Post-treatment best corrected 
VA (log MAR) 

Age (years)    
  Pearson’s r (n = 29) 0.136 0.224 0.364 

  p - value 0.48 0.25 0.05 

Contact lens wear    
  Yes (n = 24) 4 (3 – 6) 8 (5 – 17) 0.33 ± 0.46 

  No (n = 5) 3 (1 – 10) 11 (3 – 16) 0.87 ± 0.77 

  p - value 0.86 0.89 0.04* 

Chloramphenicol use at presentation    

  Yes (n = 10) 3 (3 – 4) 17 (7 – 24) 0.64 ± 0.61 

  No (n = 19) 4 (2 – 7) 7 (4 – 11) 0.32 ± 0.49 

  p - value 0.30 0.03* 0.11 

Presenting symptom duration (days)    

  Pearson’s r (n = 29) -0.056 0.264 -0.163 

  p - value 0.78 0.21 0.43 

Presenting clinical severity score    

  Pearson’s r (n = 29) 0.590 0.124 0.011 
  p - value <0.001* 0.53 0.96 

Presenting best corrected VA (log 

MAR) 

   

  Pearson’s r (n = 29) 0.336 0.349 0.490 
  p - value 0.08 0.07 0.008* 

Antibiotic choice    

  Cefuroxime and 
  Tobramycin (n = 18) 

3 (2 – 3) 11 (7 – 20) 0.38 ± 0.50 

  Ciprofloxacin (n = 11) 5 (3 – 8) 5 (3 – 10) 0.50 ± 0.64 

  p - value 0.009* 0.046* 0.60 
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Table 2.12: Multivariate multiple linear regression of predictors of treatment outcomes. 

Outcome 

F-test

Predictor 

Standardised 
Coefficient 

F p β p 

Hospital admission, 

days 

7.069 0.004 Clinical severity score 0.379 0.03 

Cefuroxime and Tobramycin vs. 

Ciprofloxacin 

0.344 0.05 

Healing time, days 6.688 0.002 Chloramphenicol use prior to referral 0.734 0.001 

Cefuroxime and Tobramycin vs. 

Ciprofloxacin 

0.539 0.01 

Post-treatment best 

corrected visual acuity 

(logMAR) 

6.826 0.004 Presenting best corrected visual acuity 

(logMAR) 

0.532 0.03 

Chloramphenicol use prior to referral 0.330 0.05 

2.5. Discussion 

In the present study, three main outcome measures were considered to investigate the clinical and 

microbiological profile of hospitalised cases of MK for the two 2-year study periods in the past. These included 

1) assessment of clinical outcome in terms of post treatment visual acuity and recovery rates, 2) assessment of 

hospital resource utilisation in terms of duration of hospital stay and 3) examination of MK isolates and their 

antibiotic susceptibility. The results indicated that there has been a tendency towards higher numbers of severe 

cases of MK requiring hospital admission through an acute eye clinic in Auckland, from 84.5 cases per million in 

1999/2001[35] to 105.7 and 138.4 cases per million, respectively, in 2006/2007 and 2013/2014. This 25-30% rise 

in incidence of the disease every seven years was also associated with a changing trend in risk factors, pathogen 

spectrum, and outcome measures. Of particular concern was an increase in resistance rates among keratitis 

isolates to cefuroxime.

2.5.1. MK demographics, clinical outcome and hospital utilisation 

A key point of interest in this research was the assessment of clinical outcome. The results showed that the 

range of presenting VA and the post-treatment best corrected VA were in accordance with the findings of other 

studies.[29, 35] More than 58% of patients had better VA post-treatment compared to the baseline VA. Visual 

outcome in MK largely depends on age; younger patients recover better than the elderly;[35, 240] and vision loss is 

mainly attributed to corneal opacification.[34] It was surprising to discover such a high burden of corneal 

opacification in MK in the present study, occurring in 53% cases. Corneal opacities result from irregular corneal 

collagen wound healing and stromal regeneration, and may relate to the inefficiency of the treatments.[251] One 

of the interesting findings of the present study was a decreased wound healing rate in the more recent cohort 

(2013/2014). Although a rise in herpetic eye disease which took longer to heal during 2013/2014 may partly 
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account for this observation, it is unlikely the only reason. There was a decreased efficacy of cefuroxime (36%) 

which might have had some effect, and additionally, it is known that cefuroxime/tobramycin is toxic in prolonged 

use and may cause delayed healing.[97] Central to this argument, ciprofloxacin, which was prescribed 

preferentially during 2013/2014 than that during 2006/2007, was observed to accelerate wound healing. 

However, the shorter healing time in the ciprofloxacin-treated group could be related to a less severe level of 

disease in that group. This explanation seems valid because most patients with poorer initial VA received 

cefuroxime/tobramycin therapy (p < 0.05). Similarly, the final VA was significantly better when compared with 

the 1999/2000 report.[35] The median final VA in the 1999/2000, 2006/2007 and 2013/2014 cohorts were 0.36, 

0.17 and 0.20, respectively (Snellen equivalent = 20/45, 20/30 and 20/31, respectively). Exclusion of cases with 

no perception of light at presentation may have affected these results. By doing this, only clinically relevant cases 

were included, and it prevented from data skewness towards poorer outcome. Shorter hospital presentation 

time, patient compliance with treatment, and an increased proportion of patients in the contact lens group relative 

to last decade may help to explain these outcomes. In addition, based on multivariate analysis, treatment choice, 

statistically, had no effect on final VA.  

This study highlighted that there is a changing pattern of risk factors when compared with the 1999/2000 period. 

There was an association between contact lens related MK and young age (34 ± 14 years) as reported in other 

studies.[27, 252]It possibly demonstrates a contact lens demographic, which tends to be a younger population than 

that for other risk factors.[27] MK associated with prior ocular surgery (p < 0.05), or previous steroid use (p < 0.05) 

decreased significantly. In addition, there was a trend for a reduction in MK being attributed to ocular surface 

disease and trauma (p > 0.05). It is possible that these results were influenced by an increased proportion of 

contact lens related MK in recent periods, but it is unlikely to be the only cause. Forty-three percent of patients 

were aged ≤40 years (144 of 334) of whom 75% had contact lens related MK. Albeit lesser when compared with 

the literature,[29] the increasing tendency of higher proportions of contact lens related MK in the present study 

and the mean age of the contact lens wearing group at 34 years, might be suggestive of an increased use of 

contact lenses in NZ, especially among the younger generation. The data on contact lens use in New Zealand 

supports this hypothesis.[253] The proportion of trauma-related MK decreased compared with that reported 

previously (23.5% during 1999/2000 to 14.8% during 2013/2014)[35] but aligns with reports (15% to 24%) from 

elsewhere.[241] Unsurprisingly, this contrasts with findings from more rural developing countries where traumatic 

injuries involving vegetative matter are more common and lead to more severe disease.[249] Most of the ocular 

injuries in the present city-based case series were superficial and were caused by metallic foreign bodies, nails 

and paper.  

Hospital utilisation was another measure of outcome in this study. Results indicated a decreased length of 

hospital stay (number of hospital admission days) when compared with the 1999/2000 report (4 median days 

during 1999/2000 to 3 median days during 2013/2014)[35] There was no independent effect of age, presenting 

VA, lesion size and presenting symptom duration on the length of hospital stay on multivariate analysis (all p > 

0.05). Shorter hospital admission days but longer healing times are interesting observations and may indicate 

that release of a patient from hospital may not be dictated by the timing of epithelial closure. Longer hospital 

stays are associated with substantial monetary costs. This is of particular significance in a public health care 

system where the resources are limited. Hospital presentation time was also significantly shorter when compared 
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with the 1999/2000 report (8.6 mean days vs 4.74 mean days; p < 0.05).[35] Delayed appointments may lead to 

delays in diagnosis and more complications. Nonetheless, shortened hospital admission days and hospital 

presentation time when compared with the last decade are interesting and are of value, and probably can be 

explained by the efficacy of education provided by the eye health care practitioners, and an increasing 

awareness among patients, particularly contact lens wearers, who make up a larger proportion of the most recent 

cohorts. Recently, Virdee et al. (2016) calculated the health economic burden of MK admission in a tertiary 

referral centre in the UK.[254] They showed that the duration of hospital stay is the key driver for direct costs of 

care. These findings are directly applicable to the present case series because the public health system in New 

Zealand is essentially similar to the UK National Health Service.  Contact lens related MK can be detected 

rapidly, earlier in disease course, and has a predilection for a younger population who have the potential 

capability to self-administer ongoing therapy more successfully than an elderly population with more severe 

disease. Younger adult patients with greater occupational and care-giving demands may prefer to be discharged 

from the hospital earlier. It would suggest that CL related MK, compared with other forms of MK, tends to be 

more predictable and economical to treat.[34]  

2.5.2. MK microbiology and antibiotic efficacy 

Identification of pathogens and their antimicrobial susceptibility was another topic of interest in the present study. 

It was observed that over the two study periods, there was a continuing shift in the spectrum of BK isolates when 

compared with published data from the same hospital a decade previously (1999/2000).[35] In terms of positive 

culture, the isolation of coagulase-negative Staphylococcus and that of Propionibacterium species was 

significantly lower than it had been in the previous decade (all p < 0.05) but viral infections had increased 

significantly (p < 0.05) (Table 2.7). The positive culture rate was also lower when compared with published 

reports from other New Zealand cities (58% to 85%).[110, 255, 256] Failure to cease prior use of antibiotics before 

corneal scraping, and/or use of topical anaesthetic during corneal scraping may have produced false negative 

results.[257] The culture-based techniques for bacterial isolation may potentially be biased towards fast-growing 

microorganisms that can successfully be cultivated on standard media.[258] A decreased isolation of ocular 

surface commensals such as coagulase-negative Staphylococci and Propionibacterium species in the recent 

periods may indicate increased reliability of culture techniques, and therefore a true prediction of therapeutic 

response.[259] Similarly, decreased isolation of these commensal bacteria may also explain a decreased positive 

culture.  

The type and frequency of organisms causing BK in this study is different from other centres. The proportion of 

Streptococcus bacteria (all species) was higher when compared to the report a decade prior from the same 

catchment area in Auckland[35], as well as from other cities such as Wellington[256] and from regions such as the 

Waikato.[110] These rates are also higher than those reported from studies in Australia[34] and Taiwan.[107] The 

rate of isolation of Staphylococcus species was less than those of other centres in New Zealand but that of 

Moraxella and Corynebacterium species were comparable within centres in New Zealand (Table 2.13). Infections 

due to Pseudomonas increased across the study periods and the rate was higher in the current study than in 

other New Zealand cities.[110, 255] This could have been driven by the increase in the rate of contact lens wear in 

New Zealand[260] since P. aeruginosa is reported to be the most commonly isolated Gram-negative bacterium in 
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CL wearers.[241, 261] The literature has shown a rise in the incidence of CL related keratitis worldwide 

corresponding to the increased rate of contact lens wear.[262, 263] Non-compliance with recommended lens wear 

and hygiene practices by patients is a well-documented risk factor for the development of CL related keratitis.[264]

Table 2.13. Relative proportions of the five most common bacterial isolates in keratitis in New Zealand cities and 

across the world. Study periods are shown in the brackets.

Bacteria
isolated

Auckland
(1999–

2001)[35]

Auckland
(2013-

2014)[250]

Christchurch,
NZ

(1997–
2001)[255]

Wellington,
NZ,

(2001–
2005)[256]

Waikato,
NZ

(2003–
2007)[110]

Taiwan[241] 
(1994–
2005)

Australia[34]

(2001–2003)

Staphylococcus* 54.6% 38.2% 30.5% 62.5% 52.3% 11% 46.6%

Pseudomonas 9.3% 20.2% 3.1% N/A 3.4% 46.7% 8.3%

Moraxella 8% 18% 19.3% 12.5% 8% N/A N/A

Corynebacterium 8% 16.9% 16% 7.5% 6.9% 3.3% 1.7%

Streptococcus 14.7% 20.2% 17.5% 2.5% 11.5% 7.6% 6.7%

∗Including coagulase-negative Staphylococcus aureus. N/A = not available.

The emergence of bacterial resistance to antimicrobial agents is a global public health concern and periodic

susceptibility testing verifies whether antimicrobials retain good coverage against isolates of BK.[107] In the

present study, the antibiotic efficacy patterns remained generally stable and showed comparability to results

over the last decade and from other NZ centres, except for cefuroxime which showed decreased efficacy. The

in vitro bacterial susceptibility to cefuroxime (35%) was lower than that reported from the Waikato region in New

Zealand [110] and the UK.[265]

Despite the high levels of bacterial resistance to cefuroxime, its use with tobramycin as dual therapy in the

current study is unlikely to lead to therapeutic failure, as tobramycin was found to be effective against 100% of

the tested isolates, despite varying levels of resistance to tobramycin having been observed in other studies.[110]

Increased resistance to a commonly used antibiotic indicates a need for close follow-up after initial treatment. In

general, cefazolin, erythromycin, vancomycin, tetracycline and doxycycline demonstrated good in vitro

susceptibilities, each at 100%, compared to ciprofloxacin and chloramphenicol rates of 98.7% and 96.2%

(overall), respectively. Also demonstrated, was the excellent efficacy of aminoglycosides (100%), similar to, or

better than, that reported by others, where efficacies have been reported to range from 72% to 100%.[107, 109-111, 

265]

Recently, across the world, fluoroquinolones have been reported to exhibit decreased efficacy against BK

isolates, mainly against Gram-positive cocci, with resistance rates ranging from 6% to 35%.[87, 112-114] In the

present study, ciprofloxacin demonstrated 100% efficacy against Gram-negative bacteria, similar to that reported

from the Waikato region (99%)[110] and Christchurch (100%) in New Zealand,[255] but a slightly decreased
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efficacy, of between 97% and 98%, against Gram-positive bacteria. With regard to the international reports of 

an increase in the resistance of bacteria to ciprofloxacin [113] and even to fourth generation fluoroquinolones,[87] 

the results of the current study are encouraging for the local setting (Table 2.14). Although the observed 

resistance rates are not nearly as high as those reported in the literature, the extensive use of antibiotics in the 

community and hospitals needs to continue to be discouraged as overuse is believed to fuel the increasing 

resistance of bacteria against antibiotics.[266] Chloramphenicol was 100% effective against tested Gram-positive 

bacteria and showed 94.4% efficacy against Gram-negative bacteria, consistent with other New Zealand 

studies.[110, 256, 267] In the UK, over the last decade, 32% of BK isolates have developed resistance to 

chloramphenicol, which is high compared to the reports from New Zealand, where the reported resistance rates 

across the country are between 3.2% and 6.9%.[110, 255, 256, 265]   

Table 2.14. Bacterial isolates and their sensitivity to commonly used antibiotics recorded in New Zealand and 

UK  

 

2.5.3. Clinical and microbiological profile of Pseudomonas aeruginosa keratitis  

P. aeruginosa is the most common pathogen responsible for contact lens-related keratitis[267] and >80% of the 

current cohort were contact lens wearers. The study showed that the prevalence of hospitalised cases of 

Pseudomonas aeruginosa is higher in Auckland. It cannot be reliably determined whether changes in contact 

lens usage and hygiene practices may have influenced population prevalence. Presenting visual acuity was 

poorer in 2013/2014. Although increasing bacterial virulence is a theoretical explanation, this is not supported 

by the stable clinical severity scores. The expanding therapeutic scope of community optometrists during the 

study period may have contributed, with the potential for successful treatment of milder cases resulting in only 

more severe cases presenting to tertiary services. Despite comparable antibiotic susceptibility patterns across 

the time periods of interest, cefuroxime/tobramycin use increased and ciprofloxacin use fell in 2013/2014 for 

Pseudomonas keratitis. Whether the poorer presenting VA and/or the perception of rising fluoroquinolone 

resistance based on international reports, may have contributed, is unknown.[113, 268] Multivariate regression 

demonstrated that monotherapy with ciprofloxacin predicted faster healing than cefuroxime/tobramycin 

Positive culture (bacteria) 

Christchurch[255] 
(1991-2001) 

Wellington[256] 
(2001-2005) 

Waikato[110] 
(2003-2007) 

Oxford, UK[265] 
(1999-2009) 

58.6% (51/87) 85.3% (29/34) 65.7% (174/265) 53.7% (252/467) 

Gm +ve isolates 71.4% (45/63) 82.5% (33/40) 78.2% (136/174) 54.3% (145/267) 

Gm -ve isolates 28.5% (18/63) 17.5% (7/40) 20.1% (35/174) 45.7% (122/267) 

Ciprofloxacin 92(%) N/A 99(%) 92.7(%) 

Gentamicin N/A N/A N/A 93(%) 

Tobramycin N/A N/A 95(%) N/A 

Neomycin N/A 2.5(%) N/A N/A 

Chloramphenicol 96.8(%) 100(%) 93.1(%) 68.1(%) 

Cefuroxime N/A N/A 95(%) 49.1(%) 
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(Table 2.12). While fortified antibiotics are anecdotally reserved for more severe cases, this is unlikely to be the 

sole explanation given that clinical severity and VA were not significant predictors of healing time. 

Chloramphenicol treatment before referral was associated with poorer outcomes, although, this may reflect an 

element of selection bias, whereby patients with un-resolving corneal ulcers on chloramphenicol therapy were 

more likely to be referred to tertiary services with greater disease severity. Nonetheless, the results would 

support the continued recommendation of ciprofloxacin over chloramphenicol as a first-line agent for contact 

lens-related keratitis, due to its superior action against associated Gram-negative bacteria.[267] 

 

2.6. Conclusion  

The present results are significant in at least four major respects. First, most of the outcome measures in MK 

have improved when compared with the previous study periods; second, the patterns of predisposing factors are 

changing; third, there is a shift in the spectrum of bacteria in corneal infection; and last, Auckland seems relatively 

resilient to antibiotic resistance at the current time, although there is emerging resistance with respect to 

cefuroxime. Similar to other retrospective studies, incomplete data was the main methodological limitation of this 

study which may have had an impact on the findings. In addition, it should be acknowledged that the protocol 

for hospitalisation can vary between centres. Therefore, some cases not deemed severe enough for 

hospitalisation in some centres could have been included in this case series, or vice versa.  

Antimicrobial-resistant infections currently claim at least 50,000 lives each year across Europe and the US alone, 

with hundreds of thousands more dying in other areas of the world where reliable estimates of the true burden 

are lacking.[269] While New Zealand shows only modest levels of bacterial resistance at present, according to the 

laboratory testing in the current study, the increase in resistance, worldwide, is proving to be a significant 

challenge in the clinical management of infection.[270] A parallel increase in resistance among ocular pathogens 

is necessitating a transition from older to newer, more potent antibiotics,[271] and the investigation of potential 

alternative treatments that might avoid resistance issues. The speed, ease, extent and sheer volume of 

intercontinental travel and trade places the whole world at risk. It is important that the overuse and misuse of 

antimicrobials that promote resistance, are avoided, and that the development of new arrays of antimicrobials 

and alternative therapies is encouraged. 
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Chapter 3 
UVC as an antimicrobial agent: in vitro investigation 

The focus of the previous two chapters was to understand the local and global burden of microbial keratitis and 

to explore the literature on the antimicrobial efficacy of UVC. This chapter investigates the effective dose of UVC 

in in vitro infection models. 

3.1. Introduction 

In the previous chapter, the demographic, clinical and microbiological profile of MK in Auckland, New Zealand, 

was described in a retrospective study of clinical cases conducted over two, 2-year study periods, 7 years apart. 

It was observed that cefuroxime, an antibiotic commonly prescribed to treat MK, has been showing decreased 

efficacy against keratitis isolates. Extrapolating from the previous chapters and in the international context of 

increasing antibiotic resistance, it is considered important to identify new ways to treat keratitis.[140] From the 

literature review in Chapter 1, it was identified that UVC possesses potent antimicrobial activity against a wide 

range of pathogens. In fact, as mentioned previously, the antimicrobial efficacy of UVC has been utilised in a 

multitude of applications that including food, dairy and medical industries.[153, 165, 196] In spite of recognised 

medical benefits and potential for UVC to treat infections in animal and human infections,[137, 191]  its clinical 

application in treating bacterial infections remains largely unexplored.[83] From the current literature, what 

remains unknown is the efficacy of UVC in controlling an infection where bacteria proliferate throughout the 

depth of the tissue. The answer to this question is important because UVC does not penetrate far beyond the 

surface of most biological tissues,[218] thereby reducing its germicidal potential. 

While some effort has been made in determining the sub-lethal UVC dose for bacterial inactivation in the food 

industry,[272] there has been no convincing evidence regarding the minimum UVC dosage requirements for 

managing infection.[152] Because of methodological variations, including UVC specifications (wavelength and 

dose), application areas and employed models for testing UVC dosing, data from the literature are not directly 

comparable,[170, 272, 273] and the extent to which historical data from UVC studies can be extrapolated to humans 

has not been established. The first step towards investigating the clinical applicability of UVC as a potential 

antimicrobial agent is to identify the optimal dose for efficacy (intensity x exposure time). In the present study, it 

was hypothesised that the efficacy of UVC in killing bacteria decreases beneath a surface due to its attenuated 

penetration.[218] The aim of this chapter is to establish the effective UVC dose in controlled laboratory conditions. 

There were four main objectives: 

i. to determine the relationship between bacterial bioluminescence and CFU count

ii. to determine the optimal UVC dose required to inactivate bacteria proliferating in an in vitro infection

model

iii. to generate UVC time-to-kill curves to inform the optimal dosing regimen
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iv. to understand the relationship between UVC-mediated bacterial inactivation and bacterial 

bioluminescence.  

In addressing these objectives, it was recognised that UVC penetration would attenuate beneath the surface.[218] 

Accordingly, a major consideration, in creating in vitro infection models, was to ensure there was depth to the 

model that would allow bacterial proliferation to extend beyond the surface, as it would in a corneal infection, in 

order to more accurately test the effectiveness of UVC. In the present study, several UVC doses were tested for 

their efficacy in bacterial inactivation in in vitro infection models and the minimum inhibitory UVC dose was used 

to study the characteristics of UVC as an antimicrobial agent. 

 

3.2. Materials 

3.2.1. UVC light source 

The UVC light source consisted of a 265 nm UVC LED device (Sensor Electronic Technology INC., Columbia, 

SC, USA) with a hemispherical ball lens, projecting a spot size of 4.5 mm diameter at a distance of 8 mm (Figure 

3.1A). A 9.0 VDC regulated adapter with an additional current limiting circuit supplied the power to the UVC LED. 

This resulted in an intensity of 1.93 mW/ cm2 at the target distance, as confirmed by a calibrated UVC light 

Solarmeter (Solarmeter Model 8.0 UVC, Solartech Inc, Harrison, MI, USA) (Figure 3.1B). Wired in series, a timer 

allowed accurate exposure intervals. The intensity of UVC light multiplied by its exposure time gives the total 

dose. For example, 5 s UVC is equal to 9.65 mJ/cm2. The Solarmeter is a sensitive UVC light meter with an 

accuracy of ± 10%, as verified by the University of Auckland Physics Department. The sensor in the Solarmeter 

is a silicon carbide photodiode. 

  

 

Figure 3.1. A light emitting diode (LED) device with a hemispherical ball lens that emits 265 nm UVC (A), and a 

UV Solarmeter (B). The diode projects a spot size of 4.5 mm, at a distance of 8 mm, resulting in an intensity of 

1.93 mW/ cm2 at the target distance. 
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3.2.2. Bacterial strains and growth conditions  

The two bacterial strains used in these experiments were bioluminescent Pseudomonas aeruginosa Xen05 and 

non-bioluminescent Pseudomonas aeruginosa ATCC 27853. The bioluminescent bacteria (Xen05) is a cytotoxic 

strain which was developed by Perkin Elmer. This strain was isolated from a septicaemia case in Lima, Peru. 

The ATCC 27853 strain is an invasive bacteria, isolated from blood culture. Bacteria were stored frozen at -800 

C as individual aliquots in Trypticase Soy Broth (TSB) with 15% glycerol. From the frozen stock, bacteria were 

cultured overnight on a Tryptic Soy Agar (TSA) plate at 37 °C. In the case of P. aeruginosa Xen05, one highly 

bioluminescent colony of bacteria from the agar plate was sub-cultured to 10 ml TSB and grown with shaking for 

18 h (37 °C, 200 rpm). Similarly, for P. aeruginosa ATCC 27853, one distinct colony of bacteria from the agar 

plate was sub-cultured, accordingly. The actual concentration of viable bacteria in the overnight culture was 

determined by plating dilutions in 0.85% normal saline onto TSA, and counting the colonies to determine the 

Colony Forming Units (CFU/ ml).  

3.2.3. Bioluminescence assessment 

Depending on the experimental requirements, bacterial bioluminescence was assessed by one of two methods: 

IVIS® animal imaging system (Xenogen Corp., US) or VictorTM X plate reader (PerkinElmer, US). The IVIS® 

system consists of a cooled (-800 C) highly sensitive charged coupled camera (CCD) and provides high signal-

to-noise images of luciferase bioluminescence signals in the experimental setup. Using the photon-counting 

mode, an image can be obtained by detecting and integrating individual photons emitted by the bacterial cells. 

A grey-scale background image is first created, and this is followed by a bioluminescence image of the same 

area. The image is displayed in false colour, ranging from red (most intense bioluminescence) to blue (least 

intense), and is superimposed on the greyscale image. The bioluminescence signal was accrued over a 1 min 

period for all in vitro experiments. Flux (photons/ s) was used as a surrogate measure of bacterial viability. The 

Living Image® software controls all settings in the IVIS® and provides analysis tools. Regions of interest (ROIs) 

for quantification of bioluminescence were created manually and were of a uniform size; bioluminescence from 

the corresponding areas was recorded as photons/ s.  

 

3.3. Methods 

3.3.1. Relationship between bacterial bioluminescence and CFU counts  

To compare bioluminescence of P. aeruginosa against the number of colony forming units, the overnight culture 

(~108 CFU/ml) was subjected to 10-fold serial dilutions in 0.85% normal saline. A 100 µl aliquot of each dilution 

was pipetted into a well of a 96-well, flat bottom, black microplate (Optiplate-96, PerkinElmer, US). Bacterial 

bioluminescence was measured immediately, both by the IVIS® and the Perkin Elmer plate reader, and the 

content of each microplate well was then serially diluted and plated for CFU determination. Experiments were 

conducted three times for two biological replicates.  
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3.3.2. UVC efficacies in the in vitro model 

The goal was to develop an in vitro model which would enable direct and rapid estimation of the UVC dose 

required for bacterial inactivation by quantifying bacterial bioluminescence. An established infection in vivo would 

be expected to extend beyond the surface, and bacteria also would be expected to multiply several folds 

throughout the depth of the infection in the presence of a plentiful supply of nutrients and moisture. To address 

these experimental questions, in vitro models were designed as described below.  

 

3.3.2.1. Minimum inhibitory UVC dose in an in vitro model 

By considering the above factors, a simplified infection was modelled by inoculating 100 µl of bioluminescent P. 

aeruginosa Xen05 containing approximately 108 bacterial cells within 1 ml of overnight culture to a molten ‘top 

agar’ (0.75% w/v agar in TSB) of 1 ml, 3 ml, 6 ml and 11 ml volumes. The mixture was mixed well and poured 

in the TSA plate (1.5% w/v granulated agar in TSB) and the plate was rotated so that the ‘top agar’ containing 

bacteria would spread uniformly and form a superficial layer over the TSA agar base (85 mm diameter petri 

dish). The 3 ml gel was found to form an approximate superficial thickness of 0.50 mm, equivalent to the central 

corneal thickness, and was thereafter adopted for use in the experiments. Clear zones of growth inhibition, 

identified by visual inspection of the agar plates, were taken to represent areas of total kill. Turbidity indicated 

bacterial growth. Zones of reduced turbidity were taken to represent some killing/inhibition of growth within the 

area exposed to UVC, indicating incomplete sterilisation. This model mimicked an infection with superficial as 

well as a deeper proliferating bacteria, under a temperature controlled (37 °C) environment. Each agar plate was 

marked in quadrants corresponding to four UVC exposure times: 1 s (1.93 mJ/cm2), 5 s (9.65 mJ/cm2), 10 s 

(19.3 mJ/cm2) and 15 s (28.95 mJ/cm2) (Figure 3.4). UVC fluence levels were selected based on the available 

literature.[83] In each quadrant, three points were marked on the back of the plate as a guide for aiming the UVC 

beam. The growth controls were pre-marked on unexposed areas of the plate.  

After the growth medium was prepared as described above, the petri dish lid was removed and specified UVC 

doses were applied to the corresponding areas on the plate. The plate was then incubated at 37 °C, with the lid 

replaced, and bacterial bioluminescence was measured in the IVIS® every hour starting from baseline 

(immediately after UVC application) for the first six hours and then again at 24 h. The distance of the agar plate 

from the CCD camera in the IVIS® was standardised and photon flux was quantified for a fixed region of interest 

(ROI) of 2.0 mm2. Background photon flux was defined from an ROI of the same size from an agar plate devoid 

of bacteria. A minimum of three repeat experiments were conducted on three separate days.  

 

3.3.2.2. Range of UVC doses effective in an isolated in vitro infection model   
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In consideration of the fact that many corneal infections are under 1 mm in diameter when diagnosed,[274] a 

separate experiment was designed to mimic a typical infection, where all the bacteria were limited to an area 

well within the 4.5 mm diameter exposure zone of the UVC diode (Figure 3.2). For these experiments, 1 ml of 

‘top agar’ was inoculated with an overnight culture of 100 µl bioluminescent P. aeruginosa Xen05, containing 

approximately 108 bacterial cells within 1 ml of overnight culture. Bacterium-containing top agar gel was mixed 

thoroughly, avoiding bubble formation, and an aliquot of 3 µl (approximately 107 CFU from overnight culture) 

was pipetted into each well (in triplicate) of a 96-well black microplate, to test efficacy in relation to UVC exposure 

time. Tested exposure times were 5 s, 10 s, 15 s, 30 s, 60 s and 120 s, which were selected on the basis of the 

preceding experiments and existing literature (Chapter 1). 

This isolated in vitro infection model was created to allow bacteria to proliferate but only within the gel diameter 

which was consistently much smaller than the UVC beam diameter of 4.5 mm (Figure 3.2). This ensured that all 

bacteria, irrespective of depth within the gel, were exposed to the UVC, reflecting a typical small, subsurface, 

active corneal infection. Transmissibility of UVC experiments conducted with the Solarmeter, prior, confirmed 

that UVC is completely blocked by microplate walls and does not transmit to the neighbouring wells. By 

positioning the diode directly above the wells, centered and sufficiently deep, it was also ensured that the UVC 

photons didn’t spread to the other wells and were contained within the gel diameter. After the gel had set at room 

temperature – usually within 5 min - the wells were exposed to the various UVC doses. The microplate was then 

incubated at 37 °C and the bacteria containing gel was hydrated with 2 µl 0.85% normal saline every 2 h by 

dropping the saline directly over the gel to prevent desiccation. In addition, moisture was maintained by placing 

a water-soaked paper towel beneath the microplate in a sealed container. The microplate lid was retained in 

position, except during UVC exposure and while bioluminescence measurement in the plate reader. Bacterial 

bioluminescence was measured from baseline (0 h) to 6 h in a plate reader (EnSpire® Multimode Plate Reader, 

PerkinElmer, US). The experiment was conducted three times with at least 3 replicates at each exposure time.  

 

Figure 3.2. An isolated in vitro infection model (indicated with an arrow). The model was used to test the efficacy 

of different UVC doses against bacteria proliferating at various depths. 
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3.3.3. Time-to-kill curves of UVC treated bacteria

Following on from previous experiments and after determining the minimum inhibitory UVC dose, time-to-kill 

curves were generated from CFU quantification for the UVC-exposed bacteria to monitor growth and decay over 

24 h with a fixed UVC exposure (5 s) in room temperature. Time-to-kill curves data help to evaluate the effect of 

antimicrobials over time.[275] An overnight culture of bioluminescent P. aeruginosa Xen05 (~108 CFU/ ml) was 

subjected to five 10x serial dilutions in 0.85% normal saline. Two aliquots of 2 µl volume of the neat culture were 

transferred to a sterile glass slide. One of the aliquots was exposed to UVC, pipetted and suspended in a tube 

containing 998 µl TSB with 1% Tween-20 (total volume of 1 ml). The other aliquot of bacterial suspension was 

transferred to a separate tube containing 998 µl TSB with 1% Tween-20 (total volume of 1 ml) and served as a 

growth control (no UVC exposure). An exposure of 15 s UVC was also tested in similar experiments for 

comparative purposes.

The suspensions in both the tubes were mixed well, serially diluted and plated immediately (0 h), and at 3 h, 6 

h and 24 h for colony counting. The exposure and plating method was repeated for other tubes containing 101 

x, 102 x, 103 x, and 104 x diluted bacterial suspensions. An identical growth environment, as described above, 

was maintained for each sample. Experiments were conducted in duplicate for efficiency between repetitions 

and cause minimal disturbance to the bacterial growth cycle, over three separate experiments on different days, 

and the mean values were plotted to generate time-to-kill curves. A detection limit of 100 CFU/ml was set to 

eliminate effects of minor experimental variations.

3.3.4. Relative viability assessment of UVC exposed bacteria

The LIVE/DEAD BacLight Bacterial Viability Assessment Kit (Invitrogen, US) was employed in these 

experiments. The kit utilises two nucleic acid stains: SYTO9, a green-fluorescent stain and Propidium 

Iodide (PI), a red-fluorescent stain. SYTO9 stain generally labels all bacteria irrespective of their membrane 

integrity and PI labels only bacteria with damaged membranes.  When both dyes are present, PI displaces 

SYTO9 because of its greater affinity towards nucleic acid and reduces the SYTO9 fluorescence. Therefore, 

live bacteria with intact cell membranes stain fluorescent green and the bacteria with damaged membranes 

stain fluorescent red. The manufacturers claim a background fluorescence of virtually zero.[276]

3.3.4.1. Preparation of live / dead bacterial sample and staining procedures

A sample of non-bioluminescent P. aeruginosa ATCC 27853 was incubated overnight at 37 °C in TSB, shaken 

at 200 rpm. The following day, the supernatant was removed after centrifuging 10 ml cultured solution at 4500 x 

g for 10 min at 21 °C. The cells were then suspended in 10 ml of saline (0.85% w/v) to contain approximately 

108 CFU/ ml of bacteria. Two 5 ml aliquots were then created using two different diluents; one using saline (live 

bacterial solution) and the other using isopropyl alcohol (dead bacterial solution) (350 µL alcohol + 150 µl 

bacterial suspension). Both suspensions were placed in an orbital shaker set at 200 rpm, at 21 °C, for 1 h. The
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live and dead bacterial cells were harvested by centrifugation (4500 x g, 10 min, 21 °C) and the bacterial pellet 

was washed once with PBS. Both suspensions were adjusted to get a final optical density of 0.2 ± 0.05. A 100 µl 

aliquot of neat suspension of alcohol-treated cells led to no colonies forming in the agar plating experiments, 

whereas colonies did form from the saline-treated cells, as anticipated. Therefore, cells treated with isopropyl 

alcohol were considered ‘dead’ and the saline solution treated cells as ‘live’. Different relative proportions of live 

and dead bacteria were then mixed as shown in Table 3. Samples with live bacteria proportions of 0%, 10%, 

50%, 90% and 100% were prepared. For example, a sample with 10% live bacteria contained 90% dead 

bacteria. A 1 ml aliquot of each sample (optical density 0.2 ± 0.05) was stained with Syto9 (1.67 mM) only, PI 

(18.3 mM) only or both (in volumes of 1 µl each). PI was pipetted, vortexed briefly and Syto9 was pipetted 2 min 

later, followed by brief vortexing. Fluorescence microscopy was also performed to obtain Green and Red channel 

images which were later merged in ImageJ (NIH, USA) software. All experiments were conducted five times.  

Table 3.1. Proportion of live and dead cells 

proportion of Live: Dead cells Live cells Dead cells 

0:100 (0% live cells)  0 µl 100 µl 

10:90 (10% live cells)  10 µl 90 µl 

50:50 (50% live cells)  50 µl 50 µl 

90:10 (90% live cells)  90 µl 10 µl 

100:0 (100% live cells) 100 µl 0 µl 

 

3.3.4.2. Preparation of the UVC exposed bacterial sample 

The UVC-treated bacterial sample was prepared by exposing 3 separate 2 µl aliquots of 10x diluted overnight 

culture to 5 s UVC and adding these to 744 µl 0.85% normal saline to form a final volume of 750 µl. The 2 µl 

volume was optimised for UVC exposure because when spread, its limits remained within the 4.5 mm exposure 

diameter of the UVC LED device. Three samples were prepared in this way each time (optical density 0.2 ± 0.05). 

Bacteria were suspended in this normal saline for 3 h after UVC exposure, before live/dead staining procedures 

were conducted, as described above. 

 

3.3.4.3. Generation of the standard curve and assessment of the relative viability of 
UVC exposed bacteria 

In the Plate Reader, fluorescence measurements were adjusted as follows: for Emission 1, excitation and 

emission were set at 485 nm and 530 nm, respectively, and for emission 2, they were set at 485 nm and 630 

nm, respectively. After staining, a 100 µl aliquot of each bacterial suspension was pipetted to microplate wells 

and the fluorescence emission was measured for each of the proportions of live/dead bacteria (Table 3.1). By 
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convention, the ratio of Green/Red fluorescence (G/R) is used to describe the % live cells. This formula presumes 

an ideal situation where SYTO9 stains only live cells and PI stains only dead cells. However, SYTO9 stains 

even the dead cells, which overestimates the proportions of live cells. Therefore, an adjusted dye ratio[277] was 

used to describe the percentage of live to dead cells (Equation 3.1).[277] 

𝑨𝒅𝒋𝒖𝒔𝒕𝒆𝒅 𝒅𝒚𝒆 𝒓𝒂𝒕𝒊𝒐 (% 𝒍𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔) ∝  
𝑺𝒀𝑻𝑶𝟗

𝑷𝑰
=  % 𝒍𝒊𝒗𝒆 𝒄𝒆𝒍𝒍𝒔 ∝ [

(
𝑺𝒀𝑻𝑶𝟗

𝑷𝑰
)

[𝟏 + (
𝑺𝒀𝑻𝑶𝟗

𝑷𝑰
)]

] 𝑿 𝟏𝟎𝟎

Equation 3.1. Adjusted dye ratio. The alpha sign indicates ‘proportional to’ function.

The calibration curve was obtained by plotting G/R fluorescent intensities against the known proportions of live 

to dead cells. The adjusted G/R ratio of the UVC treated cells was matched against the standard curve to 

determine the relative viability based on linear regression.  

3.3.5. Bioluminescence profile of UVC exposed bacteria 

This experiment was conducted to investigate UVC mediated bacterial killing as a function of time. A TSA agar 

plate was divided into two halves with a marking pen. A 1 µl aliquot of bacterial suspension containing 

approximately 106 CFU of bioluminescent P. aeruginosa Xen05 (10x diluted overnight culture) was dropped onto 

the TSA agar plate surface. This volume was chosen because when it spread, its limits remained within the 4.5 

mm exposure diameter of the UVC LED device. Four separate replicates, representing the experimental cases, 

received 5 s UVC (9.65 mJ/cm2) in the right half. An equal number of replicates in the left half received no UVC 

exposure, representing the control situation of normal bacterial growth. The agar plate was incubated at 37 °C 

and bacterial bioluminescence was measured every 30 min from baseline (immediately after UVC exposure) to 

6 h in the IVIS®.  

3.3.6. Bioluminescence profile of ciprofloxacin exposed bacteria 

This experiment was conducted to investigate ciprofloxacin-mediated bacterial killing as a function of time. 

Approximately 106 CFU/ 100 µl of an overnight culture of bioluminescent P. aeruginosa Xen05 was prepared 

(through 2 serial 10 x dilutions). To investigate the effect of ciprofloxacin on bacterial bioluminescence, an 80 µl 

bacterial suspension was exposed to 20 µl of 0.3% ciprofloxacin to achieve an overall volume of 100 µl, and 

bacterial bioluminescence was measured with the Perkin Elmer plater reader immediately, and in one-minute 

intervals thereafter, for the next 10 minutes. An equivalent growth control (100 µl) was also maintained and 

measured at the same intervals for comparison.  
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3.3.7. Statistics 

Statistics included linear regression analysis to determine the relationship between bacterial bioluminescence 

and CFU count, one-way and two-way ANOVA with Bonferroni’s correction to determine the minimum inhibitory 

UVC dose and the effectiveness of other UVC doses tested, as well as frequency and percentages. In a two-

dimensional coordinate system, the areas-under-the-bioluminescence-curve (AUC), which represent the 

infection time course according to bacterial bioluminescence, and are also a common approach for the analysis 

of antimicrobial effects of drugs[278] were calculated using numerical integration.[279] The difference in the AUC 

between the untreated control and the UVC-exposed groups was also compared statistically using a 

Student t test/ANOVA. A p-value of <0.05 was considered significant. 

3.4. Results 

3.4.1. Evaluating bacterial bioluminescence as a real-time surrogate marker for CFU 
count 

To confirm the utility of bacterial bioluminescence as a surrogate measure of viability and cell count, as described 

in section 3.3.1, the results obtained by bioluminescence measurement (IVIS® and plate reader) were matched 

with those obtained by the traditional means of colony counting. A strong linear correlation (R2 = 0.99) was 

demonstrated between bacterial bioluminescence and CFU counts of P. aeruginosa for cell density of more than 

104 CFU/ml (Figure 3.3). However, bioluminescence diminished to almost background levels in bacterial cell 

densities of ≤104. 

Figure 3.3. Relationship between bacterial bioluminescence and colony forming units for P. aeruginosa Xen05. 

3.4.2. In vitro infection model development 

In the in vitro infection model (described in section 3.3.2) top agar volumes at the start of the experiment ranged 

between 1 ml and 11 ml, producing layers of between 0.1 and 2 mm in thickness over the agar base in an 85 
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mm petri dish (Table 3.2). A volume of 3 ml was noted to form a superficial surface layer of approximately 0.50 

mm in thickness, comparable to central corneal thickness in humans, therefore, the 3 ml top agar volume was 

selected for subsequent experiments (Figure 3.4). As Table 3.2 shows, the efficacy of UVC decreased with an 

increased top agar thickness. Even with longer exposure times, UVC was not effective in reducing bacterial 

proliferation in thicknesses beyond 0.5 mm. 

 

Table 3.2. Top agar thickness generated over agar base according to volume, in creating an in vitro 

representation of a typical clinical infection. Effective UVC exposure times are listed according to top agar 

thickness. 

Top Agar volume Top agar thickness Effective UVC exposure times  

1 ml ~ 0.10 mm  1 s, 5 s, 10 s and 15 s  

3 ml ~ 0.50 mm  5 s, 10 s and 15 s 

6 ml ~ 1.00 mm  Turbid with 5 s, 10 s and 15 s 

11 ml ~ 2.00 mm  Turbid with 10 s and 15 s 

 

Figure 3.4. The effect of UVC exposure on bacterial proliferation. An approximately 0.50 mm superficial in vitro 

disease model was created (for methods, see section 3.3.2.1) for comparing UVC efficacies beneath an agar 

gel. Four quadrants correspond to four UVC exposure times: 1 s, 5 s, 10 s and 15 s. Round clear spots represent 

bacterial growth inhibition following the corresponding dose of UVC. UVC exposures of 5 s or more resulted in 

clearer growth inhibition zones. 
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3.4.3. Determining minimum inhibitory UVC dose in an in vitro static infection model 

To determine the lowest UVC dose capable of inhibiting bacterial proliferation in the in vitro infection model, four 

UVC exposure times were tested; 1, 5, 10 and 15 s (for methods, see section 3.3.2.1). Bacterial bioluminescence 

was consistently higher for the untreated groups than the UVC treated groups.  

Growth was visibly inhibited for the treated groups within an hour of being exposed to UVC, but not statistically 

significantly (all p > 0.05). After 4 h, all exposures reached statistical significance in retarding bacterial growth 

when compared with the growth control (p < 0.05 in all cases), however, at 6 h, there was no statistically 

significant difference (p > 0.05) between control and the 1 s exposed bacteria, indicating restored bacterial 

proliferation in this group (Figure 3.5). Post hoc analysis showed no statistically significant difference between 

5 s, 10 s and 15 s exposures (p > 0.05).  At 24 h (Figure 3.6A), there was abundant bacterial bioluminescence 

(~107 photons/s) in the untreated areas. Results suggested that the 5 s UVC exposure represented the minimum 

effective dose in inhibiting bacterial proliferation relative to the untreated control (p = 0.0001) at the 6 h post-

exposure time point (Figure 3.6B).  

 

Figure 3.5. Dose and time effects of UVC-mediated bacterial growth inhibition as a function of bacterial 

bioluminescence in an in vitro infection model. The curves represent mean (± SD) and the shaded areas 

represent average background flux of the agar plates in the IVIS® system. Asterisks (*) denote significant 

differences relative to the untreated control (p < 0.05). 
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Figure 3.6. A representative image of IVIS® imaging of bacteria exposed to UVC at 24 h (A). Black arrows 

indicate the areas exposed to UVC. Growth inhibition after UVC exposure in the in vitro infection model is shown 

by blue areas (see colour scale). The graph (B) represents alterations in mean luminescence of P. aeruginosa 

6 h after UVC exposure. Data are presented as mean ± SD; n = 9, *p < 0.05. 

 

3.4.4. Range of UVC doses effective in an isolated in vitro infection model  

Having established that a single exposure of 5 s UVC was the minimum effective bacteriostatic dose, and the 

longest exposure, 15 s was the most effective of the tested doses in the in vitro infection model, an extended 

range of UVC doses (5, 10, 15, 30, 60 and 120 s) was tested on a novel isolated in vitro infection model, as 

described in section 3.3.2.2. Results demonstrated the rate of bacterial growth after exposure was similar across 

all the tested doses; however, higher doses were more effective in inhibiting regrowth (Figure 3.7). After 6 h, 

15 s UVC, along with other longer exposures, differed significantly from the growth control (p < 0.05) but the 5 s 

and 10 s UVC were significantly less effective (p > 0.05) because of bacterial regrowth. The AUC of the bacterial 

burden, presented as bar diagram from 0 h to 6 h, demonstrated that the 15 s UVC exposure was the lowest 

dose to give maximal effect in reducing the bacterial population at the outset, and in inhibiting subsequent 

regrowth, in an isolated in vitro infection model (Figure 3.8).  
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Figure 3.7. Range of UVC exposure times tested in an isolated in vitro infection model. Beyond 2 h, the effectiveness of 15 s UVC exposure differed from control, 5 s, 

and 10 s exposures (all p < 0.05), but not from higher exposures (all p > 0.05). At 4 h, the relative efficacy of UVC exposures of ≥ 15 s did not differ from each other (C-

F) (all p > 0.05) but differed from the 5 s (A) and 10 s (B) exposures (p < 0.05) .  
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Figure 3.8. Area under the curve measurements of UVC exposures ranging between 5 and 120 s, presented as 

a bar diagram, representing overall bacterial burden over time after exposure relative to the control group. An 

exposure of 15 s UVC was determined to be the optimal exposure time in the isolated in vitro infection model. 

Data are presented as mean ± SD; n = 9, *p ≤ 0.05. 

 

3.4.5. Dynamics of UVC-mediated bacterial inactivation 

Having established that UVC is an effective antimicrobial agent that behaves in a dose-dependent manner, and 

with 5 s UVC having been identified as the minimum inhibitory dose in bacterial planktonic phase, time-to-kill 

curves were generated for a range of bacterial concentrations using a consistent 5 s UVC exposure to gauge 

the in vitro activity against P. aeruginosa (for methods, see sections 3.3.3). After determining the potential 

effectiveness of UVC against P. aeruginosa in time-to-kill curves, relative viability was assessed using 

fluorescence measurement techniques (see methods, section 3.3.4). 

 

3.4.5.1. Time-to-kill curves of UVC treated bacteria 

The results of time-to-kill experiments with a range of inoculum densities between 104 and 106 CFU are reported 

in Figure 3.9 (for methods, see section 3.3.3). At all densities, in the absence of UVC exposure, bacteria grew 

exponentially. At high initial inoculum (~ 2 x 106 cells), UVC displayed the weakest bactericidal activity (Figure 

3.9A) resulting in a 2-log10 unit decline in number immediately after the exposure, but an inability to continue to 
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inhibit growth such that regrowth was consistent with that of the growth control by 24 h. The exposure was most 

effective at lower initial inoculums (B, C and D). UVC was highly bactericidal (~4 log10 decrease) at 0 h, 3 h and 

6 h when the bacterial cell density was in the order of ~104 Figure 3.9B). When the initial inoculum was ≤103 CFU, 

no growth was observed after overnight incubation. In addition, the number of recovered cells remained in the 

order of the initial inoculum, and substantially less than that of the growth control in the low-density inoculum (B 

to D). There was increase in viable cell density between 6 h and 24 h in higher density inocula. 

 

Figure 3.9. Time-to-kill curves over a period of 24 h for P. aeruginosa Xen05 exposed to 5 s of 265 nm UVC. A 

range of bacterial inoculum size was prepared after 10x serial dilutions (A; 10x dilution, B; 102x dilution, C; 103x 

dilution and D; 104x dilution), exposed to UVC and plated for colony counting. Mean values from three separate 

experiments are plotted. The growth control received no exposure to UVC. Shaded areas represent the detection 

limit (n = 100).  

UVC was highly bactericidal in the low-density inoculum achieving up to a 4-log10 unit reduction and transiently 

bacteriostatic in high - density inoculum achieving up to 2-log10 reduction in CFU counts.  Interestingly, bacterial 

killing was bacterial density dependent. An exposure of 15 s UVC to a high-density inoculum, containing 

approximately 106 CFU, resulted in a >3-log10 reduction of CFU counts, however this continued to proliferate, 

reaching the original density within 24 h (Figure 3.10A). Conversely, a 15 s UVC exposure resulted in complete 

sterilisation (≥4-log10) of a bacterial population containing <106 CFU (Figure 3.10B) with no regrowth visible at 

24 h.   
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Figure 3.10. Time-to-kill curves over a period of 24 h for P. aeruginosa Xen05 exposed to 15 s of 265 nm UVC. 

Higher bacterial density (~106 CFU) is shown in A and lower bacterial density (~105 CFU) is shown in B. The 

growth control received no exposure to UVC. Shaded areas represent the detection limit. Mean values from 

three separate experiments are plotted.

The results of these in vitro time-to-kill experiments provide evidence that UVC exposure exhibits dose and 

inoculum-dependent reductions in bacterial number, as measured by declines in the rates of, and/or extent of, 

bacterial population over a defined period. The effectivity of bacterial inactivation with UVC declined with 

increasing bacterial density.

3.4.5.2. Relative viability assessment of UVC treated bacteria

Having established that UVC-mediated bacterial growth inhibition is dose and inoculum dependent, the next step 

was to compare the relative viability of UVC treated bacteria against standardised live / dead curves, as 

described in section 3.3.4.3. From Figure 3.11A, it is clear that estimates of bacterial viability from fluorescence 

methods are higher than those from the CFU data. The results showed that mean relative viability of the UVC 

treated cells was 26.2% as measured by a fluorescence test discriminating between dead and live cells (Figure 

3.11B). Fluorescence microscopic observations revealed that the UVC treated bacteria and untreated live 

bacteria had similar shapes implying an intact cell membrane. At 6 h, intermediate cells (dying cells) were seen 

(Figure 3.12).
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Figure 3.11. Integrated intensities of the green (530 nm) and red (630 nm) emission and the green / red 

fluorescence ratios were calculated for range of live/dead proportions of P. aeruginosa. The line is a least-

squares fit of the relationship between % live bacteria (x) and Ratio G/R (y). The relative viability of the UVC-

exposed bacteria, according to the G/R ratio, was determined to be 26.2%.  

 

Figure 3.12. Fluorescence microscopic image of UVC exposed bacteria at 6 h. Live (green), dead (red) and 

intermediate (yellow, pointed with a white arrow) bacterial cells are shown. Scale bar = 0.5 µm.  

 

3.4.6. Bioluminescence profile of UVC exposed bacteria  

An experiment was conducted to assess the temporal pattern of bacterial bioluminescence following exposure 

to UVC (for methods, see section 3.3.5). Following inoculation of the agar plates with bacteria, the 

bioluminescence of the UVC-exposed bacteria increased consistently, with a rapid 2.3 log10 rise in 
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bioluminescence during the first 30 min from baseline, after which time there was a gradual reduction. The 

growth control (unexposed bacteria) continued to grow and reached 5.5 log10 in 4 h. Compared to the growth 

control, by 4 h, there was growth inhibition of 2.24 log10 units in the UVC-exposed group. UVC-exposed bacteria 

retained modest bioluminescence until the 6 h time point (Figure 3.13). 

 
Figure 3.13. Bacterial bioluminescence as a function of time after UVC exposure.  

 

3.4.7. Bioluminescence profile of ciprofloxacin exposed bacteria  

This experiment was conducted to investigate the effect of ciprofloxacin on bacterial bioluminescence as a 

function of time (for methods, see section 3.3.6). Results showed a rapid decline in bioluminescence value in 

the ciprofloxacin-exposed bacteria when compared with the untreated control bacteria (Figure 3.14). The 

bioluminescence diminished to background levels within 10 min representing a reduction of almost 1.5 log10 

units. Growth control remained stable at 3.5 log10 units over the course of the 10 min experiment. 

 
Figure 3.14. Bacterial bioluminescence as a function of time after ciprofloxacin exposure. 
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3.5. Discussion

The results of this study have demonstrated that a single exposure of UVC exhibits a dose and density 

dependant antimicrobial effect in an in vitro infection model, aligning in principle with the results observed in 

other UVC studies, notwithstanding dose range and methodological differences. Bacterial susceptibility to UVC 

exposure is a function of UVC dose, absorbance of the media in which the bacteria are growing, and the density 

of bacteria; thus, it is not surprising that the dose previously demonstrated to be adequate for complete bacterial 

inactivation in an in vitro surface model[83] differs from that required to manage bacterial proliferation in the 

0.5 mm thick infection model created in the current research to mimic the human cornea.

3.5.1. Dose findings studies

It was found in this study that UVC acted as an effective antimicrobial agent against P aeruginosa in a dose-

dependent manner in a model approximating human corneal thickness. The model presented here has several 

features that make it clinically applicable for testing UVC efficacy. The media represented a soft tissue allowing 

bacterial proliferation throughout its depth and allowing insight into the minimum and optimally effective UVC 

dosages. Bacteria proliferated despite UVC exposure which suggests that the treatment of deeper infection is 

likely to be less effective. Exposures as short as 1 s inhibited bacterial growth in a surface model, but ≥ 5 s were 

required to inhibit subsequent regrowth. Consistent with evidence in the literature, it would appear that a small 

UVC dose injures cells[272] while a large dose has the potential to kill bacteria.[280] For example, 0.7 mJ/cm2 of 

266 nm has been shown to harm cells but the bacteria can revive.[272] In contrast, 150 mJ/cm2 UVC (254 nm) 

permanently destroys bacteria.[280] The exposure times were required to be higher than 5 s in the isolated 

infection model and a 100% kill rate could not be achieved with exposures even as high as 120 s, which is 

presumed to be on account of the UVC being rapidly absorbed by the superficial media.

In the isolated infection model, 15 s UVC was found to be the lowest reliable effective exposure time to both 

achieve immediate inhibition of bacterial growth and to prevent significant subsequent regrowth. Regrowth of 

bacteria was observed in all experiments and was dependent on UVC dose applied, as has been identified in 

other studies.[161] The inability to achieve 100% sterilisation means that there are some bacteria in the population 

more resistant to being killed, perhaps because they are shielded by other bacteria and /or media. [175] Studies 

in vivo are required to confirm if such a response occurs in a corneal infection, as it is acknowledged that the 

infection model presented here may not represent actual biological events where physiological processes and 

complex host tissue interactions could help or hinder bacterial proliferation.

3.5.2. Time-to-kill studies

Time-kill curves that monitor bacterial growth and death over a wide range of antimicrobial concentrations have 

been frequently used to evaluate the effect of antimicrobials over time.[275] In the present study, the time-to-kill 

experiments suggest that 5 s UVC yielded a marked bactericidal effect on a low bacterial concentration inoculum,
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achieving up to a 3 log10 unit reduction in bacterial number, but was less effective in higher concentration inocula. 

Results obtained from time-to-kill studies (CFU data) showed the bactericidal effect of UVC to be greater than 

that demonstrated by the bioluminescence data (photons/s). The detection threshold of the IVIS® system being 

poorer than that of culture methods may have limited quantification of bacterial level reductions.[281] Killing 

efficacy appeared to be dose dependent, with superior effects on growth inhibition demonstrated with a 15 s 

UVC exposure. Various reasons might account for the increase in viable cell density between 6 h and 24 h but 

an increase in resistant mutants, either phenotypic (non-inherited) or genotypic, was not considered 

responsible.[282] Phenotypic resistance occurs without genetic alteration which is unlikely in these experiments 

because all bacteria in a sample were exposed simultaneously and were vulnerable in the same way to UVC 

exposure.[283] Also, two independent subcultures grown after UVC exposure were cultured and exposed to UVC 

following the same protocol. These cultures were also susceptible to UVC. While these results are not sufficient 

to rule out the development of resistant mutants, they diminish the possibility that the resistance was heritable. 

In a bacterial population, there is a subpopulation of cells recognised as ‘persistent’ that are not killed by 

treatments that kill the bulk of the population. Such persistent bacteria have shown susceptibility to treatment 

exposures once growth resumes, suggesting that that the resistance is transient and is not created because 

of a genetic alteration.[282] Interestingly, this phenomenon is particularly relevant to bacteria growing at host 

locations. It has been demonstrated that UVC-exposed bacteria can develop mutations, both phenotypic and 

genotypic, and can adapt to UVC exposure.[284, 285] However, resistance is not acquired rapidly even when sub-

lethal exposures to UVC are applied repeatedly.[160] In the present study, bacterial resistance to UVC was not 

tested but it would be interesting to explore this because there is always a theoretical risk of developing 

resistance to antimicrobial.[286] The growth at 24 h was also not the result of contamination, as confirmed by 

imaging the agar plate in the IVIS®. All bacteria were bioluminescent excluding the possibility of a growth of non-

experimental non-bioluminescent bacteria. The viability of UVC exposed cells could not be attributed to photo-

reactivation either, because experiments conducted in the dark resulted in similar CFU counts. Further 

experiments were conducted to determine the relative viability of UVC exposed bacteria (see next section). 

Low-density inocula exposed to UVC did not grow at 0 h, 3 h and 6 h confirming the bactericidal effect of UVC. 
[286] It is unlikely that bacterial colonies which were small enough to be detected on the agar plate were missed 

because a further 8 h of incubation after overnight culture failed to increase the number of detectable colonies. 

The possibility of growth rate disadvantage and bacterial competition needs to be considered, where more 

aggressively growing bacteria compete with their neighbours for space and resources in the media. [287] 

Confirmation of bioluminescence with the IVIS® in this situation further excludes the possibility of mutual 

competition with non-experimental, non-bioluminescent bacteria in the plate.  

 

3.5.3. Viability assessment studies 

Confirmation of the non-viability of bacteria after UVC exposure is important in understanding the effects of UVC 

on the bacteria and in forecasting the treatment potential for UVC in managing keratitis. Conventional culture-

based techniques allow only identification of viable bacteria. The results from the live/dead staining allowed a 
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direct visualisation and quantification of live and dead bacteria. UVC exposed bacteria showed 26% viability 

relative to the standardised live/dead curves. Emission in the green fluorescence zone was consistently higher 

than in the red fluorescence zone which suggests that UVC may have caused an increase in the population of 

intermediate, relative to live and dead cells.[288] This assumption seems valid with regard to our knowledge of 

UVC’s mechanism of action which is through DNA damage.[289] For 100% dead cells, which were confirmed by 

plating, there was high emission in green fluorescence producing the adjusted dye ratio of approximately 33%, 

similar to that observed in other studies.[290, 291] These results indicate that after UVC exposure, a majority of 

bacterial population were dead, however some of them remained viable but non-cultivable (intermediate stage). 

Theoretically, bacteria in this intermediate stage would be more likely be vulnerable to subsequent exposures 

and more susceptible to successful attack by the host immune system.

3.5.4. Bacterial bioluminescence profile studies

Bacterial bioluminescence assessment permits rapid investigation of the efficacy of antimicrobial agents and 

resistance of bacteria to potential treatments. Two separate experiments were conducted to monitor the 

therapeutic effect of UVC and ciprofloxacin on bacterial growth and the bioluminescence response, per se, as a 

function of time. In the UVC-exposed group, there was a gradual reduction in bacterial bioluminescence over a 

period of four hours whereas in the ciprofloxacin-exposed bacteria, there was a rapid decline in bioluminescence 

to background levels within 10 min. Although direct comparability of experiments would have been enhanced 

with measurement of bioluminescence using an identical experimental set up, the rapidity of bacterial killing in 

the ciprofloxacin exposed group relative to UVC, was very clear. The differences in methodology arose due to 

the distinct delivery modes of the two exposures, since the Perkin Elmer plater reader does not allow 

bioluminescence measurement in an agar plate and an equivalent volume of bacterial suspension (100 µl) was 

not conducive to exposure with the UVC diode in the microplate.

Bacterial bioluminescence relies on complex cellular biochemistry and active bioluminescent light production 

indicates that the genetic and biochemical apparatus of the cell are intact.[292] Ciprofloxacin was highly effective 

in causing a rapid decline in bioluminescence signal (~1.5 log10) . This was not unexpected, given ciprofloxacin’s 

mechanism of action which involves inhibition of bacterial DNA synthesis, killing the bacteria immediately. [293] 

The initial increase in bioluminescence in the UVC exposed group is most likely related to increased metabolic 

activity prompted by the cells’ attempts at repairing UVC-inflicted defects.[289] The direct challenge of the UVC 

exposure to the bacterial cells is not energy-generating in itself, therefore the real-time measurement of 

bioluminescence would not be affected to a great extent on initial challenge. However, after cessation of the 

exposure, the cells would be expected to be directing their metabolism towards recovery and it would be this 

recovery process which would generate bioluminescence. It has been shown that bioluminescent bacteria, when 

exposed to UV radiation, produce more light.[289]  This is thought to be because bacteria use the bioluminescence 

pathway to eliminate harmful reactive oxygen species and to aid DNA repair.[289] This hypothesis is supported 

by the modest reoccurrence of bacterial bioluminescence after UVC light exposure even at 6 h. The results
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demonstrated that exposure with UVC resulted in an immediate loss of bacterial viability (time-to-kill 

experiments) but a slower decrease in bioluminescence.  

In conclusion, results showed that UVC exhibits a dose and density dependent effect against bacteria 

proliferating on a gel-based medium. A single exposure of 15 s UVC showed consistent antimicrobial activity 

that prevented regrowth, in the developed in vitro infection model. Results suggest that UVC might be better 

suited to treatment of smaller, early-stage infections with a manageable bacterial load rather than larger, late-

stage infections with too high a bacterial load. The UVC doses from these experiments need to be evaluated in 

the ex vivo setting and in an in vivo infection model to further confirm possible clinical efficacy of UVC as a 

treatment.
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Chapter 4 

Dose requirements for UVC inactivation of bacteria in 
experimental keratitis: an ex vivo investigation 

________________________________________________________________________________________ 
In Chapter 3, in vitro infection models were developed in which antimicrobial activity of 265 nm UVC light (1.93 

mW/cm2) was established. In this chapter, the bactericidal UVC doses were tested for efficacy in an ex vivo 

keratitis model.  

 

4.1. Introduction   

As discussed in Chapter 3, UVC is a recognised antimicrobial agent, which is effective against a wide range of 

pathogens.[168] [83] Moving forward, the focus of this chapter was to determine the minimum UVC dose that is 

effective in inhibiting bacterial proliferation in an ex vivo infection model. In the investigation of the antimicrobial 

efficacy of UVC, several non-ocular in vivo infection models have been developed [137, 158, 159] and specific doses 

tested, but dose optimization has not been reported. In humans, the upper UV dose limit in the treatment of skin 

disease is conventionally defined by the skin’s sensitivity to UV exposure and is termed the Minimal Erythema 

Dose (MED). This equates to the UV fluence (the radiant energy received by a surface per unit area) that 

produces minimal erythema (redness) in an individual’s skin within a few hours of exposure.[294]  In animal 

studies, no minimum effective UVC intensity values are available and research in the area has been mostly 

restricted to the limited use of UVC doses in the order of 2590 to 3240 mJ/cm2.[158, 159] Known resistance to 

penetration of UVC through tissues might have contributed to the selection of those doses. As demonstrated in 

Chapter 3, even higher doses may not show bactericidal activity deep in a medium because of the rapid 

absorption of photons by superficial layers. It is therefore important that the dose of UVC light required to 

inactivate bacteria in infections where bacteria may be proliferating inside a tissue is determined, validated and 

optimised. Exploration of the doses in the context of the target tissue is critical because the thickness and UV 

absorption coefficients of different media differ and, with respect to the eye, infections can typically exist below 

the eye’s surface.[218] [162] In the human cornea with a central corneal thickness of approximately 500 µm, it 

needs to be considered that 75% of applied UVC will be absorbed within the stroma [218] yet a severe infection 

can affect the deeper layers. Conducting experiments in ex vivo tissues that more closely mimic the real cornea 

are therefore highly valuable.   

Based on the documented efficacy of UVC against P. aeruginosa,[83] and through in vitro experiments (Chapter 

3), the minimum effective UVC exposure times necessary to successfully treat an ex vivo keratitis model were 

determined. From the results, two exposure times, 5 s and 15 s (doses of 9.65 and 28.95 mJ/cm2, respectively), 

were selected from the seven doses tested in Chapter 3, for a trial of UVC efficacy in a purpose-designed ex 

vivo porcine keratitis model. With limited availability of human tissue, the porcine cornea was deemed a suitable 
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model for the human cornea, and one from which in vivo dose calculations could be derived, on the basis of 

similarities in a number of features including size, corneal structure, composition, histological, physiological and 

permeability properties.[295] Ethical advantages of using an ex vivo model over conducting in vivo animal studies 

include the availability of tissue that would otherwise be disposed of and the potential to reduce the number of 

animals required for dose determination studies during the in vivo phase. While it is acknowledged that an 

infection model using whole eyes ex vivo limits data acquisition on host-microbe interactions because of the lack 

of immunity, ex vivo models are recognised to be powerful tools in research that does not require long-term 

observation.[138] P. aeruginosa was selected as the pathogen within the model because of its clinical relevance 

and established use as an organism in keratitis model research.[138] 

The aim of this chapter was to determine the efficacy of 5 s and 15 s UVC (9.65 and 28.95 mJ/cm2, respectively) 

in inactivating bacteria in an ex vivo porcine keratitis model in independent experiments.  

 

4.2. Materials and Methods 

4.2.1. Bacterial strain and culture conditions 

Bioluminescent Pseudomonas aeruginosa Xen05 was used to develop the ex vivo infection model. Bacterial 

culture was prepared as described in Chapter 3 (section 3.2.2), with the following refinements: after overnight 

culture of bacteria, bioluminescence was confirmed by pipetting 100 µL of bacterial suspension in a 96-well flat 

bottom microplate and reading it in a VictorTM X plate reader (PerkinElmer, US). Bacteria were harvested by 

centrifuging twice for 5 min at 4500 x g at room temperature. The supernatant of the growth medium was 

removed and discarded, and the pellet re-suspended in 10 ml freshly prepared sterile phosphate buffered saline 

(PBS) to achieve a cell density of approximately 108 CFU/ ml. The total number of CFU was enumerated by plate 

counting.  

 

4.2.2. Preparation of the ex vivo infection model 

Freshly excised whole porcine eyes were used in these experiments. The eyes were collected within two hours 

of animal slaughter and were transported to the laboratory in a chilled ice bin (4° C). Excess tissue was carefully 

excised and discarded and the eyes were washed with normal saline. Corneal surface integrity was assessed 

by visual inspection and eyes with epithelial damage were discarded. The prepared eyes were numbered serially 

for randomisation purposes. A corneal wound was then created by marking the central 2 mm of the cornea with 

a biopsy punch (2 mm diameter) and gently debriding the epithelium with a scraping blade, to mimic a small 

corneal wound in patients. Wound size was set at 2 mm to facilitate bacterial adhesion. Epithelial wounding was 

confirmed by administering 5 µl of diluted sodium fluorescein dye (1%) (Fluorescein paper, Haag-Streit 

Diagnostics, Switzerland) (Optimised for fluorescence by dipping three fluorescein-impregnated strips into 50 µL 

PBS), onto the debrided cornea and visually inspecting corneal staining under illumination with blue light. Eyes 
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were then physically attached at the base of an 85 mm petri dish, with the cornea facing upwards. Eyes were 

challenged with a bacterial suspension containing approximately 106 CFU within 5 µl and were incubated at 

370 C. Thirty minutes after incubation, eyes were gently irrigated with 0.85% normal saline to dislodge loosely 

attached bacteria, and eyes were randomly allocated to the treatment groups: control (unexposed eyes) or 

experimental cases (UVC exposed eyes). During randomisation odd values were assigned treatment and even 

numbers served as controls (experiments were conducted twice each). Bacterial luminescence measurements 

were repeated at 2 h intervals in all eyes, for 6 h (see Figure 1).  

This was a two-phase experiment. First experiment was conducted looking at 5 s exposure based on the results 

from in vitro static infection model (see Chapter 3, section 3.4.3). Then on the basis of the ‘isolated’ in vitro model 

results (See Chapter 3, section 3.3.2.2), a second phase experiment was conducted that looked at 15 s 

exposure. In both phases of the experiment, the efficacy of UVC in managing bacterial infection in the porcine 

keratitis model was evaluated in comparison to the untreated control.  

 

4.2.3. Bacterial luminescence assessment in the ex vivo infection model  

Bacterial bioluminescence was measured with the IVIS® in vivo imaging system (see Chapter 3, section 3.2.3). 

In addition to the methods described in Chapter 3 (section 3.2.3), the following protocol was adopted: For image 

acquisition, an integration time of 1 min was used. Regions of interest (ROIs) were created manually (1 cm x 

1 cm) and the luminescence was read from the corresponding areas. For each measurement, the background 

signal was measured from an uninfected peripheral region of the eye and the mean value was plotted against 

the bioluminescence curves (Figures 4.3C and 4.4C). 

 

4.2.4. UVC exposure in ex vivo infection model 

The UVC device used in these experiments has been described in the previous chapter (Chapter 3, section 

3.2.1). Based on in vitro efficacy experiments (Chapter 3), two UVC fluence levels of 9.65 mJ/cm2 (5 s) and 

28.95 mJ/cm2 (15 s) were tested in the ex vivo model in separate experiments. These doses were estimated as 

minimally effective test doses from the prior series of in vitro infection model experiments (see Chapter 3, section 

3.4.4). 
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Figure 4.1. Timeline of the ex vivo study. A corneal scratch model was created and inoculated with approximately 

106 CFU bioluminescent P. aeruginosa Xen05. After 30 min, eyes were randomised into one of three treated or 

untreated groups (no treatment, 5 s UVC or 15 s UVC). Following UVC exposure, successive bioluminescence 

measurements were taken at 2 h intervals until 6 h and then a final measurement collected at 24 h post-UVC-

exposure. 

 

4.3. Statistics 

To test the differences in bacterial bioluminescence following UVC exposure, an unpaired 2-tailed t-test was 

applied to compare untreated control eyes to the 5 s UVC exposed eyes and untreated control eyes to the 15 s 

UVC exposed eyes. To compare the efficacy between 5 s and 15 s, data were pooled from two experiments and 

an unpaired t-test was applied. To determine the overall bacterial burden in the infection model, the area-under-

the-bioluminescence-curve data (AUC) was used.[278, 279] The difference in the AUC between the untreated 

control and the UVC treated groups was also compared for statistical significance using a Student t test. In each 

case, a p value of < 0.05 was taken to indicate a significant difference.  

 

4.4. Results 

Experiments were conducted in 15 ex vivo porcine eyes; 7 eyes were allocated in the 5 s UVC group (treated 

and untreated) and 8 eyes were allocated in the 15 s UVC group (treated and untreated). Experiments were 

conducted at least twice, with at least one replicate each. 
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4.3.1. P. aeruginosa keratitis developed in the ex vivo model

Bacteria quickly attached to the tissue surface as evidenced by the remaining bioluminescence following

irrigation with saline, 30 min after inoculation. Bacteria were located most prominently within the area of corneal

debridement but rapidly proliferated into the surrounding tissue. Before infection cornea had normal tone and

texture (Figure 4.2 A and B) which was lost at 24 h post inoculation in all groups, but bacterial bioluminescence

remained only in the corneas of untreated eyes (Figure 4.2C). Bacterial proliferation beyond the cornea (outside

the treated area) was observed in all groups (Figure 4.2 D).

Figure 4.2. Bacterial bioluminescence imaging of representative ex vivo porcine corneas at baseline and at 24 h. 

Infected but untreated eyes (A and C) and 5 s UVC exposed eyes (B and D) are shown.

4.3.2. A single exposure of 5 s UVC did not reduce bacterial bioluminescence

A 0.17 log10 reduction in bacterial bioluminescence was observed at 6 h in the treated eyes (n = 4) compared to 

the untreated eyes (n = 3) which was not statistically significant (p = 0.62) (Figure 4.3A & Figure 4.3B). The 

treated eyes retained a modest bioluminescence at 6 h. Mean bioluminescence for UVC treated group (5s) was 

6.9 ± 0.16 log and that for untreated control group was 7.1 ± 0.40 log. The bacterial bioluminescence growth 

curves (Figure 4.3C) showed similar patterns across both groups. Mean AUC for bioluminescence (from 0 h to 

6 h), representing the overall bacterial burden in the untreated and 5 s UVC treated groups are compared (p > 

0.05) in Figure 4.3D.
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Figure 4.3. Successive bioluminescence images (A and B) of representative ex vivo porcine eye wounds 

infected with 2 x 106 CFU bioluminescent P. aeruginosa Xen05 and either left untreated (n = 3) or exposed to 5 

s UVC (n = 4) and imaged at time of infection and at 2, 4 and 6 h post-infection. The bioluminescence values for 

individual eyes across all time points and the median AUC from 0 to 6 h are presented (D).

4.3.3. A single exposure of 15 s UVC reduced P. aeruginosa burden in the ex vivo

keratitis model

Baseline bacterial bioluminescence just before UVC exposure did not differ between the two groups (p > 0.05). 

Two hours after UVC treatment, the median bioluminescence value was consistently higher in the untreated 

eyes (n = 3) compared to the treated eyes (n = 5), and the difference was statistically significant at 4 h (p = 0.04). 

Mean bioluminescence in the treatment group was 5.98 ± 1.10 log and that for the control group was 7.03 ± 0.19 

log. Bioluminescence remained stable in the untreated eyes (p > 0.05) but for the treated eyes, in 3 of 5, a >3.5 

log10 reduction in bioluminescence was observed at 6 h compared to baseline. Two treated eyes (2/5) and all
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untreated eyes (3/3) retained bioluminescence signal at 6 h and the bioluminescence signal did not differ from 

the baseline values (p > 0.05) (Figure 4.4C). Average log reduction in bioluminescence across the whole group 

was 1.04 log10. The bioluminescence AUCs (with medians) are presented in Figure 4.4D highlighting the 

significant difference between 15 s UVC treated and untreated control groups (p = 0.03). Serial images depicting 

individual results are shown in Appendix 4.1. 

 

Figure 4.4. Successive bioluminescence images (A and B) of representative ex vivo experimental porcine eye 

abrasions infected at baseline with 5 µl of 2 x 106 CFU bioluminescent P. aeruginosa Xen05 and either left 

untreated (n = 3) or exposed to 15 s UVC (n = 5). Bioluminescence curves of individual eyes across individual 

time points are presented in (C) and individual data points for AUC (0 to 6 h) with median value are shown in 

(D); *p < 0.05. 

A pooled data efficacy comparison showed that 15 s UVC was significantly more effective than 5 s UVC in 

inhibiting bacterial proliferation (p = 0.036).  
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4.5. Discussion

In this Chapter, an ex vivo porcine keratitis model was developed to explore the antimicrobial efficacy of UVC 

light exposure in corneal tissue. Results demonstrated that, once again, UVC exhibits antimicrobial efficacy 

against P. aeruginosa in a dose-dependent manner. A 5 s UVC exposure was insufficient to retard bacterial 

bioluminescence but a 15 s UVC exposure caused a rapid loss of bioluminescence, by more than 99.9% in 3 of 

5 treated eyes, compared to the untreated eyes.  

Translating bacterial bioluminescence to CFU, according to the recognised relationship in the literature[137] and 

as confirmed in the previous Chapter (see Chapter 3, section 3.4.1), more than a 3.5 log10 CFU inactivation of 

P. aeruginosa was achieved following a single 15 s UVC (28.95 mJ/ cm2) exposure in 3 of 5 eyes. Untreated 

eyes demonstrated a consistent increase in luminescence, as evident in the lVIS® images, where bacterial 

growth was uninhibited in the nutrient-rich medium of the eyes. There are a number of possible reasons why 

eradication of bacterial bioluminescence did not occur in two eyes after UVC exposure. Firstly, compromised 

epithelial quality in the ex vivo state may have deteriorated the tissue making it more susceptible to extensive 

bacterial colonisation. Consistent with this hypothesis, a more linear pattern of bioluminescence, extending 

beyond the limits of the circular wound, was observed in the two 15 s UVC treated eyes that failed to respond to 

UVC exposure (See Appendix 4.1B, cases 3 and 4).  Secondly, there is a risk that the entire bacterial population 

in the infection model may not have been exposed to the delivered UVC dose due to the size of the diode which 

creates a beam of 4.5 mm diameter. It is also possible that the applied bacterial load spread further than the 

intended 2 mm diameter wound. Thirdly, the results might indicate application of a subthreshold level of UVC, 

which failed to kill all exposed bacteria perhaps due to shielding by other bacteria, as described in the in vitro 

studies of Chapter 3.  It may be the case in this scenario that multiple repeated doses might be necessary to 

inhibit subsequent bacterial proliferation, a possibility which cannot be tested using this ex vivo infection model, 

but which is explored in Chapter 7, in in vivo studies utilising an animal model.

The limitations of the ex vivo nature of the model must further be acknowledged, as there are features of the in 

vivo scenario, that don’t exist ex vivo, which would lend further support to combating the infection. A typical 

human keratitis develops from a smaller number of bacteria than those comprising the challenge in this model, 

and adjacent relatively healthy tissue compared to the decompensating ex vivo tissue would accelerate wound 

healing by increased infiltration of neutrophils and immune cells from tissue spared from infection.[296] This 

immune support does not exist in the ex vivo state. In the clinical setting, most corneal ulcers are in the order of 

1 mm diameter and multiple areas of infection are less likely. Another limitation of these experiments is the small 

numbers of corneas used in this series which precluded repeat measurements. 

UVC is lethal against bacteria through two mechanisms: formation of toxic free radicals[150] and direct 

absorption of photons by nucleic acids, predominantly at 265 nm, leading to the formation of DNA 

photoproducts including CPD.[146] Metabolically active bacterial cells may continue to exhibit 

bioluminescence in spite of lethal DNA damage and the UVC incurred DNA damage may be repaired through 

activation of the enzyme photolyase in the presence of visible light.[182]  The UVC doses applied in these studies 

are far below those (28.95 mJ/ cm2 vs 120 - 2590 mJ/ cm2) tested in other laboratory studies.[158, 160] Recently, 

Zhu et al. (2017) used light therapy, 
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similar to the present study but with different wavelength (415 nm), to treat an ex vivo rabbit early infection model. 

They achieved a bacterial inactivation of up to 3 log10 units, determined through the measurement of 

bioluminescence, after exposure to 84 000 mJ/ cm2 fluence. However, in their in vivo mouse model, >2.5-log10 

inactivation was achieved with a blue light fluence of 144 000  mJ/cm2 in a 24 h old infection.[138] These high 

dose requirements for achieving a comparable antimicrobial efficacy can be explained by use of a longer 

wavelength where the energy of each photon decreases with increasing wavelength[198] and the differing 

mechanism of action which is through a photodynamic reaction causing damage in structural proteins, enzymes, 

nucleic acids and unsaturated lipids, rather than direct DNA damage.[279]  

When determining the UVC dose to treat bacterial keratitis in an infection model, with the ultimate aim of human 

translation, it is important to: 

1. Adhere to the translational research tenets and to offer a better approximation of human corneal

infection. To achieve clinical relevance in a safe and logical manner, doses were first determined by in

vitro efficacy experiments (Chapter 3) and tested in the ex vivo porcine keratitis model (present Chapter).

2. Optimise treatment by testing more than one dose. This aim was achieved by testing two doses which

were identified to be the minimum inhibitory dose (5 s) and the optimal dose (15 s) among the seven

doses tested in the in vitro infection models (see Chapter 3). The model developed here was chosen for

its potential to mimic the human counterpart, ex vivo, in terms of corneal structure and thereby provide

acceptable approximation for clinical translation.

3. Allow bacteria to act as they would in a clinical setting, which includes potential spread deeper into the

tissues, to give a more realistic prediction of clinical outcomes. For UVC, this is important because it is

theorised to be surface acting. In the present study, bacteria were allowed to colonise in the corneal

wound in the presence of adequate moisture and permitted to proliferate at body temperature, as they

would in a real infection, before UVC treatment. Non-treated bacteria consistently proliferated in the

cornea and in the surrounding tissue validating the clinically relevant model and supporting its use to

test treatment efficacy.

The bactericidal effect of 15 s UVC (28.95 mJ/cm2) exposure in the ex vivo infection shows promise in the 

treatment of infectious keratitis. However, the nature of the study design leaves some questions unanswered. 

The infections were treated 30 min after bacterial inoculation and may not reflect a fully established infection, 

and one that has the potential to proliferate into deeper layers[138] where UVC transmission is attenuated. It is 

feasible that, in a more established infection, bacteria may exist predominantly as biofilms[297] and such infections 

might respond differently to UVC exposure. However, it must also be considered that a human corneal infection 

would most often be considerably smaller than that tested in this chapter, and present with a lower bacterial 

load, which Chapter 3 illustrated was more responsive to UVC exposure.  A human corneal infection would also 

have the benefit of the body’s immune system for support, which is not the case in an ex vivo model. Further 

studies in vivo are thus necessary to further refine and validate these observations.  

Successful treatment of patients with keratitis is vital in early control of disease and in preventing potential ocular 

complications such as scarring and opacity. Frequent application of properly chosen antibiotic eye drops is the 
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mainstay of treatment at the present time.[102] In this chapter, for the first time, it was demonstrated that exposure 

of 15 s UVC, in a non-contact procedure, could achieve lethality of up to 99.9% in 3 of 5 ex vivo eyes, against 

bacteria topically applied to a corneal wound. As UVC has the ability to kill bacteria in in vitro (see Chapter 3) 

and shows promise in ex vivo infection models, further studies are required to establish the effect in a living host, 

with safety being a critical factor to be considered, weighed up against the potential for scarring in an infection 

that propagates.  
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Chapter 5 
Exploration of UVC effects in corneal epithelial cells: in vitro 

safety assessment
In Chapter 3, the minimal dose of UVC effective against proliferating bacteria was established in in vitro infection 

models and in Chapter 4 this dose was explored in an ex vivo infection model. The focus of this chapter now 

shifts to exploring the safety of this UVC dose in cultured corneal epithelial cells, assessed by investigating the 

formation of Cyclobutane Pyrimidine Dimers.  

5.1. Introduction 

The high germicidal activity of UVC was discovered during the period between 1901 – 1904.[298] However, it was 

only in 1960 that Beukers and Berends [299] demonstrated that exposure of frozen solutions of thymine to UVC 

resulted in the formation of thymine dimers. The thymine dimer is a four-membered ring arising from formation 

of covalent linkages on the carbon-to-carbon (C=C) double bonds of  pyrimidines, and is termed a Cyclobutane 

Pyrimidine Dimer (CPD).[300] The identification of CPD eventually led to the discovery of the mechanism of action 

of UVC, which involves photochemical reactions that produce CPD and Pyrimidine (6–4) Pyrimidone 

Photoproducts (6-4PP); another common UV photoproduct in DNA. At 265 ± 5 nm, UVC is mainly absorbed by 

nucleic acids and at 220 ± 5 nm, by proteins and amino acids. Therefore, the effect of UVC in mammalian cells 

is wavelength dependent. The absorption of UVC by amino acids leads to the formation of oxygen radicals, 

sugar fragmentation and cross linkages but the absorption of UVC by nucleic acids leads to the formation of 

CPD and 6-4PPs, at a proportion of 75% and 25%, respectively.[300] The photoproducts formed in nucleic acids 

inhibit polymerases and arrest replication.[300] Since the discovery of these mechanisms of action, the history of 

UVC as an antimicrobial agent has been one of promise, disappointment, and rebirth. While interest in UVC as 

an antimicrobial agent continues to grow, the safety of the treatment has received considerable critical attention 

because of its known genotoxicity in high doses.[301, 302] Recent research has shifted focus to assessing the 

genotoxicity of lower UVC doses which show antimicrobial activity.[159, 197] Relative to other genotoxicity tests, 

such as quantification of single and double strand DNA breaks, CPD assessment assays are more important on 

account of UVC’s high mutagenicity.[303] If not repaired, these UVC photoproducts can lead to neoplasia in 

mammalian cells.[304] Therefore, it is necessary to establish the safety threshold of UVC for clinical application 

by investigating the formation of CPD. 

The majority of published literature shows that microorganisms are far more sensitive to inactivation by UVC 

than mammalian cells.[137, 159, 305] UVC doses which are recognised to be highly bactericidal, but have been tested 

as safe to human cells, range from 1.93 mJ/cm2   to 57.9 mJ/cm2, depending upon the wavelength.[83, 305] Several 

attempts have been made to study the toxicity of antimicrobial UVC doses, but most of those studies have been 

confined to studying primarily cytotoxicity and cell death.[83] In the last two decades, the safety profile of UVC 
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has received considerable attention through the study of its genotoxicity, cytotoxicity and immunomodulatory 

aspects, however, this has been largely for comparison with UVB and UVA, and for workplace safety purpose.[197, 

220, 302] Results from those studies cannot be extrapolated to draw conclusions about the safety of the bactericidal 

UVC doses applicable in the current study because of methodological differences relating to the wavelength 

tested, exposure durations and host tissue type. Since UVC is known for its carcinogenicity in high doses,[285] 

and cumulative high doses of UV exposure are known to lead to neoplasms,[202] it is important to investigate the 

potential of UVC in forming CPD in DNA with exposures which are adequately antimicrobial, while taking into 

account the fact that multiple UVC exposures might be required to treat an infection.[154]  

Fluoroquinolones are commonly used as monotherapy in treating corneal infections in the clinical population. 

These antibiotics inhibit the bacterial DNA gyrase and topoisomerase enzymes, which are key in DNA replication 

and transcription. Inhibition of these enzymes leads to bacterial growth inhibition and cell death.[100] There is no 

evidence to suggest that ciprofloxacin should cause CPD defects in the DNA of corneal cells, therefore it was 

selected as the negative control during testing of the induction of CPD in corneal cells. The aim of this aspect of 

the research is to assess the risks associated with varying doses of UVC exposure to cultured corneal epithelial 

cells. Human primary corneal epithelial cells were chosen as the target tissue for their relevant morphological, 

physiological and biochemical properties.[306] The UVC doses tested in the following experiments were those 

determined to be bactericidal in in vitro and ex vivo infection models as described in Chapters 3 and 4. It is 

hypothesised that UVC delivered in the doses shown to be antimicrobial in the earlier chapters do not cause 

significant amounts of CPD in the DNA of corneal epithelial cells. 

There were three primary objectives of this study: 1) to investigate the safety of 15 s UVC in cultured corneal 

epithelial cells in terms of CPD formation, 2) to determine whether repeated UVC doses are more toxic than a 

single equivalent dose, and finally 3) to investigate the rate of DNA repair after repeated UVC dosing. 

 

5.2. Materials and Methods  

5.2.1. Cell culture 

Human corneal epithelial cells were isolated from human donor corneas obtained from the NZ National Eye Bank 

and cultured in Minimum Essential Media (MEM, Gibco™) supplemented with 10% Fetal Bovine Serum (FBS, 

Invitrogen) and were grown at 37 °C in a humidified 5% CO2 in air incubator. Ethics approval for use of human 

corneal tissue for research use was obtained from the Health and Disability Ethics Committees (Ethics reference: 

NTX/07/08/080/AM04). All studies in this Chapter were conducted on cells obtained from an 82 year old male 

donor. Cells were grown to a confluent monolayer in T75 flasks with the growth medium changed every two 

days. Cells in a density of 4.5 x 104 to 5 x 105 cells/mL were plated on 8-well chamber glass slides for 

immunocytochemical studies until 80% confluence was achieved. Cells were typically confluent by the following 

day. Once confluent, cells were irradiated with a range of UVC doses as described below.    

 



 

 

89 

 

Chapter 5: UVC in vitro safety assessment 

5.2.2. UVC and ciprofloxacin treatment 

The light emitting diode (LED)-based device used to generate 265 nm UVC for these experiments is described 

in Chapter 3 (section 3.2.1). Throughout these experiments, the distance from the LED to the cells (exposure 

distance) was maintained at a fixed distance of 8 mm and UVC exposure was directed at the centre of the well 

whose base was pre-marked with a small dot. At this distance, the LED delivered UVC at the surface with an 

intensity of 1.93 mW/cm2. The total energy delivered could then be calculated by multiplying intensity with 

exposure duration. For all experiments, existing growth media was removed and discarded, the UVC treatment 

was carried out, and then fresh growth media was added. To study the formation of CPD following UVC 

exposure, independent cells were exposed to 0 s, 15 s or 300 s UVC, respectively, and incubated in growth 

media for 1 h.[307] An exposure of 300 s UVC (579 mJ/cm2) was chosen as a positive control, as a dose 

recognised to cause CPD.[285]  For comparative purposes, additional cells were exposed to 0.3% w/v 

ciprofloxacin for 300 s, which equates to the 5 minute residence time of an eye drop post-instillation.[308] To study 

whether repeated doses would be more toxic than a single equivalent dose in terms of CPD formation, cells 

were either exposed to 15 s UVC daily for three consecutive days or to a single 45 s exposure on the third day. 

Cells were subsequently incubated in growth media for 1 h before conducting the immunofluorescent staining 

procedures. Lastly, to investigate the rate of DNA repair after repeated exposures of UVC, cells exposed to three 

repeated daily 15 s UVC doses were then incubated in growth media for 24 h, 48 h, 72 h and 96 h before 

staining. Experiments were conducted in duplicate and were repeated at least twice on separate days. 

 

5.2.3. Immunocytochemistry of CPD 

CPD was identified by means of immunofluorescent staining against specific markers. According to a previously 

reported genotoxicity assessment protocol, analysis by immunocytochemistry was conducted 1 h after UVC 

exposure.[307] After exposure to UVC and ciprofloxacin, according to the experimental time frames described 

above, cells were fixed with 4% paraformaldehyde for 10 min. Cells were then washed twice with PBS containing 

CaCl2 for 10 min then permeabilised with 0.1% Triton X-100 in PBS for 10 min. Cells were washed twice with 

PBS for 10 min then incubated in blocking solution containing 10% normal goat serum with 0.1mM CaCl2 in PBS 

for 1 h at room temperature. Cells were then exposed to primary antibodies (Table 5.1) and incubated at 4 °C 

overnight followed by washing twice in PBS for 10 min. The following day, the secondary antibody was added to 

the cells and the cells were incubated at room temperature for 3 h. Goat anti-mouse-Cy3-only controls confirmed 

an absence of non-specific staining. Cells were then washed twice for 10 min before adding DAPI (4′, 6-

Diamidino-2-phenylindole dihydrochloride) (100 µL, 1:10,000) for 30 s for nuclear staining. After nuclear staining, 

cells were washed twice with PBS for 10 min and the chamber removed from the chamber slide. The slide was 

dried, the sample mounted using CitiflourTM anti-fade reagent, and coverslips were sealed with nail polish. The 

experiments were conducted in duplicate and repeated at least three times on three separate days. The 

mechanism by which primary and secondary antibodies bind to CPD is presented diagrammatically in Figure 

5.1. 
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Table 5.1. Antibodies used to identify CPD production in the cultured corneal epithelial cells following UVC 

exposure. To avoid cross-reactivity with endogenous immunoglobulins in the human corneal epithelial cells, anti-

thymine dimer raised in mouse was used. Similarly, a secondary antibody directed against the mouse primary 

antibody was used to avoid non-specific binding.  

Name of Antibody Source Dilution Antibody 
specificity 

Catalogue 
number 

Mouse anti-thymine dimer Abcam 1:2500 Monoclonal 

(Primary) 

ab10347 

Goat anti-mouse CY3 Invitrogen 1:500 Polyclonal 

(Secondary) 

115-165-003 

 

Figure 5.1. Schematic diagram portraying the immunocytochemistry procedure used to report CPD in 

UVC exposed cells. CPDs are predominant DNA lesions induced by UVC exposure and can form between any 

two adjacent pyrimidine bases involving thymine and cytosine. These dimers can be detected by tagging them 

with enzymes specific for fluorescence. Mouse anti-CPD primary antibody was used to bind with the original 

dimers in the human cellular DNA, which were then reported with red dye conjugated (Cy3) secondary antibody.  
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5.2.4. Image analysis and quantification of CPD formation 

The slides were imaged on an Olympus FV1000 confocal microscope and processed using FV-10 ASW 3.0 

Viewer and Adobe Photoshop CS6 software. Cy3 and DAPI were excited with 532 nm and 405 nm emission 

lasers, respectively, and detected with band-pass emission barrier filters. Three independent digital images were 

acquired from each well in the UVC-exposed central zone. Images were taken at 12, 3 and 9 o’clock positions 

within the UVC exposure zone. Eighteen images were analysed for each experimental condition (three 

experiments, two replicates each and three images from each replicate). The image obtained with a 20x dry 

objective lens was analysed for fluorescence signal. Voltage and offset settings were optimised to avoid 

oversaturation and to achieve the best labelling discrimination. Image quantification was performed with ImageJ 

software (NIH, USA). Intracellular CPD content was measured by quantifying CPD-bound primary antibodies 

conjugated to the secondary antibody. The relative amount of intracellular DNA CPD formation was quantified 

by measuring the immunofluorescence signal intensity. For each nucleus, the ‘damaged DNA signal/total DNA 

signal’ ratio was derived to normalise the CPD signal in relation to the amount of DNA present in each nucleus. 

CPD quantification following this approach has been reported previously.[301] For these measurements, the total 

red fluorescence signal was first measured (total CPD content), followed by the total blue fluorescence signal 

(total DNA content). The ratio of red to blue fluorescence was calculated (see the equation 5.1 below). The 

calculation was performed for individual images and the average, corresponding to the total amount of damaged 

DNA (relative to DNA content) present in the corneal cells, reported. Images with severe background interference 

were excluded from the analysis. A threshold was established at 1% to rule out non-significant CPD detection 

due to non-specific background residue (dotted horizontal red line).  

 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑃𝐷 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%)  = (
𝑅𝑒𝑑 𝑖𝑚𝑚𝑢𝑛𝑜𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐵𝑙𝑢𝑒 𝑖𝑚𝑚𝑢𝑛𝑜𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
) ∗ 100 

Equation 5.1. Determination of total CPD content in the UVC irradiated cultured corneal epithelial cells. The 

%CPD was quantified as a proportion of red and blue fluorescence.  

 

5.2.5. Statistics 

Data are presented as the mean ± standard deviation (SD). All statistical comparisons were performed using 

ordinary a one-way ANOVA with Tukey’s test to reduce bias associated with multiple comparisons, and p < 0.05 

was considered to indicate statistically significant differences. All statistical analyses were performed in 

GraphPad Prism 6.  

5.3. Results  

To check cross-reactivity of goat anti-mouse-Cy3 (secondary antibody) with endogenous immunoglobulins in 

the human corneal epithelial cells, only secondary antibody was added to the cells after nuclear staining in three 

different experiments. Results highlighted an absence of non-specific secondary staining (Figure 5.2).  
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Figure 5.2. Confocal microscopy images showing goat anti-mouse-Cy3-only controls. Images are representative 

of three different experiments. Scale bar = 50 µm. 

 

5.3.1. Formation of CPD increased with increasing UVC dose  

In order to determine whether UVC exposure would cause CPD production in corneal cells, cultured corneal 

cells were exposed to UVC for 15 s UVC and 300 s UVC or exposed to 0.3% w/v ciprofloxacin for 300 s and 

compared to untreated controls. Representative illustrations of the results and the graph are presented in 

Figure 5.3 and Figure 5.4. Cells with blue fluorescence in the DAPI panel represent overall DNA content in 

corneal cells; red fluorescence in the CPD panel shows the total content of CPD, and the merged images 

represent relative proportions of red and blue fluorescence in the corneal cells. As is evident in the images and 

the graphs, the red fluorescence in the untreated cells (0.21 ± 0.24%) and ciprofloxacin treated cells (0.16 ± 

0.17%) was below the 1% detection threshold, which was set to exclude non-specific background fluorescence. 

This indicates that exposure to normal room light and ciprofloxacin did not produce CPD in the DNA of corneal 

cells. In addition, there was no difference in the amount of CPD formation between unexposed and ciprofloxacin-

exposed cells (p = 0.98). Results further revealed that 300 s UVC exposure caused significant CPD production 

in the DNA of corneal cells (p < 0.0001) relative to untreated control. Irradiation with 15 s UVC, however, did not 

produce statistically significant CPD when compared with either the untreated cells (p = 0.93) or ciprofloxacin-

exposed cells (p = 0.98). Some amount of CPD was detectable in the 15 s UVC group. The average amounts of 

CPD fluorescence as quantified through image analysis were 0.92 ± 1.45% for 15 s UVC exposure and 86.8 ± 

13.73% for 300 s UVC exposure (Figure 5.4) 



 

 

93 

 

Chapter 5: UVC in vitro safety assessment 

 
Figure 5.3. Fluorescence labelling to show CPD formation after UVC exposure in human corneal epithelial cells. 

Nuclear staining (blue), CPD staining (red) and merged images (pink) are shown for the treatment groups 

representing untreated cells, cells exposed to 15 s and 300 s UVC and cells exposed to 0.3% w/v ciprofloxacin 

for 300 s. Scale bar = 50 µm. 
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Figure 5.4. Quantification of CPD formation in human corneal cells following UVC or ciprofloxacin exposure. 

Cells exposed to 15 s UVC and 0.3% w/v ciprofloxacin for 300 s did not exhibit statistically significant amount of 

CPD formation (p > 0.05) whereas cells exposed to 300 s UVC showed high CPD content in the DNA of corneal 

cells (p < 0.0001). Data are presented as mean ± SD; n = 3, *p < 0.05. 

 

5.3.2. The formation of CPD increased with cumulative UVC dose 

Having established that a single exposure of 15 s UVC does not induce significant CPD formation in the DNA of 

corneal epithelial cells, it was of interest to investigate the effects of repeated doses, as a future clinical situation 

might demand repeated treatment. Repeated low doses of UVC, as might mimic natural UV exposure while 

walking outside in a sunny day,[202] were observed to form CPD to a greater extent than an equivalent large 

single dose (p < 0.001), suggesting that the effect might be cumulative. Although the two-treatment models had 

similar fluorescence qualitatively (Figure 5.5), the quantitative measurements (Figure 5.6) showed a significant 

difference, at 14.6 ± 8.2% and 8.3 ± 4.03%, respectively, for three repeated doses of 15 s in comparison to a 

single equivalent dose of 45 s. 
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Figure 5.5. Repeated UVC doses increased CPD formation in human corneal epithelial cells. Cells were exposed to 0 s (untreated), 15 s, 45 s or daily doses of 15 s 

UVC for three consecutive days. CPD formation was most common in cells exposed to repeated UVC doses.  
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Figure 5.6. Quantification of CPD after repeated UVC exposure relative to a single equivalent dose. CPD 

formation was more common after repeated UVC exposure when compared with no treatment, a single 15 s 

dose of UVC (p < 0.0001) and a single 45 s dose (equivalent to the fluence delivered in 3 daily doses of 15 s) (p 

< 0.01). Data are presented as mean ± SD; n = 3; *p < 0.0001 vs control; #p < 0.001 vs 15 x 3 s. 

 

5.3.3. Some cells were more prone to UVC damage than the others  

Immunofluorescence images showed that the susceptibility of cellular DNA to UVC irradiation was variable 

across individual cells such that some cells incurred more damage than the others and some, even immediately 

adjacent, cells remained unaffected (Figure 5.7). 

 

Figure 5.7. Differential susceptibility of corneal epithelial cells to UVC-induced CPD formation for a 45 s single 

equivalent dose (A) and 3 x 15 s repeated doses (B). Some cells showed CPD formation (red arrow) while 

adjacent cells showed no CPD formation (yellow arrow). 
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5.3.4. CPD repaired extensively within 72 h 

ANOVA F-test was used to evaluate the healing rate of DNA (resolution of the CPD formation induced by three 

daily doses of 15 s UVC) in samples evaluated at 24 h, 48 h, 72 h and 96 h after receiving the final UVC dose. 

Figure 5.8 shows the immunofluorescence data of CPD at different time points. CPD immunofluorescence was 

significantly higher 24 h and 48 h after treatment (both p < 0.05), however, there was extensive repair of DNA 

by 72 h (p = 0.29) and, by 96 h, the CPD immunofluorescence was similar to that of untreated basal cells (p = 

0.86). 

 

Figure 5.8. Recovery rate of CPD formation following cessation of UVC exposure, using immunofluorescence 

labelling. The extent of CPD immunofluorescence was significantly higher than the basal rate of untreated cells 

at 24 h (p = 0.001) and 48 h (p = 0.004). However, by 72 h most evidence of CPD had disappeared and, at 72 h 

and 96 h time points, the fluorescence signal was similar to that of untreated cells (p > 0.05). Data are presented 

as mean ± SD; n = 3 *p < 0.05. Red dotted line = CPD detection threshold set at 1%. Scale bar = 50 µm.
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5.4. Discussion 

The purpose of this chapter was to investigate the formation of CPD in the DNA of corneal cells following 

exposure to UVC. Three main experimental conditions were considered: a single dose (15 s) which had 

demonstrated adequate antimicrobial activity in earlier chapters (see Chapter 3 and 4), three repeated daily 

doses (of 15 s each) and an equivalent single combined dose (of 45 s). Additionally, the time taken for DNA 

repair was investigated. Results demonstrated that a single exposure of 15 s UVC did not induce a significant 

amount of CPD formation in the corneal cells. Repeated doses (3 x 15 s doses on separate days) did create 

defects, however, the status returned to baseline within 72 h via cellular self-repair. These experiments were 

conducted in human corneal epithelial cells, in an attempt to most accurately reflect the molecular, genetic, and 

physiological responses that would be expected to be observed clinically.[309] 

DNA of human corneal cells is known to undergo a photochemical reaction, forming highly mutagenic CPDs, 

when exposed to UV light.[301, 302] In the present study, a high UVC dose (300 s, 579 mJ/cm2) caused significant 

formation of CPD while a lower dose of 15 s (28.95 mJ/cm2) did not induce a significant amount of CPD relative 

to untreated control or ciprofloxacin-treated cells. Topical 0.3% w/v ciprofloxacin, chosen for its role as a standard 

antibiotic used to treat keratitis across the world,[250] did not induce any CPD formation in the DNA of the corneal 

cells. While UVC-induced corneal DNA strand break has previously been evaluated across a range of UVC 

exposure levels,[197, 310] most studies investigating CPD formation have focussed mainly on high UVC doses 

which are known to be genotoxic.[137] Mallet and Rochette [301] demonstrated CPD formation in the cornea after 

UVC exposure. They observed a high concentration of CPD distribution in the first cellular layers of the corneal 

epithelium, decreasing to an undetectable level in the first 10% of the corneal stroma depth.[301] Susceptibility to 

UVC-induced CPD formation was found in the current study to be variable among cells exposed simultaneously 

with the same dose. Cells which are in an active growth phase may partly account for the results in this case as 

DNA damage and subsequent cellular processes are cell cycle dependant[311], occurring mainly during the 

synthesis phase (S-phase).[312] The S-phase is the part of the cell cycle in which DNA is replicated and damage 

to DNA is detected and fixed.[90] Therefore, some cells might have more immediately repaired the defects. 

Variation in CPD formation in simultaneously exposed cells likely also represents the differing damage 

thresholds of cells that exist due to physiological heterogeneity. Individual variation in the formation of DNA 

photo-products has been reported previously.[313, 314]  

In consideration of the fact that multiple treatments might be required to treat a clinical infection, it was deemed 

important to evaluate UVC-induced CPD formation in the DNA of repeatedly exposed corneal cells.  This 

evaluation was undertaken by exposing corneal cells to once-daily 15 s doses of UVC, over a three-day period. 

This treatment modality resulted in more significant CPD formation than the same total exposure amount 

delivered in a single dose of 45 s.[202] Higher proportions of CPD formation in cells receiving repeated exposures 

could be attributed to damage caused to proteins and enzymes, which, without sufficient recovery time between 

exposures, has a chance to accumulate. The extent of DNA damage depends on a complex cellular 

biochemistry, involving a large number of proteins and highly controlled processes.[315]  A number of possible 

mechanisms might explain the higher toxicity associated with repeated doses. It could be that a single low-dose 

UVC exposure to a cell causes an inflammatory response, generating variable amounts of reactive oxygen 
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species.[316] The resulting inflammatory and oxidative stress could adversely affect key structural proteins and 

intracellular contents that contribute to damage recovery after treatment.[315] Persistence of inflammation and 

oxidative stress as well as damage to the intracellular contents are known to make nucleic acids more prone to 

injury in subsequent treatments.[315]

It was observed that previously induced CPD disappeared completely within 96 h of cessation of exposure to 

UVC. Corneal epithelial cells are known to be highly efficient in repairing CPD and are less prone to UV-induced 

apoptosis and necrosis than epidermal cells.[317] Mallet and Dorr (2016) compared cells of the corneal epithelium 

and the epidermis for UVB-induced (200 mJ/cm2) DNA damage frequency, repair and cell death sensitivity. They 

reported that CPD formation in the DNA of corneal epithelium heals faster, with half of the defects disappearing 

within 12 h of UVB application, a finding which was not evident in the present study. Subtle amounts of DNA 

might have self-repaired in the early stages, but the present results are unable to prove this hypothesis. It is 

known that CPD are repaired slowly[317] when compared to other more toxic photoproducts such as 6-4PPs.[301, 

318] The effect of UVC irradiation initiates a cellular recovery mechanism that involves activation of DNA damage

response pathways, cell cycle arrest and apoptosis.[303, 319] By RNA extraction methods, Massimiliano, Leena 

and Marikki showed that human skin fibroblasts exposed to 1 mJ/cm2 of 254 nm UVC exhibited rapid up- or 

downregulation of genes indicating activation of a stress response, whereas a greater dose of 5 mJ/cm2 generally 

prompted cell cycle arrest and apoptosis.[319]  Activation of the stress response protein p53, after UVC exposure, 

initiates apoptosis suggesting that quantification of the p53 protein could predict the effects of 15 s UVC on the 

course of inflammatory and stress responses of the exposed cells.[220, 303] Further studies are warranted to 

investigate the fate of epithelial cells after irradiation with repeated doses of 15 s of UVC.[221] It is possible that 

cells afflicted by significant CPD formation, beyond the reparation ability of the cell, underwent apoptosis and 

death.[303] Apoptosis and efficient DNA repair machinery for UVC photoproducts are, in fact, known to be the 

major defence mechanism against the deleterious effects of UVC, to protect from mutagenicity.[303] In the present 

study, CPD formation was analysed independently to the pyrimidine types. However, it is recognised that 

covalently-bonded CPD can be formed at 4 possible pyrimidine (Thymine and Cytosine) sites (TT, CT, TC and 

CC), and that the mutagenicity of thymine-containing CPD is lower than that of cytosine-containing CPD.[301]

Between 5 and 10% of all skin cancers occur in the eyelid [320] due to the high exposure of the ocular adnexa to 

UV – indeed, between 59% and 77% of all UV exposure to the body is to the head.[321] Despite this, the cornea 

displays low sensitivity towards UV-induced cancer.[317] This is evident in demographic studies which report that 

the incident rate of ocular surface squamous neoplasia was 0.3 per million in the US in 1997[322] and 86% of 

those cases did not involve the cornea.[323] Mallet and colleagues[317] reported that, when compared with 

epithelial keratinocytes, corneal epithelial cells contain higher amounts of DDB2, a UV-induced DNA damage 

recognition protein that plays a role in CPD repair,[324] XPC, which is essential for the repair of both CPD and 6-

4PP,[324] and p53, the protein implicated in the cellular response to genotoxic stress.[325] Therefore, this would 

suggest that the cornea has an efficient nucleotide excision repair system in place to heal DNA defects. 

Additionally, the tears and melanocytes help protect the cornea from UVC-induced DNA damage [326] by 

absorbing radiation below 300 nm.[327] Cai et al. proposed that nuclear ferritin-based mechanisms in corneal 

epithelial cells may also play a role in protecting DNA damage caused by UV radiation.[310]
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Three aspects of the experimental protocol sought to maximise the clinical relevance of this study: (i) the use of 

cultured human corneal epithelial cells (ii) comparison of repeated UVC doses with an equivalent single dose 

(iii) exposure of cells to UVC with monitoring for subsequent recovery over several days. Firstly, human corneal 

cells were used which allowed an investigation into genotoxic and cytotoxic effects of UVC exposure, as well as 

cellular immunity. Secondly, repeated UVC treatments allowed investigation into the effect of cumulative 

exposure. This is important because a repeated course of treatment may be required to adequately manage an 

infection, clinically, and UV is known to be genotoxic in high cumulative exposures.[202]  Thirdly, defect repair 

capabilities were evaluated and it was observed that defects disappeared completely by 96 h after cessation of 

UVC exposure. Therefore, damage caused by even repeated treatments would appear to be reversible.   

In the present chapter, a single exposure of 15 s UVC to corneal cells was observed to be safe, in terms of CPD 

generation. UVC in cumulative doses caused CPD formation in the DNA of corneal cells but defects resolved 

completely within 96 h suggesting a highly efficient DNA repair mechanism. Further studies are warranted to 

confirm the efficacy and safety of 15 s UVC, in an in vivo model. 
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Chapter 6 

Development of experimental Pseudomonas keratitis 
_____________________________________________________________ 
In Chapter 5, the minimal dose of antimicrobial UVC which was effective against proliferating bacteria in the in

vitro and ex vivo infection models (Chapters 3 and 4) was established to be safe for application to cultured 

corneal epithelial cells. The focus of this Chapter is to develop an experimental keratitis that mimics human 

keratitis as closely as possible so that the efficacy of the antimicrobial UVC can be tested in vivo. 

6.1. Introduction 

The complexity of biological processes means that in vivo analysis is often required to fully understand the body’s 

response, but the study of human biology in vivo is severely limited by ethical and technical constraints.[328] The 

need for in vivo studies to observe effects on cells, tissues and organs, without putting humans at risk,[328] is 

often met with the use of animal models. The ideal animal model of a disease would reproduce the full spectrum 

of its features at the cellular level, with a time course that parallels the development of these changes in 

patients.[329] An ideal disease model requires systematic development by carefully selecting the host animal, 

appropriate tools and techniques, and the model pathogen from the various options available. The development 

of an animal model to study keratitis and its treatment needs to consider the following: structural and 

physiological similarity of the cornea to that of humans[91], ability to reliably and repeatably create a small 

corneal wound,[274] and the ability to induce an infection from a relatively low number of bacteria.[330]  

Various animals have been used previously to study different aspects of corneal biology and pathology including 
frogs[331], zebrafish[332], chickens[333], rats[334], rabbits[335-337], guinea pigs[338], dogs[339, 340], cats[340-342], and 
mice.[343, 344]  Considerable literature describes the use of either New Zealand white rabbits or rodents as  keratitis 
models, and systematic reviews have detailed several different sources of bacteria in creating the keratitis.[345, 

346] Rabbits are similar to humans with respect to several corneal parameters such as endothelial cell density

and central corneal thickness,[347] but the number of animals required to provide outcomes with statistical 

significance can be prohibitive ethically, logistically and financially. Over the last three decades, rodents have 

become increasingly popular as keratitis models[344, 348, 349] because of their well-characterised immune system, 

which enables more accurate experimental inferences to be made, based on the similarities to humans in their 

cellular repair mechanism,[350] their ocular surface defence mechanism and their multi-layered corneal structure, 

similar to that of humans, as well as their similar rate of disease progression.[91] The arrangement of epithelial 

cells and their adherence to neighbouring cells in the mouse cornea is also similar to that of primates.[351] 

Availability of a wide range of mouse strains also permits appropriate selection for experimental purposes. For 

example, mouse strains C57BL/6, B10.D2 and C57BL/10, which exhibit an intense phagocytic immune response 

after corneal infection through type I immunity, are known to be susceptible to P. aeruginosa infections[352-354]
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and form an ideal host when this bacterium is used as a model pathogen. With respect to logistics, housing and 

handling, the smaller size of the mouse allows for relatively easy acquisition, maintenance, and a sample size 

that enables conclusions to be drawn with adequate statistical power, making it an appropriate model in which 

to study human keratitis. 

Numerous tools and techniques have been used to gain insight into how corneal wounding in an animal can be 

modelled and there are many choices that need to be made for an optimal outcome. Tools used to create a 

corneal wound include; a dulled blade,[342] an Algerbrush,[355]  filter paper,[355, 356] sterile needles,[343] corneal 

suture,[357] or a combination thereof. The choice of tool depends on the experimental aim, for example, a diamond 

burr has been shown to be an ideal, cost-effective tool in superficial corneal wounding.[358] 

The mode by which the bacterial challenge is presented to the wounded cornea also varies. Options include 

direct inoculation,[343] use of bacteria-soaked contact lenses,[355] injection of pathogens directly into the 

stroma[338] and insertion of bacteria-impregnated silk sutures into the deeper layers of the cornea.[357] Several 

technical problems frequently arise while creating a corneal scratch and infection model. Firstly, it is essential 

that the extent of the keratitis consistently falls within a limited area because human corneal ulcers are typically 

1 mm or less in diameter at presentation.[274] Creating a corneal lesion that has too large an area, or that is too 

deep, is unlikely to be met with a clinically relevant response. A large, deep ulcer tends to progress rapidly, 

leading to a substantial loss of corneal integrity and an increased chance of treatment failure. Corneal wounding 

is often beset by difficulties and complications associated with basement membrane rupture.[355] These 

difficulties may be reduced significantly by using an Algerbrush which carries a lesser risk of penetrating the 

deeper corneal layers[355] by creating only superficial wounds.[358] Although there have been reports of basement 

membrane rupture with this device,[359] care and practice allows controlled creation of a wound with minimal 

inflammation and collateral tissue damage.[355] Secondly, it is important that the infective dose is controlled to 

mimic a clinical keratitis. A human infection typically originates from a low number of bacteria.[330] However, 

experimental keratitis development mainly arises from application of high bacterial numbers, in the range of 106 

to 109 colony forming units (CFU). Some research groups have sought ways around this. Use of injection 

anaesthesia to immobilise the animal promotes bacterial contact with the corneal wound over an extended 

period,[343, 360, 361] allowing infection to be established with a bacterial dose as low as 102 to 105 CFU.[362] However, 

injection anaesthesia can result in unintentional adverse effects on experimental animals, decreasing its appeal 

over more transient inhalation anaesthesia. While the literature supports use of mild inhalation anaesthesia for 

shorter term immobility as well as judicious epithelial debridement and application of a modest bacterial inoculum 

size, the efficacy of these techniques in combination, in the context of creating a keratitis model has yet to be 

formally reported in the literature. 

A relatively new real-time strategy to monitor infections non-invasively is bioluminescence imaging of 

experimental animals infected with bioluminescent bacteria.[138] This technique allows accurate monitoring of 

infections and thus therapeutic effects of antimicrobial substances in experimental models.[293] The light 

produced by bioluminescent bacteria correlates significantly with bacterial density (see Chapter 3, section 

3.4.1)[293] and thus allows an accurate assessment, with use of a relatively small number of animals, because of 
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the potential to undertake repeated imaging of the same animal over time. The use of lux-tagged bacteria also 

helps in verifying bacterial inoculation during disease model development, to confirm that the appropriate 

bacterial numbers are located in the correct place, as an improperly challenged wound may not develop an 

infection.[363] 

It has been demonstrated previously that distinct bacterial luminescence can be quantified from experimental 

keratitis.[138] This chapter explores the ways in which a suitable mouse model of keratitis was developed for the 

specific experimental purposes of this doctoral research, using bioluminescent P. aeruginosa. P. aeruginosa was 

chosen because of its virulence against the C57BL/6 mouse strain, its clinical relevance, particularly in regard 

to its association with contact lens wear and increasing prevalence observed locally (Chapter 2), and its success 

as a model organism in previous keratitis research.[343, 360, 364]  

The aim of this study was to validate an experimental mouse keratitis developed with a combination of; superficial 

corneal debridement over a small area (~1 mm diameter) with an Algerbrush (AlgerBrush II, The Alger Company, 

USA) followed by application of a bacterial inoculum under a short-acting gaseous anaesthesia (Isoflurane), and 

to develop and describe the plan for a future larger scale study comprising of different treatment wings.  

 

6.2. Materials and methods 

6.2.1. Bacterial strain and culture conditions 

Bioluminescent P. aeruginosa Xen05 was cultured on a Tryptic Soy Agar (TSA) plate for 18 h after recovery 

from storage at -80 °C. Three highly bioluminescent colonies of bacteria retrieved from the agar plate were sub-

cultured to Tryptic Soy Broth (TSB) and grown, with shaking, at 370C for 18 h. On the following day, the 

bioluminescence of the overnight culture was confirmed by pipetting 100 µL of the bacterial suspension into a 

96-well, flat-bottom, black microplate (Optiplate-96, PerkinElmer) and read in VictorTM X plate reader 

(PerkinElmer) for an acquisition time of 1 min. A bacterial bioluminescence signal in the order of 8-log10 for the 

undiluted overnight culture (~8-log10 CFU) was considered appropriate for creating infection.[138] A 1 in 20 dilution 

of the overnight culture was prepared in fresh medium (0.5 ml overnight culture in 10 ml fresh TSB) and grown 

with shaking at 37 °C for 7 h to produce a culture with an optical density (OD) of approximately 2.0 at 600 nm 

wavelength, and containing approximately 8-log10 bacterial cells per ml. Bacteria were harvested by centrifuging 

for 5 min at 4500 x g at room temperature (Thermo Fisher Multifuge X3R, Thermo Fisher Scientific, Germany). 

The supernatant of the growth medium was removed and discarded and the pellet re-suspended in 10 ml of 

freshly prepared sterile Phosphate Buffered Saline (PBS). Two 10-fold dilutions were performed. In this, 0.1 ml 

of bacterial cells in PBS from 10 ml was added to 0.9 ml of fresh sterile PBS, vortex-mixed for 10 s and then 

0.1 ml added to the second aliquot of 0.9 ml of fresh sterile PBS to give approximately 105 CFU per 5 µl for the 

second dilution (for 100x dilution of the original sample). The actual number of CFU were enumerated in the 

inoculum suspension by the Miles and Misra method.[365] Briefly, six 10-fold serial dilutions were performed (as 

described above) and TSA plates were inoculated with 10 µl of each dilution. The plates were dried at room 
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temperature for approximately 15 min and incubated at 37°C for 18 to 24 h before colony counting. Each viable 

cell in the bacterial suspension is assumed to form a colony on the agar plate. 

6.2.2. Experimental animal model 

C57BL/6 female mice, aged 6-8 weeks old and weighing 15-20 gm, were sourced through the Vernon Jason 

Unit (VJU), at the University of Auckland. Ethics approval was granted (reference no. 001707) by the University 

of Auckland Animal Ethics Committee. Animals were housed in sterile individually ventilated cases and were 

provided with rodent food and water ad libitum. Animals were cared for in accordance with the Guide for the 

Care and Use of Experimental Animals.[366] 

 
 

6.2.3. Validation of the corneal scratch creation using the Algerbrush device in mouse 
cadaver eyes 

The purpose of the Algerbrush validation experiments was to determine the reproducibility of a device fitted with 

a 0.5 mm burr in creating 1 mm diameter corneal epithelial defects. To minimise the use of experimental animals, 

all validation experiments were conducted on the same day in fresh mouse cadaver eyes (n = 20 from 10 

animals), obtained from other researchers. The Algerbrush was applied lightly to create a continuous epithelial 

defect (as described below). The chosen burr size was 0.5 mm (available options are 0.5 mm and 1 mm) to 

create a corneal epithelial defect of approximately 1 mm in diameter, to mimic the size of a typical small human 

corneal ulcer.   

 

6.2.4. Corneal wounding using the Algerbrush II in vivo 

In vivo studies followed the validation experiments on cadaver eyes. Mice were anaesthetised by placement 

inside an induction chamber connected to an oxygen source and isoflurane vaporiser. Oxygen flow was adjusted 

to 0.9 litres/min, and the isoflurane vaporiser set at a flow rate of 4-5% to induce anaesthesia and then reduced 

to 1–3% to maintain anaesthesia. As soon as mice became unresponsive to a tail pinch, they were transferred 

to the stage of a dissecting microscope (Bausch and Lomb Stereo Zoom microscope, Bausch & Lomb, NY). The 

anaesthesia nose-cone, designed for a tight-fit and minimal dead space on mice, was adjusted close to the 

microscope stage to maintain anaesthesia during corneal wounding. Under anaesthesia, the central corneal 

epithelium of the right eye was debrided with the Algerbrush fitted with a 0.5 mm burr (Figure 6.1A); the 

contralateral eye remained intact. A corneal wound size of approximately 1 mm diameter was created and 

confirmed by instilling 1 µL of diluted sodium fluorescein dye (1%) (Fluorescein paper, Haag-Streit Diagnostics, 

Switzerland) (Optimised for adequate fluorescence by dipping three fluorescein-impregnated strips into 50 µL 

PBS) onto the debrided cornea and inspecting the epithelial lesion size under the microscope or with a surgical 

loupe under a blue light. A ruler, placed in the plane of the lesion, was used for image calibration to enable 

measurement of the corneal wound size with ImageJ software (ImageJ, NIH Image, US). It was hypothesised 

that multiple, shallow, discrete corneal epithelial defects might heal prior to becoming infected but that a 
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continuous defect would be more likely to become infected after exposure to bacteria. To test this hypothesis, 

two types of defects were trialled: one created through intermittent contact with the epithelium, created by raising 

and lowering the rotating burr several times over a 1 mm diameter area within the centre of the cornea (Figure 

6.1B; termed ‘multiple-isolated defects’); and the other by gently but continuously making contact with the 

epithelium and allowing the burr to rotate circularly without lifting (Figure 6.1C; termed ‘continuous defect’) to 

create a 1 mm diameter wound. To enable review of infection status at 18 and 24 h after wounding and 

inoculation, corneal wounding was performed either in the morning to allow reassessment at 6 h (end of day) 

and at 24 h (in the morning on the following day) or performed in the evening for reassessment at 18 h (the 

following morning) (Figure 6.2). Images were captured with a digital camera (Nikon D3200, Nikon Corporation, 

Japan) and/or a smartphone (Samsung Galaxy Note III, Samsung Electronics, South Korea), attached to a set 

of 10x microscope objectives by an eyepiece adapter (Digital Eyepiece Adapter CTA-100, Canton Optics, 

China).  

 

  

 
Figure 6.1. Algerbrush II rust ring remover fitted with a 0.5 mm burr (A) was used to create a mouse 1 mm 

diameter corneal scratch model. ‘Multiple-isolated defects’ (B) were created by lightly touching the epithelium 

and lifting the burr several times in the centre of the cornea and ‘continuous defects’ (C) were created by gently 

touching the epithelium and rotating the burr in a circular motion without lifting it from the corneal surface to 

create as circular a lesion as possible. The area of fluorescein dye uptake in the corneal scratch model was 

measured with the ruler beneath a dissecting microscope.  
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Figure 6.2. Flow diagram of experiments in disease modelling 
 

6.2.5. Bioluminescence imaging of infections  

Bacterial bioluminescence was assessed by a commercial in vivo imaging system described in Chapter 3 (see 

section 3.2.3). The experimental set up for capturing bacterial bioluminescence in the mouse keratitis model is 

demonstrated in Figure 6.3. Regions of interest (ROIs) of a set area (1 cm x 1 cm) were manually positioned 

over the image obtained from the IVIS® and the luminescence quantified in the corresponding areas. The false 

colour scale bar was fixed to display a minimum of 1 x 105 and a maximum of 1 x 106 in all the images for 

comparative purposes. For consistency, an integrated time of 1 min was used for image acquisition in every 

case. Viable bacteria in the corneal infection can be imaged irrespective of depth within the cornea because 

longer wavelength photons (500 nm to 700 nm) transmit efficiently.  
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Figure 6.3. An experimental sketch of the bioluminescence measurement using IVIS®.  

 

6.2.6. Bacterial inoculation of the corneal wound  

After corneal wounding, the anaesthetised animals were transferred to the IVIS® chamber and the nose cone 

was adjusted while positioning the wounded right eye to face upwards. The floor of the IVIS® remained heated 

at 37 °C throughout.  Care was taken not to harm the unwounded and uninfected left eye during imaging. The 

quantity of bacterial CFU used to infect the animal was prepared as described above and confirmed by the 

colony count method. After the animal was placed inside the IVIS® chamber, the debrided cornea was directly 

inoculated with 5 µl of the bacterial suspension and immediately subjected to bioluminescent imaging (described 

below) to confirm appropriate application of bacteria to the eye. After imaging, animals were removed from the 

IVIS® chamber and returned to the cage. Animals woke up within a minute of returning to their cage. Animals 

were reassessed and reimaged at 6 h, 18 h and/or at 24 h as described in Section 6.2.4, after corneal wounding.   
 

6.2.7. Keratitis assessment 

Corneal pathology was scored as described by Beisel et al.[367] 

Table 6.1. Corneal pathology scores of mice[367] 

Score Pathologic changes 

0 Eye macroscopically identical to the uninfected contralateral control eye 

I Faint opacity partially covering the pupil 

II Dense opacity covering the pupil 

III Dense opacity covering the entire anterior segment 

IV Perforation of the cornea, phthisis bulbi (globe shrinkage), or both 
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6.2.8. Enucleation and tissue processing  

Animals were euthanised via cervical dislocation under isoflurane anaesthesia at 18 h or 24 h following IVIS® 

imaging, and the whole eyes enucleated, rinsed with PBS and fixed in 4% Paraformaldehyde for 3 to 4 h. The 

eyeballs were then soaked overnight in 30% sucrose, embedded in Tissue-Tek® O.C.T. and stored at -80 °C 

for further processing. For cryo-sectioning, frozen blocks were removed from the -80 ºC storage and placed in a 

Micron HM550 cryostat for about 30 min to equilibrate to the temperature of the cryostat (-20 ºC). Once 

equilibration was achieved, tissue blocks were mounted onto specimen holders using a small amount of Tissue-

Tek® O.C.T. compound. Sections of 16 μm in thickness, were cut parallel to the optical axis of the eye and 

placed on Superfrost® Plus slides. Slides with the mounted sections were stored at -80 ºC until examined 

histologically. 
 

 

6.2.9. Histological documentation of the cornea  

For haematoxylin and eosin (H & E) staining, slides were removed from the -80 ºC storage, air dried for 

approximately 2 min at room temperature, and placed in glass racks for immersion into a series of different 

staining reagents.[368] Firstly, slides were washed twice in PBS for 5 min to remove excess Tissue-Tek® O.C.T. 

remaining around the tissue. They were then dipped into distilled water for hydration, before the sections were 

stained with haematoxylin for 8 min. Excess stain was removed by rinsing the slides under tap water for 10 min, 

then by rinsing in distilled water and dipping ten times in 95% ethanol. Sections were then counterstained with 

Eosin Y working solution for 1 min. This was followed by dehydration of the sections in 95% ethanol for 5 min 

and 100% ethanol twice for 5 min. Sections were finally cleared in xylene and mounted with DPX mounting 

medium. Slides were left to dry overnight and viewed under a light microscope (Nikon Eclipse e600, Nikon 

Microscopy). Images were recorded with a digital camera (Nikon Digital Sight DS-U1) and evaluated with NIS-

Elements BR imaging software (Version 2.10).  

 
 

6.2.10. Statistics 

The one sample t-test was used for statistical analysis in the validation experiments. The tests were performed 

using GraphPad Prism (GraphPad Prism- version 6, GraphPad software, USA). Differences were considered 

significant at a two-tailed alpha level of p < 0.05. 
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6.3. Results 

6.3.1. Algerbrush wounding creates wounds suitable for keratitis development  

In the case of a perfectly circular lesion, a 1 mm diameter wound equates to a defect area of 0.785 mm2. Epithelial 

defect areas (mm2), calculated in ImageJ software from the digital images containing a ruler in the same plane 

for calibration, are shown in (Figure 6.4A). Areas ranged between 0.38 to 1.41 mm2 with 70% of data points 

falling between 0.5 and 1 mm2. Figure 6.4B shows an example of an eye with a corneal wound (0.97 mm2). The 

mean corneal epithelial defect size (n = 20) of 0.84 ± 0.31 mm2 did not differ from the targeted area of 0.785 

mm2 (t = 0.90, p = 0.375), and the corneal wounding procedure was deemed to be acceptable. 

 

Figure 6.4. Consecutive corneal debridement wounds created with an Algerbrush II in mouse cadaver eyes (n = 

20) (A). A representative epithelial defect (0.82 mm2) stained with fluorescein dye, and outlined digitally in yellow, 

is visible in the cornea (B).  

 

6.3.2. Keratitis model development 

Using the Algerbrush wound creation technique described in section 6.2.4, experiments were conducted to 

develop experimental keratitis in 12 animals. The ability of the P. aeruginosa to cause infection in two types of 

corneal wounds (multiple-isolated and continuous defects, n = 6, each) as a function of inoculum size (Table 6.2) 

was evaluated within a mouse model of corneal injury, as described in the methods (section 6.2.4). Only the 

right eyes (n = 12) were wounded, and the contralateral eyes remained intact. Bacterial bioluminescence was 

used as a surrogate measure of bacterial viability and proliferation in the infection model.    

The investigation of wound type (isolated versus continuous; section 6.2.4) in disease establishment after 

bacterial inoculation (Table 6.2) demonstrated that a continuous corneal epithelial defect (n = 6) significantly 

increased the chances of infection, irrespective of bacterial inoculum size. The corneal pathology scores in the 

continuous wound were consistently grade II whereas that in the multiple isolated wounds ranged between 0 

(non-infected) and I (Figure 6.5). Distinct bacterial luminescence (~106 to 107 photons/s) was noted in the 
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infected animals. The ‘multiple-isolated’ defects (n = 6) showed variable results but most animals (n = 4) showed 

a sub-threshold level of bacterial luminescence (corresponding to infection) and the wounds closed completely 

with no macroscopically evident corneal damage by 18 to 24 h.   

 

Figure 6.5. Corneal pathology scores of two different wound types (each n = 6) created in the mouse cornea 

and challenged with P. aeruginosa. Individual data points with median values are shown. 00 

To determine the likelihood of P. aeruginosa colonisation in the keratitis model relative to inoculum size, 

successively lower bacterial doses (ranging from 108 CFU to 105 CFU) were applied to two animals each, for the 

two types of corneal wounds (Table 6.2). While minimising use of animals, this approach allowed the minimum 

infective dose to be ascertained in relation to the wound type. Results demonstrated a dependent relationship 

between host and microbe such that bacterial colonisation status was found to be dependent on the wound type. 

P. aeruginosa showed high virulence increasing at least 5 to 10-fold in light output beyond the initial inoculating 

doses within 18 h of the initial corneal challenge. The uninfected left eye showed no signs of disease or 

inflammation in any animal. 
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Table 6.2. P. aeruginosa Xen05 inocula for two types of corneal epithelial defects (n = 12) (A). Pairs of animals, 

each with a different wound type, received an equal bacterial inoculum. The table shows disease development 

outcomes as a function of wound type and inoculum dose.  

Inoculum dose 
(CFU) 

Defect type 
Keratitis grade[369] 

 
Ulcer area post 
infection (mm2) 

3 x 108 Multiple Isolated 0 None 

3 x 108 Continuous II 2.869 

4 x 107 Multiple Isolated I 0.68 

4 x 107 Continuous II 3.21 

3 x 107 Multiple Isolated I 1.41 

3 x 107 Continuous II 2.84 

4 x 106 Multiple Isolated 0 None 

4 x 106 Continuous II 4.429 

3.5 x 106 Multiple Isolated 0 None 

3.5 x 106 Continuous II 2.12 

5.5 x 105 Multiple Isolated 0 None 

5.5 x 105 Continuous II 0.80 

 

6.3.2.1. Multiple-isolated wounds cleared bacteria 

The rate of complete bacterial clearance was 67% (n = 4 of 6) in animals with the ‘multiple-isolated’ epithelial 

defects. Visual inspection after fluorescein staining showed no signs of epithelial damage in these cases, post-

infection. Bacterial bioluminescence was similarly absent in these animals. Two animals infected with 107 CFU 

developed grade I keratitis by 18 h (Figure 6.6A) and exhibited faint bacterial luminescence which remained 

constant up to the 24 h time point (Figure 6.6B). Infection development with the ‘multiple-isolated’ wound was 

thus deemed unreliable. 

 

Figure 6.6. A representative ‘multiple-isolated’ epithelial defect (n = 6) which was challenged with 4x107 CFU 

of P. aeruginosa. The yellow demarcated area shows the extension of faint ulcer stained lightly with fluorescein 

dye. Bacterial bioluminescence from the infection at 18 h time point is represented in pseudocolor in image B. 



 

 

113 

 

Chapter 6: Keratitis model development  

6.3.2.2. Continuous wounds were successfully infected  

A grade II keratitis developed in all animals (n = 6) (100%) with continuous epithelial defects, and distinct bacterial 

luminescence with flux emission of between 106 and 108 photons/ s was observed irrespective of the inoculum 

dose (Figure 6.7 A and B). The ulcer was severe and dense with a well-defined margin (grade II) in all animals 

(100%). These observations suggest that a consistent disease outcome is dependent on the severity of corneal 

wounding. 

 

Figure 6.7. A representative ‘continuous defect’ which was challenged with 3x107 CFU of P. aeruginosa to 

develop a well-defined keratitis at 18 h. The yellow line shows the extent of the ulcer stained with fluorescein 

dye prior to bacterial inoculation (A). Bacterial luminescence from the infection at 18 h after bacterial inoculation 

is represented in pseudocolor in image B. 

 

6.3.2.3. Continuous wound and 105 CFU reproducibly developed infection 

Having established that a continuous epithelial defect created with an Algerbrush in a mouse anaesthetised with 

isoflurane vapour developed an infection more readily and consistently than a non-continuous defect, across a 

range of P. aeruginosa doses (between 105 and 108 CFU), a further experiment was conducted to determine the 

minimum inoculum size that would reproducibly induce an infection in the presence of a continuous epithelial 

defect. Four animals with continuous epithelial defects, were each challenged with a bacterial dose of 3.5 x 105 

CFU.  Analysis of the bacterial luminescence post-inoculation (Figure 6.8A) identified that in one animal (n = 1), 

the bioluminescence, which was used as a proxy for CFU, was lower than that expected for 105, most likely 

because of a loss of the bacterial suspension due to overflow from the eye, as identified on IVIS®. This animal 

did not develop infection and H & E stained corneal section did not demonstrate signs of inflammation (Figure 

6.8B). 
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Figure 6.8. Retrospective analysis of the bacterial luminescence post-inoculation in four animals challenged with 

3.5 x 105 CFU (A) and histology section without signs of inflammation in healed cornea (B). The scale bar is 50 

µm. 

A grade II (Table 6.1) localised ulcer with a distinct margin (Figure 6.9A) and bright bacterial bioluminescence 

with flux emission of approximately 106 photons/s (Figure 6.9B) developed in the cornea in three animals. 

Histological evaluation of the infected corneas showed severe neutrophil infiltration indicating an acute immune 

response. Figure 6.9 compares the histological findings in the uninfected healthy cornea (Figure 6.10A) with the 

acute neutrophil infiltration that occurred in the infected cornea (Figure 6.10B).  

 

Figure 6.9. A representative example of the keratitis model developed at 18 h with 105 CFU bacteria applied to 

a continuous epithelial defect of approximately 1 mm diameter (A). The ulcer was well localised with distinct 

margins and bright bacterial bioluminescence (~106 photons/s) as measured in the IVIS® (B). The yellow line 

outlines the border of the ulcer stained with fluorescein dye and observed under blue light.  
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Figure 6.10. H & E stain of a corneal section of a normal (uninfected) cornea (A) and the infected cornea (B). 

The infected cornea showed signs of a severe immune response to the acute bacterial infection. The scale bar 

is 50 µm.  

 

6.4. Discussion  

In the present study, three main parameters were considered desirable in the development of the experimental 

mouse keratitis model with the purpose of testing the efficacy of an antimicrobial agent.  These included 1) a 

small corneal epithelial debridement wound of approximately 1 mm in diameter, 2) a small bacterial inoculum 

size, and 3) use of isoflurane vapour to induce anaesthesia. The use of an Algerbrush to create a continuous 

epithelial defect of approximately 1 mm in diameter combined with application of a bacterial inoculum in the order 

of 105 CFU was demonstrated to create a keratitis model suitable for in vivo testing of the antimicrobial activity 

of a prospective treatment. An established keratitis could be created within 18 h and the infection did not cross-

infect the intact eye.  

A number of keratitis models that include use of bioluminescent Pseudomonas [138, 279] and viral vectors, [238] 

have been developed for studying aspects such as treatment efficacy,[338] disease pathogenesis,[369] and 

treatment outcomes.[138] These models have provided vital information about the progress rate of infection and 

treatment efficacy. However, they generally use a high bacterial inoculum (106 to 108 CFU range), large wounds, 

colony counting procedures for quantification of effect, and injection anaesthetics.[338] With the methods 

described here, small ulcers (~1 mm diameter) could be monitored for a treatment efficacy, without masking 

potentially important therapeutic effect that might occur with application of an excessive bacterial does,[338] given 

that antibiotic efficacy is recognised to decrease with increasing inoculum size.[370] The model presented here 

more closely mimics the human ocular scenario. It was observed that a continuous corneal epithelial defect 

enabled creation of a more reproducible infection than a more superficial defect made up of multiple, isolated 

defects, evidenced by the higher light output at 18 h than the initial inoculating dose, indicating significant 

bacterial growth. In the shallower, multiple-isolated type defect, the cornea healed completely within 18 to 24 h, 
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without the P. aeruginosa taking hold, most probably due to the active mouse immune system. Animals were 

able to rapidly restore corneal health even though they were challenged with high bacterial doses in the range 

of 106 to 108 CFU.  This suggests the presence of an impressive ocular defence mechanism, as noted in previous 

studies.[355, 371] An absence of bacterial bioluminescence, an absence of fluorescein dye uptake and a normal 

corneal histology confirmed an intact cornea. However, it is recognised that low level bacterial luminescence 

could have been present but below the detection limit of the IVIS®.[293] Previously, several techniques have been 

used to create epithelial defects in the animal cornea, but these have mainly resulted in the creation of large 

corneal wounds. These have included use of an Algerbrush[355], filter paper [355, 356] and sterile needles.[343] The 

size of the corneal wounds created in those studies focussed on corneal wound healing, was not deemed 

clinically applicable for studies of antimicrobial treatment efficacy in corneal infection as it did not accurately 

reflect the clinical condition.

The bioluminescence assessment technique provides spatial and sequential information about the progression 

of infection and treatment efficacy in real time.[238, 279, 293] In contrast to using the more conventional technique of 

tissue harvesting for colony counting for bacterial enumeration,[343] luminescence, as a surrogate marker of 

bacterial viability, removes much of the experimental variation by enabling each animal to be used as its own 

control during repeated evaluation over time. This methodology allows for a considerable reduction in the number 

of animals required, as well as in time and cost. It is also helpful for verifying the infective dose as an improperly 

challenged wound may fail to develop an infection,[363] as seen in one of the animals in the present study. In the 

present model, marked bacterial luminescence was obtained from the infection site in an established infection. 

These observations are especially appealing for the analysis of the in vivo efficacy of antimicrobial compounds 

since the effectiveness can be monitored much more rapidly than with conventional colony counting methods 

which take several hours to days for culture growth.[370]

In the present study, to maximise the clinical relevance, there were three main clinical considerations: (i) human 

keratitis typically starts from exposure to a relatively low number of bacteria (ii) keratitis is a rapidly progressing 

condition and (iii) the disease usually starts from a small corneal abrasion. In consideration of the first point, 

various bacterial doses with the potential to establish an infection were examined to confirm efficacy of a small 

inoculum size that is most consistent with the clinical situation.[372]  In recognition of the second point, disease 

establishment within 18 h of corneal wounding and bacterial challenge was confirmed, reflecting the rapidly 

progressing nature of microbial keratitis associated with contact lens wear or ocular trauma.[373] With regard to 

the third consideration, efforts were made to create a small well-localised keratitis, of similar dimensions to 

those in human keratitis, where most ulcers are within 1 mm diameter.[274] The approaches taken satisfied the 

desire for clinical relevance and suitability for the intended study of evaluating a treatment strategy for 

superficial corneal infections.

Unfortunately, the movement of animals infected with genetically modified microorganism across laboratories is 

restricted by institutional protocols, which limited access to a higher resolution microscope with a specular view 

which might have offered more information about the developed model, especially about the infection 

characteristics and overall disease status.
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To conclude, in the present chapter, a clinically relevant animal model of keratitis was developed for studying 

the effectiveness of a novel antimicrobial treatment. Although this model was developed to study experimental 

Pseudomonas keratitis, with further optimisation it could prove suitable for quantitative studies evaluating 

infections by other pathogens including viruses, as well as for studying disease pathogenesis, host defence 

mechanisms, the natural history of specific infections and antimicrobial treatment efficacies. In the case of this 

thesis, the model will be used to study the antimicrobial efficacy of 15 s UVC as determined in previous chapters 

through in vitro (Chapter 3, section 3.4.4) and ex vivo experiments (Chapter 4, section 4.3.2.2), to treat 

Pseudomonas keratitis. 
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Chapter 7
UVC light therapy of Pseudomonas keratitis: in vivo study

Chapters 3-6 focused on investigating the characteristics of UVC as a potential antimicrobial treatment,

establishing the optimal UVC doses for inactivating bacteria in in vitro and ex vivo infection models, exploring

the safety of UVC in terms of genotoxicity within the cornea, and developing a mouse keratitis model for testing

UVC efficacy. The focus of this chapter of the thesis is to explore the efficacy of 15 s UVC in treating infectious

keratitis in the developed animal model.

7.1. Introduction

As previously noted, despite a century long awareness of UVC’s antimicrobial capabilities,[139, 152] fear of DNA 

damage and carcinogenicity,[273] limited exploration of its potential in treating human infection. However, 

increasing antibiotic resistance has been driving a renewed interest in the area of light-based therapies, including 

UVC, for this therapeutic purpose.[137, 138, 146, 158, 159] Accordingly, the past decade has seen an increase in patents 

around light-based antimicrobial therapies [374] with approximately 45 patents registered within the last ten 

years.[375] There are many reports in the literature on the antimicrobial efficacy of UVC, but these are largely 

restricted to investigating antimicrobial potential rather than estimating a safe and effective dose.[137, 146, 159, 376] 

Despite its laboratory success, UVC dose determination for treating actual infections remains largely unknown. 

This chapter explores the dose requirements for treating infectious keratitis in a live mouse model and 

investigates the cellular and molecular effects of treatments in a prospective, controlled, masked animal trial.

In Chapter 3, a single exposure of 15 s UVC (28.95 mJ/cm2) was demonstrated to exhibit consistent antimicrobial 

activity in an in vitro infection model. The effect was dose-dependent up to a point, but it was recognised that 

doses as high as 232 mJ/cm2 (120 s) could not cause complete growth inhibition in the deep infection model 

whereas dose as low as 1.93 mJ/cm2 (1 s) was reported to be effective against bacteria proliferating in the 

surface.[83] This was thought to be the result of UVC absorption within the superficial medium. Additionally, time-

to-kill curves exhibited an inoculum effect (see Chapter 3, section 3.4.5.1 and 3.5.2) in which UVC treatment 

was more effective against a lower bacterial concentration. This would suggest that success in treating an early, 

small corneal ulcer might be achievable with a single dose, but that an established corneal infection containing 

a higher density of bacteria proliferating in deep corneal layers, might require multiple UVC doses,[138] and even 

then, due to poor depth penetration, complete sterilisation of the established infection might not be possible.[377] 

However it might be possible that the treatment could help achieve a manageable host bioburden.[296] One of 

the aims of this chapter was to determine if 15 s UVC exposure can treat an established infection caused by P. 

aeruginosa keratitis in a mouse model.

Bacterial keratitis is conventionally treated with the frequent application of antibiotics, either empirically or ideally 

selected on the basis of in vitro susceptibility testing, acknowledging there is a delay in culturing and identifying 

bacteria and sometimes both methods are employed. As discussed in Chapter 2, ciprofloxacin is one of the
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commonly used antibiotics to treat bacterial keratitis (see Chapter 2). The clinical isolate, as well as the 

bioluminescent strain of P. aeruginosa, were observed to be highly susceptible to exposure to ciprofloxacin as 

described in the longitudinal study (see Chapter 2, section 2 2.4.2, table 2.8) and as demonstrated in Chapter 3 

(see section 3.4.7 and 3.5.4). Ciprofloxacin boasts highly potency as an antibiotic and is commonly used to treat 

keratitis in many parts of the world, and thus was selected as the control treatment of choice in studying the 

antimicrobial effect of UVC for potential clinical application. The second aim of this chapter therefore compares 

UVC treatment to conventional antibiotic therapy. 

As demonstrated in Chapter 5, a single exposure of 15 s UVC did not cause formation of a significant amount of 

Cyclobutane Pyrimidine Dimers (Chapter 5, section 5.3.1) in the corneal DNA. Results showed that the 

cumulative dose over the three days caused more DNA photoproduct formation than a single equivalent dose 

(see Chapter 5, section 5.3.2), which suggested that repeated exposures could be more damaging. However, 

recovery characteristics were good with resolution within 72 h after cessation of treatment.  Being a surface-

active treatment, it is likely any affected cells will naturally desquamate and largely mitigate potential DNA 

damage to surface epithelium with normal epithelial cell turnover.[378] 

Taking account of all the information and findings, it is hypothesised that there will be no significant adverse 

effect of low dose antimicrobial UVC exposure on corneal DNA and keratocytes in the mouse corneal infection. 

The third aim of this chapter is, therefore, to evaluate the effects of UVC treatment on corneal DNA and corneal 

keratocyte number. 

7.2. Materials and methods 

Materials and methods used in this chapter have previously been detailed in Chapter 6. Therefore, they will be 

described only briefly here. 

 

7.2.1. Bacterial strain and culture conditions 

Methods were identical to those described in see Chapter 6, section 6.2.1. 

 

7.2.2. Experimental animal  

In addition to the methods described previously (Chapter 6, section 6.2.2), the following methods were applied. 

The following criteria were set, and approved by the animal ethics committee, to indicate a humane endpoint of 

the experiment: 1) weight loss of 20% or more from the previous observation time or from the start of the 

experiment; 2) ulceration engulfing the entire cornea, or corneal perforation; 3) or animals unlikely to survive 

until the next scheduled observation, or displaying three or more critical signs including hunched posture, shallow 

breathing, staggering, writhing or ruffled coat.  
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7.2.3. Corneal wounding using Algerbrush II in vivo 

A full-thickness epithelial defect was created in the right eye of the mouse cornea as described in Chapter 6 (see 

section 6.2.4). The resulting corneal epithelial abrasions were stained with fluorescein dye and photographed 

with a ruler in place for calibration purposes. Both corneas of all animals were photographed twice daily until day 

4 and the ulcer size was measured in each photograph using the freehand drawing tool in ImageJ software (NIH 

Image, USA) to mark the extent of the wound area. 

 

7.2.4. Bioluminescence imaging of infections 

Methods were identical to those described in Chapter 6, section 6.2.5. 

 

7.2.5. Bacterial inoculation 

After bacterial inoculation, as described previously in Chapter 6 (section 6.2.6), animals were assessed and 

imaged twice daily, 6 h apart, until the conclusion of the experiments (Figure 7.1).  

 

7.2.6. Keratitis assessment, randomisation and masking 

At 18 h post inoculation, animals were de-identified to the researcher undertaking the assessments (SM) and 

the disease severity was assessed. Following this, animals were randomised into treatment groups. The animals 

which fulfilled the criteria of grade II keratitis - dense opacity covering the pupil - (Chapter 6, section 6.2.7)[367] 

were stratified in blocks of 4 and 7 and randomised into one of the four groups (Table 7.1). This method ensured 

an optimal balance across groups and minimised experimental variation arising due to different day experiments. 

The data were collected for each block within the same time period.  

 

Table 7.1. Animal randomisation  
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7.2.7. Keratitis treatment 

Only the right eye of each mouse was infected although both eyes received treatment. This facilitated the 

evaluation of the effects of the treatments in a normal cornea, in the absence of infection (Figure 7.1). Images 

of the both eyes were assessed for corneal clarity at the end of the treatment. 

 

Table 7.2. Treatment regimens tested for experimental mouse keratitis. UVC was administered once daily, as a 

single dose of 15 s, and ciprofloxacin was administered 2-hourly between 10 to 4 pm for three consecutive days. 

Treatment group 
Number of 

animals 
Right Eye Left eye 

Untreated 4 Infected/untreated Uninfected/untreated 
UVC (15 s UVC)  5 Infected/treated Uninfected/treated 
Combined (15 s UVC + ciprofloxacin (0.3%)) 4 Infected/treated Uninfected/treated 
Ciprofloxacin 0.3% only 4 Infected/treated Uninfected/treated 

 

Animals in the untreated group were monitored for disease progression and the experiment ended if the humane 

endpoint was reached. In the UVC and combined treatment groups, UVC was administered once daily, as a 

single dose of 15 s, at the same time of day for three consecutive days. Daily dosage was undertaken to allow 

adequate time for visualisation of changes in bioluminescence. The combined treatment group, after 

administration of the UVC, received topical ciprofloxacin (one drop from the commercially available Ciloxan 0.3% 

w/v eye drops), 2-hourly, between 10 to 4 pm, until 72 h post-UVC application. In the antibiotic only group, topical 

ciprofloxacin was applied 2-hourly, between 10 and 4 pm, until 72 h. Animals were monitored for 18 h after the 

last treatment before they were euthanised and the eyes harvested for tissue processing and histopathological 

evaluation.  
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Figure 7.1. Timeline of the in vivo study. The mouse corneal epithelium was debrided with an Algerbrush (for 

methods see Chapter 6, section 6.2.4) and a 5 µL volume of freshly prepared bacterial suspension 

(bioluminescent P. aeruginosa) was applied to the site of the corneal abrasion at 0 h (day 0). Bacterial infection 

was established within 18 h (day 1). Animals were de-identified to the researcher, the infection graded, and 

randomised to one of four treatment groups. Treatment (UVC treatment shown by an arrow) was continued until 

72 h (day 3). Eighteen hours after treatment cessation, animals were assessed and euthanised and corneal 

tissues were collected for histological evaluation.  

 

7.2.8. Enucleation and tissue processing  

Animals were euthanised via cervical dislocation under isoflurane anaesthesia whenever they met the humane 

endpoint, or at the end of the experiment on day 4. Corneal tissue was collected and processed for Haematoxylin 

and Eosin (H & E) staining as described in Chapter 6 (section 6.2.8). Assessment for the formation of 

Cyclobutane Pyrimidine Dimers (CPD), immunohistochemistry (IHC) was performed as described below. 
 

 

7.2.9. Immunohistochemistry documentation of DNA defects  

For immunohistochemistry (IHC), pre-prepared slides (for methods, see Chapter 6, section 6.2.8) were removed 

from the -80 ºC freezer and air dried for 30 min at room temperature. Slides were washed twice in PBS for 10 

min to remove any excess Tissue-Tek® OCT remaining around the tissue. For blocking non-specific binding of 

antibodies and to permeabilise the tissue, tissue sections were incubated in 250 µL of 10% Normal Goat Serum 

(NGS) with 0.1% Triton X-100 for 1 h at room temperature. After 1 h, the NGS was discarded and the slides 

were dried. Mouse anti-thymine dimer antibody (250 µL, 1:2500, ab10347, Abcam), diluted in PBS, was added 

to each slide and the slides were incubated overnight at 4°C (see Chapter 5, Table 5.1 for details about the 

antibodies). The following day, slides were washed twice with PBS for 10 min to remove unbound antibody, and 

goat anti-mouse Cy3 secondary antibody (250 µL, 1:500, 115-165-003, Invitrogen) diluted in PBS, was added. 

Slides were incubated with the secondary antibody for 2 h, in the dark, at room temperature. After 2 h, slides 

were washed twice for 10 min to remove unbound antibody. After washing, 250 µL of DAPI (1:10,000; Sigma-

Aldrich, US) was added to the sections for 30 s and PBS was used to rinse twice for 10 min. Slides were dried, 

mounted with CitiflourTM (Electron Microscopy Sciences, US) anti-fade reagent, sealed with nail polish and stored 

at 4°C until imaged with the Olympus FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). 

Images (20x objective lens) were processed using FV-10 ASW 3.0 Viewer and ImageJ software version 1.50i 

(National Institutes of Health, US). 

 

7.2.10. Inflammation quantification and corneal thickness measurements 

Inflammation in the mouse cornea was quantified by an automated method aided by ImageJ software as shown 

in Figure 7.2. An image taken under the 40x objective lens was processed for inflammation quantification as 
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follows. The original image was converted to 8-bit colour and the colour threshold adjusted manually to include 

the majority of small particles but to remove background noise. Particle margins were identified and an 

automated quantification was performed for individual images. The method was optimized to include small 

particles representing inflammatory cells but to exclude large particles such as corneal cells and keratocyte 

nuclei (pixel2 of 50-100 and circularity of 0.50-1.00). The central tissue thickness (epithelial, stromal and total 

corneal) of the H & E stained histology sections was measured in ImageJ by using the straight-line tool, 

perpendicular to the epithelial surface. Each measurement was performed three times and average values 

calculated. 

 
 
Figure 7.2. Method used to quantify inflammation in mouse corneal cross-sections. Figures 1A, 2A, 3A show 

tissues with increasing levels of inflammation, Figures 1B, 2B and 3B show threshold adjustment to include the 

majority of small particles but not large cells or background noise, figures 1C, 2C and 3C show the final 

processed images for quantification of the inflammatory particles. The images on the right hand panel (4A and 

4B) show the settings used in the ImageJ software to quantify inflammation in the tissues.  
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7.2.11. Keratocyte count 

Well-defined elongated blue structures interspersed between epithelium and endothelium against a pink 

background (stroma) in the H & E stained corneal section (Figure 7.3) were deemed to represent keratocyte 

nuclei (marked with a yellow cross; Figure 7.3). At least three separate images (20x objective lens) were 

analysed for manually counting keratocyte nuclei in each cornea by a masked observer using ImageJ.  From the 

whole tissue sections, the central cornea was chosen for keratocyte quantification in all animals. The central 

cornea was identified from the transverse sections which contained two sides of iris with a gap in between. By 

convention, objects overlapping at the edges of the quantification area were counted as two. Objects appearing 

as endothelial cells (indicated with black arrow) in the inner cornea were excluded from the analysis. Due to 

intense inflammatory reactions, keratocyte nuclei could not be distinguished in the infected corneas. Therefore, 

only uninfected (negative control) and uninfected but treated eyes (cases) were assessed for keratocyte 

quantification to determine any effect of the UVC treatment upon keratocyte numbers as a measure of safety.  

 
 

Figure 7.3. Manual quantification of keratocyte nuclei in the mouse cornea using ImageJ. Keratocyte nuclei 

appeared as dark blue well-defined structures in the corneal stroma (marked by yellow crosses). The dark blue 

objects lining the inner layer of the cornea were presumed to be endothelial cells and were excluded from the 

analysis. Ep = epithelium; S = Stroma; En = endothelium; scale bar = 20 µm.  

 

7.2.12. Statistics  

A two-way ANOVA with repeated measures and one-way ANOVA with multiple comparisons were performed to 

determine the efficacy and safety of different treatments, respectively. The tests were performed using GraphPad 

Prism Version 6 (GraphPad Software, USA). To determine the overall efficacy of treatments relative to the 

existing bacterial burden of untreated wounds, the area-under-the-curve (AUC) for bacterial numbers measured 

as bioluminescence over time was calculated for individual treatments. Since animals were euthanised at 

different times (according to the humane endpoint), the latest time point prior to euthanisation was chosen for 

AUC calculation for individual animals and the mean AUC was calculated (18 h to 48 h). Kaplan Meier Survival 
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Curves were also generated for different treatment groups and compared with the log rank test. Differences were 

considered significant at a two-tailed alpha level of P < 0.05. 

 

7.3. Results 

7.3.1. Mouse model of P. aeruginosa keratitis 

To explore the efficacy of UVC in infectious keratitis, a mouse model of keratitis was developed, as described in 

Chapter 6. The experiments were performed on 18 animals. One animal did not develop an infection and was 

excluded from the experiment. All other animals developed a grade II keratitis and were randomised to one of 

four treatment groups. The sample size and the treatments tested in this study are summarised in Table 7.2. 

 

7.3.2. Temporal pattern of disease in infected but untreated animals 

Figure 7.4 illustrates the change in bacterial luminescence in infected but untreated animals. The same animal 

was imaged longitudinally to monitor disease progression. The median bacterial luminescence (n = 4) remained 

constant until approximately 42 h. By 42 h the disease had progressed to cover the entire cornea in half of the 

animals, thus signifying the humane endpoint had been reached (Figure 7.4A). Those animals were euthanised 

irrespective of luminescence signal. Between 42 and 48 h, luminescence decreased and remained relatively 

stable until 90 h in the remaining animals (Figure 7.4B). The luminescence was consistently higher than the IVIS 

background luminescence according to the pseudo-colour images of individual animals over time (Figure 7.5A).  

 

Figure 7.4. Bacterial luminescence over time, relative to the 18 h established disease starting point, for four 

infected but untreated animals. Circles in A mark the humane endpoint for two individual animals within 42 h. 

Data are presented as the median value in B (n = 4). The blue shaded area represents background 

luminescence.
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Figure 7.5. In vivo bioluminescent images of infected mouse eyes used to test the antimicrobial efficacy of various treatments. Representative images (from the first 

experiment) for each group (n = 4 or 5) are shown. Treatment was initiated at 18 h (shown with an arrow).The pseudo-colour scale bar indicates the intensity of a single 

pixel in the bioluminescence images from low (blue) to high (red); the minimum and maximum radiances are indicated.  
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Figure 7.6. Bacterial bioluminescence data was standardised to facilitate a comparison between different groups on account of variability in bacterial inoculum and 

disease severity. The 18 h time point (initiation of treatment) was considered baseline for each animal and the relative change (%) in bioluminescence over time 

calculated. Black circles indicate the humane endpoint for individual animals. UVC was applied at 18 h, 42 h and 66 h in the UVC (n = 5) and combined treatment groups 

(n = 4) (shown by dark blue circles). Ciprofloxacin (n = 4) was applied every two hours between 10 am and 4 pm, until 72 h (day 3) in the ciprofloxacin and combined 

treatment groups. The graph shows individual replicates within each treatment group. The shaded area (blue) represents background luminescence. 
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7.3.3 Ciprofloxacin was highly effective in treating Pseudomonas keratitis  

To confirm the efficacy of ciprofloxacin (n = 4), topical 0.3% ciprofloxacin was applied to the infected cornea on 

a 2 hourly basis between 10 am and 4 pm. Results demonstrated that ciprofloxacin was highly effective, 

eliminating detectable bacterial bioluminescence within 6 h of the first treatment and with no re-appearance of 

bioluminescence at a later stage (Figure 7.5D and Figure 7.7). The animal that received ~107 cfu of bacteria as 

an initial inoculum, showed consistently higher luminescence values (Figure 7.5D). The repeated measures two-

way ANOVA with post-hoc test revealed that treatment outcome in untreated animals differed significantly from 

the UVC and ciprofloxacin treated (p < 0.01), ciprofloxacin only treated (p< 0.01) and UVC treated (p<0.05) 

animals as early as 24 h and 42 h, respectively, in terms of bacterial burden. 

 

Figure 7.7. Influence of 2 hourly (between 10 am and 4 pm) topical 0.3% ciprofloxacin on bacterial 

bioluminescence. The treatment resulted in undetectable bacterial bioluminescence within 6 h of the first 

treatment. Data are presented as individual replicates in A and as median bioluminescence values for 

ciprofloxacin treated (n = 4) and untreated animals (n = 4) in (B). The shaded area (blue) represents background 

luminescence. 

 

7.3.4. UVC reduced P. aeruginosa burden in infected mouse cornea  

To investigate the efficacy of UVC against an established corneal infection (i.e. UVC applied 18 h after the 

corneal abrasion and bacterial challenge), infected eyes (n = 5) were treated with 15 s UVC. Bacterial 

bioluminescence was monitored twice daily to determine need for supplementary treatment (Figure 7.6 and 

Figure 7.8) In four animals (4/5) the bacterial bioluminescence was undetectable after UVC exposure; with a 

single dose in one animal (1/4) and following two doses spaced 24 h apart, in three (3/4) animals. However, one 

of those treated animals (1/4) exhibited signs of infection relapse at 66 h, and thus a third treatment was applied. 

This animal was later euthanised, however, as the disease spread across the cornea. The last animal (1/5) in 

this group did not recover from the infection despite two UVC exposures and was euthanized at 66 h. The 
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pseudocolour images representing the change in ocular bacterial bioluminescence intensity after UVC exposure 

are presented in Figure 7.55B. The repeated measures two-way ANOVA with post-hoc test revealed that, 

statistically, UVC was effective in reducing bacterial bioluminescence when compared with the untreated animals 

(p < 0.05) at 42 h.  

 

Figure 7.8. Influence of UVC exposure in individual mouse keratitis cases (n=5) exposed to 15 s UVC (1.93 

mJ/cm2) once or repeated on a 24 h basis (A) caused a reduction of bacterial bioluminescence below the 

threshold detection limit in 4/5 animals. However, the treatment did not respond in one animal (1/5) and relapsed 

in one animal (1/5) that had received an initial bacterial dose in the order of 107 bacteria. The treatment time 

points for individual animals are represented by blue circles. The median bioluminescence value of the treatment 

outcome for UVC treated (n = 5) and untreated animals (n = 4), at each available time point, is plotted in B.  

 

7.3.5. Combination treatment with UVC and ciprofloxacin reduced the P. aeruginosa 
burden  

To test whether a combination treatment would be more effective than either treatment alone, infections were 

treated with 15 s UVC followed by topical application of 0.3% ciprofloxacin eye drops, every two hours from 10 

am to 4 pm (n = 4). The treatment resulted in undetectable bacterial bioluminescence in all animals (4/4) within 

6 h of treatment initiation and bioluminescence did not reappear at subsequent time points (Figure 7.5C, Figure 

7.9).  
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Figure 7.9. Influence of the combination treatment consisting of a single exposure of 15 s UVC once daily and 

2 hourly topical 0.3% ciprofloxacin from 10 to 4 pm. The bacterial bioluminescence decreased rapidly after the 

treatment and reached average background levels (broken line; n = 4). Data are presented as individual 

replicates in A and median bioluminescence values for combined (n = 4) and untreated animals (n = 4) in (B).  

 

7.3.6. Area-under-the-curve 

AUC measurements represent bacterial burden for individual treatments (Figure 7.10A). Results showed that for 

the AUC between 18 h and 44 h, treated animals had significantly less metabolically active bacteria present at 

the infection site when compared with the untreated animals (p < 0.05 in all cases) (Figure 7.10B). However, the 

difference in AUC between the combination treatment and ciprofloxacin alone (p = 0.99), between the UVC and 

ciprofloxacin alone (p = 0.38) or between UVC and combination treatment (p = 0.33) did not reach significance, 

statistically. 

 

Figure 7.10. Mean area-under-the-curve (AUC) calculations for different treatment groups, representing 

bacterial bioluminescence present in the mouse cornea relative to the 18 h time point (A). All treatments were 
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statistically significant in reducing the bacterial burden in corneal wounds when compared to the untreated 

control group but not significantly different from each other. Bars (B) show median values; *p < 0.05; n = 4 to 5. 

 

7.3.7. Kaplan Meier Survival Analysis 

As an assessment of the time course of the different interventions in treating the keratitis, survival rates were 

calculated (Figure 7.11) from the starting point of bacterial inoculation at 0 h across the experimental endpoints 

for individual treatments. Results showed that untreated animals had a 50% probability of disease expansion 

across the entire cornea within 48 h (day 2) (p < 0.05) resulting in euthanasia. While the survival rate was 100% 

for combined and ciprofloxacin treated animals, UVC exposed animals demonstrated a survival rate of 60% at 

the end of the experiment. 

 

Figure 7.11. Kaplan Meier Survival analysis demonstrates that 50% of animals in the untreated group had risk 

of having the disease expand to cover the entire cornea within 48 h when compared with other groups (p < 0.05). 

UVC exposed animals had 60% survival proportion at the end of the experiment. There was 100% survival rate 

for animals treated with either ciprofloxacin alone or the combination treatment. Statistics included non-

parametric Logrank test (Chi-Square) for trend analysis.  

 

7.3.8. Corneal epithelial wound healing  

In order to assess the corneal epithelial wound healing rates across different treatment groups, the corneal 

epithelial defects were digitally imaged, manually outlined and measured using ImageJ (Figure 7.12). 
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Figure 7.12. Digital images from the first block of in vivo experiments on the mouse cornea. The margins of the 

epithelial defects are marked in yellow. Untreated corneas appeared thick and oedematous (see Appendix 7.1). 

Wounds at 0 h represent corneal epithelial defects prior to bacterial inoculation (day 0). Corneal defects at 18 h 

represent a fully established infection (day 1). At 18 h, treatment was initiated and continued until 72 h (day 3). 

In half of the untreated animals (2/4), total cornea involvement occurred within 48 h (day 2). Wounds treated with 

UVC and the combination treatment were observed to result in a clearer cornea by the end of the treatment (see 

Appendix 7.1). 

Figure 7.13 displays the change in corneal epithelial defect size over time for each treatment. There was lack of 

re-epithelisation in the treated corneas. One-way ANOVA with Dunnett’s correction for multiple comparisons 

illustrated that there was no difference in corneal wound size before bacterial inoculation (at 0 h, day 0) (p = 

0.63) and after the treatment had been initiated (all p > 0.05). From the photographic images in Figure 7.12 and 

Appendix 7.1, the cornea appeared clearer in those in the combination treatment group at the end of the 

experiment when compared to all other treatment groups.  
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Figure 7.13. Relative change in the size of corneal epithelial wounds in the in vivo mouse keratitis model. There 

was no statistically significant difference in the wound size for any of the treatments before, during and after the 

treatment exposure (p > 0.05). Graph represents distribution of data from maximum to minimum for sample size 

of 4 to 5.   

 

7.3.9. UVC exposure caused keratocyte loss in the corneal stroma  

Figure 7.14 displays the results obtained from manual quantification of individual keratocyte nuclei in the corneal 

stroma. The percentage reduction in keratocyte number when compared to the untreated healthy group (left 

eyes) was 14.1%, 11.5% and 6.5% in the UVC, combined and ciprofloxacin treated groups, respectively (Figure 

7.14A). The reduction in keratocyte number was statistically significant only in the UVC treated eyes when 

compared to untreated eyes (p = 0.005) (Figure 7.14B). However, the difference was not significant between 

UVC, the combination treatment and ciprofloxacin only treatment (p > 0.05).  
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Figure 7.14. Influence of antimicrobial treatment on corneal keratocytes in the in vivo mouse keratitis model. 

Uninfected eyes were either untreated, treated with 15 s UVC daily for three consecutive days, treated with a 

combination of 15 s daily UVC and 2-hourly 0.3% ciprofloxacin between 10 am and 4 pm for three consecutive 

days or treated with ciprofloxacin only for three consecutive days (between 10 am and 4 pm). Keratocytes were 

counted in the central cornea (20x magnification, for methods, see section 7.2.11). Percentage reduction in 

keratocyte number relative to the untreated cornea is shown in (A) and statistical comparison with median value 

is shown in (B). Keratocyte density in UVC and combined treatment was lesser than the untreated group; 

*p < 0.05.  

 

7.3.10. Combined treatment with UVC and ciprofloxacin suppressed tissue 
inflammation and oedema 

To compare the degree of corneal inflammation after treatment, inflammatory cells were quantified in H & E 

stained corneal histology sections. The independent effect of each treatment under normal conditions was 

assessed in uninfected but treated eyes (see Table 7.2). Results demonstrated that none of the treatments 

independently influenced corneal inflammation (Figure 7.15E). However, in the infected eyes, the combination 

treatment appeared to suppress corneal inflammation when compared to the untreated eyes (p < 0.0001), the 

UVC treated eyes (p < 0.001), as well as the ciprofloxacin treated eyes (p < 0.05) (Figure 7.15 A –D and F) for 

the sample size used in this study.  
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Figure 7.15. Comparison of inflammatory cell numbers (N) following different treatments in infected eyes (A – D and F) and uninfected but treated eyes (E). Eyes either 

remained untreated (A), or were treated with UVC (B), combined UVC and ciprofloxacin (C) or ciprofloxacin alone (D). None of the treatments affected corneal 

inflammation (all p > 0.05) in uninfected but treated eyes (E). In infected eyes, ciprofloxacin only and the combination treatment significantly suppressed corneal 

inflammation when compared to untreated controls (p < 0.0001) (F). Horizontal bars show median values; *p<0.05. Scale bar = 50 µm. 
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Similarly, to compare total corneal thicknesses after different treatments, epithelial, stromal and total corneal 

thicknesses were measured in the H & E stained corneal histology sections. While there was no statistically 

significant difference in the epithelial thickness (p > 0.05), the stromal thickness was significantly lower in the 

eyes treated with the combination of UVC and ciprofloxacin, when compared to the untreated cornea (p > 0.05). 

This difference was not apparent for the ciprofloxacin alone or UVC alone groups.  Similarly, the total corneal 

swelling was significantly lower in the combination treatment group when compared to untreated cornea (p < 

0.05). The group with UVC treatment alone showed a higher degree of tissue swelling across all measurements 

(Figure 7.16). This difference was statistically significant when compared to the combination treatment (p < 0.05). 

 

Figure 7.16. Comparison of corneal thickness measurements following different treatments (UVC, ciprofloxacin 

and combined UVC and ciprofloxacin) in the in vivo keratitis model. The combination treatment significantly 

reduced total corneal swelling relative to untreated eyes (p < 0.05). Error bars represent minimum and maximum 

values and the box represents the distribution of the upper and lower quartiles; *p < 0.05. 

 

7.3.11. Repeated UVC exposure did not induce detectable DNA photoproducts in the 
mouse cornea 

In order to assess the safety of repeated UVC exposure on corneal DNA in the in vivo keratitis model, 

immunohistochemistry was performed to investigate the expression of CPD (See Chapter 5). Corneal histology 

sections of right and left eyes were used. Untreated left eyes were used as controls. Results demonstrated that 

eyes treated with 300 s of UVC showed extensive CPD formation in the superficial corneal epithelial cells (Figure 

7.17A) but spared the deeper epithelial cells, and secondary antibody control revealed non-specific staining in 

the corneal stroma (Figure 7.17B). However, there was no evidence of CPD induction in the cornea of the 

untreated healthy group (Figure 7.17C), with either repeated exposure to 15 s UVC daily for 3 days (Figure 

7.17D), to the combination treatment (Figure 7.17E) or application of ciprofloxacin for three consecutive days 
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(Figure 7.17F). Similarly, there was no detectable amount of CPD formation in the infected cornea after treatment 

(Figure 7.18). Confocal microscopy revealed regular arrangement of corneal epithelial cells and collagen tissue 

in the uninfected group (Figure 7.18). Similarly, none of the treatments applied to an infected cornea induced 

detectable CPD, while the positive control of 300 s of UVC exposure caused extensive CPD formation (Figure 

7.18). It was noted that the infected cornea exhibited extensive structural breakdown (Figure 7.18). 
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Figure 7.17. Assessment of CPD in the uninfected mouse cornea exposed to different treatments. Eyes treated with 300 s UVC exhibited extensive CPD induction in 

the superficial epithelium (A, white arrows pointing at pink cells) but not in the deeper epithelial layers. A non-specific staining (cross reactivity) of corneal collagen fibres 

by the secondary antibody (Goat anti-mouse Cy3) is visible in B (red stain). Untreated (C), UVC treated (D), UVC + ciprofloxacin treated (E) and ciprofloxacin only 

treated corneas (F) did not show any CPD induction in epithelium but showed variable degrees of non-specific secondary antibody binding in stroma. Ep, epithelium; S, 

stroma; En, endothelium. Scale bar = 50 µm. 
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Figure 7.18. Immunofluorescence assessment of CPD in the cornea of infected mice subjected to different treatments. Eyes subjected to 300 s UVC showed extensive 

CPD induction in the superficial epithelium (A, white arrows indicating pink cells) but demonstrating minimal effect of the deeper epithelial layers. Non-specific staining 

of corneal collagen fibres by the secondary antibody (Goat anti-mouse Cy3) is visible in B (red stain). Untreated (C), 15 s UVC treated (D), UVC + ciprofloxacin treated 

(E) and ciprofloxacin treated eyes (F) did not show any CPD induction in epithelium but showed variable degrees of non-specific secondary antibody binding in stroma 

(cross reactivity). Infected corneal tissue exhibited extensive disorganisation. Ep, epithelium; S, stroma; En, endothelium. Scale bar = 50 µm. 
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7.4. Discussion

In the present chapter, the main parameters that were selected to investigate the efficacy and safety of UVC in 

treating experimental mouse keratitis included 1) assessment of the efficacy of once daily 15 s UVC over a 

period of up to 3 days when applied as a standalone treatment, 2) determination of the efficacy of 15 s UVC as 

an adjunctive treatment, and 3) investigation of the impact of 15 s UVC on the biochemical mechanisms in the 

cornea, including keratocyte number and production of DNA photoproducts. To facilitate real-time monitoring of 

treatment efficacy and infection progression, bioluminescent bacteria and a low-light imaging system were 

used.[293] In this manner, the antimicrobial efficacy of UVC light in the cornea could be monitored and compared 

with the standard treatment consisting of ciprofloxacin, which is highly effective against keratitis isolates, 

clinically, in New Zealand[379, 380] but exhibits variable and decreasing efficacy across the world.[87, 106-114] Results 

demonstrated that repeated daily application of 15 s UVC shows some efficacy in reducing the bacterial load in 

infectious keratitis and also appears to be safe to host tissue in terms of DNA photoproduct production. 

Treatment was most effective in low to moderate grade infections, as severe infections tended to show relapse 

at later time points and as such were likely incompletely treated at the currently tested dose.  As the UVC dose 

was given daily compared to 2 hourly ciprofloxacin (3 doses per day) it is appreciated that this may represent 

under-treatment in the UVC group, but the time between UVC exposures was required to allow adequate 

visualisation of bacterial bioluminescence response without confounding the results with multiple exposures. 

UVC exposure caused a small (14.1%) reduction in the number of corneal keratocytes relative to no treatment, 

the clinical significance of which is undetermined in this setting, although it is a recognised transient feature of 

laser refractive surgery which resolves on cessation of treatment without sequelae.

7.4.1. Assessment of UVC efficacy

UVC has previously been used successfully for treating human skin wounds[154, 172] and acute in vivo 

infections.[137, 158-160] Previously, several UVC doses have been used to assess the therapeutic response to UVC 

in animal models [137, 159] and in estimating MED to treat skin wounds in humans.[158][294] However, this approach 

typically used high UVC doses leading to safety concerns. In the mouse cutaneous infection model and 

Candida albicans burn infection model developed by Dai et al. (2012, 2011)[158] [137] the antimicrobial efficacy 

of UVC (254 nm) doses ranging between 2590 mJ/cm2 and 6480 mJ/cm2[158], were tested. This equates to 

approximately 90x and 223x the single dose reported in this study, and 45x and 112x higher than two 

consecutive doses of 28.75 mJ/cm2 UVC (265 nm, 1.93 mW/cm2). As well as concerns relating to high doses, 

the potential issue of failure to have developed an established infection, arises in the work of Dai et al. (2011) as 

the UVC was applied within 30 min of bacterial inoculation, before infection was fully established. 

Corneal bacterial infections caused by Gram-negative bacteria show rapid onset and progress due to their lytic 

enzymes such as protease, lipase and elastase.[372] The bioluminescent P. aeruginosa Xen5 used in this study 

was suitably virulent; the rapid progression of the infection led to the humane endpoint being reached within 42 

h in 50% of the untreated animals (2/4). In the other two untreated animals, bacterial bioluminescence was 

observed to decrease slowly after 42 h and remained stable, despite a worsening clinical picture. It is possible
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that bacterial bioluminescence decreased after bacterial invasion away from the surface and into deeper tissues. 

Clinical images (see appendix 7.1) showed that a well-defined keratitis existed in all untreated animals, indicating 

that corneal infection remained. It is also possible that bacterial invasion and multiplication caused a depletion 

of nutrients in the infected site leading to reduced bacterial bioluminescence signal. 

UVC efficacy seemed to be bacterial density-dependent. Four animals (4/5) were successfully treated with either 

a single (1/4) or two UVC doses (3/4). The two animals which required euthanisation because of disease 

exacerbation, had received an initial bacterial inoculum of approximately 107 cfu/ mL in contrast to the other 

three animals which had received approximately 105 cfu/ mL. In one of those two animals receiving 107 cfu/ mL, 

disease relapsed at day 4, and in the other, the infection did not respond to the treatment from the outset. This 

disease relapse at 66 h (day 3) is also reflected in the graph (Figure 7.8). It’s possible that UVC could have 

reduced the bacterial density but not completely eliminated the bacteria. This is consistent with the results from 

in vitro experiments in which UVC showed an inoculum effect (see Chapter 3, section 3.4.5.1 and 3.5.2).[286, 287]  

The ‘depth’ of bacteria in high bacterial load might have been expected to be greater, leading to shielding of 

deeper bacteria by more superficial microbes resulting in some inadequately UVC-exposed bacteria.[138] This 

hypothesis is supported by the observation of CPD formation in the superficial cells only when examining corneal 

epithelial effects of UVC in section 7.3.11. Additionally, most of the corneal wounds were not perfectly centred 

(Appendix 7.1). Despite every effort to apply treatment to the precise wound area, it is possible that the ulcer 

might have been only partially treated with the UVC beam if not encompassing the entire infected area or 

shielded by the lids to some extent during UVC exposure due to Bell’s phenomenon. Disease relapse after 

treatment with light therapy (405 nm) in a keratitis mouse model has been reported by Zhu et al. (2017)[138]. In 

the present study, infection did not relapse at any time during the course of the experiment in 3/5 of the UVC 

exposed animals which were infected with 105 cfu bacteria suggesting better efficacy in less severe infections.  

The combination of UVC and ciprofloxacin, and the ciprofloxacin only, treatments showed high efficacy against 

infection as expected. This limited the ability to determine the adjunctive effects of UVC because ciprofloxacin 

was so highly effective at the dosage regime used. Indeed, its high bactericidal activity was the basis for its 

selection as a positive control.[250] When applied in combination, ciprofloxacin was always instilled in the same 

order, which was after UVC exposure, to avoid the risk of formation of reactive oxygen species due to 

photodynamic reactions.[381] To better determine the adjunctive effect of UVC in antibiotic-treated infections, a 

less effective antibiotic could be tested, or the dosing regimen reduced to once daily to be more comparable to 

the UVC regime. To be clinically relevant, multiple ciprofloxacin dosing was used. Limited availability of animals 

in the current study precluded additional dose scheduling to investigate the effect of UVC compared to a once 

daily dose of ciprofloxacin, or multiple exposures of UVC per day. Interestingly, a recent study has shown that 

in canine skin and muscle contaminated with ESKAPE pathogens (Staphylococcus aureus, Klebsiella 

pneumoniae, and Enterococcus faecium), low power UVC (15, 30 and 45 mJ/cm2) showed a synergistic effect 

in reducing bacteria when applied in conjunction with 0.05% chlorhexidine.[273] The converse to reducing 

antibiotic frequency would be to increase the UVC dosing frequency. It is possible that twice-daily dosing of UVC 

might have been more effective than once daily dosing as it would possibly limit bacterial recovery following the 

higher density inoculations. [381] 
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It is anticipated that UVC would show similar efficacy against keratitis caused by bacterial species other than 

Pseudomonas, such as Staphylococcus and Streptococcus, which progress slowly but are reportedly highly 

susceptible to UVC exposure.[83] Unlike antibiotics whose activity depends on the type of bacteria, UVC is 

recognised to be destructive to prokaryotic organisms irrespective of their phenotype and genotype. [163] UVC 

exposure might therefore be expected to be particularly well suited to empiric treatment and / or polymicrobial 

infections which are common in keratitis patients[250] and are associated with non-healing wounds.[382] To 

prevent free radical formation in the combination treatment group, ciprofloxacin was applied following UVC 

exposure. It is possible that UVC exposure after ciprofloxacin application could have allowed for increased 

treatment efficacy on the basis that the free radicals themselves are destructive to bacterial cells and could 

potentially be used in a similar way to Corneal Collagen Crosslinking which has been explored as a treatment 

option for recalcitrant corneal infections.[130, 383] In this study, an apparently synergistic effect of UVC and 

ciprofloxacin showed the possibility of some improvement in corneal wound healing, reduced stromal swelling, 

and reduced inflammation even when the UVC was applied before the ciprofloxacin, it must be remembered that 

free radicals themselves can also be toxic to corneal cells.

Eradication of bacteria in keratitis often requires long courses of combination antibiotic therapy to prevent serious 

ocular complications.[250] Results of this study demonstrated the ability of two to three daily UVC exposures to 

show positive therapeutic effects on established keratitis. Even a once daily application of UVC contributed to 

reducing the bacterial burden in the infected cornea suggesting a potential benefit in overcoming compliance 

issues surrounding frequency of application of antibiotics, in the clinical situation. Combination treatment with 

UVC and ciprofloxacin seemed to enhance corneal healing as well, as described in section 7.3.8. An ability to 

treat infection with minimal dosing and less frequent application could prove beneficial in regard to both safety 

and convenience.

7.4.2. Assessment of UVC effects on the host tissues

In an evaluation of efficacy of an antimicrobial treatment, it is also important to consider iatrogenic effects of the 

treatment on the host tissue at a cellular and molecular level. Integrity of the corneal stroma depends on a 

complex cellular biochemistry, in which keratocytes play a vital role.[384] These are specialised fibroblasts that 

synthesise extracellular matrix and corneal collagen. The effect of UVC on the keratocytes of the cornea 

indicates that the biochemistry of the cornea is altered. In the present study, comparison of uninfected tissue 

exposed to UVC to non-exposed healthy tissue showed that UVC exposure caused a small but statistically 

significant loss of keratocytes in the corneal stroma (p < 0.05) in both the UVC and UVC plus ciprofloxacin 

combination group. Without identification of any confounding cause, the reduction in the number of keratocytes 

appeared attributable directly to the UVC. The loss of keratocytes after UVC exposure aligns with historical 

observations of a reduction in corneal keratocyte numbers after CXL, in corneal wounding and in other corneal 

diseases.[384, 385] In CXL, a significant decrease in anterior keratocyte density (due to apoptosis) was observed 

between 1 and 6 months post-operatively with a return to the pre-operative state within 6 to 12 months.[376, 386] 

Cytotoxic effects of CXL on the corneal endothelium is also a major concern when the corneal thickness is <400
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µm.[386] However, UVC is mostly absorbed by the epithelium and Bowman’s layer thus no adverse effects would 

be expected in deep layers such as the endothelium.[218] [387]

Measures of the safety of phototherapy and photodynamic therapy in the cornea tend to be based upon whether 

there is an alteration in keratocyte density and/or corneal transparency. In vivo confocal microscopy can assess 

keratocyte density, and slit lamp examination can allow observation of changes in corneal transparency. 

However, the study of effects of therapy on human corneal DNA in vivo is limited because of the technical 

complexity and ethical issues related to sample collection. Although until recently it was thought that UVA, which 

is used to irradiate the cornea in CXL, does not cause CPD formation in corneal DNA,[388] recent studies in 

animal[302] and human cornea[301] suggest otherwise. Several studies have reported the initiation of unscheduled 

DNA synthesis, a cell’s ability to perform global genomic nucleotide excision repair, after exposure of the cornea 

to clinically relevant wavelengths of 193 nm, 213 nm and 266 nm.[219, 389] Until recently, most of the published 

literature has focussed on optimising the treatment methods and only a few studies have reported an effect of 

UV exposure on corneal DNA.[389, 390] Regardless, an absolute measure of DNA damage in the cornea has not, 

to date, been a major focus in the literature. This could be because the occurrence of ocular surface neoplasia 

after any procedure involving corneal exposure to UV is extremely rare. In fact, there has been only one report 

of a case of a CXL treatment leading to conjunctival intraepithelial neoplasia (the preliminary stage of squamous 

cell carcinoma).[391] Furthermore, excimer laser photorefractive keratectomy using UVC has been observed to 

be safe in the longer term.[204] In the present study, two exposures of 15 s UVC caused a significant reduction 

of bacterial bioluminescence to below the threshold detection limit while three cumulative doses delivered over 

three consecutive days (48.93 mJ/cm2) did not induce any detectable amount of DNA photoproducts. In addition, 

combined therapy with UVC and ciprofloxacin in the limited sample in the current study appeared to suppress 

corneal inflammation and tissue thickness. Future studies would be helpful to assess the effect of a single 

exposure of 15 s UVC on corneal infiltrates, in vivo, such as those arising in association with contact lens wear 
[392, 393], as this has the potential to broaden the applications of UVC.[139]

Clinically, a longstanding severe disease will lead to corneal scarring, causing irreversible damage to sight. [379] 

Any reduction in the severity or duration of infection that can be effected with UVC treatment might possibly 

justify some risk of DNA damage if that damage is considered to be repairable by the host. Additionally, the 

effect of a 300 s exposure of UVC was limited to the surface epithelium only, which typically desquamates in the 

healthy cornea every 7-10 days in the normal centripetal turnover of corneal epithelial cells.[378] In areas of 

epithelial loss due to infection, the exposed keratocytes do appear to be affected, but these have the ability to 

regenerate as mentioned above. In the context of a severe infection and potentially devastating vision loss, a 

risk of a localised neoplasia with higher doses of UVC might even be deemed acceptable, when used as an 

attempt to overcome a more immediately sight-threatening corneal infection. Corneal epithelial neoplasia is 

typically slowly progressive compared with infective processes, and if identified early, has a high chance of 

responding to treatment regimens available, in the unlikely event it arose following UVC treatment.[224]

In an intact cornea, stroma absorbs two-thirds of the radiation transmitted by the epithelium and bowman’s layer 

in the 240 nm to 400 nm wavelength range.[218] The epithelium and Bowman’s layer absorb the majority of UVC 

because of their higher absorption coefficients (see Chapter 1, figure 1.7). In the present study, stromal and total
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corneal thickness in the UVC treated cornea was similar to that of the untreated cornea (see figure 7.16). 

Untreated cornea would be expected to show increased inflammation and swelling than normal cornea. The 

observed effects in the UVC treated corneas is likely due to increased inflammation (see figure 7.15). UVC 

treated bacteria survive longer than the ciprofloxacin treated bacteria after application of the respective 

treatments. Indeed, as previously noted, this is mainly due to the mechanism of action of UVC, which is based 

on the formation of CPD in bacterial DNA which then impedes their proliferation. In the in vitro studies (Chapter 

3), bacteria were observed to be metabolically active until approximately 6 h after UVC exposure, acknowledging 

P. aeruginosa has a vast armamentarium of still-active proteolytic enzymes, anti-phagocytic and adherence 

mechanisms, and exo- and endotoxins during this phase.[394] In contrast, ciprofloxacin inhibits bacterial DNA 

synthesis and kills bacteria immediately[293] and also has anti-inflammatory properties that help to reduce 

inflammation and swelling.[395] The presence of virulence factors as well as bacterial toxins may reduce less 

quickly in tissues treated with UVC.[396] However, it is acknowledged that both groups of animals on ciprofloxacin 

received daily 2 hourly treatments (9 treatments over three days) as compared to animals on UVC which received 

daily one treatment (3 treatments). Ciprofloxacin’s known anti-inflammatory property, potent antimicrobial activity 

and multiple dosing therefore likely masked any therapeutic efficacy of UVC.

Inflammation is a normal part of wound healing but intense inflammation may prolong the wound repair 

process[397] and is a cause of scarring and loss of corneal transparency. Tissue inflammation in keratitis can 

potentially be judiciously treated with the application of anti-inflammatory agents, for example topical steroids, in 

later stages of the disease,[244] to reduce tissue disorganisation and scarring. This comes at the risk of slowing 

healing, dampening the immune response and allowing infection progression if viable microorganisms remain, 

and can result in a corneal melt.[398] UVC photo-protection can be achieved with vitamin B3 and green tea leaf 

extracts, as previously reported.[399, 400] The repair of photoproducts in DNA is highly energy dependent, and 

therefore the process depletes cellular ATP. Nicotinamide, a precursor of nicotinamide adenine dinucleotide 

(NAD+) is an essential cofactor in ATP production.[400] It is observed to replenish cellular ATP levels in human 

keratinocytes after UV exposure, largely by enabling glycolysis[400] to occur at a rate similar to that of un-

irradiated cells, and this mechanism is thought to enhance DNA repair.[401] It increases the rate of repair of both 

CPDs and 8-oxyguanine DNA lesions which occur from direct UV absorption and by reactive oxygen species.
[401] It has been shown that nicotinamide, delivered to healthy human volunteers either topically[402] or orally,
[403] before or after UV irradiation, reduced UV immunosuppression and enabled immune protection against 

UVB and UVA radiation by preventing energy depletion.[402]  Therefore, it is possible that the use of these 

substances may help to reduce any potential UVC mediated corneal DNA damage, should multiple UVC doses 

be required to treat an infection. To develop a full picture of UVC mediated inflammatory response, 

immunosuppression and immune protection, cytokine release assays will be required.

The use of bioluminescent bacteria enabled rapid evaluation in vivo at multiple time points during the course of 

disease, allowing single animals with bacterial keratitis to be monitored over time following UVC application, and 

thereby eliminating inter-sample variability. If conventional techniques of culture and colony counting had been 

used, the required sample size would have been considerably higher because animals would have needed to 

have been euthanised to enable outcome measures to be assessed at multiple time points. Moreover, the 

imaging technique offered spatio-temporal information about the treatment efficacy, thus informing the need for
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further treatments, which would have been difficult by conventional methods. However, it is not without

limitations.  As previously discussed (Chapter 3), the IVIS has a lower detection threshold compared to

conventional culture techniques for monitoring bacterial proliferation. Therefore, only a relative, rather than an

absolute measurement of bacterial elimination could be determined from the IVIS. That said, it should be noted

that the aim of wound management is to achieve a manageable host bioburden, acknowledging it is not possible

to produce a truly sterile wound environment.[377] The significant endpoint often considered as full resolution is

epithelial wound closure,[404, 405] which may lead to an overestimation of treatment failure because wound healing

is a dynamic phenomenon affected by several factors including initial abrasion size, host, pathogen and disease

severity.[244] Sub-infective levels of bacteria appear to accelerate wound healing and the formation of granulation

tissue with increased infiltration of neutrophils, monocytes and macrophages, increased levels of prostaglandin

E2, and an increase in collagen formation.[296] The natural flora of intact skin commonly consists of micro-

colonies of up to 105 in number, that are of no clinical consequence,[406] however, in an open wound, such

bacterial load results in infection.[330] Wound healing studies have shown that maintaining a bacterial level below

105 promotes successful wound closure.[407] Therefore, the sensitivity of IVIS to detect a minimum of

approximately 104 bacterial cells is clinically relevant and appropriate for this study. Although comparable to

similar studies in the literature, a limitation of the present study is the sample size which was lower than intended

due to irreparable IVIS malfunction during the latter part of the experiment.[139]

7.4.3. Translation from the mouse model to human disease

The use of mice to create a P. aeruginosa keratitis model dates back to 1971 when Gerke and Magliocco first

characterised tissue pathology, host response and infection in mice and observed similarities to those of other

animals and to man.[408] Since then, mice have been used in drug development studies seeking prophylaxis or

therapy for P. aeruginosa keratitis,[409] for therapy efficacy studies of antibiotics and other potentially antimicrobial

compounds,[344, 360] and in studying pathogenic invasiveness and host immune response.[410-412] In fact,

successful studies from mouse models of keratitis have permitted identification of a number of therapies for

keratitis, and broadened knowledge with regard to disease pathogenicity.

The mouse and human cornea share the same general structural arrangement, with minor variations (Figure

7.19). As in the human cornea, mice have an epithelium, anterior limiting layer (Bowman’s membrane), stroma, 

Descemet’s membrane and endothelium. The corneal diameter is significantly smaller in mice (2.3 to 2.6 mm

across mice species)[413] compared to humans (11.5 mm in diameter). The epithelial abrasions in this study

therefore covered a relatively larger component of the total surface area of the cornea in the mouse model

compared to human, however the excellent response in the ciprofloxacin treated cohort reassured us the actual

infection size was clinically relevant despite the eye being considerably smaller.
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Figure 7.19. Diagrammatic representation of a comparison between the mouse (A) and human cornea (B). 

Relatively, the corneal epithelium is relatively thicker in mice with a higher number of squamous cells which 

contribute approximately 30% to the total corneal thickness. In contrast, the human corneal epithelium 

contributes only approximately 10% to the total corneal thickness. E; epithelium, B; Bowman’s membrane, S; 

stroma, D; Descemet’s membrane and E; endothelium.

Although, the precise thickness of the mouse cornea differs between reported studies, the consensus is that the 

mouse cornea is thicker in the centre and thinner in the periphery.[413, 414] In contrast, the human cornea is thinner 

in the centre than in the periphery. Therefore, it is presumed that wound healing would be faster in human cornea 

than the mouse cornea. To put it in context, there was lack of re-epithelisation in the treated corneas in the 

present study (see section 7.13). Corneal thickness measurements from the present study are different from 

those reported in the literature which is probably due to tissue processing methods that caused distortion and 

separation of the corneal stromal collagen fibres. Although the epithelium is structurally similar in both species, 

the epithelium contributes approximately 30% and 10%, and the stroma approximately 70% and 90% in mouse 

and humans, respectively.[413] This relative difference in corneal epithelial thickness between mouse and human 

is due to an increased number of squamous cell layers in mice. As many as 13 cell layers are reported in the 

mouse corneal epithelium assessed through histologic investigation[413] compared to only 5-6 layers in humans. 

During infection and inflammation responses, inflammatory mediators travel from the limbus towards the central 

cornea. These molecules travel a distance of approximately 6 mm to reach the central cornea in humans but 

only 2 to 2.5 mm in mouse cornea. Therefore, it is possible that corneal inflammation can occur potentially faster 

and more severely in the mouse cornea than in humans.

The use of the mouse as a model for various human diseases has long been controversial[415, 416] but 

appropriate awareness about the morphologic and physiological differences unique to the mouse (for 

example, corneal thickness and inflammation process as described earlier) will help the relevant research 

questions to be addressed. In a review of animal studies published in seven leading scientific journals of 

high impact, it was shown that only about one-tenth of the therapeutic interventions were subsequently 

approved for use in patients.[417, 418] The failure of translation from animal models to human is attributed to 

different endpoints of experimental and clinical studies, variable modelling of the physiological processes, 

differences in human
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anatomy and physiology, variations in laboratory conditions, non-comparable randomisation and data collection

at different time points.[419] In the present study, factors such as infection duration, infecting pathogen, wound

size and inflammatory responses were considered for clinical relevance. The study was conducted carefully

following the ‘Animal Research: Reporting in vivo experiments: The ARRIVE guidelines’,[419] and a growing

demand for accuracy in translating research from mouse models to human infectious keratitis [346, 369] strongly

validates the present model. Repeated measures two-way ANOVA and one-way ANOVA with post-hoc tests

were used to compare between time points for the different groups because of their high power in predicting the

outcome. The sample size used in this study (n = 4 to 5) was considered adequate because of lower phylogenetic

variability across individual animals although larger sample size is desirable. Mimicking human infection

observed clinically, this keratitis model was deemed acceptable for evaluating the therapeutic potential of UVC,

whilst minimising animal use.

7.5 Conclusion

The first aim of this chapter was to investigate the efficacy of one or more doses of 15 s UVC in treating an

established mouse corneal infection. Results suggested that 15 s daily UVC for maximum three days showed

signs of being able to attenuate the infection caused by P. aeruginosa. In severe infections (2/5) caused by the

highly virulent strain used in this study, UVC was not fully effective. The infection relapsed in one animal

suggesting that increased dosing and/or an adjunctive treatment with an antibiotic would be ideal. It would be

interesting to further explore this group to see if increased UVC dosing could be applied within safe limits and

be of benefit.

The second aim of this chapter was to evaluate how UVC treatment compares to conventional antibiotic therapy.

Results showed the overwhelming superiority in the efficacy of ciprofloxacin, which was used as a positive

control. It was administered three times more frequent per day than the UVC. It is recommended that future

research is undertaken using less virulent bacteria, less potent control drugs, less frequent dosing of antibiotics,

or more frequent UVC exposures to more sensitively determine the relative benefits of UVC in corneal infections.

The third aim of this chapter was to evaluate the safety of UVC treatment with regard to its effect on corneal

DNA and corneal keratocyte number. In terms of safety, UVC at the dose required to inhibit bacterial

bioluminescence, did not induce any detectable DNA photoproducts and had no independent effect on corneal

inflammation, but did demonstrate a small reduction in the number of keratocytes. Reassuringly, only superficial

epithelial cells appeared to be affected by a large (300 s) exposure of UVC, and with the normal turnover rate of

corneal epithelial cells, these are likely to be replaced in a matter of days. To develop a full picture of the safety

of UVC exposure in the corneal homeostasis and structural integrity, future studies with cytokine release assays

will be required.

Taken together, these results suggest that daily exposure to 15 s UVC for up to three days has potential to

contribute to the treatment of corneal infection. With this dosing regimen, it doesn’t cause measurable DNA 

damage. Further studies with bigger sample size and ideally increased UVC dosing schedule to determine an
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upper limit before measurable clinically relevant host cell DNA damage is identified, would be helpful to 

substantiate these findings on UVC efficacy and safety to treat corneal infections.  
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Chapter 8 

Concluding discussion and future direction  

8.1. Introduction  

Microbial keratitis (MK) is a devastating ocular infection that requires prompt, targeted management. The 

preferred initial therapy for bacterial keratitis (BK) consists of antibiotics without corticosteroids, either fortified 

cephalosporin (cefuroxime 5%) and an aminoglycoside (tobramycin 1.35%) (Dual therapy) or a topical 

fluoroquinolone alone (ciprofloxacin 0.3%) (Monotherapy).[29, 35] The risk of poorer outcomes, with more scarring 

and visual compromise, rises, the longer an infection is present, therefore increasing antibiotic-resistance 

worldwide raises concerns about the success of keratitis treatment, into the future. The lack of a significant 

breakthrough in the development of alternative, or more potent drugs to treat corneal infection in recent years, 

suggests there is an unmet need for investigating alternative therapies. 

This thesis explored the potential for UVC to serve as an antimicrobial agent to treat bacterial corneal infection. 

UVC light of 265 nm wavelength is absorbed by nucleic acids in DNA causing a photochemical reaction, which 

results in the formation of large asymmetrical molecules such as Cyclobutane Pyrimidine Dimers (CPD) and 6 4 

Pyrimidine Pyrimidone Photoproducts (6-4 PPs) within the DNA helical structure.[300] While DNA defects 

preferentially occur in bacteria, inhibiting bacterial proliferation and leading to their death, they can also occur in 

the host cell if threshold levels are crossed. Therefore, the possible success of UVC application in treating an 

infection depends not only on its efficacy in inhibiting bacterial proliferation but also on its safety to the host DNA. 

Confirming the margin of safety requires determination of the minimal bactericidal UVC dose and demonstration 

that such a dose is safe to the host cell. The overall aim of this thesis has therefore been to investigate the 

efficacy and safety of UVC in treating BK. 

The use of UVC in sterilisation universally is extensive, with proven effectivity against a wide range of pathogens. 

The application of UVC to treat corneal infection could thus be promising if deemed safe and effective, as it has 

the potential to be used across a broad spectrum of disease and as empiric therapy that could be effective much 

earlier in the disease process. It is potentially effective against a wide range of bacteria and may not require 

antibiotic susceptibility testing to treat an infection. The potential to result in better treatment outcomes might 

further aid in avoiding disease persistence and attendant complications such as corneal perforation. The 

potential downside of UVC damage to host cells is acknowledged but needs to be weighed carefully against the 

risk of rapid progression and resulting scarring and visual disability that occurs with infective keratitis. Ocular 

surface squamous neoplasia (OSSN) is a potential complication of UVC exposure, however it is recognised to 

be treatable. Even untreated it is slowly progressive, and thus most likely might be considered less of a threat to 

visual function than the risk of permanent scarring from uncontrolled infection. UVC treatment in keratitis has 

also the potential to reduce issues with patient compliance, and relieve pressure on the healthcare system if 

antibiotic dosing frequency can be reduced and treatment offered in an effective but more convenient manner. 

Overall, UVC application, as an antimicrobial technique, thus has the potential to improve clinical care.  
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The following conclusions and future directions are framed around the specific objectives addressed in the 

thesis. 

 

8.2. Specific aim 1 

8.2.1. To explore the current local MK landscape, identify any trends in antimicrobial 
resistance in Auckland and explore the clinical and microbiological profile of 
Pseudomonas aeruginosa keratitis.  

In this retrospective study, an attempt was made to identify current treatment challenges locally, through 

explorations of the clinical landscape of MK in Auckland. Every hospitalised case of MK over two, two-year study 

periods, 2006/2007 and 2013/2014, was identified retrospectively. Detailed clinical and microbiological data were 

examined and compared across time periods in regard to three main areas: 1) post-treatment visual acuity and 

recovery rate, 2) duration of hospital stay and 3) antibiotic sensitivity. Results were compared to published data 

from the same hospital collected during an earlier two-year period (1999/2000). Results indicated that there has 

been a rise in the prevalence of MK by approximately 25-30% every seven years. Relative to the 1999/2000 

report, most of the outcome measures in the later time periods improved, most notably better post-treatment 

visual acuity (VA) and shortened hospital admission.[35] However, the wound healing rate was slower in the most 

recent cohort (2013/2014), a feature that was attributed to the higher proportion of slower healing viral keratitis 

cases. On multivariate analysis, no effect of age, presenting VA, lesion size or presenting symptom duration on 

the length of hospital stay was observed. A changing pattern of risk factors was identified when compared with 

the 1999/2000 period with a reduction in MK being attributed to ocular surface disease and trauma but a rise in 

contact lens associated MK. The positive culture rate reduced over time, as did the isolation of coagulase-

negative Staphylococcus and Propionibacterium species.  

In the same decade, however, viral infections were noted to have increased in prevalence (p < 0.05). The 

antibiotic efficacy patterns remained generally at a reassuringly high level and stable, with comparability to 

results over the last decade and from other New Zealand centres, except for cefuroxime which showed 

decreased efficacy, at 35% overall, and was lower than that reported from Waikato (95%)[110] and the UK 

(51%).[265] Similarly, chloramphenicol was 100% effective against Gram-positive bacteria and showed 94.4% 

efficacy against Gram-negative bacteria, consistent with other New Zealand studies.[110, 256, 267] In the case of 

Pseudomonas keratitis, cefuroxime/tobramycin use increased and ciprofloxacin use fell in the 2013/2014 period. 

Multivariate regression analysis demonstrated that ciprofloxacin monotherapy for Pseudomonas keratitis 

predicted faster healing than cefuroxime/tobramycin. This is believed to be due partly to the tendency for dual 

therapy to be reserved for more severe infections, but also possibly to increased toxicity associated with 

aminoglycosides, and with multiple preserved drop use. Chloramphenicol treatment prior to hospital admission 

was associated with poorer outcomes.  
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Overall, results showed that cefuroxime was highly ineffective against keratitis isolates. Ciprofloxacin and 

chloramphenicol revealed an overall efficacy of 98.8 and 94.7%, respectively. It is recognised that, as a single-

centre, retrospective study, these outcomes may not represent the overall trend of antibiotic efficacy in New 

Zealand. Data were collected for two selected 2-year periods (2006/2007 and 2013/2014) to facilitate evaluation 

of the disease trends as an extension to the reported outcomes of 1999/2000. It is further acknowledged that 

the outcomes could have been different from those observed in this study if, without time constraints, it had been 

possible for all data for the period 2000 to 2014 to have been included. Overall, the present study supports the 

use of ciprofloxacin as a first line therapy to treat infectious keratitis in the Auckland region, but care should be 

taken not to overuse antimicrobials to prevent antibiotic resistance. Additionally, reliance on chloramphenicol in 

the community setting should be cautioned.  

 

8.2.2. Future perspective 

Retrospective studies cannot definitively determine causality or potential confounding factors, therefore, 

prospective studies are required to determine the true reasons for the longer healing times identified. Available 

literature has reported on diverse outcomes and therefore, a meta-analysis of the efficacy of dual therapy on 

clinical outcomes would be helpful to inform the choice of optimal treatment. Therefore, a potential study to better 

understand the antibiotic efficacy would be:  

Meta-analysis of the available literature to better understand the association between epithelial healing rate and 

the choice of antibiotics to treat keratitis. 

 

8.3. Specific aim 2 

8.3.1. To explore the efficacy of UVC in inhibiting bacterial proliferation in in vitro and 
ex vivo infection models and to determine the optimal dose requirements for effective 
clinical treatment.  

UVC does not penetrate far beyond the surface of most biological tissues due of its short wavelength, rendering 

tissues relatively impermeable to UVC light.[218] The germicidal activity of UVC is thus reduced deep in a media 

due to scatter and absorption. When investigating the use of UVC to treat infections, it was deemed critical to 

construct a model that took into account the potential rapidly proliferating nature of bacteria across a surface as 

well as throughout the depth of the tissue. By considering these features, in vitro infection models were created 

(see Chapter 3). On the basis of its increasing prevalence in clinical MK over the last 15 years, and its virulence 

which raises its significance in ophthalmic and especially contact lens care, bioluminescent Pseudomonas 

aeruginosa was selected as the pathogen for use in the model. Results demonstrated that UVC exhibits 

antimicrobial activity in a dose-dependent manner,[161] both for surface and moderately deep (equivalent to 

corneal thickness of ~0.50 mm) infections. Exposure durations as short as 1 s inhibited bacterial growth in 
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surface infections although treatments longer than 5 s were required to inhibit subsequent regrowth in surface 

and deep infections. In the isolated static in vitro infection model (see Chapter 3, section 3.3.2.2), 15 s of UVC 

exposure was found to be the most effective dose to kill bacteria and inhibit regrowth. The 15 s UVC dose 

subsequently tested in an ex vivo porcine keratitis model compared favourably to the efficacy findings in vitro, in 

terms of inhibiting bacterial proliferation.    

 

8.3.2. Future perspective 

With regard to therapeutic mechanism of action, UVC-mediated bacterial growth inhibition was attributed to the 

formation of DNA defects (CPD), however, it was not possible to confirm whether bacterial death occurred as a 

result of DNA defects or damage to structural proteins.[143, 150] As demonstrated in the dose-response curves 

(Chapter 3, section 3.4.6), UVC-mediated bacterial killing observed in this study occurred 4 to 6 h after UVC 

exposure. Further studies are needed to determine (by increasing the UVC dose) whether direct damage to 

structural proteins of bacteria would be more effective clinically. Metabolomic analysis (studying small molecule 

metabolites such as signalling molecules) and transcriptomic analysis (describing RNA) would be helpful in more 

fully determining the UVC mechanism of action and more accurately establishing the sub lethal dose. In the 

present study, only P. aeruginosa was tested for its susceptibility to UVC exposure, although other bacteria are 

expected to be similarly susceptible. However, further studies are required to confirm an equivalent response to 

15 s UVC from antibiotic resistant bacteria such as Acinetobacter baumannii. Additionally, it would be useful to 

determine if the same dose would be effective against multiple bacteria growing under identical conditions. 

These research questions would shed light on UVC’s empiric treatment potential for wounds infected with 

multiple and antibiotic resistant bacteria, both major global public health concerns.[140]         

 

Immunocytochemical analysis failed to shed light on the mechanism by which bacteria die after UVC exposure, 

due to the narrow size of the UVC light emitting diode (LED) beam limiting the volume of bacterial sample that 

could be exposed at any one time, and resulting in samples that were too small for analysis. With further 

optimisation, prospective research should aim to establish:   

1. Mechanistic pathways (metabolomics and/or transcriptomics) of bacterial inactivation after UVC 

exposure  

2. Phenotypic and genotypic alteration of bacterial DNA after 15 s UVC exposure  

3. Efficacy of 15 s UVC on antibiotic resistant bacteria  

4. Efficacy of 15 s UVC on multiple bacterial species growing under identical conditions 
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8.4. Specific aim 3  

8.4.1. To investigate the effects of UVC exposure on human corneal epithelial cells at a 
molecular level by quantifying UVC-mediated CPD formation in the DNA of corneal 
cells. 

After determining that a single exposure of 15 s UVC (28.95 mJ/cm2) has the potential to inhibit bacterial growth 

and subsequent regrowth, both in in vitro and ex vivo disease models, the next research question was to 

investigate the safety of such a treatment dose in host cellular DNA. With the consideration that the application 

of repeated treatments might be necessary to treat an infection, 15 s UVC exposures were tested in cultured 

human corneal epithelial cells for their potential to cause CPD in DNA either after a single application or up to 3 

applications, performed once daily. Results indicated that a single exposure to 15 s UVC did not produce 

significant amounts of CPD in the DNA of corneal cells whereas once daily repeated exposure over three 

consecutive days did. Interestingly, the majority of DNA photoproducts were no longer apparent (i.e. were below 

detection threshold) within 72 h of the last exposure, indicating an efficient and effective DNA repair mechanism 

in corneal epithelial cells. While the effects of UVC exposure on the DNA of ex vivo human cornea are likely to 

be similar to those noted in human cultured corneal epithelial cells, it is critical to solidify this observation in 

human tissue. Further studies to determine the safety of UVC in terms of genotoxicity to the human cornea could 

include an analysis of CPD in the ex vivo human cornea following UVC exposure. In the present study, the UVC 

safety assessment results established that UVC is safe to cultured corneal epithelial cells in terms of genotoxicity. 

However, the effects of UVC on the intact, living eye may extend beyond genotoxicity and carcinogenicity to 

potential immunomodulation within the cornea that would affect epithelial wound healing and tissue restructure.  

Exposure of the cornea to high UVC doses, as occurs in arc welding, is known to cause acute corneal 

inflammation (arc eye) which resolves without permanent damage. Arc eye is a consequence of exposure to a 

high dose cocktail of UV wavelengths (UVA+UVB+UVC).[420] High cumulative exposures to UVA and UVB are 

also known to cause loss of corneal transparency,[210] stromal thinning, invasion of the cornea by blood vessels 

and corneal scarring.[207] At the molecular level, these sequelae are the result of imbalances in structural 

proteins, matrix metalloproteinases (MMP) and tissue inhibitor of matrix metalloproteinases (TIMP), among 

others.[105] MMPs secrete, digest and remodel the corneal collagen matrix which provides structural strength to 

the cornea.[421] TIMP-1 checks and maintains the activity of MMP-9.[421] An imbalance in the homeostasis of 

these proteins may result in corneal melting, delayed wound healing, or even corneal perforation.[422] Higher 

risks of corneal perforation in patients treated with fluoroquinolones (mainly ofloxacin) are linked to the 

expression of MMP-9.[422] On the other hand, UVB, which is potentially more harmful than UVC,[197] does not 

appear to influence the expression of MMP-9 in human corneal cells.[423] To best understand how corneal matrix 

restructuring might be affected following UVC exposure, it would be valuable to investigate the effects of 

therapeutic UVC doses on MMP expression in the human cornea. 

UVB exposure is known to induce the production of multiple inflammatory molecules (cytokines) such as 

Interleukin (IL) -1 (IL-1), IL-6, IL-8, and Tissue Necrosis Factor-alpha (TNF-α) by human corneal cells in a dose 

dependant manner.[424] Inflammation is a factor that can persist even after corneal wounding, causing long term 



 

 

156 

 

Chapter 8: Concluding discussion and future direction 

secondary side effects such as delayed wound closure and loss of epithelial barrier function. The acute 

inflammatory process is usually beneficial, as it promotes healing however chronic inflammation tends to delay 

wound healing.[425] Other consequences of chronic inflammation can be the elevated rate of corneal epithelial 

cell shedding that contributes to the characteristic pain of arc eye, neovascularisation and even cell death. [425] 

Molecules such as IL-1, IL-6, IL-8 and TNF-α are recognised to play critical roles in mediating corneal 

inflammation and its associated pathological changes.[424, 426] Establishing inflammatory cytokine regulation (up 

or down) in response to UVC exposure, is an important next step in understanding of the effect of therapeutic 

UVC. Considering the end purpose of UVC treatment is to reduce overall corneal scarring, such scientific 

exploration could help predict the safety of the treatment in terms of long term tissue homeostasis and 

inflammation. This study found no histological evidence of an acute inflammatory response as reflected by a 

change in neutrophil levels. Promisingly, some investigators suggest that the inflammatory response of UV 

exposure can be reduced by topical application of liposomes,[225] nicotinamide, and green and white tea extracts 

all of which are photo-protective against UV-induced DNA damage.[226] 

 

8.4.2. Future perspective 

Taking the above outlined considerations into account, it is important to understand the immunomodulation 

cascade of UVC exposure in the cornea and to investigate ways to prevent excessive DNA damage during UVC 

treatment. Therefore, future research in this area could be directed towards: 

1. Quantifying the concentration of pro-inflammatory cytokines, IL-1, IL-6 and IL-8, TNF-α, and 

MMP 9/TIMP-1 after exposure to 15 s UVC.  

2. Exploration of the photo-protective effects of nicotinamide, DNA repair enzyme-containing liposomes 

and green and white tea extracts before and after 15 s UVC exposure in cell-based assays as well as in 

vivo studies.  

3. Assessment of the production of CPD in the DNA of human cadaver corneal buttons after single and 

repeated 15 s UVC exposure, for comparison with current CPD formation outcomes. 

 

8.5. Specific aim 4 

8.5.1. To explore the efficacy of UVC treatment in an in vivo bacterial keratitis model.  

The antimicrobial efficacy of 15 s UVC exposure was investigated in a mouse keratitis model by applying 

bioluminescent P. aeruginosa (either 105 or 107 cfu) to a manually created full-epithelial thickness corneal 

abrasion. Results indicated that application of two doses of 15 s UVC, on consecutive days, was effective in 

successfully treating moderate corneal infection, when applied daily on consecutive days, without inducing 

formation of DNA photoproducts in the mouse cornea (see section 7.3.11). In a severely infected cornea (induced 
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by application of the higher bacterial dose of 107 cfu), the treatment was less effective and showed relapse at a 

later stage, indicating likely limitations in the treatment potential of low dose UVC. The treatment did not directly 

affect corneal inflammation (measured in terms of detectable neutrophils) but caused a 12% reduction in the 

number of corneal keratocytes. Loss of keratocytes following other corneal procedures is recognised to be a 

temporary response.[376, 386] Confocal microscopy before and after treatment would be useful to investigate any 

long term consequences of the treatment on corneal keratocytes.  The present study focussed only on the 

efficacy of single or repeated once-daily 15 s UVC exposure in treating infections, therefore, further experiments 

would be required to determine the ideal treatment frequency within a single day. Based on the time-to-kill studies 

and bioluminescence profile of UVC exposed bacteria (see Chapter 3, sections 3.4.6 and 3.4.8), a second 

treatment at 6 h is likely to further reduce infection and inflammation. This is because 15 s UVC exposed bacteria 

become instantly non-cultivable but remain metabolically active for 6 h. However, it is possible that a second 

treatment at 6 h could also be more toxic to the host DNA because of the cumulative doses (see Chapter 5, 

section 5.3.2).  

The present study showed potential for UVC in treating a bacterial corneal infection. However, due to the 

limitations within the model, some inconsistency in the outcomes was observed. While it appeared that infections 

created from ~105 cfu bacteria could be successfully treated, the wounds inoculated with ~107 cfu bacteria could 

not. Unfortunately, due to irreparable failure of the IVIS equipment during the in vivo study, only a limited number 

of studies could be completed. Nevertheless, preliminary evidence suggests that there is potential for UVC to 

have some role in treating corneal infection. It is acknowledged, however, that more in-depth studies utilising a 

larger sample size would ideally be required to consolidate these observations before moving into human clinical 

trials.  

The potential for UVC to inhibit antibiotic resistant bacteria such as Acinetobacter baumannii has been 

demonstrated previously in an in vivo disease model.[159] Other antibiotic resistant bacteria such as Methicillin-

resistant Staphylococcus aureus are also susceptible to UVC exposure.[161] So far there is no demonstrated or 

theoretical evidence of bacteria developing innate resistance to UVC, although the dose requirements for 

inactivation could be different depending on the bacterial species.[161] Multi-drug resistant bacteria are on the 

rise and, therefore, UVC could be a promising adjunct or alternative treatment in inactivating those pathogens. 

The literature supports corneal collagen crosslinking as a method for treating refractory keratitis,[427] with positive 

results for fungal keratitis.[428, 429] Although there have been divergent reports regarding the efficacy of corneal 

collagen cross-linking in treating Acanthamoeba trophozoites and cysts.[430, 431] further studies are required to 

understand the effect of UVC treatment in viral, Acanthamoeba and fungal keratitis. Based on the literature, dose 

requirements might be expected to differ for other keratitis types (See Chapter 1). However, following similar 

protocols as those used in the present thesis, the UVC dose-response could be determined for other pathogens 

such as Herpes Simplex Virus (HSV) and Candida albicans. Animal models of ocular infection with 

bioluminescent HSV and skin infection with a bioluminescent C. albicans have previously been reported.[137, 238] 

It is also important to understand the effect of UVC exposure on growth factors and thus corneal wound healing. 

Cell migration and proliferation are driven by growth factors released at injury sites, which are critical in repairing 

the cornea.[432] It is important to determine the wound healing rate after UVC application as this could be clinically 

useful in sterile corneal infiltrates. 
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UVC exposure has wavelength and energy level dependent effects on tissue, some of which are perceived as 

beneficial. It has been observed that low-dose UVB (10 or 20 mJ/cm2) stimulates hair growth through secretion 

of multiple growth factors.[433]  Similarly, UVB photons facilitate the formation of an active form of vitamin D within 

keratinocytes in the skin. Vitamin D activates the innate immune response, including the production of 

antimicrobial peptides, which can enhance microbial destruction, as well as stimulating macrophage 

differentiation and phagocytosis.[434] Excitingly, corneal limbal epithelial cells have been shown to be able to 

produce vitamin D, de novo, in culture when exposed to UVB,[435] potentially providing a local source of vitamin 

D at the ocular surface. Extrapolating from these studies and other literature, it is possible that a low-dose UVC 

(~5 mJ/cm2) may be able to treat non-infective, sterile corneal infiltrates associated with contact lens wear, 

thought to be the consequence of an immune response[436] similar to marginal keratitis. These can clinically 

appear very similar to early bacterial keratitis, thus utilising a similar treatment for both could be useful. UVC is 

also known to stimulate hyperplasia, re-epithelization, sloughing of necrotic tissue and formation of granulation 

tissue. [191] Additionally, low dose UVC has been observed to facilitate wound healing in humans as well as in 

animal models by promoting the expression of tissue growth factor-beta and cell migration.[437, 438] Therefore, 

UVC in low doses might be an effective would healing stimulant. Further studies would be required to explore 

properties of UVC other than its antimicrobial activity.  

8.5.2. Future perspective 

Taking the above outlined considerations into account, potential future research could include the following 

efficacy, safety and wound healing studies: 

1. Further quantification of safe doses of UVC in severe infections, both with and without photo-protective

substances

2. Determination of the efficacy of UVC in treating fungal and Acanthamoeba keratitis.

3. Determination of the efficacy of UVC in resolving sterile corneal infiltrates.

4. Determination of the efficacy of UVC in treating infectious keratitis in combination with anti-inflammatory

drugs.

5. Determination of the efficacy of UVC in antibiotic resistant bacterial keratitis as well as multi-pathogen

infections.

6. Assessment of UVC safety in conjunction with topical and/or oral application of nicotinamide.

7. Evaluation of the extent of keratocyte damage and repair after UVC exposure using in vivo confocal

microscopy.

8. Determination of the effect of low power UVC on tissue growth factors and epithelial wound healing.
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8.6. Final conclusion 

To conclude, the research described in this thesis has demonstrated some encouraging results with regard to 

the efficacy and safety of UVC in treating bacterial corneal infection. Further research is warranted to confirm 

and build upon the outcomes of this pilot work, but to date, UVC has shown promise with regard to possible 

clinical application as an adjunct and / or alternative to topical antibiotic treatment. UVC addresses concerns of 

increasing antibiotic resistance and, being broad spectrum may offer a unique advantage as an empiric first-line 

therapy without prior confirmation of the offending organism. Extending this research would be valuable to 

validate these observations in a larger sample size, test different microorganisms (including fungi, viruses and 

protozoa), and better understand the long-term effects of UVC treatment on wound healing and tissue 

homeostasis.
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A. Bioluminescent imaging of ex vivo porcine eyes infected with P. aeruginosa Xen05 and untreated. Bacterial
bioluminescence increased consistently and spread in surrounding tissues.



B. Bioluminescent imaging of ex vivo porcine eyes infected with P. aeruginosa Xen05 and exposed to 15 s UVC. Bacteria
proliferated rapidly in the surrounding tissue not exposed to UVC.
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(IVIS, blue light and clinical photography images of individual animals)
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