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Abstract 
 
Karim Makdoumi (2011): Ultraviolet Light A (UVA) Photoactivation of Riboflavin 
as a Potential Therapy for Infectious Keratitis. Örebro Studies in Medicine 63, 
70pp. 
 
Collagen Crosslinking (CXL) is a treatment based on the photosensitization of 
riboflavin (vitamin B2), using ultraviolet light (UVA). It is implemented as an 
alternative to transplantation in keratoconus and corneal ectasia. The same 
mechanism is utilized in transfusion medicine, to reduce the risks for infectious 
transmission associated with the procedure. Infectious keratitis is a condition that is 
coupled with risks for the development of serious complications and subsequent 
visual impairment or even blindness. As the spread of antibiotic resistant bacteria 
signifies that real hazard and concern that corneal infection in the future could be a 
severely difficult condition to treat, the need for new therapeutics seems evident.  

The aim of this thesis was to study the photoactivation of riboflavin and to 
elucidate several key factors involved in the antimicrobial action of the 
phenomenon as well as to study the clinical effect of CXL in infectious keratitis. 

The experimental papers investigated the antimicrobial effect tested on three 
different bacterial strains, commonly found as causative microorganisms in 
keratitis, as well as Acanthamoeba castellanii, in fluid solutions. The purpose was 
to establish if UVA alone eliminated microbes or whether the outcome was 
mediated by the combined action with riboflavin and if so, try to specify the 
quantity required for achieving the effect. A clear bactericidal effect was seen in all 
tested strains, with results strongly indicating an interaction between the vitamin 
and ultraviolet light. Regarding Acanthamoeba however, growth inhibition was 
induced by ultraviolet light solitarily, with no additional effect from riboflavin. 

The clinical response of riboflavin photoactivation, employed as CXL was 
observed in 7 severe cases of infectious keratitis, which all responded to therapy. A 
clinical non-randomized pilot study of UVA-riboflavin interaction as the primary 
therapy for bacterial keratitis resulted in curing of 14 out of 16 ulcers without the 
use of antibiotics. 

In conclusion, the use of UVA photoactivation of riboflavin as an infectious 
photodynamic therapy seems to be a promising tool for integration as an adjuvant 
treatment in infectious keratitis.  

Keywords: riboflavin; ultraviolet; light; UV; UVA; keratitis; melting; bacteria; 
acanthamoeba; photoactivation; photosensitization  
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Abbreviations  
BCL – Bandage Contact Lens 
 
CFU – Colony Forming Units 
 
CXL – Corneal Collagen Crosslinking 
 
FAD – Flavin Adenine Dinucleotide 
 
FDA – United States Food and Drug Administration 
 
FMN – Flavin Mononucleotide 
 
GAG – Glucose-amino-glycan 
 
GRAS – Generally Recognized As Safe 
 
GVHD – Graft-versus-Host Disease 
 
ICRS – Intra-stromal Corneal Ring Segment 
 
LASIK – Laser Assisted in SItu Keratomileusis 
 
MMP – Matrix Metallo Proteinase 
 
PET – Pathogen Eradication Therapy 
 
PRK – Photorefractive Keratectomy 
  
PRT – Pathogen Reduction Technology 
 
ROS – Reactive Oxygen Species 
 
SEM – Scanning Electron Microscope 
 
UVA – Ultraviolet Light A 
 
WBC – White Blood Cell  
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Introduction 

Corneal Collagen Crosslinking (CXL) 

In 2003 the first clinical results were published regarding a novel therapy for 
keratoconus, using Corneal Collagen Crosslinking or CXL 1, 2. The aim of 
this treatment is to augment the biomechanical strength of the corneal 
stroma, hence targeting the inherent weakness of the tissue, which is 
considered as the main dilemma associated with the condition 3. Promising 
results regarding the arrest of disease progression have been published by 
several groups world-wide, with data involving results for both keratoconus 
and post-LASIK ectasia either as a single therapy 4-10 or in combination with 
other treatment modalities, such as PRK and intra-stromal corneal ring 
segments (ICRS) 11-15. 

A research group at the Dresden Technical University developed the CXL 
technology in the 1990s 2 by proposing the concept of utilizing riboflavin 
excitation through photoactivation by Ultraviolet Light A (UVA). This 
results in the creation of reactive oxygen species (ROS) which mediate a 
biological polymerization by the production of new covalent bonds between 
collagen molecules in the corneal stroma, increasing its stiffness 16-18. 
Consequently, the biomechanical resistance in the human cornea is increased 
by approximately 330 % under in vitro conditions 19. The procedure also 
results in changes which elevate the tissue thermal shrinkage temperature 20 
and makes the cornea more resistant to the action of several collagen 
degrading enzymes 21. As the wavelength of the ultraviolet light has been 
selected to coincide with the 370 nm peak of the riboflavin absorption 
spectrum, as well as to minimize the passage of UVA through the entire 
corneal thickness, the effect of CXL is mainly limited to the anterior 300 μm 
of the stroma 22-24. Riboflavin instillation reduces the penetration of light 
further, leading to a transmission of approximately seven percent passing the 
cornea. Hence, cell damages at the endothelial level should not occur and 
the cytotoxic threshold values regarding lens and retina are not reached 
using the standard protocol 3. Intraoperative pachymetry is strongly 
recommended when conducting the procedure, to minimize the risk for 
endothelial damage by avoiding hazardous UV dosages 25, 26. In the anterior 
part of the corneal stroma, apoptosis of keratocytes can be observed, 
followed by a repopulation of novel cells 24, 27-29. Clinical use of the method 
has not indicated that it is associated with endothelial cell damage 28, 29.   
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Figure 1: Illustration mechanisms of CXL, by formation of new bonds 
between collagen molecules. (Image courtesy of Professor Michael Mrochen, 
Institute for Refractive and Ophthalmologic Surgery (IROC), Zürich, 
Switzerland) 

Techniques 

As a rule the surgical procedure is performed using local anesthesia. Initially, 
a corneal abrasion is done, either with a blunt instrument or wiping the 
epithelium off with a sterile swab after brief ethanol application. Pachymetry 
should be carried out to determine that the corneal thickness after epithelial 
removal exceeds 400 µm, which is required to ascertain safety regarding the 
endothelial cells. Under standard conditions topical administration of 0.1 % 
isotonic riboflavin preparation (10 mg riboflavin-5-phosphate in 10 ml 
dextran 20 % solution) is carried out for 30 minutes, given at minimum 
every 5 minutes, followed by slit-lamp examination to assess if sufficient 
uptake of the vitamin solution has occurred. This is confirmed by the 
observation of a slightly yellow-colored cornea and a flare in the anterior 
chamber. If such signs are absent the instillation of riboflavin has to be 
continued until they can be adequately detected. Subsequently, illumination 
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takes place for another 30 minutes, at a standardized irradiance (3 mW/cm2) 
and ultraviolet light dose (5.4 J/cm2) 1, 2. 
In thin corneas, explicitly with a corneal thickness below 400 µm after 
epithelial removal upon measurement with pachymetry, the customary 
riboflavin solution used can be substituted by a hypotonic preparation with 
the same vitamin B2 concentration. Osmotic action through the 
administration of this solution can in selected cases swell the cornea up to 
the generally accepted threshold, thus allowing UVA illumination without 
jeopardizing the endothelium 30. If the iatrogenic corneal edema is 
insufficient the ultraviolet light exposure cannot take place and the 
operation must be discontinued. 

In view of the fact that epithelial removal in general causes severe patient 
discomfort postoperatively, it has been appealing to implement the surgical 
technique through a trans-epithelial approach (a technique given the 
abbreviation C3-R). Different methods to achieve this have been proposed, 
such as topical anesthetic drops or benzalkonium chloride administration to 
loosen tight junctions in the epithelium combined with riboflavin (0.1 %) in 
a carboxymethylcellulose preparation without dextran 31. The UV passage 
without a complete epithelial removal is noticeably reduced why the 
crosslinking effect is significantly lower than compared to the standard 
practice 32-35. Nevertheless, the transepithelial procedure has been suggested 
as a potential choice of therapy in exceedingly thin corneas, where the 
swelling through hypotonic solutions is not satisfactory 35. 
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Figure 2: Clinical treatment of keratoconus using the CXL method. The 
picture shows the illumination phase of the procedure. 

Safety of CXL 

In Europe the procedure has been accepted in the routine management of 
keratoconus and other corneal ectasia whereas it is not presently approved 
for use in the USA. The U.S. Food and Drug Administration (FDA) phase III 
clinical trials have been launched and some results regarding outcome 
variables have been published 5, 36. Postoperative side effects along with 
treatment complications are rare and the most commonly described are 
corneal haze, which in the majority of cases is temporary 37-39, corneal 
melting in rare cases 40-42, and there are several accounts of subjects who 
developed microbial keratitis. In most of these patients a bandage contact 
lens (BCL) had been applied after the CXL and in several of them poor 
hygiene control associated with lens wear was described 43-46. Activation of 
herpetic keratitis with iritis shortly after the procedure 47 has been reported 
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in one patient and a description of a case with diffuse lamellar keratititis 
post-CXL, in an eye with post-LASIK ectasia 48. 
Follow-up after UVA-riboflavin crosslinking for keratoconus, including 
examination with in vivo confocal microscopy, has demonstrated that 
neither limbal nor endothelial cell counts or configuration are noticeably 
negatively influenced by the treatment. The apoptosis of keratocytes can be 
detected to a depth of 340 microns at the most and disappearance of nerve-
fibers occurs to the middle of the stroma. Regeneration of the mentioned 
alterations is initiated within the first two months and seems to be 
completed within half a year 28, 49-52. After CXL a higher density of stromal 
collagen fibers has been confirmed by in vivo confocal microscopy 49, 51, 
indicative of the maintained crosslinking effect. No alterations regarding the 
foveal structure have been noted on Optical Coherence Tomography (OCT) 
examinations 50. Anterior segment OCT, however, has displayed a stromal 
demarcation line signifying the limit of the stabilizing effect generated by the 
procedure 29 and total corneal aberrations are evidently lower at follow-up 
on aberrometric measurement 53, 54. 
The use of CXL is concordantly regarded as a safe procedure with low 
complication rates, if practised according to recommendations 50, 55-58. 

Riboflavin and its Photoactivation 

Riboflavin, or vitamin B2, plays an important role in several metabolic 
processes, particularly energy metabolism. It is essential for the coenzymes 
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN), which 
act as electron carriers. Naturally occurring in foods such as green leafy 
vegetables, meats, milk, and dairy products 59, the vitamin is also, due to its 
yellow color, used as a food dye agent under the name E101 60. In its 
oxidized state it has light absorption peaks in ultraviolet range around 
wavelengths 221-227, 265-270, 365-370 nm, and in visible light spectrum 
in the region of 445 nm 61, meaning that irradiation using either of these 
leads to excitation of riboflavin, followed by its degradation. 
 
 
 
 
 
 
 
 
 



 

16  KARIM MAKDOUMI  Riboflavin Photoactivation & Keratitis 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3: Absorption spectrum of riboflavin in water. (Courtesy of Professor 
Michael Greenlief, Director, Charles W. Gehrke Proteomics Center and the 
MU NMR Facility University of Missouri-Columbia, USA) 
 
Excitation leads to fluorescence in the green light spectrum at a wavelength 
of 520-560 nm and after illumination the vitamin is bleached 62. At normal 
and acidic pH riboflavin subjected to light primarily degrades into 
lumichrome (at alkaline pH the principal photodegradation product is 
lumiflavin). Less abundant products are 2’-keto-flavin, 4’-keto-flavin, and 
formylmethylflavin 63, all of which naturally occur in the human body 64. 
The photosensitization of riboflavin involves generation of ROS, principally 
by production of singlet oxygen 65, 66, a central intermediate for the cytotoxic 
action in photodynamic therapy (PDT) for treatment of cancer and age 
related macular degeneration 67-69. Also, superoxide anion radical (O2

-), the 
riboflavin radical as well as hydrogen peroxide (H2O2) can be produced by 
the illumination of the vitamin with UVA 70-73. H2O2 has considerably longer 
half-life than singlet oxygen and diffuses freely past cellular membranes, 
why it is believed to be of main importance in the cytotoxicity of vitamin B2 
excitation 72, 73.  

Lysis of riboflavin through illumination and the associated production of 
ROS cause changes in the environmental biological structures and already in 
1965 it was first described that the process can cause RNA inactivation in 
the tobacco mosaic virus 74. DNA is furthermore oxidized by the 
phenomenon, detectable by the production of 8-hydroxydeoxyguanosine 75 
and riboflavin has been targeted as one of the molecules possibly involved in 
skin aging 73, 76 along with other biological effects 77. 
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Nonetheless, the toxicity properties of vitamin B2 along with its degradation 
compounds are extremely favourable and riboflavin has been labelled as a 
substance generally recognized as safe (GRAS) by the U.S. FDA 78. There is 
no evidence that limited illumination of this molecule has carcinogenic or 
mutagenic effects, which has been supported by long term follow-up of a 
large number of children, showing no increased tendencies to develop cancer 
after UV illumination of neonates for icterus 79, a process known to involve 
photodegeneration of riboflavin 80-82. 

Riboflavin in Pathogen Eradication Technology (PET)/Pathogen 
Reduction Technology (PRT) 

The ability of riboflavin excitation by ultraviolet light to induce RNA/DNA 
damage of pathogens is a phenomenon that has been extensively studied and 
it can achieve an efficient eradication of several viruses, bacteria and 
parasites 78, 83-87. Microbial elimination is believed to be mediated partly by 
non-specific ROS damage but intensified by the intercalation of the planar 
part of riboflavin between base pairs in the DNA and RNA of pathogens, 
thus inducing strand cleavage through guanine oxidation 78. This 
antimicrobial efficacy has consequently led to the development of a 
commercially available medical technical device to increase the safety of 
transfusions, through inactivation of micro-organisms by way of riboflavin 
UV irradiation 88-91. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Intercalation of riboflavin, mediating the antimicrobial effect 
utilized in PET/PRT. (Reprinted from Bryant BJ, Klein HG. Pathogen 
inactivation: the definitive safeguard for the blood supply. Arch Pathol Lab 
Med. 2007 May;131(5):719-33. Permission from Archives of Pathology & 
Laboratory Medicine. Copyright 2007. College of American Pathologists.) 
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Pathogen Eradication Technology and Pathogen Reduction Technology are 
collective terms for the different methods used for eliminating possible 
microbial contaminants in transfusions. Since only limited testing for 
possible pathogens is conducted in donors of blood products, such as HIV 
and hepatitis, there exists a potential risk for transmittal of infectious 
diseases during a transfusion. By UV illumination of different compounds 
pathogens can be effectively inactivated, thus decreasing the risk for 
recipients acquiring infections. Molecules of interest for this purpose are 
methylene blue, psoralens (in particular S-59 or amotosalen), riboflavin, and 
other compounds 92-94. Methylene blue is applied in clinical practice 
regarding plasma transfusions via THERAFLEX MB-Plasma® 95, 96 and two 
other devices are CE certified in Europe, for the treatment of platelet 
transfusions, in order to increase safety for recipients, sold under the names 
INTERCEPT Blood SystemTM (S-59) 97-99 and Mirasol® PRT system 
(riboflavin) 86, 100-102. The UV light exposure doses in Mirasol® and collagen 
crosslinking are similar, however in the prior a spectrum between 220 and 
370 nm is used, whereas in CXL only monochromatic light of 365 or 370 
nm has been implemented for illumination. Aside from the antimicrobial 
effect mediated by photochemical interaction by UV and riboflavin, the 
process has an efficacious capacity to inactivate white blood cells (WBC) 103-

105, which has led to the raised interest for the possible prevention of 
transfusion associated Graft-versus-Host disease (GVHD) through the 
photooxidative procedure 106, 107. 

Microbial Keratitis 

A Corneal Infection, or Microbial Keratitis, is a condition that often 
involves sudden as well as intense symptoms, including a pericorneal or 
mixed injection, pain, and acute visual loss. The associated inflammation 
can be very pronounced and the condition needs to be forcefully addressed 
in order to prevent disease progression, reduce complication rate, and limit 
vision loss. Albeit relatively rare, the condition is associated with a risk for 
severe deterioration of visual acuity 108, 109 and even blindness 110, 111. Corneal 
ulceration with subsequent scarring is an important causative factor for loss 
of vision and constitutes a fraction of global blindness 112, 113. The most 
frequently reported risk factors isolated for corneal infections involve 
contact lens wear, ocular trauma, ocular surface disease, herpetic keratitis, 
multifactorial genesis, prior ophthalmic surgery, and systemic diseases (such 
as diabetes mellitus, rheumathoid arthritis, and immune deficiency 
syndromes) 108-111, 114. 
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Figure 5: An example of Microbial Keratitis with associated intense 
inflammatory response. 
 
As contact lens use and ocular trauma are more common at younger ages 
and ocular surgery largely involves the elderly population these risk factors 
tend to dominate each category respectively 108, 111. In 21 to 55 percent the 
precipitating factor is contact lenses and infectious keratitis in these cases is 
more prone to be originating from Gram negative bacteria, often represented 
by Pseudomonas species 108-111, 114. Corneal infections caused by such strains 
are recognized for high virulence in addition to complex pathogenesis, 
which are enabled not only through several structural features but also by 
excretion of different factors, like toxins and multiple enzymes 115-117. 
Consequently, Gram negative bacteria are comparatively common as the 
causative agent in the most complicated cases of infectious keratitis, 
resulting in corneal perforations, endoftalmitis, or loss of the affected eye 118-

121. Lens wear has been identified as one of the primary risk factors 
associated with the very severe, still relatively uncommon, form of keratitis 
caused by the ubiquitous and predominately water-living protozoa, 
Acanthamoeba 122-126. A corneal infection due to this pathogen is routinely 
treated with a combination of drugs, administered topically at frequent 
intervals often for a period of months 125, 127. Moreover the therapy is often 
linked to undesirable side-effects, such as burning sensation in the eye or 
epithelial damage.  
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Figure 6: SEM picture depicting an Acanthamoeba trophozoite. (Reprinted 
from Marciano-Cabral F, Cabral G. Acanthamoeba spp. as agents of disease 
in humans. Clin Microbiol Rev. 2003 Apr;16(2):273-307.) 

 
Ulcerative keratitis on the basis of fungi is primarily encountered in tropical 
areas 128-130 and is analogously to Acanthamoeba keratitis often contact-lens 
associated. This type of infection can also be refractory with potentially 
detrimental outcome for future vision of the infected eye 131-133. Both fungal 
and Acanthamoeba keratitis can be highly complex to manage as the 
antibiotic therapy arsenal is limited and the inherent properties regarding 
these groups of microbes make them highly resistant. 

The microbes isolated most frequently on sampling from corneal ulcers 
demonstrate the presence of bacteria such as Staphylococcus epidermidis, 
Staphylococcus aureus, Streptococci, and Pseudomonas aeruginosa, however 
most epidemiological studies present a relatively large proportion of negative 
culture results.  
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Antibiotic Resistance 

The consequences of antimicrobial resistant microorganisms are 
undoubtedly of enormous proportion for clinical health care as well as 
socioeconomics, and the estimated cost concerning this issue, solely in health 
care settings situated in the United States, lie in the region of billions of 
dollars 134. Patients infected with antibiotic resistant bacteria have longer 
hospitalization duration, higher costs, and increased mortality relative to 
patients with susceptibility to therapeutic option, even though the virulence 
of the pathogenic strains does not necessarily differ 135, 136. Examples of some 
resistant microbes of greater consequence are methillicin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), 
and Gram negative bacteria with ESBL (Extended Spectrum β-Lactamase) 
activity. ESBLs are plasmid-mediated enzymes with the capability of 
degrading Beta-lactam antibiotics, hence giving the bacteria protection from 
the antimicrobial drug. Klebsiella species, like K. pneumoniae, and 
Escherischia coli are frequently isolated strains with ESBL-producing 
properties but other bacteria like Pseudomonas with ESBL have been 
identified 137, 138. One example of the spread of antibiotic resistance is 
MRSA, which today accounts for more than a quarter of staphylococcus 
bacteremia in parts of Europe 139.  
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Figure 7: Spread of MRSA in Europe 2009. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Fluoroquinolone-resistant Pseudomonas aeruginosa in 2009 
 
(Images in Figures 7 and 8 courtesy of the European for Disease and 
Prevention Control. Antimicrobial resistance surveillance in Europe 2009. 
Annual report of the European Antimicrobial Resistance Surveillance 
Network (EARS-Net)) 
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Perhaps the most alarming examples of pathogens are however those isolates 
not responsive to several or any antibiotic agents, referred to as multi- 
respectively Pan-drug-resistant bacteria; features recognized predominately 
among Gram negative strains 140-143. Regarding microbial sampling isolates 
originating from ulcerative keratitis there are trends towards increasing 
ratios of antimicrobial resistance bacteria, although variations exist in 
resistance patterns over time 144-146. Susceptibility to Chloramphenicol 
particularly in Gram negative species have been described as low in several 
reports 147-150.  Furthermore, fluoroquinolone resistant bacteria account for a 
considerable proportion of microbial culture results 144, 145, 151, 152, also 
predominantly among in Gram negatives. In some cohorts ciprofloxacin-
resistant Pseudomonas isolates reach levels of 9 %. The novel (fourth) 
generation of this group of drugs (gatifloxacin and moxifloxacin) is more 
potent in elimination of Gram positive microbes but the efficacy is equal in 
eliminating Gram negative species compared to earlier drugs from the same 
category 152, 153. The recently introduced fluoroquinolone, besifloxacin, has 
however shown a higher capacity compared to older generations regarding 
bactericidal activity 154 and in experimental pseudomonas keratitis 155, 
making it a possible new therapeutic option upon encountering 
antimicrobial resistance. Examples of isolates originating from ocular 
infections have been documented with antimicrobial resistance regarding 
Gram negative ESBL- mediated resistance, towards several third-generation 
cephalosporin antibiotics 156 and resistance to multiple antibiotics, including 
fourth generation fluoroquinolones 157-159. In view of the above, the time 
consumption, complexity, and expenses for development of new antibiotics 
collectively make pathogen antimicrobial resistance an indisputable clinical 
concern, which could impede future infection therapy considerably.  
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Structure of the Cornea 
 
 
 
 
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: A sagittal section of the eye. The cornea is localized far right on the 
illustration. 
 
The cornea is shaped like a dome and is one of the few transparent tissues of 
the human body. In the periphery the stroma is thicker than centrally, 
however the thinnest portion of the cornea is located slightly infero-
temporally 160, 161. Under normal conditions the thickness of the central 
cornea ranges from 520 to 550 microns 162, 163. A five to seven-layered 
structure of non-keratinized stratified squamous cells, with a thickness of 
roughly 50 microns, forms the epithelium 164, 165. Apart from preserving the 
tear film which keeps the eye moist, the epithelial surface is also of 
importance in protecting the ocular surface 166. The underlying layer is called 
Bowman’s membrane, an acellular structure, without capacity for 
regeneration 167. Constituting approximately 90 % of the cornea, the stroma 
and is localized between Descemet’s membrane, towards the endothelial side 
(posteriorly/basally) and Bowman’s membrane, towards the epithelial side 
(anteriorly/apically), with a thickness ranging from 450 to 500 µm 168. The 
stroma is composed of regular collagen fibrils (mainly type I collagen) 169 
with similar sizes, arranged into lamellar structures forming the tissue; an 
arrangement which enables corneal transparency 170. 
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Figure 10: Ultrastructural view of the corneal lamellas composed of collagen 
fibrils. (Reprinted from Komai Y, Ushiki T. The three-dimensional 
organization of collagen fibrils in the human cornea and sclera. Invest 
Ophthalmol Vis Sci. 1991;32:2244-2258. Copyright holder ARVO, The 
Association for Research in Vision and Ophthalmology) 
 
Spread in between the fibrils keratocytes are localized which produce and 
maintain the extracellular matrix, primarily composed of glucose-amino-
glycans (GAGs) 171. These cells are also an important source of matrix 
metalloproteinases (MMPs) that are involved in the stromal environmental 
equilibrium, remodelling of the stroma, and healing in corneal ulceration 172.  
In vivo measurements of the cellular density in the stromal tissue have 
confirmed a higher number of cells, keratocytes, in the anterior than in the 
posterior part 165, 173, 174. Descemet’s membrane is a basement membrane for 
the endothelial cells, forming the innermost layer of the cornea, facing the 
anterior chamber. These columnar, hexagonal cells, arranged in a single-cell 
layer are highly active metabolically and vital for the maintenance of the 
stromal hydration balance 175. Both the numbers of keratocytes and 
endothelial cells are reduced continuously during life 176-178 but an abnormal 
reduction of the endothelial cell density leads to an insufficient endothelium 
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function. Hence, a corneal edema and subsequently a loss of corneal 
transparency follow. This can occur from hereditary corneal dystrophy, 
trauma, or iatrogenic cell-loss as a result from intraocular surgery 175. A 
complex network of nerve cells mediates the corneal sensitivity, but is also 
believed to be of imperative meaning for the different corneal cellular 
functions regarding regulation of homeostasis and responses to different 
trauma. An arrangement of nerves, nerve bundles, and plexi throughout the 
different strata of the cornea constitutes a system which makes the cornea 
the most innervated surface tissue of the human body, indicating the 
importance of this aspect 179. 

Corneal Immunology 

In 1948 it was first proposed that the eye is one of the human organs 
classified as an immune privileged site 180, along with the brain, testis, and 
pregnant uterus (maternal/fetal interface). This signifies that a foreign tissue 
graft, which in other tissues is rejected by an immune reaction, placed in 
such location, is not followed by an inflammatory response and subsequent 
graft rejection. The privilege comprises inhibition of the immune system in 
the intraocular environment and downregulatory functions regarding 
inflammation as well as development of tolerance to antigens originating 
from the ocular tissues. The relatively high success rate of acceptance in 
corneal transplantation is believed to be partly a consequence of the host eye 
being a privileged site in addition to the donor transplant having immune 
privilege tissue properties 181. The ocular immunosuppression is thought to 
minimize the risk for collateral tissue damage due to excessive inflammatory 
reaction in the resistance against pathogens, hence, the absence of a number 
of immune cells customarily involved in the struggle against microorganisms 
elsewhere. The immune response of the eye is specific, mediated in part by 
cytotoxic T cells, with the capability to surpass the barrier of tight junctions 
between the blood stream and the intraocular environment as well as non-
complement activating antibodies 182. Transparency of the cornea is vital for 
the refractive functions of the eye and the corneal response to pathogens is 
directed at minimizing the risk for scar-development and neovascularization, 
which could influence the visual acuity negatively. Antigen-presenting cells 
(APCs), such as epithelial Langerhans cells (LCs) and stromal dendritic cells 
(DCs), are important for the functions of the immune response, furthermore 
the latter group of cells consists of a diverse collection of immature and 
mature DCs, indicating the potential for dynamic actions against intruders.  
The layers of the cornea are also populated by tissue macrophages at 
different levels providing further defence against microbes 183, 184. Beside their 
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phagocytic activity, these also secrete cytokines, important for the 
recruitment of other immune cells in cases of a bacterial infection 185, 186. 
Host response in bacterial keratitis involves an upregulation of multiple 
inflammatory cytokines (like IL-1, IL-6, and TNF-αα), the recruitment of 
phagocytic immune cells, and elimination of microorganisms through 
different mechanisms 187. The outcome along with complications in corneal 
infection is influenced by multiple factors, such as the specific virulence and 
pathogenicity of the causative microorganism. Also, the complex interaction 
between the different corneal immune cells and different cellular responses 
to intruders are of importance 188-191. 

CXL in Keratitis 

Experimental Investigations 
Collagen degrading enzymes play a central role in corneal melting, a feature 
which is associated with both infectious and sterile keratitis. The ability of 
collagenases to degrade the collagen of porcine corneas is impaired by CXL 
and the procedure elevates the resistance against enzymatic digestion 
substantially 21.  Similar results have been reported regarding chemical 
crosslinking by genipin and its inhibitory effect on the action of bacterial 
collagenase 192. The antimicrobial efficacy of riboflavin excitation has been 
well established in the research regarding the pathogen reduction technology 
for transfusions, where a number of microorganisms have been efficiently 
eradicated through the process (see separate Introduction). There are 
however some differences between the two photooxidative methods realizing 
the activation of vitamin B2 using ultraviolet light, of which the most 
imperative may be the variations of the wavelengths exploited. In 
experimental ophthalmological research the interaction mediated by the 
particular light spectrum employed in CXL has been investigated through 
illumination of agar plates with different bacteria, concluding that the 
method has an antibacterial capacity 193, 194. Furthermore, the joint action of 
vitamin B2 and ultraviolet light can potentiate the elimination of different 
fungi subjected to Amphotericin B 195, supporting the hypothesis that the 
oxidative stress induced by the process has an antimicrobial effect. 

Clinical Results 
The first account of riboflavin-UVA treatment of corneal infections was 
published in the year 2000, where it was reported that four clinical cases 
had received treatment against corneal ulcers with melting of different 
origins. Of these three healed after the therapy 196. Several case reports have 
since described curing of non-healing ulcers 197, of corneal melting, and 
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recalcitrant corneal infections after conducting the CXL procedure 198-203. 
Only a limited number of these publications have reported more than single 
cases and presently there is a discernible lack of prospective clinical studies. 
Applying the protocol for keratoconus, 6 out of 14 non-healing ulcers were 
cured following the therapy 197. Another article described five cases of 
recalcitrant microbial keratitis, including corneal melting which all were 
treated successfully through the implementation of the CXL procedure 201. 
Moreover, it enabled management of 3 eyes suffering from refractory 
Acanthamoeba keratitis in another report 202. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 KARIM MAKDOUMI Riboflavin Photoactivation & Keratitis   29 
 

Aims 
 

• To evaluate whether the photoactivation of riboflavin using the 
parameters employed in Collagen Crosslinking can eliminate 
different bacteria commonly isolated as pathogens in microbial 
keratitis. 

• To compare differences in the microorganism response subjected to 
the photochemical process. 

• To ascertain if riboflavin is required for the antimicrobial effect or if 
ultraviolet light solitarily is sufficient. 

• To infer if the concentration of riboflavin is of importance for 
antibacterial efficacy and if so, to further attempt determining at 
which concentration the eradication peaks. 

• To study the growth of the protozoa Acanthamoeba castellanii 
exposed to riboflavin/UVA and to assess if any growth inhibition 
can be attributed to UVA illumination alone or if an interaction 
effect between the factors take place.    

• To describe the clinical effect of Collagen Crosslinking in severe cases 
of infectious keratitis. 

• To investigate the clinical effect of the photochemical interaction, 
utilized in Collagen Crosslinking, as a primary therapy for bacterial 
keratitis. 
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Patients 
The patients involved in paper I were retrospectively recruited from the 
Department of Ophthalmology in Örebro. They constituted all patients with 
a clinical diagnosis of severe infectious keratitis treated by CXL, between 
February and August 2008, where adequate photographic documentation 
during the episode of infection and at follow-up visits existed. In paper III 
prospective recruitment of patients was conducted from the Departments of 
Ophthalmology in Örebro and Jönköping. Consecutive recruitment was 
performed of all patients eligible according to the study protocol, notified to 
the investigators. Study subjects with an episode of suspected bacterial 
keratitis, without prior antibiotic therapy were included and received 
treatment with CXL as primary and solitary therapy for the infection.  
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Materials and Methods 
Case Series (Paper I) 
A retrospective review was made of patient journals of subjects having 
received therapy for severe infectious keratitis by CXL between February 
and August 2008. Inclusion was made of all patients where diagnosis and 
follow-up could be supported by photographic documentation during the 
episode of infection and after healing of the ulcer. The duration of follow-up 
after the adjuvant photooxidative therapy ranged between 1 to 6 months 
after initial presentation. The purpose was to describe the clinical response 
observed after the CXL procedure, which enabled management of the 
infected ulcers. 
 
Experimental Eradication of Bacteria in Fluid Solutions (Paper II) 
Bacterial reference isolates of Staphylococcus epidermidis, Staphylococcus 
aureus, and Pseudomonas aeruginosa were cultured on blood/hematin–agar 
plates. The microbes were subsequently dispersed in PBS fluid, to a 
concentration of approximately 108/ml. Determination of microbial number 
was conducted through counting in a Burker chamber. Stock solutions of 
each bacterial strain were prepared through dispersion in PBS, to end 
concentrations before illumination of concentrations of 2-5×105/ml. In order 
to avoid disturbance of light absorption or scattering, uncolored fluids were 
selected for the irradiation. The experiments were performed at different 
riboflavin molarities (concentrations), ranging from 0 to 400 μM, with the 
purpose of isolating at which point the bacterial elimination was most 
extensive. Methodologies described by Martins et al.193 and Schrier et al.194 
could not address this issue since exposure in both experimental settings 
were done on agar plates. A thin fluid layer was desired in the vessels, 
however maintenance of layer integrity during the entire experiment was 
vital, why 100 μl was selected.  The entire surface was exposed to UV light, 
wavelength 365 nm for 30 minutes (dose 5.4 J/cm2), with following 
determination of CFU (Colony Forming Units)/ml. Thereafter the UV 
irradiation was repeated, resulting in a doubling of the UV dose, and 
CFU/ml assessment was iterated. Every fluid preparation subjected to 
ultraviolet light had an unexposed (negative) control solution, originating 
from the same source suspension. All measurements were executed in 
triplicates. Statistical analysis involved two-way ANOVA as well as 
unpaired t-tests at each measured molarity, comparing the differences 
between UV-exposed/unexposed measurements.  
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Pilot study (Paper III) 
A clinical pilot study was conducted to investigate CXL as the primary and 
solitary therapy for bacterial keratitis. The study protocol was established in 
association with the Clinical Research Support (CRS) Centre, Örebro 
University Hospital. Authorization was granted from the Regional Ethical 
Committee as well as from the Medical Products Agency for Clinical Trials. 
In order to isolate the effect of the CXL procedure no antibiotics was given 
during the trial, unless tendencies for infectious progression were detected, 
and only patients without prior antibiotic treatment for the current episode 
of infection were eligible for inclusion. Therapy with CXL was conducted in 
patients fulfilling all the inclusion as well as none of the exclusion criteria 
and before receiving results from microbial culturing, since the subjects 
could not be left without treatment during the isolation of the infectious 
agent. After the procedure patients were closely monitored, initially through 
daily examinations and after signs of improvement at a reduced frequency. 
Patients were hospitalized if needed. Slit-lamp photography was carried out 
at each follow-up visit, or if hospitalized once daily. The patients were given 
antibiotics if any signs of deterioration occurred. Regular examinations were 
continued until the ulcer had healed and all symptoms had regressed. 
 
Growth Inhibition of Acanthamoeba (Paper IV) 
Acanthamoeba castellanii was cultured and prepared into fluid solutions in 
a similar setup as paper II. The exposure of UVA was carried out using a 
analogous procedure, however since the growth of the protozoa is 
considerably slower than bacteria examined in the previous experiments, 
determination of the microbe number was made 4 to 7 days after exposure. 
Instead of selecting one point of time for the determination of microbial 
proliferation a growth curve was plotted, including the negative non-
exposed solutions. The concentration of riboflavin chosen for the 
experiments was 0.01% as it was an efficacious concentration in bacterial 
elimination tests and preparatory experiments for Acanthamoeba indicated 
no major variations when riboflavin concentration was altered. In these 
experiments a repeated-measurement ANOVA for unpaired samples was 
used as well as post hoc analysis regarding pairwise comparisons.      
 
Surgical Technique (Papers I and III) 
The surgical techniques involving patients in papers I and III were similar. 
Under topical anesthesia, loose epithelium surrounding the corneal ulcer was 
removed, using a sterile swab. Riboflavin administration was carried out for 
20 minutes (in paper I, up to 30 minutes) at an interval of every 2-3 minutes 
during the entire procedure. Illumination was done using the settings for 
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keratoconus (3.0 mW/cm2 for 30 minutes, dose 5.4 J/cm2). In one patient 
(paper I) with an advanced non-responsive bilateral keratitis, with multiple 
risk factors for microbial keratitis, the photochemical procedure was 
followed by a human amniotic membrane transplant in both eyes. The 
riboflavin used differed between paper I and III, in the former isotonic 
riboflavin dextran solution (Medio-Cross riboflavin/dextran, 0.1%) was 
used and in the latter 0.1% isotonic riboflavin (Ricrolin®) was 
administered.  
 
UV illumination devices (Papers I through IV) 
Papers I through III utilized the UV-X™ (Peschke Meditrade GmbH, 
Switzerland), 365 nm, as light source for irradiation. Calibration of the 
device was made before implementing the procedure involving patients and 
prior to experimental illumination in paper II. Distance from the surface 
was, as recommended by manufacturer, measured to 5 cm from the 
cornea/solutions. In the in vitro experiments involving Acanthamoeba 
castellanii the Opto Xlink-Corneal Crosslinking Systems nr 141 (365 nm) 
was used, operating at a distance of 4.5 cm from protozoal suspension. The 
effect was 6.366 mW/cm2 and the exposure time 14 minutes and 20 seconds, 
resulting in a UV dose of 5.475 J/cm2. 
 
Microbial Sampling (Paper III) 
The isolation of possible causative microorganisms in paper III included 
conjunctival smears as well as corneal sampling. The cultures and scrapings 
originating from the cornea were incubated on blood agar, Sabouraud agar, 
and GC agar. Sterile scalpel blades were also placed in broth as well as 
Page’s solution to enable detection of Acanthamoeba.  
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Results and Discussion 
Paper I  
Seven eyes of six patients were included in the case series and all eyes healed 
after the given therapy. Improvement of symptoms, including reduction of 
associated inflammation and pain, occurred within 24 hours 
postoperatively. Regression of both cases with visible hypopyon took place 
2 days after the treatment. Associated corneal melting did not progress in 
the treated subjects after therapy. The ulcer size ranged between 1 mm in 
diameter and engagement of the entire cornea. Bacteria on microbial 
cultures were detected in four of the cases, comprising both Gram-positive 
and negative strains. At last visit the epithelium was intact and no 
inflammation was seen in any of the treated eyes. None of the patients was 
subjected to an emergency keratoplasty. The duration of the epithelial 
healing was variable and took place within a time period of one week up to 
several months. The mean visual acuity had at latest follow-up examination 
improved from 0.06 (range, light perception to 0.2) at diagnosis of infection 
to 0.20 (range, hand motion to 0.6).  
 
Riboflavin photosensitization in therapy of infectious ulcers was first 
described by Schnitzler et al. who published an article of four patients with 
corneal melting from different etiologies treated successfully in three cases, 
by employing the treatment later referred to as CXL 196. In support of this 
Iseli et al. reported five cases with corneal melting associated with microbial 
keratitis that all healed after treatment with the same procedure, 
unresponsive to the preceding antibiotics given 201. Other groups have 
accounted for case reports of keratitis responding to the therapy with cure 
as an adjuvant method to antibiotics in refractory cases. The majority of the 
cases were of advanced nature, with large corneal ulcers, intense associated 
inflammation, and risk factors for complicated courses of infections. After 
conducting the CXL procedure all eyes healed without complications. 
Consistent findings postoperatively were a marked symptom improvement, 
reduction of inflammatory level, and initiation of epithelial healing shortly 
after the procedure. In view of the severity of cases, with non-responsiveness 
to the given therapy in three eyes (case 1 and 6), multiple risk factors in 
most cases, and one patient healing without receiving antibiotics after suture 
removal from the suture-related infectious ulcer the article supported 
previous reports of microbial keratitis successfully managed by CXL.  

An unanticipated feature after therapy was the quick improvement in 
symptoms like pain, light sensitivity, and associated inflammation, with 
rapid abolishment of hypopyon postoperatively, in both of the eyes where it 
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was observed at presentation. This could be explained by different, perhaps 
synergistic mechanisms. The riboflavin photosensitization by UV light is an 
established method to generate reactive oxygen species and eliminate 
microorganisms, as is exploited in the pathogen reduction technology for 
transfusions. Eradication of etiologic microbes could therefore be the reason 
for the alleviation of symptoms and inflammation. Inhibition of corneal 
sensation, due to a direct effect of riboflavin or oxidative processes could 
also be a factor explaining the observed symptom reduction, however not 
regarding the inflammatory response to the method. Modulations of the 
ocular inflammatory response, by affecting the activities of corneal immune 
cells such as Langerhans and dendritic cells, is another aspect which could 
be of importance for the abolition inflammation coupled with the infection. 
The riboflavin photoactivation in transfusion medicine has, besides the 
elimination of pathogens, also a documented inhibitory effect on white 
blood cells, and as a consequence could be utilized to prevent transfusion-
associated GVHD. One could hence hypothesize that a similar inhibitory 
effect on the corneal immune system takes place when applying the CXL 
treatment.  

There are other factors which also could be of value in resisting a corneal 
infection and corneal melting. Spoerl et al. have described a considerable 
increased resistance against collagenases in corneal tissue subjected to the 
UVA-riboflavin treatment21. Since enzymatic degradation is involved in, and 
considered as a central aspect of, corneal melting this property is another 
relevant point which could be protective in both infective and inflammatory 
keratitis. The induction of apoptosis among keratocytes as well as the direct 
structural alterations of the corneal stroma, caused by the crosslinking 
therapy could also modify the environment for the causative pathogens, 
consequently obstructing optimal conditions for microbial proliferation and 
tissue infiltration.  

In conclusion, the collective observations of conducting CXL in these 
cases of infectious keratitis suggest that photoactivation of riboflavin 
through implementation of the procedure could be considered in severe and 
recalcitrant cases of corneal infection. We construe this from the 
pronounced response to therapy observed regarding subjective symptoms, 
associated inflammation, and corneal melting among all the treated patients. 
Taking into account that the procedure is regarded as safe with low 
frequencies for postoperative complications, it seems reasonable that an 
introduction for its use is possible, as an adjuvant therapy in corneal 
infection and melting. A marked stromal thinning due to melting will 
naturally compromise the safety regarding the endothelium; however in a 
situation with progressing corneal degradation the risk for endothelial cell 
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damage must be balanced against other alternative options, such as an 
emergency keratoplasty. 
 
Paper II  
Staphylococcus epidermidis 
UVA and riboflavin united at the dose utilized in clinical CXL (5.4 J/cm2) 
resulted in a tendency towards decreased numbers of Staphylococcus 
epidermidis, however this reduction could not be confirmed by statistical 
significance. Upon doubling the UV level a decrease up to 90 % was 
achieved and at all tested riboflavin molarities statistically significant 
reductions were confirmed. A bactericidal effect was not detected by 
ultraviolet light exposure alone at either of the tested UV levels. The 
interaction term between riboflavin and UVA was statistically significant 
(p=0.008). 
 
Staphylococcus aureus 
This strain showed a growth pattern similar to the previously investigated 
bacteria, however the drop in CFU count could already at the lower UV 
dose be verified statistically, with the exception of the reduction at 300 μM 
of riboflavin. At the elevated dosage of UVA up to 71 % of the 
microorganisms were abolished, with a tendency towards a more complete 
eradication at higher riboflavin levels. The UVA riboflavin interaction term 
was significant (p=0.038). As with Staphylococcus epidermidis, the 
ultraviolet light solitarily did not result in a significant bacterial elimination. 
 
Pseudomonas aeruginosa 
The bactericidal efficacy regarding Pseudomonas displayed a consistent 
tendency towards elimination of the bacterial strain at all tested riboflavin 
concentrations. As the variations in the CFU counts were greater in this 
bacterium than the two preceding strains, the effect could only be detected 
statistically at 300 μM, using the lower UV exposure settings. The outcome 
of the augmented dose, however, accomplished an almost absolute 
sterilization of the fluid solution at all tested molarities, ranging from 98 to 
100 %, with a statistically significant interaction term (p=0.034), suggestive 
of the result being a consequence of the combination of UVA and riboflavin. 
No indications towards an antimicrobial action of the ultraviolet light 
single-handedly were observed at the tested irradiation levels.  
 
In the in vitro pathogen eradication experiments of common etiological 
bacterial strains isolated in microbial keratitis we could support the earlier 
observations of Martins et al. 193 and Schrier et al. 194 that the UVA 
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photoactivation of riboflavin has a bactericidal effect. These previous 
laboratory investigations could, due to the experimental setup, not 
determine at which riboflavin concentration the pathogen elimination was 
most efficacious. Through the experimental design using bacteria in fluid 
solutions it could be established that only a surprisingly low quantity of the 
vitamin was needed for microbial inactivation. This indicates that under 
clinical conditions it is plausible that the stromal concentration of riboflavin 
is sufficient for achieving an antimicrobial effect. Responses to the evaluated 
photooxidative insult varied considerably in the different strains of bacteria, 
principally when comparing Pseudomonas aeruginosa to the two 
Staphylococcus species. The differential outcome could perhaps be 
attributed to differences in structure or metabolism. Regarding the anaerobic 
bacteria an almost complete eradication after illumination was displayed at 
the higher UV dose tested, signifying a higher sensitivity to the UVA-
riboflavin interaction. Since Pseudomonas aeruginosa, aside from its 
recognized virulence, is prone to develop resistance to antibiotics the 
oxidative stress induced by vitamin B2 photosensitization could be especially 
appealing in addressing these bacteria during corneal infections. In all tested 
bacteria the concentrations evaluated pointed to peak eradication at low 
levels of the vitamin, somewhere in the region of 0.01 % or below. Elevating 
the riboflavin concentration did not increase depletion of microorganisms 
but instead seemingly reduced this outcome. We hypothesize that excessive 
riboflavin can shield bacteria in the depths of the solution thus reducing the 
effect on microbes, an indication that in exploiting the photosensitization 
procedure clinically one should be aware of not allowing a thick layer of 
riboflavin cover the cornea during illumination.  

Nevertheless, we could demonstrate that riboflavin is vital for the 
antimicrobial result in all the tested strains and that ultraviolet light single-
handedly did not eliminate the bacteria. It could be concluded that the 
interaction of ultraviolet light and riboflavin was the causative factor in 
these experiments and neither isolated riboflavin nor UVA at the doses 
elucidated could explain the impact on bacterial reduction. It is likely that 
the oxidative stress generated by UVA-riboflavin causes the depletion of 
pathogens observed, which is also the mechanism exploited in 
photodynamic therapy (PDT) for infections. The generation of ROS and 
hydrogen peroxide are consequences of riboflavin excitation and credible 
contributors to the elimination of bacteria, both under the laboratory 
settings and under clinical conditions. 
Although the practise of vitamin B2 photoactivation in transfusion medicine, 
employed by the Mirasol® PRT system, has a wider spectrum of ultraviolet 
light, including lower wavelengths than in CXL, the mechanisms of 
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oxidative injury are likely to be the same. The intercalation of the planar 
part of the riboflavin molecule into the genetic material of microorganisms is 
with high probability identical and the non-specific oxidative damages 
should be similar, however the efficacy of the shorter ultraviolet spectrum 
may well be superior to the single wavelength of 365 nm exploited in CXL. 
The capacity of the Mirasol® device in reduction of pathogens has been 
explored in detail with the potency to eliminate viruses, bacteria, and 
parasites effectively. It is on the other hand probable that the human tissue 
response, in this case the cornea, would be altered with differences regarding 
safety aspects and degree of corneal apoptosis, if the same ultraviolet 
spectrum would be applied as an infectious treatment in keratitis.   

Given differences in the bacterial responses to the oxidative insult 
evaluated the specific effect should be ascertained in more bacteria to 
establish which pathogens are more and less susceptible to the process. It is 
however important to emphasize that even though the number of bacteria 
were few, all the analysed strains reacted to the procedure, and these 
pathogens together consistently represent a substantial proportion of 
infectious keratitis in clinical epidemiological studies. 

The investigational model developed for these experiments involved a 
fluid layer with a theoretical thickness of over 1.75 mm at the start of 
illumination, assuming a planar surface of the solution. The evaporation of 
water during the irradiation did not interfere with fluid-layer integrity 
during the whole experiment; yet, surface tension inhibited the use of 
substantially smaller volumes. Due to the limited penetration of the 
particular wavelength, it is probable that the entire liquid strata were not 
fully exposed to the UVA, even when considering that tension forces 
between the fluid and inner wall of the well, most likely resulted in a slightly 
thinner level centrally, compared to the theoretical planar distribution. In 
the clinical situation apoptosis is mostly seen in the anterior 200-300 
microns, implying that the effect is reduced in the deeper strata of the 
cornea. Analogously, it can be assumed that in the investigational setting the 
lower levels of the fluid layer was not exposed to the same UV dose as the 
more superficial parts of the bacterial solution, resulting in an impaired 
exposure at the base of the experimental well. It is thus reasonable to 
estimate that the antibacterial efficacy in fact may be underestimated in our 
model, and could be one explanation why the clinical UV dose of 5.4 J/cm2 
resulted in only a minor reduction of microbes. These in vitro eradication 
experiments should therefore be supported by, and evaluated further 
through, tissue and in vivo experimental models for keratitis to establish the 
bactericidal efficacy clinically. Perhaps it could be argued that more 
appealing systems for isolating the antimicrobial efficiency of the process in 
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question is a system of micro-wells or fluid films, where the thickness of 
fluid solutions could reach below 300 microns.  
 It is noteworthy that the investigation of bactericidal capacity comprised 
pure riboflavin, and not riboflavin-5’-phosphate, also known as flavin 
mononucleotide (FMN), which is the substance used in clinical crosslinking, 
according to the standard protocol. The biological effects of these 
compounds are assumed to be similar although not necessarily identical. 
Since the absorption spectra of the molecules are comparable and the planar 
molecular part one and the same, it seems plausible that divergences in the 
clinical outcome should not be of greater magnitude regarding bactericidal 
efficacy. As differences in water solubility, molecule degradation time, and 
tissue diffusion could influence the microbial response the effects of each 
compound should in the future be elucidated separately and compared.  

 
Paper III 
Of the 16 subjects included in the trial all exhibited a clinical response 
towards the procedure, with a reduction in inflammation and initiation of 
epithelial healing. The primary study end point was thus realized in all 
patients. Epithelial healing of the cornea after the CXL therapy occurred 
after one to 14 days postoperatively (mean 7.1) and visual acuity increased 
in seven patients and decreased in one. In one eye, with a corneal edema 
before the start of the infection due to rubeotic glaucoma, an amniotic 
membrane transplant was conducted to facilitate epithelialisation. Two 
patients required antibiotic therapy during the course of the infectious 
episode, one due to recurrence of an epithelial defect after initial healing and 
the other because of development of a new ulcer during the course of 
epithelial recovery. The latter of these had a bandage contact lens (BCL) at 
the time of the secondary ulcer. No side effects or therapy complications 
were seen during the course of the study. The microbial culture results were 
positive for bacteria in thirteen of the subjects, comprising Gram-stain 
positive and negative strains. 
  
To our knowledge the protocol assembled for the pilot study evaluating the 
photochemical interaction utilized in CXL as therapy for bacterial keratitis 
is the first published prospective study worldwide on the topic. The trial 
investigated the procedure as the study intervention, under careful and 
frequent assessment of clinical status during healing, in addition to the 
possibility of incorporating antibiotics at any stage of the study if 
deterioration occurred. Our particular study model was selected in order to 
isolate the clinical effect of the method and drawing conclusions regarding 
its ability to induce healing of microbial keratitis, with a limited number of 
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study subjects. Although a randomized study protocol would have elevated 
the strength of the trial it would have undoubtedly required a significantly 
larger study population. The purpose was not to assert CXL superiority 
versus antibiotics but to demonstrate and evaluate the efficacy of the 
procedure in treating corneal infections. Considering the rate at which 
antibiotic resistance is spread globally, the comparative lack of antibiotic 
development, and absence of antimicrobial drugs regarding some 
microorganisms, introduction of a new approach in keratitis therapy 
utilizing different mechanisms than antibiotics may be of great value in 
management of corneal and perhaps other types of infections.  

Three patients needed additional therapy during the course of the 
infection. One chronic ulcer, due to a corneal edema, required an amniotic 
membrane transplant and two patients received topical antibiotics. In one of 
the subjects where antibiotics was necessitated the infiltrate was particularly 
deep, reaching the level of Descemet’s membrane. Even though hypopyon 
was cleared in addition to healing of the epithelium shortly after CXL, the 
inflammation did not completely regress and 14 days after presentation a 
slight epithelium defect recurred. We interpreted this as an indication of 
limited effect in treatment of infections engaging the deeper strata of the 
corneal stroma. In these cases it is still not certain that UVA-riboflavin 
photochemical therapy is inappropriate since reduction of the microbial 
number in more superficial parts of the cornea may be of value, as well as 
utilizing the other mechanisms that appear to be involved in healing of a 
corneal infection treated with the method. 

In addition to the absence of a control group, the study limitations 
involve a limited number of patients, predominately small corneal ulcers, 
and a relative uncertainty regarding the diagnosis of bacterial keratitis. A 
small infectious infiltrate would naturally be easier to handle with lower risk 
for a complicated course of the disease. More advanced cases of keratitis 
could have affected the outcome of this trial possibly resulting in a larger 
number of treated eyes receiving antibiotic treatment. The cases in the study 
were however not selectively included, but consecutively with an active 
intent of limiting exclusion criteria to a minimum. Regarding the etiologic 
microorganism in each case, it is feasible that colonizing bacteria in some 
cases could be the isolates considered as the pathogens. Perhaps even some 
of the cases diagnosed as a bacterial keratitis were in fact non-bacterial 
ulcers. Even so, it is unlikely that a considerable proportion of the patients 
included were of this nature and all the ulcers responded to the therapy, 
pointing to efficacy regardless of causality. A proportion of culture-negative 
ulcers are consistently reported in different publications. In one trial subject 
the corneal culture results displayed growth of bacterial strains resistant to 
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fluoroquinolones and aminoglycoside antibiotics. At the time of microbial 
sampling results the ulcer had already healed, demonstrating the risk for 
infectious progression of the ulcer during the elapsed time period if 
customarily prescribed drug treatment had been administered. Antibiotic 
resistance does probably not indicate an inherent protection against 
photooxidative stress.   

In contrast to antibiotics the assumed multiple action of the CXL 
procedure makes it more appealing as a complementary therapy to 
antibiotics in more severe cases of infection and if administered antibiotics 
are futile. Considering the fact that corneal melting associated with 
microbial keratitis can be rapid, one could argue about at which time point 
the illumination treatment should be done, if implemented in management 
of infections. The chances of avoiding an emergency intervention are 
probably lower if the clinical deterioration is allowed to continue. As the 
therapy has not yet been thoroughly investigated for this application, it 
appears reasonable that it should be practised with caution and in cases 
where prognosis with the regular therapy is estimated to be poor or when 
treatment refractory infections are confronted.   

This study was consistent with the previous clinical article (Paper I) in 
the rapid response and symptom improvement shortly after the procedure. 
The trial outcome demonstrates, and further supports our earlier findings, 
that the photosensitization of riboflavin is an approach that can elicit 
healing of infectious keratitis, hence having an effect in treatment of this 
condition.  
 
Paper IV 
The growth of Acanthamoeba castellanii subjected to ultraviolet light was 
impaired matched to the increase in microorganism number found in 
unexposed solutions over the measured time period (days 4 to 7), with a 
decrease in pathogen count of 20 percent as a consequence of illumination 
with UVA dose of 5.475 J/cm2. The addition of riboflavin in solutions did 
not amplify the antiprotozoal efficacy. In the evaluation phase after UV 
exposure at the higher dosage a more manifest inhibition of elevation in 
pathogen count was observed. In contrast to the findings from the previous 
series of experiments (Paper II) the combined UVA/riboflavin displayed no 
indications of an interaction effect but the antimicrobial action regarding 
protozoa seemed to be mediated solely by ultraviolet light. The repeated-
measurement ANOVA confirmed the association of the UVA effect 
(p=0.001). Pairwise post hoc evaluations were statistically significant for the 
abolition of protozoa, concerning the solutions subjected to the higher UV 
dose (p=0.008) but not to the lower (P=0.090), consistent with a dose-
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response relationship. Riboflavin showed no tendency signifying an 
antiprozoal action by itself or grouped with UVA, which was supported by 
the ANOVA analysis (p=0.992 and p=0.977 respectively).     
 
Although Acanthamoeba is known to be resistant to UV light, it has been 
established that both trophozoites and cysts can be eliminated by ultraviolet 
light exposure. Since reported clinical cases of recalcitrant keratitis caused 
by the microorganism have healed after treatment with UVA-riboflavin 
photosensitization 202, 203 we intended to evaluate the responsiveness of 
Acanthamoeba castellanii to the phenomenon, by investigating its potential 
to induce growth inhibition of the parasite. Assessment of pathogens on the 
final day of the experiment displayed a reduction in the number of protozoa 
with similar efficacy when subjected to ultraviolet light and UVA-riboflavin. 
No indications were seen of an interaction between the factors supporting 
the view that riboflavin augments the effect of the irradiation in vitro. It 
could therefore be possible that ultraviolet light itself, in the reported cases, 
triggered healing of infections. Under clinical conditions however, when 
therapy with antiprotozoal drugs customarily has preceded the 
photochemical treatment, the inhibitory or elimination capacity may be 
different. Drugs, like chlorhexidine and polyhexamethylene biguanide 
(PHMB), damaging the cellular membrane or cell wall of the protozoa could 
for example facilitate uptake of the vitamin increasing its susceptibility to 
the oxidative stress generated by the procedure. A synergistic antimicrobial 
effect has for example been observed regarding UVA-riboflavin 
photoactivation in combination with Amphotericin B on fungi 195. Several 
other explanations are possible as the CXL procedure used clinically 
initiates structural and biomechanical alterations in the corneal stroma, 
which could influence both the growth of the parasite and the host response.  

Even though the solitary UVA illumination of Acanthamoeba castellanii 
was equally or perhaps slightly more efficient regarding the antiprotozoal 
effect than ultraviolet light and riboflavin coupled, it is unlikely that it could 
be realized as a clinical therapy. Vitamin B2 absorbs the UV light passing 
through the stroma, thus reducing the dose reaching the endothelial level, 
furthermore protecting the inner structures of the eye, such as the lens and 
the retina. Absence of it would therefore compromise the safety of the 
procedure as a whole.  

Since different articles investigating Acanthamoeba utilize diverse 
durations to establish the outcome or elimination of the pathogen we elected 
in our experimental model to measure the microorganism number over time, 
with a repetition of measurements. Count of protozoa was accordingly 
conducted on several consecutive days and plot of a growth curve over time 
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was done, instead of assessing microorganism number at one given point, 
with the purpose of increasing the reliability of the experimental procedure.  

In conclusion, our investigations showed that UVA at 365 nm can inhibit 
growth of Acanthamoeba castellanii. The addition of riboflavin did not 
potentiate this effect, either in combination or single-handedly affected the 
growth of the protozoa significantly. The clinical response of treating 
Acanthamoeba keratitis 202, 203 could therefore be a consequence of the 
ultraviolet light itself, but due to the safety issues of CXL riboflavin is 
considered as a vital part of the clinical implementation of UVA-riboflavin 
photosensitization.  
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Conclusions 
• All bacterial isolates evaluated, represented by microorganisms 

frequently found as causative pathogens in microbial keratitis, could 
be diminished significantly or eliminated by the UVA settings of 365 
nm, which is exploited in CXL, if combined with riboflavin.  

•  The sensitivity to the photooxidative insult differed between different 
species and the most extensive elimination among the microbes 
investigated was observed in the tested Pseudomonas aeruginosa 
strain. A complete eradication of this strain could be achieved by 
the riboflavin –UVA interaction. 

• In every bacterial strain the presence of the photosensitizer was vital 
to achieve the bactericidal effect and ultraviolet irradiation 
solitarily, at the wavelength of 365 nm, did not indicate a significant 
antimicrobial effect. Hence, the eradication of bacteria can be 
attributed to the joint action of ultraviolet light and riboflavin, 
through the oxidative stress generated by the procedure. This is in 
agreement with the photooxidative therapy mediated by the device 
for pathogen reduction in transfusion medicine.  

• The required quantity of riboflavin was low and concentrations 
exceeding 0.01% seemed to achieve no further consequence 
regarding abolishment of bacteria.   

• Growth inhibition of the protozoa Acanthamoeba castellanii by UVA 
illumination could be established but the interaction with riboflavin 
did not enhance the antiprotozoal effect, which signifies a diverging 
effect when comparing it with the bacterial elimination elucidated in 
previous experiments. This may be due to the structural differences 
between the different groups of microorganisms.  

• UVA-riboflavin photochemical interaction utilized in Corneal 
Collagen Crosslinking (CXL) seems to be a method with properties 
sufficient to induce healing of severe keratitis and in some cases 
ulcers non-responsive to antibiotic treatment. The clinical effect also 
appears to involve an anti-inflammatory response to the treatment.  

• To isolate and evaluate the clinical efficacy of UVA-riboflavin 
photosensitization, a pilot study was conducted with CXL as the 
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primary therapy for bacterial keratitis. 16 patients with the clinical 
diagnosis were included, of which 14 healed without antibiotics. No 
complications or treatment side effects were observed. Although the 
majority of ulcers in the trial were of limited size, the clinical effect 
regarding reduction of inflammation, symptom alleviation, and 
epithelial healing was clear, strongly indicating that the procedure 
has the capacity to induce healing of microbial keratitis. The 
purpose of the study however, was not to recommend CXL as a 
primary method but to establish that the method could be 
considered as an adjuvant treatment to antibiotics in selected cases, 
primarily where topical drugs may be insufficient. Riboflavin 
photoactivation in the management of microbial keratitis seems to 
be an efficacious option with a preserved high safety profile when 
utilizing CXL as a photodynamic therapy for corneal infections.  
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Populärvetenskaplig sammanfattning 
 En infektion i hornhinnan (infektiös eller mikrobiell keratit) innebär att en              
mikroorganism, vanligen ett virus eller en bakterie, angriper hornhinnan        
(kornea). Majoriteten av odlingspositiva keratiter är bakteriella. Tillståndet      
medför risk för framtida synnedsättning och flera allvarliga komplikationer     
såsom uveit (inflammation i ögat), endoftalmit (infektion engagerande hela 
ögat) och till och med perforation, vilka kan utvecklas under förhållandevis 
kort tid. I sällsynta fall kan ögat på grund av infektionen till och med 
behöva opereras bort (så kallad evisceration). Den initiala terapin utgörs av 
intensiv droppning, i allmänhet med bredspektrumantibiotika. Efter 
erhållande av odlingssvar inklusive resistensbestämning kan man styra 
behandlingen till mera specifika typer av antimikrobiella läkemedel. 
Inneliggande vård är inte ovanligt, i synnerhet då mera avancerade fall, med 
större infekterade sår eller kraftigare inflammation, eftersom droppningen 
ofta måste ske intensivt dygnet runt den första tiden. Behandlingen sker ofta 
i några veckor men kan vid allvarligare typer av hornhinneinfektioner pågå i 
flera månader. 

Antibiotikaresistenta bakteriestammar är ett allt större problem inom        
sjukvården och resistens finns redan idag även rapporterat mot i stort sett      
samtliga typer av idag tillgängliga antibiotika. Flera åtgärder har föreslagits 
för att begränsa spridning av sådana stammar till exempel restriktivitet av              
antibiotikaförskrivning, isolering av patienter med smitta och striktare             
hygienrutiner men trots så finns det tecken på att antalet resistenta                    
mikroorganismer ökar. Detta skulle kunna innebära att infektioner ej 
kommer att kunna behandlas effektivt i framtiden med stora 
följdkonsekvenser för såväl vårdgivare som patienter. Önskvärt vore att 
finna nya sätt att angripa infektioner.     

Riboflavin (Vitamin B2) som belyses med ultraviolett eller synligt ljus kan 
inaktivera flertalet virus, bakterier samt parasiter. Fenomenet är väl studerat 
och används inom transfusionsmedicin för reducering av patogener i 
blodprodukter. Den fotokemiska processen skadar mikroorganismerna dels 
ospecifikt, genom uppkomst av fria syreradikaler och dels genom att 
molekylen orsakar specifik skada på mikroorganismernas arvsmassa (DNA 
och RNA). 

Samma princip används idag kliniskt vid Corneal Collagen Crosslinking 
(CXL). Detta är en behandling som utvecklats för att förstärka den 
försvagade hornhinnan vid tillstånd då denna är försvagad, så kallade 
ektasier, och på så vis vara ett alternativ till transplantation av hornhinnan. 
Behandlingen utgörs av en engångsbehandling med en kombination av 
riboflavin och belysning med ultraviolett ljus (UVA, våglängd på 365 nm). 
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En förstärkning av hornhinnan sker därefter som tros bero på uppkomst av 
nya korsbindningar mellan hornhinnans kollagenmolekyler. 
I experimentella studier har man visat att CXL hindrar kollagenasenzymers 
nedbrytning av hornhinnan och fotoaktivering av riboflavin med UVA har in 
vitro visats kunna eliminera olika bakterier. Kombinationen kan även 
potentiera avdödning av svamp. Man har redovisat fallbeskrivningar av 
korneala ulcerationer (sår) som läkt efter behandling med CXL och flera 
artiklar beskriver att man effektivt kunnat hantera svårbehandlade 
infektiösa keratiter med metoden.  

Denna avhandling syftar till att utreda huruvida fotoaktivering av 
riboflavin kan tillämpas som ett nytt verktyg vid keratitbehandling samt att 
undersöka vilka faktorer som är av betydelse för detta. 

I det första arbetet redovisades 7 allvarliga fall hos 6 patienter med 
infektiös keratit som behandlats med Collagen Crosslinking (CXL), som 
utfördes enligt standardprotokoll för korneal ektasi. Fotodokumentation av 
hornhinnesåret genomfördes och detta upprepades under uppföljningen. 
Med undantag av ett öga, erhöll samtliga infektioner behandlade 
antibiotika, utöver CXL-behandlingen. Alla patienter uppvisade en 
minskning av den korneala lesionen och reduktion av inflammatorisk 
aktivitet kort efter terapin. Nedsmältningsprocessen avstannade och en 
komplett läkning epitelytan skedde i samtliga fall.  

För att utvärdera den antibakteriella effekten av behandlingen 
genomfördes en experimentell avdödning av tre vanligt förekommande 
mikroorganismer vid bakteriell keratit. Dessa odlades och inokulerades till 
en bestämd koncentration i ofärgat odlingsmedium. En mängd på 100 
mikroliter applicerades i en brunn/kärl där riboflavin tillsattes i olika mängd 
(molaritet). Brunnens diameter valdes så  att hela ytan kunde belysas 
homogent, vilket skedde med UVA i klinisk dos via diodlampa som används 
vid CXL-behandling. En liten mängd extraherades och inkuberades för 
odling, varefter UV-exponering med samma dos upprepades. Icke-belysta 
(negativa) kontroller fanns till samtliga lösningar. Bestämning av antal 
bakterier för de olika lösningarna skedde därefter. Man kunde fastslå att 
kombinationen av UVA och riboflavin hade en avdödande effekt på alla          
utvärderade bakterier. Endast en liten mängd vitamin krävdes för att uppnå     
effekten, som dock varierade mellan de olika stammarna. Belysning med 
enbart ultraviolett ljus ledde till en mycket begränsad, eller ingen eliminering 
av mikroorganismer.  

I en klinisk pilotstudie genomfördes behandling av misstänkt bakteriella 
hornhinneinfektioner med den UVA-riboflavin som primär terapi. 16 
patienter inkluderades vid Universitetssjukhuset i Örebro samt länssjukhuset 
Ryhov, Jönköping. Syftet var att under noggrann uppsikt utvärdera effekten 
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av CXL som terapi för bakteriella keratiter. Ingen antibiotika ordinerades 
innan behandling med CXL som skedde enligt standardiserat protokoll. 
Mikrobiell provtagning skedde enligt ett förfarande utarbetat tillsammans 
med mikrobiologiska kliniken, USÖ. Dagliga kontroller skedde tills tydliga 
tecken på utläkning observerats och därefter glesades dessa ut. Vid behov 
lades patienten in på avdelning för att möjliggöra mera frekvent 
undersökning. Minsta tecken på försämring innebar sedvanlig 
antibiotikaterapi. Kontrollerna av läkning pågick tills full epitelläkning skett 
och symptomfrihet uppnåtts. Av de inkluderade patienterna krävde två 
antibiotika för utläkning av infektionen. Odlingssvar från provtagning 
involverade både Gram-positiva och negativa bakterier. 

I studiens fjärde artikel utreddes tillväxt av den svårbehandlade 
parasiten, Acanthamoeba castellanii, i vätskelösningar genom en modell 
liknande den som tidigare användes för bakterieexperiment. Efter belysning 
(eller förvaring i kärlet för de negativa kontrollösningarna) skedde 
inkubation och utvärdering av tillväxt i suspensionerna vilket genomfördes 
vid upprepade tillfällen, dag 4 till 7 efter exponering. Tillväxten jämfördes 
därefter med respektive icke-belysta kontroll. Experimenten involverade 
endast en koncentration av riboflavin  (0,01 %) men dosering av UVA var i 
enlighet med tidigare experiment klinisk dos samt dubbla denna, för att 
kunna utvärdera ett dos-respons förhållande gällande ultraviolett ljus. 
Tillväxten hämmades av ultraviolett ljus med en reduktion av patogener 
över tid. Tillsats av riboflavin visade ingen tendens till ökad avdödning av 
mikroorganismer.  

Studierna som genomförts i denna avhandling talar starkt för att                    
fotoaktiveringen av riboflavin som idag tillämpas i CXL har potential att        
eliminera olika mikroorganismer och att terapin kan inducera läkning av       
mikrobiell keratit. Svårbehandlade kliniska infektiösa hornhinnesår har 
kunnat hanteras och i genomförd pilotstudie läkte majoriteten av 
infektionerna utan behov av antibiotika. Baserat på resultaten från dessa 
studier torde man kunna överväga CXL som tilläggsbehandling i svåra fall 
av mikrobiell keratit, nedsmältning av hornhinnan samt i fall då progress 
trots given antibiotikabehandling skett. Innan tillämpning som behandlingen 
som primär terapi eller i mer standardiserat förfarande måste denna 
utvärderas ytterligare i större och kliniska randomiserade studier. En 
implementering av fotokemisk riboflavin-UVA behandling skulle kunna 
innebära stora vinster i reducering av inneliggande vård, minskat antal 
komplikationer i samband med tillståndet samt en potentiell möjlighet att 
behandla tillstånd där idag endast bristfällig terapi finns att tillgå.  
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