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Abstract 

Introduction: The application of light as a stimulus in pharmaceutical systems and 

the associated ability to provide precise spatiotemporal control over location, 

wavelength and intensity, allowing ease of external control independent of 

environmental conditionals, has led to its increased use.  Of particular note is the use 

of light with photosensitisers. 

Areas covered: Photosensitisers are widely used in photodynamic therapy to cause a 

cidal effect towards cells on irradiation due to the generation of reactive oxygen 

species.  These cidal effects have also been employed to treat infectious diseases.  

The effects and benefits of photosensitisers in the treatment of such conditions are 

still being developed and further realised, with the design of novel delivery 

strategies.  This review provides an overview of the realisation of the 

pharmaceutically relevant uses of photosensitisers both in the context of current 

research, and in terms of current clinical application, and looks to the future 

direction.   
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Expert opinion: Substantial advances have been and are being made in the use of 

photosensitisers.  Of particular note are their antimicrobial applications, due to 

absence of resistance that is so frequently associated with conventional treatments.  

Their potency of action, and the ability to immobilise to polymeric supports is 

opening a wide range of possibilities with great potential for use in healthcare 

infection prevention strategies. 

 

 

1. Introduction  

 

Light and its benefits have long been studied by many different disciplines, and its 

use has been extended to the initiation and facilitation of reactions with benefit to 

health when applied to pharmaceutical and antimicrobial applications.  This review 

provides an overview of the use of light in conjunction with photosensitisers, and the 

progress that has been made from initial experimentation to clinical application and 

commercialisation of photosensitising systems. 

 

2.  Photodynamic therapy 

 

It has long been known that light can be used in conjunction with photoreactive 

plant-based compounds for medicinal benefit, most notably for skin 

hyperpigmentation.  Ancient Egyptians, from as early as 2000 B.C., used the juice of 

furocoumarin-containing Ammi majus to topically treat patches of vitiligo, followed 

by sun exposure, and the ancient Indian Ayurvedic system of medicine describes the 

use of seeds from the psoralen-containing Psoralea corylifolia to treat leucoderma 
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[1]. Phototherapy, whereby light is applied to the body to cause a change, often due 

to absorption by photosensitive compounds within the body, was then, and still is, 

used as a medical treatment for a number of conditions.  In the 1950s, neonatal 

jaundice was treated with the application of blue light, with the probable mechanism 

of action being realised substantially more recently as the cis-trans isomerisation 

around one of the bonds in bilirubin [2].  Its use in acne is attributed to the activation 

of a photosensitiser, coproporphyrin III in the bacterium Propionibacterium acnes [3, 

4].  Whilst phototherapy finds utility in some cases, it requires that the area to be 

treated is itself responsive to visible light, therefore limiting its use.  It is possible, 

however, to employ the use of exogenous photosensitive compounds that can be 

applied internally or externally, to allow treatment of disease.  This has been termed 

photodynamic therapy, or PDT. 

 

2.1  Mechanism of action of photosensitisers 

 

Oscar Raab, working alongside Herman von Tappenier, discovered the cidal effects 

of acridine dye on protozoal cells in 1900 [5, 6], and three years later von Tappenier 

published the effects of topically applied eoisin and light on skin cancer [7]. The 

photodynamic effect was due to dye-photosensitised photooxygenation of cellular 

components and peroxide accumulation [8].  The term ‘photodynamic therapy’ arose 

from photodynamische Wirkung (photodynamic effect), coined by von Tappeiner in 

1907 to describe the damage of living tissue by a combination of photosensitiser, 

visible light and oxygen [9].  The mechanism by which photosensitive compounds 

and dyes caused cell death was not discovered until over two decades later due to 

studies on the nature of oxygen and the processes occurring on photoactivation of 
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dyes.  Mulliken discovered that oxygen in the ground state occurred as a triplet [10, 

11], then in 1931, Kautsky proposed that singlet oxygen (1O2) formed due to energy 

transfer from the excited photosensitiser to oxygen [12], which allowed initiation of 

photodynamic reactions.  Further studies by a number of researchers developed the 

understanding of the processes involved and the currently held theory of the 

mechanism of action of photosensitisers [13-18], detailed in Figure 1.  The main 

photophysical and photochemical processes involved are thought to be similar for all 

photosensitisers.  

 

 

Figure 1.  Jablonski diagram of the pathways leading to photosensitisation following 

application of light to a photosensitiser, adapted from  [19].  When a photosensitiser 

absorbs light, it may undergo an electronic transition from the ground state ( !!! !!! ) to 

the singlet excited state ( !!! !!∗!), which is short-lived.  Some of the energy is then 

transferred, via intersystem crossing, to the relatively long-lived triplet excited state 

( !!! !!∗ !).  The molecule may then undergo electronic decay to the ground state, or either 

charge (type I reaction), or energy (type II reaction) may be transferred to a substrate 

or to molecular oxygen (a triplet state molecule, 3O2) respectively to generate reactive 

oxygen species.  The latter reaction is predominant.   Adapted from [98]. 
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Type I reactions lead to the generation of reactive oxygen species (ROS) due to 

interaction of the excited photosensitiser with a molecule in its immediate vicinity 

via hydrogen abstraction or electron transfer.  The ROS generated may be radical 

cations and anions, with superoxide anions (O2
-) being formed from electron transfer 

to molecular oxygen.  The anions themselves are not particularly toxic to biological 

systems but can lead to the production of hydrogen peroxide via dismutation.  Via 

reactions initiated by O2
-, hydroxyl radicals can then be formed, which interact with 

O2
- to generate 1O2. 

 

Type II reactions involve energy transfer between an excited photosensitiser and 

molecular oxygen.  In the ground state, due to its two unpaired electrons with parallel 

spins, oxygen exists as a triplet (3O2) with a non-zero magnetic dipole.  The lowest 

lying excited states are singlet and it is this state that is easily formed in dye-

sensitised reactions (1O2).  Its lifetime is long in comparison to other ROS, estimated 

to be between 10-5 – 10-6 s [20].  1O2 is considered to have a predominant role in 

photodynamic cellular damage [21-23], mediating cytotoxic damage via damage to 

lysosomes, mitochondria, plasma membranes and golgi apparatuses [24]. 

 

2.2.  Treatment of human conditions with PDT 

 

Knowledge of the photophysics and photochemistry of photosensitisers has allowed 

the rational use of plant-based compounds, in addition to the synthetic design of 

photosensitisers, alongside application of light, in the treatment of human conditions.  

Usually the photosensitiser is either applied topically in the case of skin lesions, or is 
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injected and time is allowed for localisation in the site to be treated.  Visible light, at 

a wavelength appropriate for optimum photoactivation of the photosensitiser, is then 

applied.  For applications where treatment within deeper tissues is required, as is the 

case in many cancerous tumours, the photosensitiser often must absorb at a long 

wavelength, allowing the light applied to penetrate the body tissues.  Use of fibre 

optics and lasers, however, has allowed treatment of tumours deeper within the body.  

The advantage of PDT over a number of conventional treatments, in particular over 

conventional chemotherapeutic treatments employed in cancer therapy, is the ability 

to selectively localise and accumulate the photosensitiser in the tumour or damaged 

tissue to be treated, and to deliver light specifically to the relevant area, thus 

minimising collateral damage to normal tissue.  The precise mechanism of 

localisation is not known, but in tumours is thought to be related to the high vascular 

permeability of photosensitisers and their affinity for proliferating endothelial tissue, 

in addition to the reduced lymphatic drainage from tumours [25], and in some cases 

to photosensitiser binding to low-density lipoprotein (LDL) and the resultant uptake 

facilitated by tumour upregulation of LDL receptors [26].  As a result, particularly in 

cancer treatment, substantially reduced side effects are noted when compared with 

conventional chemotherapeutic drugs.  PDT, of course, is not without disadvantage, 

with prolonged skin photosensitivity and excessive damage at the treatment site 

being reported [24], but these effects are minor when compared to those resulting 

from the comparatively indiscriminate ablation of cells within the body during 

chemotherapy. 

 

PDT has shown success in various types of cancer, blindness due to age-related 

macular degeneration, and in skin actinic keratosis [27].  Whilst a large number of 
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photosensitisers have been researched and synthesised, a comparatively smaller 

number have been used clinically in disease treatment.  The structures of a number of 

photosensitisers currently used clinically in PDT are shown in Figure 2, with the 

majority belonging to the porphyrin group of photosensitisers. These include 

haematoporphyrin derivative (HpD), the most widely used marketed photosensitiser, 

which exists as a mixture of oligomers.  It is FDA approved for early and late 

endobronchial lesions, Barrett’s oesophagus, and oesophageal obstructing lesions.  It 

has also been used off-label for a variety of conditions, and has approval in many 

countries for the treatment of bladder, genitourinary and digestive tract cancers, as 

reviewed by Dougherty et al. [28].  High or complete responses in the FDA approved 

treatments have been reported [29-33], as has control of squamous and basal cell 

lesions and Kaposi sarcoma [34-36].  The great disadvantages of HpD are its lack of 

selectivity and prolonged photosensitivity, requiring patients to avoid sunlight for at 

least four weeks.  Although it concentrates mainly in the tissue to be treated, there is 

also an extensive normal tissue reaction, which can manifest as swelling of the skin 

or necrotic tissue slough, which can be life threatening [37].  Another widely used 

entity for PDT is 5-aminolevulinic acid (ALA).  ALA is not itself a photosensitiser, 

but a prodrug which is intracellularly metabolised to the photosensitiser 

protoporphyrin IX [38].  It, and the methylated ALA, M-ALA, have found use 

mainly in the treatment of skin lesions, with success reported against basal and 

squamous cell carcinoma, as reviewed by Klein et al. [39].  An ALA-containing 

plaster has recently been licenced by the MHRA for treatment of actinic keratosis on 

the face and head [40].  For a review of other photosensitisers currently marketed 

and used clinically, including temoporfin which poses as a potential replacement to 
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HpD in Europe, and some used in vetinary, reference can be made to Allison et al.  

[37]. 

 

 

 

 

 

 

Figure 2.  Examples of some photosensitisers clinically used in PDT.  

Haematoporphyrin derivative (a), ALA (b) and the photosensitiser to which it is 

intracellularly metabolised protoporphyrin IX (c), temoporfin (d), and 8-

methoxypsoralen (e). 

 

 

Non-porphyrin based photosensitisers are used, but to a lesser degree.  One example 

is the continued use of psoralens in the treatment of skin lesions.  Psoralen plus UVA 

light (320-400 nm), known as PUVA therapy was introduced in 1974 by Parrish et 
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al. [41], and is used for treatment of vitiligo, and also of psoriasis.  In the latter case, 

light is applied following oral administration of the psoralen, 8-methoxypsoralen, 

with the generated reactive oxygen species causing crosslinking of DNA, therefore 

preventing cell replication and plaque formation.  It must be noted that this does not 

treat the cause of the condition and therefore is not a curative intervention.  PUVA 

therapy appears to have declined in popularity as a psoriasis treatment in recent 

years, perhaps due to the increasing use of narrow-band UVB phototherapy (311-313 

nm).  Narrow-band UVB therapy does not require the administration of a 

photosensitiser or wearing of eye protection, and the nausea associated with 

psoralens is avoided; for this reason it is often preferred by patients.  Additionally, 

despite the comparatively more reliable and efficient clearing of psoriasis with 

PUVA, clinicians appear to tend towards UVB therapy due to concerns regarding the 

long term safety of PUVA following reports of cutaneous carcinoma [42].   

 

The pharmaceutical application of photosensitisers, has not been limited to the 

treatment of human disease.  Antimicrobial therapy plays a large role in the area of 

medicine and pharmaceuticals, and the use of light within this area has been found to 

be of great benefit.   

 

3.  Light-triggered antimicrobial systems 

 

3.1  Effects of light on microorganisms 

 

The discovery of the antibiotic, penicillin, in 1928 was one of the greatest 

breakthroughs in modern medicine, particularly in a culture where infection was 
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highly prevalent and often fatal.  Prior to this, however, came another accidental 

discovery, also with great and long-reaching repercussions.  In 1877, Downes and 

Blunt noted the appearance of cloudiness in sugar water placed on a windowsill in 

the shade but remained clear while in the sun, which microscopic examination 

showed to be due to bacterial growth in the solution in the shade [43].  Further 

studies on the effects of light on microorganisms were conducted in 1885 by Arloing  

[44-46] and Duclaux, who demonstrated the cidal effect of sunlight on Bacillus 

anthracis and Tyrothrix scaber respectively [47].  In 1892, Geisler used a prism and 

heliostat to demonstrate the lethality of sunlight and electric arc lamps to B. typhosus 

[48], and in doing so provided evidence that wavelengths of all parts of the spectrum, 

with the exclusion of red, could cause harm to bacteria.   In the same year, Marshall 

Ward demonstrated the UV/violet/blue portion of the spectrum primarily to have 

bactericidal action, conducting experiments with Bacillus anthracis [49].  At the end 

of the 19th century, Niels Finsen pioneered the use of UV light to cure lupis vulgaris 

in tuberculosis sufferers, and in doing so made aware the potential medical uses of 

light  [2].  A recent study, however, has suggested that the effective wavelength 

possible with his lenses may have been above 340 nm, thus activating endogenous 

porphyrins in Mycobacterium tuberculosis to effect treatment, rather than UV-

mediated bactericidal action [50].  Regardless of the mechanism, his invention was 

of great benefit, and certainly instrumental in the investigations of microbicidal 

effects of UV light.  The precise wavelength with the most potent bactericidal effect 

within the UV range was further investigated by Barnard and Morgan [51] and 

Newcomer [52], and eventually narrowed to 253.7 nm by Ehrismann and Noethling 

in 1932 [47].  
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The discovery of the germicidal effects of UV light led to its use in drinking water 

disinfection [47], and in disinfection of contact lenses [53], but more significantly for 

the present area is its use for sterilisation within healthcare environments.  As UV 

light cannot penetrate solid, light-absorbing materials, UV sterilisation within the 

hospital is mainly limited to inactivation of airborne or surface located 

microorganisms [54].   

 

For a number of microorganisms, including bacterial spores, UV light alone is often 

not sufficient to induce a cidal effect.  There are also dangers of skin and eye damage 

related to occupational exposure [55].  Constraining factors in the use of UV light in 

treatment of host-localised infections are the potential for adverse effects or lack of 

skin penetration.  The use of visible light, however, is of greater interest, and its use 

for broad-spectrum antimicrobial purposes is possible due to the availability and 

development of photosensitisers. 

 

3.2.  Photodynamic antimicrobial chemotherapy 

 

As discussed, the discovery of the cidal action of photosensitisers was first made in 

the field of microbiology by Raab [5].  The development of antibiotics in the 1940s 

however, stalled further research into the antimicrobial uses of photosensitisers, as 

bacteria could be effectively eradicated systemically and topically, with further 

development of antifungal, antiprotozoal and antimalarial agents.  When 

photosensitisers were rediscovered as antimicrobials, they were first applied to 

lesions caused by the herpes simplex virus, but safety concerns and claims of 

ineffectiveness halted the progress once again [56-59].  Increasing antibiotic 
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resistance, however, has driven the need to find alternative antimicrobials, and 

photosensitisers have become a more popular topic of research.  

 

Photodynamic antimicrobial chemotherapy (PACT) is based on PDT but applied 

specifically to microbial cells.  The underlying principle of PACT is that if live 

microbial cells can be selectively demonstrated by a particular dye, which is also 

photosensitive, then illumination of the stained microorganism should result in a 

cidal action towards that cell when in a biological environment or human subject  

[22].  Uptake of the photosensitiser by the challenge organism is usually required, 

occurring in a non-specific manner (i.e. not mediated by a photosensitiser-specific 

uptake mechanism), followed by application of light of the appropriate wavelength.  

While the uptake mechanism is not specific, due to the comparatively rapid uptake of 

photosensitisers by microbial cells, it has been found that a short drug-light interval 

is optimal for selective uptake by microbial cells over the mammalian host cells and 

tissue [60]. 

 

Reactive oxygen species are then generated within the bacterial cell on irradiation, 

with the photophysics proceeding in a similar manner to that presented in Figure 1.  

Due to the lipophilic nature of most photosensitisers used, they can localise in the 

lipid membranes of the bacterial cells.  The concentration of molecular oxygen in the 

lipid membranes is higher than in the surrounding aqueous phase, therefore 

favouring a type II mechanism of photodamage, and thus generation of 1O2 [61, 62]. 

1O2 is highly reactive and can initiate further oxidative reactions with many 

electrophilic materials including the unsaturated lipids of the bacterial cell 

membrane.  Oxidation of nucleic acid residues, mainly guanosine, leads to nucleotide 
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degradation, DNA strand breakage, and inhibition of replication [22].  The reactivity 

of singlet oxygen with organic molecules, however, is indiscriminate, therefore any 

macromolecule of the bacterial cell is a potential target.  This potential multiplicity 

of, and lack of specificity towards, targets makes the development of resistance by 

bacteria more difficult [63], and indeed despite a number of attempts to induce 

bacterial resistance with sub-lethal PACT, no resistant organisms have yet been 

reported [64-67], although upregulation of a heat-shock protein has been noted in 

some organisms [69, 70] .  This is of particular significance in light of a recent World 

Health Organisation (WHO) report highlighting the global problem of antibiotic 

resistance in bacteria [68].  A proportion of the cidal actions may also be related to 

the specific photosensitiser used, as this can determine the predominant 

photodynamic reaction (type I or II) occurring, and factors such as charge, 

lipophilicity, size and shape will influence their main site of interaction with and 

localisation within the microbial cell.  Cells in the logarithmic growth phase are more 

susceptible than those in the stationary phase [22].  Additional factors affecting cidal 

activity include the wavelength and intensity of light absorption, and the efficiency 

of production of 1O2 [71].  

 

A wide range of bacterial species have demonstrated sensitivity to photosensitiser-

mediated cidal treatment, including a number of antibiotic-resistant bacteria [72-75].  

Photosensitisers have been shown to be effective antifungal [76-78], antiviral [79], 

and sporicidal [80-83] agents, in addition to showing promise in the treatment of 

tropical diseases such as malaria [84-86] and leishmaniasis [87-90].   
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Although PACT is effective against a number of bacterial genera and species, there 

are differences in susceptibility due to differences in bacterial cell wall structure.  

Gram-negative bacteria are generally less sensitive than Gram-positive due to the 

possession of the outer membrane containing porins, lipopolysaccharides, and 

lipoproteins resulting in a densely packed negative charge.  This acts as a barrier to 

penetration, with only hydrophilic compounds with a molecular weight below 600-

700 Daltons able to diffuse through the porin channels [91, 92].  It has been 

suggested in a recent study that Gram-negative bacteria may be more susceptible to 

killing induced by type I activation of photosensitisers, leading to the generation of 

hydroxyl radicals, whilst Gram-positive may be more susceptible to 1O2 [93].  It is 

therefore possible that in cases where bacteria display lower susceptibility to 

photosensitisers, the choice of photosensitiser used may be governed by the pathway 

of generation of reactive oxygen species.  A number of photosensitisers, including 

the phenothiazinium dye methylene blue, have been noted to act via both pathways, 

producing both radicals and 1O2 [93].   

 

A number of methods have been successfully used to overcome reduced 

susceptibility due to permeability barriers.  One of the most straightforward is the 

imparting of a positive charge to the photosensitiser.  This approach has been found 

to produce broad-spectrum photosensitisers, resulting in inactivation of G+ and G- 

bacteria, in addition to viruses, fungi and parasites [79].  The majority of 

photosensitisers used in PACT are therefore cationic. 
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Two particular groups of photosensitiser have been heavily investigated for their 

antimicrobial actions – the porphyrins and phenothiaziniums.  The general structure 

of porphyrins is shown in Figure 3. 

 

 

Figure 3.  The structure of porphin, the parent compound on which porphyrins are 

based 

 

 

Photosensitisers of the porphyrin class have received increased attention as, due to 

their presence in natural systems, they generally do not possess cytotoxicity in the 

dark.  Furthermore, many possess long-lived triplet states, allowing for high quantum 

yields of 1O2, and they can be easily modified with substituents, metal ions and 

ligands to allow optimisation of their properties [94].  Accordingly, a number of 

synthetic porphyrins have been designed and tested to achieve efficient microbicidal 

activity. 

 

The general structure of phenothiazinium compounds is shown in Table 1. 
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Table 1.  Structure of a number of commercially available phenothiazinium 

photosensitisers used in PACT 

 

Phenothiaziniums have many favourable properties, conferring broad-spectrum 

antibacterial activity.  They are cationic at physiological pH, allowing targeting of 

the negatively charged bacterial membrane, and their lipophilicity allows for 

partitioning into the membrane environment.  These properties allow breach of the 

membrane as a barrier, and appear to enhance their efficacy against Gram-negative 

bacteria.  It has also been suggested that toluidine blue O may induce structural 

changes in the lipopolysaccharide of the Gram-negative membrane, further reducing 

its barrier function [95].  Methylene blue and toluidine blue O have been suggested 

to form neutral quinonemine intermediates in the lower pH of the membrane, thus 

promoting their uptake through the membrane, possibly followed by regeneration of 

the cationic species intracellularly [71].  The planar, cationic structure of this class of 

photosensitisers allows intercalation with DNA nucleosides, followed by photo-

oxidation, providing an important mechanism of phenothiazimium photoinduced cell 

 

Compound R1 R2 R3 R4 R7 R8 R9 

Methylene blue H H N(CH3)2 H N(CH3)2 H H 

Toluidine blue O H H NH2 H N(CH3)2 H H 

New methylene 

blue 

H CH3 NHEt H NHEt CH3 H 

Dimethyl 

methylene blue 

CH3 H N(CH3)2 H N(CH3)2 H CH3 

S

N
R1

R2

R3

R9

R8

R7
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death.  As with many photosensitisers, the primary sites of action of a given 

phenothiazinium can, however, differ between bacterial genera [22].  New methylene 

blue and new methylene blue N are effective against the Gram-negative bacterium 

Yersina enterocolitica which colonises red blood cell concentrates, conferring 

potential utility in blood disinfection [96], and as already mentioned, have 

demonstrated efficacy against antibiotic-resistant bacterial strains [73, 75]. 

 

3.3.  Clinically used PACT 

 

As with PDT, despite a wide research base and significant efforts in optimisation of 

photosensitiser design, only a small number have been used clinically for 

antimicrobial applications, but due to the success of published research, and 

increasing antibiotic resistance, it is anticipated that their clinical use will increase 

substantially over the coming years.  Those used are of the porphyrin and 

phenothiazinium class, and neutral red, in addition to a conjugate between 

chlorin(e6) and polyethylenimine  [79, 97].  The structure of neutral red is shown in 

Figure 4 .  

 

 

Figure 4.  Structure of neutral red 

 

Delivery of the photosensitiser to the target site also poses a challenge, and at present 

those used clinically are currently limited mainly to the topical treatment of localised 
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or dermatological infections (mainly ALA), or in dentistry (phenothiaziniums).  As 

will be discussed, however, advances in the design of polymeric carriers for 

photosensitisers are anticipated to change this pattern in the future.  

 

A summary of some infectious diseases that have been clinically treated with PACT 

is shown in Table 2. 
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Table 2.  A summary of some infectious diseases that have been clinically treated using PACT 

Infectious disease Site of infection Causative organism Photosensitiser References 

Acne vulgaris Skin and sebaceous 

glands 

P. acnes ALA 

Methylaminolevulinate 

Chlorophyll 

Indocyanine green 

 [98-103]  

 [104-106] 

 [107] 

 [108]  

Rosacea Skin Unknown ALA 

Methylaminolevulinate 

[109] 

[110] 

Periodontitis Dental pockets, gingival 

tissue 

Porphyromonas gingivalis, 

Fusobacterium nucleatum 

Phenothiazinium dyes including methylene 

blue 

[111-115] 

Peptic ulcer disease Stomach Helicobacter pylori ALA 

Endogeneous porphyrins 

[116] 

[117, 118] 

Generic localised infections Brain abscess Bacteria Haematoporphyrin [79] 

Onychomycosis Nails Trichophyton species ALA [88, 119, 120] 

Cutaneous Leishmaniasis Skin Protozoa ALA 

Methylene blue 

[121-123] [88] 

Herpes keratitis Cornea Herpes simplex virus Proflavine [124] 

Genital herpes Skin, mucous membranes Herpes simplex virus Methylene blue, neutral red, proflavine [58] 

Verruca vulgaris (common wart) Skin Human papilloma virus ALA [125-127] 
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As shown in Table 2, whilst applications have mainly been limited to topical 

treatments, PACT has allowed successful intervention in a large number of infectious 

diseases.  One of particular note is the treatment of acne vulgaris.  Acne vulgaris is 

not solely a microbiological issue, with many other contributing factors, however the 

presence and involvement of the bacterium P. acnes provides one mode of treatment. 

The haem biosynthetic pathway of ALA conversion to protoporphyrin IX is highly 

conserved across microorganisms [19], allowing a non-specific targeting of 

colonising microorganisms.  P. acnes is known to accumulate high levels of 

porphyrins, rendering it particularly susceptible to ALA-mediated photoinactivation.  

For a thorough review of the use of photosensitisers in acne treatment, reference can 

be made to Wainwright et al. [128]. 

 

Another area being increasingly explored, and gaining rapid support of dental 

clinicians is the treatment of dental infections.  Periodontitis is one of the most 

common bacterial diseases in humans, arising from the accumulation of plaque 

biofilms on the teeth and soft tissue of the mouth, and is frequently accompanied by 

inflammation of connective tissue and resorption of alveolar bone [79].  

Phenothiazinium photosensitisers are injected into the affected area, usually the dental 

pocket, followed by a short period of illumination using a fibre optic tip.  A number 

of companies have developed and marketed systems particularly for this use, and for 

treatment of infected root canals and tooth surfaces [129-131].  Considerable success 

has been demonstrated in the treatment of chronic [114, 115, 132-134], aggressive 

[67, 111, 113, 135], and HIV-associated [136] periodontitis in a number of patients, 

either as monotherapy or as an adjunct to conventional treatments, with results 

comparable to or superior to those of conventional treatments, and reduction of pain 
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and minimisation of the use of anaesthesia amongst the benefits.  The reported 

improvements in clinical parameters such as pocket depths are mainly short-term, 

with further study required to fully ascertain long-term benefits.   

 

A number of systems have been and are currently undergoing clinical trials for 

treatment of a variety of infections.  Methylene blue systems are undergoing clinical 

trials for reduction of resistant endotracheal tube biofilms [137], and for 

decolonisation of nasal MRSA [138], and photodisinfection treatment of chronic 

sinusitis [139], both developed by Ondine Biomedical.  HIV-associated oral 

candidiasis has also been successfully phototreated with methylene blue [140]. 

For a comprehensive description of clinical applications, readers are referred to 

reference [79]. 

 

3.3.1.  Decontamination of blood 

 

A number of disadvantages are associated with the use of conventional inactivation of 

pathogens in blood and blood products.  UV light has been shown to damage plasma 

components, and may generate free radicals in plasma proteins, although the latter 

may be circumvented by the concomitant addition of antioxidants.  Detergents cannot 

be used for blood disinfection due to potential damage to the erythrocyte cell 

membrane, and whilst physical methods, including filtration and washing, can remove 

extracellular contaminants, they are ineffective removal methods for intracellular 

pathogens [71].   Employing photodynamic inactivation of contaminating pathogens 

may afford a safer alternative. 
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Treatment of microorganisms within a human host poses a number of challenges, 

however it is possible to treat blood and blood products externally, prior to 

transfusion into a patient.  Blood and blood products may be infected with bacteria, 

viruses including the human immunodeficiency virus (HIV), protozoa, or fungi and 

require disinfection prior to transfusion [71, 96].  The use of photosensitisers as 

disinfecting agents is recognised, and methylene blue has been widely used by a 

number of blood transfusion services in the decontamination of blood plasma, with 

particular efficacy against viruses [22].  As it absorbs at 656 nm [71], activation is 

with long wavelength light, which is not absorbed by haemoglobin or plasma, and 

thus can penetrate to activate methylene blue.   

 

 

3.3.2.  Novel areas and strategies in PACT  

 

A number of photosensitisers and approaches to PACT have not yet been used 

clinically, but the findings of some recently published studies are of great interest and 

significance to the area of PACT, and are presented in the following sections. 

 

3.3.2.1.  Nebulised methylene blue for lung delivery  

 

Delivery of the light source to the area to be treated can be problematic.  A pilot study 

has been conducted, demonstrating nebulised delivery of methylene blue to a porcine 

CF lung and irradiation using a fibre optic light source, highlighting the ability to 

deliver a photosensitiser and light to the site of infection [141].  Antimicrobial 

susceptibility was not determined in this study, however previous studies have 
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demonstrated efficacy of PACT against lung pathogens, and the same group have 

assessed in a separate in vitro study the efficacy of methylene blue alone and in 

combination with antibiotics against Burkholderia cepacia, with positive results  

[142].  Due to the inherent resistance of B. cepacia to multiple antibiotics [143], this 

may provide a useful alternative.  Clinical studies are required to verify the utility of 

such an approach. 

 

3.3.2.2. Immobilised photosensitisers 

 

3.3.2.2.1.  Immobilisation on polymers 

 

As reviewed, traditional PACT mainly requires uptake of the photosensitiser by the 

microorganism being challenged.  Until recently, very few studies providing 

photoinactivation of microorganisms without the requirement for photosensitiser 

uptake had been published with application in pharmaceutical areas.  Successful 

immobilisation of photosensitisers onto a support allows delivery to areas previously 

inaccessible by solutions.  The contrast between the mechanism of action of 

conventional PACT and surface immobilised photosensitisers is shown in Figure 5. 
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Figure 5.  Comparison between the mechanism of conventional PACT (a) and surface-

immobilised photosensitisers (b).  Uptake of the photosensitiser is required by the 

bacterial cell in PACT, which then generates bactericidal reactive oxygen species such 

as 1O2 on irradiation.  With surface-immobilised photosensitisers, 1O2 is generated from 

the surface of the material, exerting a cidal action on approaching bacterial cells when 

within the required distance. In both (a) and (b), photosensitiser is shown in purple 

 

One of the earliest studies of immobilised photosensitisers was by Kautsky and de 

Bruijn who demonstrated that a solid impregnated with Rose Bengal generated what 

is now known to be 1O2 (cited in [144]).  Bonnett et al. in 1993 prepared polymer-

porphyrin films by impregnating regenerated cellulose films with porphyrins [144], 
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by covalently binding porphyrin to the cellulose then casting, and by co-polymerising 

porphyrin with cellulose before casting, and subsequently demonstrated 

photobactericidal effects towards S. aureus, Escherichia coli, Bacillus subtilis, and P. 

vulgaris [145].  Since then, only a handful of studies have been conducted, but these 

provide important information regarding the potential for such an approach clinically.   

 

A number of those published are related to work within the McCoy research group 

[20, 146, 147], whereby the photosensitiser is electrostatically localised at the surface 

of a polymer to prevent microbial adherence, with particular focus on ocular 

applications.  Generated 1O2 from the immobilised photosensitiser prevents bacterial 

adherence to the surface of the material, therefore preventing colonisation and biofilm 

formation.  As the lifetime of 1O2 is in the range of 10-5–10-6 seconds, the effective 

distance between the initial excitation event and cytotoxic damage is limited to a few 

micrometers, therefore preventing toxicity to normal tissue [20].  This is a sufficient 

distance to prevent bacterial adhesion, as reinforcement of adhesion to a surface is not 

thought to occur until a bacterium is within 1 nm of the surface [148].  High levels of 

surface localisation were achieved, coupled with promising antimicrobial activity 

against both Gram-positive and negative species.   

 

Krouit et al. published two studies on the development of covalently bound 

porphyrin-cellulose films, using protoporphyrin IX [149] and 

monopyridyltritolylporphyrin [150] respectively to produce photobactericidal films.  

In both studies, 1O2-mediated inactivation of S. aureus and E. coli was reported, 

however as this was measured by the presence or absence of colonies on seeded 

nutrient agar plates after contact with the films under irradiation, the initial bacterial 
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challenge and log reduction are unknown.  Also working with cellulose, but for 

applications as a surface coating is Wilson [151].  Toluidine blue O-incorporated 

cellulose acetate was challenged with Gram-positive and Gram-negative 

microorganisms, demonstrating a 4 and 5 log reduction of S. aureus and E. coli 

respectively following 24 hours irradiation with white light.  This has the potential to 

be used as an operating surface coating or wall paint to reduce the spread of 

nosocomial infection.  Further work by the same group involved incorporation of 

toluidine blue O or methylene blue into polyurethane and polysiloxane polymers by a 

swell-shrink method, in the presence and absence of gold nanoparticles, to achieve 

high photosensitiser loading [152, 153].  Promising microbial reductions of greater 

than 3 log were observed, with a further augmentation of approximately 0.5 log in the 

presence of gold nanoparticles.  Although the photosensitiser was incorporated by 

physical means, leaching from the material was not noted. 

 

Funes et al. investigated the substitution patterns of cationic porphyrin derivatives, 

and applied this knowledge to the electrochemical generation of polymeric films 

composed of porphyrin units [154].  The porphyrin, 5,10.15,20-tetra(4-N,N-

diphenylaminophenyl)porphyrin, was used alone or complexed with palladium (II) 

chloride (Pd(II)) to enhance its photodynamic action, and is shown in Figure 6.   
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Figure 6.  The porphyrin used by Funes et al. in the development of a porphyrin-

containing antimicrobial film  [154]. 

 

 

A 3 log reduction in E. coli viable count was noted following 30 minutes irradiation, 

with an approximately 2 log reduction in C. albicans viable count after the same 

period.  There did not appear to be a significant difference between the complexed 

and uncomplexed porphyrin.  The results obtained demonstrate the potential use of 

such films to inactivate microorganisms in liquid suspensions.  It also highlights the 

need to continue to expand the range of photosensitisers being used. 

 

Photosensitiser dyes bound to silica have also been studied, with modest success, 

primarily for applications in disinfection of blood and blood products [155], thus 

avoiding the challenge of removal of water-soluble photosensitisers from the medium 

following the photodisinfection procedure. 
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5-(4-carboxyphenyl)-10,15,20-tris(4-methylphenyl)porphyrin has been incorporated 

into polysilsesquioxane polymer films and challenged with Candida albicans, 

achieving a 2.5 log reduction in viable count following 60 minutes of irradiation.  

This was substantially lower than that achieved elsewhere with cationic porphyrins in 

solution, however it does provide further demonstration of the anti-fungal properties 

of immobilised porphyrins.  The proposed application of the films was 

decontamination of biological fluid or in the formation of antifungal surfaces in 

healthcare settings [156].  The log reductions in viable count are not sufficient for 

effective decontamination of surfaces or fluids, but it is possible that the use of a 

different photosensitiser, or a photosensitiser combination, may enable the design and 

fabrication of a film for use as a broad spectrum antimicrobial surface for application 

in healthcare facilities. 

 

Other studies on photosensitiser immobilisation include grafting of cellulose fabric 

with porphyrin for use as a photobactericidal textile, although the reductions achieved 

in S. aureus and E. coli viable counts were modest [157].  A more recent study by 

Arenbergerova et al. [158] built on previous work by the same group [159] to develop 

porphyrin-doped electrospun nanofibre polyurethane textiles for use as wound 

coverings for leg ulcers.  Light from a white fibre optic source was applied twice 

daily.  The clinical study demonstrated a significant reduction in wound bacterial 

burden at day 28 and 42, and a decrease in wound size and wound-related pain in 

comparison to controls.  This may provide an alternative to the topical application of 

antiseptics and antibiotics, to which resistance may develop.  
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A number of studies have been carried out employing immobilised photosensitisers 

for use in water decontamination [160-163], and for decontamination of food 

packaging and preparation surfaces [83, 164], however it is feasible that such systems 

could be transferred to biomedical and pharmaceutical applications.   

 

3.3.2.2.2.  Immobilisation on nano-scale polymers 

 

Nanotechnology is a growing area, with innumerable potential applications.  A 

growing number of studies involving photosensitisers demonstrates the breadth of 

potential.  Porphyrin-cellulose nanocrystals, structure shown in Figure 7, following 30 

minutes visible light illumination have demonstrated 5-6 log reductions in viable 

count of methicillin-resistant S. aureus, and multidrug-resistant Acinobacter 

baumannii [165].   

 

 

Figure 7.  The structure of antibacterial porphyrin-cellulose nanocrystals developed by 

Carpenter et al. [165]. 
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Only an approximately 2.5 log reduction of P. aeruginosa was achieved, which 

alongside observation of the previous results with E. coli [166] may suggest that this 

is a less effective strategy against Gram-negative bacteria, however the results are 

promising and display potential as an effective alternative to conventional 

antibacterial treatments.  

 

Rose Bengal-functionalised chitosan nanoparticles have been studied for elimination 

of bacteria in the root canal, demonstrating significant efficacy against Enterococcus 

faecalis in the presence of tissue inhibitors following irradiation at 540 nm, owing to a 

combination of 1O2 and the inherent anti-adherent properties of the positively charged 

material [167].  Further studies demonstrated anti-biofilm activity, with an additional 

benefit of dental collagen stabilisation [168], highlighting the potential clinical 

relevance of this system. 

 

These studies firmly demonstrate the ability of photosensitisers to mediate 

photodynamic inactivation of microorganisms when incorporated into a number of 

materials, whether by covalent or non-covalent bonding, and highlight the potential 

for use as broad-spectrum antibacterial systems for prevention or treatment of 

infection.  Whilst the studied nanoparticulate systems may provide a high surface area 

for 1O2 generation, this may be difficult to reproduce for medical device polymers, for 

example.  Therefore, the potential applications of immobilised polymers are 

dependent on the carrier onto which they are attached, or in which they are contained.  

Regardless of the carrier, it is anticipated that research in the area of immobilised 

photosensitisers will continue to grow and reach a clinical level, whereby infection 
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resistant materials can become an integral part of the wider infection control 

procedures in healthcare settings. 

 

3.4.  Photocatalytic disinfection 

 

Whilst not employing photosensitisers for their action, the related area of 

photocatalysis must be mentioned for completeness.  The most frequently-used 

photocatalyst is TiO2, an inexpensive nontoxic, chemically stable semiconductor 

catalyst with high photostability.  Absorption of a photon of light leads to electron 

promotion from the valence to the conduction band, leaving a positively charged hole 

in the valence band.  The photogenerated hole and electron can act as oxidation and 

reduction species respectively, leading to the generation of hydroxyl and 

hydroperoxyl radicals, and H2O2.   Three main polymorphs of TiO2 exist: anatase, 

rutile and brookite.  Anatase has been shown to be the most effective, and has a 

longer lifetime than the rutile form.  The energy required for electron promotion, the 

band gap energy, allows UVA activation of anatase photocatalysis (below ~385 nm)  

[169].  Reactive oxygen species-mediated membrane and cell wall damage, involving 

lipid peroxidation and leakage of cellular components  [170], appears to be the main 

mechanism of bactericidal action, and it and has been shown to lead to complete cell 

mineralisation [171].  A number of bacterial, fungal, protozoal, algal, and viral strains 

have been shown to be killed by TiO2 photocatalytic disinfection, an extensive list of 

which has been published by Foster et al. (2011) [169].  In order to shift the band 

onset of TiO2 to allow activation in the visible light range, metal ions have been 

doped into the structure.  Those studied include Ag and Cu, which have antimicrobial 
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effects that act in synergy with those of TiO2, and a number of other transition metals, 

as reviewed by Liou and Chang [172].   

 

A number of TiO2 immobilised self-cleaning antimicrobial surfaces have been 

developed such as urinary catheters [174, 175] and orthodontic wires [176, 177], in 

addition to decontamination of drinking water [178, 179].  For a thorough review of 

antimicrobial applications of photocatalytic disinfection, readers are referred to 

Gamage and Zhang (2010) [180].  The photocatalytic antimicrobial effect of a TiO2 

nanocomposite has recently been shown to persist for up to two hours following 

removal of the UV light source [173].  This may open new avenues for research and 

application of TiO2 materials for antimicrobial purposes where application of a 

constant light source is impractical.   

 

 

4. Conclusions 

 

Substantial advances have been made in the application of photosensitisers to the 

treatment of human disease and infection, and the ability to excite with light in the 

visible range provides a number of advantages.  The current commercial use and 

clinical efficacy of a number of systems highlights the relevancy of research on these 

compounds and associated delivery systems.  Whilst the majority of success for both 

photodynamic therapy, and photodynamic antimicrobial chemotherapy has been seen 

with ALA, and photosensitisers of the porphyrin and phenothiazinium class, current 

research with other compounds suggests that future clinical applications may be 

afforded from a wider range of sensitisers, both free and immobilised onto bulk and 
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nano-scale polymeric systems, thus expanding the potential applications for 

photosensitising compounds, particularly in the area of antimicrobials. 

 

5. Expert Opinion 

 

The use of light with photosensitisers provides a means by which treatment can be 

highly controlled in terms of time, space, and duration.  This allows tailoring of 

cancer treatments and antimicrobial strategies.  In terms of antimicrobial action, the 

multiplicity of targets in the microbial cell, and demonstrated lack of resistance 

despite attempts to induce it, confer a great benefit over conventional antimicrobial 

methods and disinfectants.  Given the findings of the recent WHO report [68], 

highlighting the global problem of antibiotic resistance, the potential of 

photosensitiser-mediated systems is therefore of significance.  Particularly, WHO 

highlighted E. coli antibiotic resistance, associated with urinary tract infections, high 

levels of methicillin resistance in S. aureus, and resistance to the last resort 

(carbapenem) treatment for Klebsiella pneumonia, often associated with hospital-

acquired pneumonia.  As prevention is often a preferable strategy to cure, 

photosensitising systems such as those described show significant promise for 

infection prevention.  While the existing clinical strategies employing photosensitisers 

have already shown great efficacy, and are of great utility in the treatment of a 

number of conditions, they are somewhat limited due to the currently narrow range of 

photosensitisers used, and the use of photosensitisers mostly in solution. A current 

goal in the field is to expand the range of indications for PDT, and this may be 

enabled by the development of new photosensitiser constructs capable of enhanced 

tissue targeting, or which can be activated by longer wavelengths of light in two-
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photon processes, allowing deeper tissue penetration and fewer side effects, 

particularly in damage to healthy tissue, and also antimicrobial treatment of tissue 

areas not normally directly accessible to light. 

 

It is anticipated that, with the synthesis of newer generation photosensitisers, and 

design of novel delivery strategies and carriers, the clinical applications of 

photosensitisers will further expand to the prevention and treatment of infection, and 

will be of significance in at least partially addressing the wider global issue of 

bacterial resistance.  Their use holds the potential to reduce or replace the use of 

conventional surface decontamination methods, and of antibiotics for some infections.  

Alongside this, however, as with any antimicrobial strategy, is the necessity to assess 

the continuing evasion of bacterial resistance to provide continued assurance of the 

superiority of these compounds over conventional treatments. 

 

Movement towards surface immobilisation has opened and will continue to open 

avenues for treatment of hospital-associated infections, related both to those carried 

on hospital surfaces and on medical devices.  By providing a means by which 

bactericidal action can be exerted, without the requirement for uptake of the 

photosensitiser, the issue of surface contamination and biofouling can be addressed.  

The experimental microbial reductions seen with immobilised photosensitisers are 

significant, and hold promise for the development of clinically useful devices and 

surfaces.  It is likely that with continued research to achieve optimal loading 

concentrations and light doses, and therefore singlet oxygen generating efficiency, a 

number of such photosensitiser-incorporated materials and medical devices will be 

developed for clinical testing over the coming years.  These will have the potential to 
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revolutionise device use, with only light being required for persistent 

decontamination, and enabling prevention of surface colonisation before infection can 

result.  Bringing together the fields of polymer and material science with 

photosensitiser design and development will allow fabrication of novel and diverse 

materials, with efficacy resulting both from optimal material properties and optimal 

photosensitising efficiency.  Application of light of multiple wavelengths may allow 

stimulation of different photosensitiser classes on one device, or indeed allow the 

combination of photocatalysis with photosensitiser-mediated antimicrobial therapies.  

The future of light-activated photosensitiser research is therefore undoubtedly bright, 

and is likely to produce clinically beneficial applications in this growing field.  

 

6. Declaration of Interest 

 We acknowledge the receipt of funding to RAC from the Department for 

Employment and Learning, Northern Ireland. None of the authors have any financial 

or other relevant competing interests to declare. 

 

7. References 

1. Pathak MA, Fitzpatrick TB. The evolution of photochemotherapy with psoralens and UVA (PUVA) 
- 2000 BC to 1992 AD. J Photochem Photobiol B. 1992;14(1-2):3-22. 

2. Phillips D. A little light relief. SCI public lecture series; 2010; SCI; 2010. 

3. Ashkenazi H, Malik Z, Harth Y, et al. Eradication of propionibacterium acnes by its endogenic 
porphyrins after illumination with high intensity blue light. FEMS Immunol Med Microbiol. 
2003;35(1):17-24. 

4. Borelli C, Merk K, Schaller M, et al. In vivo porphyrin production by P. acnes in untreated acne 
patients and its modulation by acne treatment. Acta Derm Venereol. 2006;86(4):316-319. 

5. Raab O. Uber die wirkung fluoreszierender stoffe auf infusorien. Z. Biol. 1900;39:524-46. 

* Discovery of the cidal action of photosensitisers 

 



! 36!

6. von Tappenier H. Uber die wirkung fluoreszierender stoffe auf infusorien nach versuchen von O. 
raab. Muench Med. Wochenschr. 1900;47:5-7. 

7. Jesionek A, von Tappenier H. Therapertische versuche mit fluoreszierenden stoffen. Muench Med. 
Wochneshr. 1903;47:2042-2044. 

8. von Tappeiner H, Jodlbauer A. Uber wirkung der photodynamischen (fluorieszierenden) stoffe auf 
protozoan und enzyme. Deutsch Arch. Klin. Med. 1904;80:427-487. 

9. Ackroyd R, Kelty C, Brown N, et al. The history of photodetection and photodynamic therapy. 
Photochem Photobiol. 2001;74(5):656-669. 

10. Mulliken RS. Interpretation of the atmospheric oxygen bands; electronic levels of the oxygen 
molecule. Nature. 1928;122(3075):505. 

11. Mulliken RS. Interpretation of the atmospheric absorption bands of oxygen. Physical Review. 
1928;32:880-887. 

12. Kautsky H, Die De Bruijn H. Die aufklärung der photoluminescenztilgung fluorescierender system 
durch sauerstoff: Die bildung aktiver, diffusionsfähiger sauerstoffmoleküle durch sensibilisierung.  
Naturwissenschaften. 1931;19(52):1043. 

13. Foote CS, Wexler S. Olefin oxidations with excited singlet molecular oxygen. J Am Chem Soc. 
1964;86:3879-3880. 

14. Foote CS, Wexler S. Singlet oxygen.  A probable intermediate in photosensitised autoxidations. J 
Am Chem Soc. 1964;86(18):3879-3880. 

15. Lewis GN, Kasha M. Phosphorescence and the triplet state. J Am Chem Soc. 1944;66(12):2100-
2116. 

16. Schenck GO, Ziegler K. Die Synthese des Ascaridols. Naturwissenschaften. 1944;32:157. 

17. Corey EJ, Taylor WC. A study of the peroxidation of organic compounds by externally generated 
singlet oxygen molecules. J Am Chem Soc. 1964;86(18):3881-3882. 

18. Jablonski A. Über den Mechanismus der Photolumineszenz von Farbstoffphosphoren. Zeitschrift 
für Physik. 1935;94(1-2):38-46. 

19. Phoenix DA, Harris F. Light activated compounds as antimicrobial agents - patently obvious? 
Recent patents on anti-infective drug discovery. 2006;1(2):181-199. 

20. Brady C, Bell SEJ, Parsons C, et al. Novel porphyrin-incorporated hydrogels for photoactive 
intraocular lens biomaterials. J Phys Chem B. 2007;111(3):527-534. 

21. Maisch T, Baier J, Franz B, et al. The role of singlet oxygen and oxygen concentration in 
photodynamic inactivation of bacteria. Proc Natl Acad Sci U S A. 2007;104(17):7223-7228. 

22. Wainwright M. Photodynamic antimicrobial chemotherapy (PACT). J Antimicrob Chemother. 
1998;42(1):13-28. 

* Good review of PACT 

 



! 37!

23. Bonnett R. Photosensitizers of the porphyrin and phthalocyanine series for photodynamic therapy. 
Chem Soc Rev. 1995;24(1):19-33. 

24. Castano AP, Demidova TN, Hamblin MR. Mechanisms in photodynamic therapy: Part one—
photosensitizers, photochemistry and cellular localization. Photodiagn Photodyn. 2004;1(4):279-293. 

25. Wiedmann MW, Caca K. General principles of photodynamic therapy (PDT) and gastrointestinal 
applications. Curr Pharm Biotechnol. 2004;5(4):397-408. 

26. Tian YY, Wang LL, Wang W. Progress in photodynamic therapy on tumors. Laser Phys. 
2008;18(10):1119-1123. 

27. Moan J, Peng Q. An outline of the hundred-year history of PDT. Anticancer Res. 
2003;23(5A):3591-5600. 

* Development of photodynamic therapy – a good review 

 

28. Dougherty TJ, Henderson BW, Gomer CJ, et al. Photodynamic therapy. J Natl Cancer I. 
1998;90(12):889-905. 

29. Moghissi K, Dixon K, Stringer M, et al. The place of bronchoscopic photodynamic therapy in 
advanced unresectable lung cancer: Experience of 100 cases. Eur J Cardio-Thorac. 1999;15(1):1-6. 

30. Moghissi K, Dixon K, Hudson E, et al. Endoscopic laser therapy in malignant tracheobronchial 
obstruction using sequential Nd YAG laser and photodynamic therapy. Thorax. 1997;52(3):281-283. 

31. Cortese DA, Edell ES, Kinsey JH. Photodynamic therapy for early stage squamous cell carcinoma 
of the lung. Mayo Clin Proc. 1997;72(7):595-602. 

32. Savary JF, Grosjean P, Monnier P, et al. Photodynamic therapy of early squamous cell carcinomas 
of the esophagus: A review of 31 cases. Endoscopy. 1998;30(3):258-265. 

33. Overholt BF, Panjehpour M. Photodynamic therapy in Barrett's esophagus. J Clin Laser Med Surg. 
1996;14(5):245-249. 

34. Bernstein ZP, Wilson BD, Oscroff AR, et al. Photofrin photodynamic therapy for treatment of 
AIDS-related cutaneous Kaposi’s sarcoma. AIDS. 1999;13(13):1697-1704. 

35. Allison RR, Mang TS, Wilson BD. Photodynamic therapy for the treatment of nonmelanomatous 
cutaneous malignancies. Semin Cutan Med Surg. 1998;17(2):153-163. 

36. Schweitzer VG. Photofrin-mediated photodynamic therapy for treatment of aggressive head and 
neck nonmelanomatous skin tumors in elderly patients. Laryngoscope. 2001;111(6):1091-1098. 

37. Allison RR, Downie GH, Cuenca R, et al. Photosensitizers in clinical PDT. Photodiagn Photodyn. 
2004 5;1(1):27-42. 

38. Kennedy JC, Pottier RH. Endogenous protoporphyrin IX, a clinically useful photosensitizer for 
photodynamic therapy. J Photochem Photobiol B. 1992;14(4):275-292. 

39. Klein A, Babilas P, Karrer S, et al. Photodynamic therapy in dermatology - an update 2008. J Dtsch 
Dermatol Ges. 2008;6(10):839-45. 

40. Public Assessment Report.  Alacare 8 mg Medicated Plaster, 2009. 



! 38!

41. Parrish JA, Fitzpatr.Tb, Tanenbau.L, et al. Photochemotherapy of psoriasis with oral methoxsalen 
and longwave ultraviolet light. N Engl J Med. 1974;291(23):1207-1211. 

42. Archier E, Devaux S, Castela E, et al. Carcinogenic risks of psoralen UV-A therapy and 
narrowband UV-B therapy in chronic plaque psoriasis: A systematic literature review. J Eur Acad 
Dermatol Venereol. 2012;26 Suppl 3:22-31. 

43. Downes A, Blunt TP. Researches on the effect of light upon bacteria and other organisms. P R 
Soc London. 1877;26(179-184):488-500. 

44. Arloing MS. Influence de la lumiére sur la végétation et les propriétés pathogenénes du Bacillus 
anthracis. Compt. Rendus. Hebd. des Seances de l'Academie des Sciences. 1885;100:378-381. 

45. Arloing MS. Influence du soliel sur la végétabilition, la végétabilité et la virulence des cultures du 
Bacillus anthracis. Compt. Rendus. Hebd. des Seances de l'Academie des Sciences. 1885;101:535-537. 

46. Arloing MS. Influence du soliel sur la végétabilité de spores du Bacillus anthracis. Compt. Rendus. 
Hebd. des Seances de l'Academie des Sciences. 1885;101:511-513. 

47. Kowalski W. Ultraviolet germicidal irradiation handbook. Berlin: Springer; 2009. 

48. Geisler T. Zur Frage über die Wirkung des Licht auf Bakterien. Centralblatt für Bakteriologie und 
Parasitenkunde. 1892;11:161-173. 

49. Ward HM. Experiments on the action of light on Bacillus anthracis. P R Soc London. 1892;52:393-
400. 

50. Moller K, Kongshoj B, Philipsen P, et al. How Finsen's light cured lupus vulgaris. Photodermatol 
Photoimmunol Photomed. 2005;21(3):118-124. 

51. Barnard JE, Morgan HR. The physical factors in phototherapy. Brit Med J. 1903;2(2237):1269-
1271. 

52. Newcomer HS. The abiotic action of ultra-violet light. J Exp Med. 1917;26(6):841-849. 

53. Rutala WA, Weber DJ, Healthcare Infection Control Practices Advisory Committee (HICPAC). 
Guideline for disinfection and sterilization in healthcare facilities. CDC. 2008:1-79. 

54. Lambert PA. Radiation sterilization. In: Fraise AP, Lambert PA, Maillard J, editors. Russel, Hugo 
& Ayliffe's Principles and Practice of Disinfection, Preservation & Sterilization. 4th ed. Oxford: 
Blackwell Publishing; 2004. p. 384-400. 

55. Zaffina S, Camisa V, Lembo M, et al. Accidental exposure to UV radiation produced by germicidal 
lamp: Case report and risk assessment. Photochem Photobiol. 2012;88(4):1001-4. 

56. Bockstahler E, Lytle CD, Hellman KB. A review of photodynamic therapy for herpes simplex: 
Benefits and potential risks. Maryland: United States Food and Drug Administration, Bureau of 
Radiological Health; 1974. 

57. Myers M, Oxman M, Clark J, et al. Failure of neutral-red photodynamic inactivation in recurrent 
herpes-simplex virus-infections. N Engl J Med. 1975;293(19):945-949. 

58. Chang TW, Fiumara N, Weinstein L. Genital herpes: Treatment with methylene blue and light 
exposure. Int J Dermatol. 1975;14(1):69-71. 

59. Chang TW. Viral photoinactivation and oncogenesis. Arch Dermatol. 1976;112(8):1176. 



! 39!

60. Sharma SK, Dai T, Kharkwal GB, et al. Drug discovery of antimicrobial photosensitizers using 
animal models. Curr Pharm Des. 2011;17(13):1303-1319. 

61. Valenzeno DP. Photomodification of biological-membranes with emphasis on singlet oxygen 
mechanisms. Photochem Photobiol. 1987;46(1):147-160. 

62. Lavi A, Weitman H, Holmes RT, et al. The depth of porphyrin in a membrane and the membrane's 
physical properties affect the photosensitizing efficiency. Biophys J. 2002;82(4):2101-2110. 

63. Perussi J. Photodynamic inactivation of microorganisms. Química nova. 2007;30(4):988-994. 

64. Giuliani F, Martinelli M, Cocchi A, et al. In vitro resistance selection studies of RLP068/cl, a new 
Zn(II) phthalocyanine suitable for antimicrobial photodynamic therapy. Antimicrob Agents 
Chemother. 2010;54(2):637-642. 

65. Pedigo LA, Gibbs AJ, Scott RJ, et al. Absence of bacterial resistance following repeat exposure to 
photodynamic therapy. Proc. SPIE 7380, Photodynamic Therapy: Back to the Future 2009:73803H. 

66. Tavares A, Carvalho CMB, Faustino MA, et al. Antimicrobial photodynamic therapy: Study of 
bacterial recovery viability and potential development of resistance after treatment. Mar Drugs. 
2010;8(1):91-105. 

67. Lauro F, Pretto P, Covolo L, et al. Photoinactivation of bacterial strains involved in periodontal 
diseases sensitized by porphycene-polylysine conjugates. Photochem Photobiol Sci. 2002;1(7):468-
470. 

68. World Health Organisation. Antimicrobial resistance: Global report on surveillance. 2014:1-257. 

69. Bolean M, Paulino TdP, Thedei G, Jr., et al. Photodynamic therapy with rose bengal induces 
GroEL expression in Streptococcus mutans. Photomed Laser Surg. 2010;28 Suppl 1:S79-84. 

70. St Denis TG, Huang L, Dai T, et al. Analysis of the bacterial heat shock response to photodynamic 
therapy-mediated oxidative stress. Photochem Photobiol. 2011;87(3):707-713. 

71. Wainwright M. Methylene blue derivatives — suitable photoantimicrobials for blood product 
disinfection? Int J Antimicrob Agents. 2000;16(4):381-394. 

72. Maisch T. A new strategy to destroy antibiotic resistant microorganisms: Antimicrobial 
photodynamic treatment. Mini Rev Med Chem. 2009;9(8):974-983. 

73. Wainwright M, Phoenix D, Laycock S, et al. Photobactericidal activity of phenothiazinium dyes 
against methicillin-resistant strains of Staphylococcus aureus. FEMS Microbiol Lett. 1998;160(2):177-
181. 

74. Maisch T, Hackbarth S, Regensburger J, et al. Photodynamic inactivation of multi-resistant bacteria 
(PIB) - a new approach to treat superficial infections in the 21st century. J Dtsch Dermatol Ges. 
2011;9(5):360-366. 

75. Wainwright M, Phoenix DA, Gaskell M, et al. Photobactericidal activity of methylene blue 
derivatives against vancomycin-resistant Enterococcus spp. J Antimicrob Chemother. 1999;44(6)823-
825. 

76. Calzavara-Pinton P, Rossi MT, Sala R, et al. Photodynamic antifungal chemotherapy. Photochem 
Photobiol. 2012;88(3):512-522. 



! 40!

77. Rodrigues GB, Dias-Baruffi M, Holman N, et al. In vitro photodynamic inactivation of Candida 
species and mouse fibroblasts with phenothiazinium photosensitisers and red light. Photodiagnosis 
Photodyn Ther. 2013;10(2):141-149. 

78. Rodrigues GB, Ferreira LKS, Wainwright M, et al. Susceptibilities of the dermatophytes 
Trichophyton mentagrophytes and T. rubrum microconidia to photodynamic antimicrobial 
chemotherapy with novel phenothiazinium photosensitizers and red light. J Photochem Photobiol B. 
2012;116(0):89-94. 

79. Kharkwal GB, Sharma SK, Huang Y, et al. Photodynamic therapy for infections: Clinical 
applications. Lasers Surg Med. 2011;43(7):755-767. 

* Comprehensive review on the clinical applications of photodynamic antimicrobial chemotherapy 

 

80. Demidova T, Hamblin M. Photodynamic inactivation of Bacillus spores, mediated by 
phenothiazinium dyes. Appl Environ Microbiol. 2005;71(11):6918-6925. 

81. Oliveira A, Almeida A, Carvalho C, et al. Porphyrin derivatives as photosensitizers for the 
inactivation of Bacillus cereus endospores. J Appl Microbiol. 2009;106(6):1986-1995. 

82. Oliveira A, Almeida A, Carvalho C, et al. Assessment of the performance of porphyrin derivatives 
as photosensitizers for the inactivation of bacterial endospores. In: Mendez-Vilas A. (ed), Current 
Research Topics in Applied Microbiology and Microbial Biotechnology. World Scientific Publishing 
Co. Pte. Ltd.,Singapore, 2004:p166-169 

83. Zerdin K, Scully A. Inactivation of food-borne spoilage and pathogenic micro-organisms on the 
surface of a photoactive polymer. Photochem Photobiol. 2010;86(5):1109-1117. 

84. Lambrecht B, Mohr H, Knuverhopf J, et al. Photoinactivation of viruses in human fresh plasma by 
phenothiazine dyes in combination with visible light. Vox Sang. 1991;60(4):207-213. 

85. Wainwright M, Amaral L. Review: The phenothiazinium chromophore and the evolution of 
antimalarial drugs. Trop Med Int Health. 2005;10(6):501-511. 

86. Zhao XJ, Lustigman S, Kenney ME, et al. Structure-activity and mechanism studies on silicon 
phthalocyanines with Plasmodium falciparum in the dark and under red light. Photochem Photobiol. 
1997;66(2):282-287. 

87. Kosaka S, Akilov OE, O'Riordan K, et al. A mechanistic study of delta-aminolevulinic acid-based 
photodynamic therapy for cutaneous leishmaniasis. J Invest Dermatol. 2007;127(6):1546-1549. 

88. Asilian A, Davami M. Comparison between the efficacy of photodynamic therapy and topical 
paromomycin in the treatment of old world cutaneous leishmaniasis: A placebo-controlled, randomized 
clinical trial. Clin Exp Dermatol. 2006;31(5):634-637. 

89. Bristow C, Hudson R, Paget TA, et al. Potential of cationic porphyrins for photodynamic treatment 
of cutaneous leishmaniasis. Photodiagn Photodyn. 2006;3(3):162-167. 

90. Song D, Lauletta Lindoso JA, Oyafuso LK, et al. Photodynamic therapy using methylene blue to 
treat cutaneous leishmaniasis. Photomed Laser Surg. 2011;29(10):711-715. 

91. Jori G, Fabris C, Soncin M, et al. Photodynamic therapy in the treatment of microbial infections: 
Basic principles and perspective applications. Lasers Surg Med. 2006;38(5):468-481. 



! 41!

92. Leive L. Barrier function of gram-negative envelope. Ann N Y Acad Sci. 1974;235(0):109-129. 

93. Huang L, Xuan Y, Koide Y, et al. Type I and type II mechanisms of antimicrobial photodynamic 
therapy: An in vitro study on gram-negative and gram-positive bacteria. Lasers Surg Med. 
2012;44(6):490-499. 

94. DeRosa MC, Crutchley RJ. Photosensitized singlet oxygen and its applications. Coord Chem Rev. 
2002;233–234(0):351-371. 

95. Komerik N, Wilson M, Poole S. The effect of photodynamic action on two virulence factors of 
gram-negative bacteria. Photochem Photobiol. 2000;72(5):676-680. 

96. Wainwright M, Phoenix D, Smillie T, et al. Phenothiaziniums as putative photobactericidal agents 
for red blood cell concentrates. J Chemother. 2001;13(5):503-509. 

97. Huang L, Zhiyentayev T, Xuan Y, et al. Photodynamic inactivation of bacteria using 
polyethylenimine-chlorin(e6) conjugates: Effect of polymer molecular weight, substitution ratio of 
chlorin(e6) and pH. Lasers Surg Med. 2011;43(4):313-323. 

98. Hong S, Lee M. Topical aminolevulinic acid-photodynamic therapy for the treatment of acne 
vulgaris. Photodermatol Photoimmunol Photomed. 2005;21(6):322-325. 

99. Hongcharu W, Taylor C, Chang Y, et al. Topical ALA-photodynamic therapy for the treatment of 
acne vulgaris. J Invest Dermatol. 2000;115(2):183-192. 

100. Horfelt C, Funk J, Frohm-Nilsson M, et al. Topical methyl aminolaevulinate photodynamic 
therapy for treatment of facial acne vulgaris: Results of a randomized, controlled study. Br J Dermatol. 
2006;155(3):608-613. 

101. Goldman MP, Boyce SM. A single-center study of aminolevulinic acid and 417 NM 
photodynamic therapy in the treatment of moderate to severe acne vulgaris. J Drugs Dermatol. 
2003;2(4):393-396. 

102. Itoh Y, Ninomiya Y, Tajima S, et al. Photodynamic therapy of acne vulgaris with topical delta-
aminolaevulinic acid and incoherent light in Japanese patients. Br J Dermatol. 2001;144(3):575-579. 

103. Rojanamatin J, Choawawanich P. Treatment of inflammatory facial acne vulgaris with intense 
pulsed light and short contact of topical 5-aminolevulinic acid: A pilot study. Dermatol Surg. 
2006;32(8):991-996. 

104. Bissonnette R, Maari C, Nigen S, et al. Photodynamic therapy with methylaminolevulinate 80 
mg/g without occlusion improves acne vulgaris. J Drugs Dermatol. 2010;9(11):1347-1352. 

105. Wiegell SR, Wulf HC. Photodynamic therapy of acne vulgaris using methyl aminolaevulinate: A 
blinded, randomized, controlled trial. Br J Dermatol. 2006;154(5):969-976. 

106. Wiegell SR, Wulf HC. Photodynamic therapy of acne vulgaris using 5-aminolevulinic acid versus 
methyl aminolevulinate. J Am Acad Dermatol. 2006;54(4):647-651. 

107. Kim JE, Hwang JI, Lee JI, et al. Pilot study on photodynamic therapy for acne using chlorophyll: 
Evaluator-blinded, split-face study. J Dermatol Treat. 2012;23(1):35-36. 

108. Jang MS, Doh KS, Kang JS, et al. A comparative split-face study of photodynamic therapy with 
indocyanine green and indole-3-acetic acid for the treatment of acne vulgaris. Br J Dermatol. 
2011;165(5):1095-1100. 



! 42!

109. Katz B, Patel V. Photodynamic therapy for the treatment of erythema, papules, pustules, and 
severe flushing consistent with rosacea. J Drugs Dermatol. 2006;5(2 Suppl):6-8. 

110. Bryld LE, Jemec GBE. Photodynamic therapy in a series of rosacea patients. J Eur Acad Dermatol 
Venereol. 2007;21(9):1199-1202. 

111. Braun A, Dehn C, Krause F, et al. Short-term clinical effects of adjunctive antimicrobial 
photodynamic therapy in periodontal treatment: A randomized clinical trial. J Clin Periodontol. 
2008;35(10):877-884. 

112. de Oliveira RR, Schwartz-Filho HO, Novaes AB, Jr., et al. Antimicrobial photodynamic therapy 
in the non-surgical treatment of aggressive periodontitis: Cytokine profile in gingival crevicular fluid, 
preliminary results. J Periodontol. 2009;80(1):98-105. 

113. de Oliveira RR, Schwartz-Filho HO, Novaes AB, Jr., et al. Antimicrobial photodynamic therapy 
in the non-surgical treatment of aggressive periodontits: A preliminary randomized controlled clinical 
study. J Periodontol. 2007;78(6):965-973. 

114. Lui J, Corbet EF, Jin L. Combined photodynamic and low-level laser therapies as an adjunct to 
nonsurgical treatment of chronic periodontitis. J Periodont Res. 2011;46(1):89-96. 

115. Ge L, Shu R, Li Y, et al. Adjunctive effect of photodynamic therapy to scaling and root planing in 
the treatment of chronic periodontitis. Photomed Laser Surg. 2011;29(1):33-37. 

116. Wilder-Smith CH, Wilder-Smith P, Grosjean P, et al. Photoeradication of Helicobacter pylori 
using 5-aminolevulinic acid: Preliminary human studies. Lasers Surg Med. 2002;31(1):18-22. 

117. Ganz R, Viveiros J, Ahmad A, et al. Helicobacter pylori in patients can be killed by visible light. 
Lasers Surg Med. 2005;36(4):260-265. 

118. Lembo AJ, Ganz RA, Sheth S, et al. Treatment of Helicobacter pylori infection with intra-gastric 
violet light phototherapy: A pilot clinical trial. Lasers Surg Med. 2009;41(5):337-344. 

119. Evangelou G, Krasagakis K, Giannikaki E, et al. Successful treatment of cutaneous leishmaniasis 
with intralesional aminolevulinic acid photodynamic therapy. Photodermatol Photoimmunol Photomed. 
2011;27(5):254-256. 

120. Sohl S, Kauer F, Paasch U, et al. Photodynamic treatment of cutaneous leishmaniasis. J Dtsch 
Dermatol Ges. 2007;5(2):128-130. 

121. Watanabe D, Kawamura C, Masuda Y, et al. Successful treatment of toenail onychomycosis with 
photodynamic therapy. Arch Dermatol. 2008;144(1):19-21. 

122. Qiao J, Li R, Ding Y, Fang H. Photodynamic therapy in the treatment of superficial mycoses: An 
evidence-based evaluation. Mycopathologia. 2010;170(5):339-343. 

123. Sotiriou E, Koussidou-Ermonti T, Chaidemenos G, et al. Photodynamic therapy for distal and 
lateral subungual toenail onychomycosis caused by Trichophyton rubrum: Preliminary results of a 
single-centre open trial. Acta Derm Venereol. 2010;90(2):216-217. 

124. Moore C, Melnick J, Wallis C, et al. Photodynamic treatment of herpes keratitis. Infect Immun. 
1972;5(2):169-171. 

125. Kim JE, Kim SJ, Hwang JI, et al. New proposal for the treatment of viral warts with intralesional 
injection of 5-aminolevulinic acid photodynamic therapy. J Dermatol Treat. 2012;23(3):192-195. 



! 43!

126. Ohtsuki A, Hasegawa T, Hirasawa Y, et al. Photodynamic therapy using light-emitting diodes for 
the treatment of viral warts. J Dermatol. 2009;36(10):525-528. 

127. Schroeter CA, Pleunis J, Pannerden CVT, et al. Photodynamic therapy: New treatment for 
therapy-resistant plantar warts. Dermatologic Surgery. 2005;31(1):71-75. 

128. Wainwright M, Smalley H, Flint C. The use of photosensitisers in acne treatment. J Photochem 
Photobiol B-Biol. 2011;105(1):1-5. 

129. Denfotex [Internet].: Denfotex Ltd.; 2012. Available from: http://www.denfotex.com/. 

130. Antimicrobial photodynamic therapy (aPDT) [Internet].: HELBO Photodynamic systems; 2012. 
Available from: http://www.helbo.de/en/dentist-information/the-therapy-system.html. 

131. PeriowaveTM [Internet].: Ondine Biomedical Inc.; 2012. Available from: 
http://www.ondinebio.com/products/periowave/. 

132. Betsy J, Prasanth CS, Baiju KV, et al. Efficacy of antimicrobial photodynamic therapy in the 
management of chronic periodontitis: A randomized controlled clinical trial. J Clin Periodontol. 
2014;41(6):573-581. 

133. Mongardini C, Di Tanna GL, Pilloni A. Light-activated disinfection using a light-emitting diode 
lamp in the red spectrum: Clinical and microbiological short-term findings on periodontitis patients in 
maintenance. A randomized controlled split-mouth clinical trial. Lasers Med Sci. 2014;29(1):1-8. 

134. Bassir SH, Moslemi N, Jamali R, et al. Photoactivated disinfection using light-emitting diode as 
an adjunct in the management of chronic periodontitis: A pilot double-blind split-mouth randomized 
clinical trial. J Clin Periodontol. 2013;40(1):65-72. 

135. Arweiler NB, Pietruska M, Skurska A, et al. Nonsurgical treatment of aggressive periodontitis 
with photodynamic therapy or systemic antibiotics. three-month results of a randomized, prospective, 
controlled clinical study. Schweiz Monatsschr Zahnmed. 2013;123(6):532-544. 

136. Noro Filho GA, Casarin RCV, Casati MZ, et al. PDT in non-surgical treatment of periodontitis in 
HIV patients: A split-mouth, randomized clinical trial. Lasers Surg Med. 2012;44(4):296-302. 

137. Biel MA, Sievert C, Usacheva M, et al. Reduction of endotracheal tube biofilms using 
antimicrobial photodynamic therapy. Lasers Surg Med. 2011;43(7):586-590. 

138. MRSAid [Internet].; 2014. Available from: http://www.ondinebio.com/products/mrsaid/. 

139. Sinuwave [Internet].; 2014. Available from: http://www.sinuwave.com/problem-
solution/sinuwave-solution/. 

140. Scwingel AR, Pinheiro Barcessat AR, Nunez SC, et al. Antimicrobial photodynamic therapy in 
the treatment of oral candidiasis in HIV-infected patients. Photomed Laser Surg. 2012;30(8):429-432. 

141. Cassidy CM, Tunney MM, Magee ND, et al. Drug and light delivery strategies for photodynamic 
antimicrobial chemotherapy (PACT) of pulmonary pathogens: A pilot study. Photodiagnosis Photodyn 
Ther. 2011;8(1):1-6. 

142. Cassidy CM, Donnelly RF, Elborn JS, et al. Photodynamic antimicrobial chemotherapy (PACT) 
in combination with antibiotics for treatment of Burkholderia cepacia complex infection. J Photochem 
Photobiol B. 2012;106:95-100. 



! 44!

143. Conway SP, Brownlee KG, Denton M, et al. Antibiotic treatment of multidrug-resistant organisms 
in cystic fibrosis. Am J Respir Med. 2003;2(4):321-332. 

144. Bonnett R, Buckley D, Burrow T, et al. Photobactericidal materials based on porphyrins and 
phthalocyanines. J Mater Chem. 1993;3(3):323-324. 

* Some of the first work on photosensitiser immobilisation 

 

145. Bonnett R, Evans R, Galia A. Immobilized photosensitizers: Photosensitizer films with 
microbicidal effects. Proc. SPIE 3191, Photochemotherapy: Photodynamic Therapy and Other 
Modalities III. 1997;3191:79-88. 

146. Parsons C, McCoy CP, Gorman SP, et al. Anti-infective photodynamic biomaterials for the 
prevention of intraocular lens-associated infectious endophthalmitis. Biomaterials. 2009;30(4):597-
602. 

147. McCoy CP, Craig RA, McGlinchey SM, et al. Surface localisation of photosensitisers on 
intraocular lens biomaterials for prevention of infectious endophthalmitis and retinal protection. 
Biomaterials. 2012;33(32):7952-7958. 

148. Elder M, Stapleton F, Evans E, et al. Biofilm-related infections in ophthalmology. Eye. 
1995;9:102-109. 

149. Krouit M, Granet R, Branland P, et al. New photoantimicrobial films composed of porphyrinated 
lipophilic cellulose esters. Bioorg Med Chem Lett. 2006;16(6):1651-1655. 

150. Krouit M, Granet R, Krausz P. Photobactericidal plastic films based on cellulose esterified by 
chloroacetate and a cationic porphyrin. Bioorg Med Chem. 2008;16(23):10091-10097. 

151. Wilson M. Light-activated antimicrobial coating for the continuous disinfection of surfaces. Infect 
Control Hosp Epidemiol. 2003;24(10):782-784. 

152. Naik AJT, Ismail S, Kay C, et al. Antimicrobial activity of polyurethane embedded with 
methylene blue, toluidine blue and gold nanoparticles against Staphylococcus aureus; illuminated with 
white light. Mater Chem Phys. 2011;129(1–2):446-50. 

153. Perni S, Piccirillo C, Pratten J, et al. The antimicrobial properties of light-activated polymers 
containing methylene blue and gold nanoparticles. Biomaterials. 2009;30(1):89-93. 

154. Funes M, Caminos D, Alvarez M, et al. Photodynamic properties and photoantimicrobial action of 
electrochemically generated porphyrin polymeric films. Environ Sci Technol. 2009;43(3):902-908. 

155. Kuznetsova NA, Yuzhakova OA, Strakhovskaya MG, et al. New heterogeneous photosensitizers 
with phthalocyanine molecules covalently linked to aminopropyl silica gel. J Porphyr Phthalocyanines. 
2011;15(7-8):718-726. 

156. Alvarez MG, Gómez ML, Mora SJ, et al. Photodynamic inactivation of Candida albicans using 
bridged polysilsesquioxane films doped with porphyrin. Bioorg Med Chem. 2012;20(13):4032-4039. 

157. Ringot C, Sol V, Granet R, et al. Porphyrin-grafted cellulose fabric: New photobactericidal 
material obtained by "click-chemistry" reaction. Mater Lett. 2009;63(21):1889-1891. 

158. Arenbergerova M, Arenberger P, Bednar M, et al. Light-activated nanofibre textiles exert 
antibacterial effects in the setting of chronic wound healing. Exp Dermatol. 2012;21(8):619-624. 



! 45!

159. Jesenska S, Plistil L, Kubat P, et al. Antibacterial nanofiber materials activated by light. J Biomed 
Mater Res A. 2011;99(4):676-683. 

160. Bonnett R, Krysteva M, Lalov I, et al. Water disinfection using photosensitizers immobilized on 
chitosan. Water Res. 2006;40(6):1269-1275. 

161. Benabbou AK, Guillard C, Pigeot-Remy S, et al. Water disinfection using photosensitizers 
supported on silica. J Photochem Photobiol A. 2011;219(1):101-108. 

162. Manjon F, Santana-Magana M, Garcia-Fresnadillo D, et al. Singlet oxygen sensitizing materials 
based on porous silicone: Photochemical characterization, effect of dye reloading and application to 
water disinfection with solar reactors. Photochem Photobiol Sci. 2010;9(6):838-845. 

163. Manjon F, Garcia-Fresnadillo D, Orellana G. Water disinfection with Ru(II) photosensitisers 
supported on ionic porous silicones. Photochem Photobiol Sci. 2009;8(7):926-932. 

164. Zerdin K, Horsham MA, Durham R, et al. Photodynamic inactivation of bacterial spores on the 
surface of a photoactive polymer. React Funct Polym. 2009;69(11):821-782. 

165. Carpenter BL, Feese E, Sadeghifar H, et al. Porphyrin-cellulose nanocrystals: A photobactericidal 
material that exhibits broad spectrum antimicrobial activity. Photochem Photobiol. 2012;88(3):527-
536. 

166. Feese E, Sadeghifar H, Gracz HS, et al. Photobactericidal porphyrin-cellulose nanocrystals: 
Synthesis, characterization, and antimicrobial properties. Biomacromolecules. 2011;12(10):3528-3539. 

167. Shrestha A, Kishen A. Antibacterial efficacy of photosensitizer functionalized biopolymeric 
nanoparticles in the presence of tissue inhibitors in root canal. J Endod. 2014;40(4):566-570. 

168. Shrestha A, Hamblin MR, Kishen A. Photoactivated rose bengal functionalized chitosan 
nanoparticles produce antibacterial/biofilm activity and stabilize dentin-collagen. Nanomedicine. 
2014;10(3):491-501. 

169. Foster HA, Ditta IB, Varghese S, et al. Photocatalytic disinfection using titanium dioxide: 
Spectrum and mechanism of antimicrobial activity. Appl Microbiol Biotechnol. 2011;90(6):1847-1868. 

170. Sunada K, Watanabe T, Hashimoto K. Studies on photokilling of bacteria on TiO2 thin film. J 
Photochem Photobiol A. 2003;156(1-3):227-233. 

171. Wolfrum E, Huang J, Blake D, et al. Photocatalytic oxidation of bacteria, bacterial and fungal 
spores, and model biofilm components to carbon dioxide on titanium dioxide-coated surfaces. Environ 
Sci Technol. 2002;36(15):3412-3419. 

172. Liou J, Chang H. Bactericidal effects and mechanisms of visible light-responsive titanium dioxide 
photocatalysts on pathogenic bacteria. Arch Immunol Ther Exp (Warsz). 2012;60(4):267-275. 

173. Cai Y, Stromme M, Welch K. Photocatalytic antibacterial effects are maintained on resin-based 
TiO2 nanocomposites after cessation of UV irradiation. PLoS One. 2013;8(10):e75929. 

174. Ohko Y, Utsumi Y, Niwa C, et al. Self-sterilizing and self-cleaning of silicone catheters coated 
with TiO2 photocatalyst thin films: A preclinical work. J Biomed Mater Res. 2001;58(1):97-101. 

175. Yao Y, Ohko Y, Sekiguchi Y, et al. Self-sterilization using silicone catheters coated with Ag and 
TiO2 nanocomposite thin film. J Biomed Mater Res B. 2008;85(2):453-460. 



! 46!

176. Chun M, Shim E, Kho E, et al. Surface modification of orthodontic wires with photocatalytic 
titanium oxide for its antiadherent and antibacterial properties. Angle Orthod. 2007;77(3):483-488. 

177. Ozyildiz F, Uzel A, Hazar AS, et al. Photocatalytic antimicrobial effect of TiO2 anatase thin-film-
coated orthodontic arch wires on 3 oral pathogens. Turk J Biol. 2014;38(2):289-295. 

178. Liga MV, Maguire-Boyle SJ, Jafry HR, et al. Silica decorated TiO2 for virus inactivation in 
drinking water - simple synthesis method and mechanisms of enhanced inactivation kinetics. Environ 
Sci Technol. 2013;47(12):6463-6470. 

179. Mendez-Hermida F, Ares-Mazas E, McGuigan KG, et al. Disinfection of drinking water 
contaminated with Cryptosporidium parvum oocysts under natural sunlight and using the photocatalyst 
TiO2. J Photochem Photobiol B. 2007;88(2-3):105-111. 

180. Gamage J, Zhang Z. Applications of photocatalytic disinfection. Int J Photoenergy. 2010:Article 
ID 764870, 11 pages. 

 
 
 


