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Introduction 
Antimicrobial resistance (AMR) is considered 
one of the most serious threats to global 
health, demanding the development of safe, 
effective, non-antibiotic therapies for 

infection control.[1] Because of the incredible 
cost, time and effort required to develop, 
approve, and commercialize new antibiotics, 
the drug development pipeline has stagnated 
in recent years, even as the generation of 
antibiotics originally developed in the 1980s 

and 1990s become increasingly ineffective.[2-

5] 
 

Photodisinfection therapy (PDT) is a 
treatment modality that involves the 
administration of a light-sensitive compound, 
known as a photosensitizer (PS), followed by 
light irradiation at a specific wavelength that 
excites or “activates” the PS. PDT is minimally 
invasive, not harmful, and already used 
clinically to treat a wide range of medical 
conditions including acne, psoriasis, age- 
related macular degeneration, periodontitis, 
chronic rhinosinusitis, and several cancers 
such as skin, lung, brain, bladder, bile-duct, 
esophageal, and head and neck cancers. In its 
antimicrobial form, (antimicrobial PDT - aPDT) 
it has been shown to eradicate pathogenic 
microorganisms such as Gram-positive and 
Gram-negative bacteria, viruses, protozoa, 
and fungi and, unlike traditional antibiotics, 
does not induce resistance following repeated 
exposures to the therapy.[128-130,133-139] 

 
For these reasons, we believe aPDT will evolve 
into an essential tool for infection control and 
become a vital part of the solution to the 
global AMR crisis. This report will underscore 
the AMR threat, describe the urgent need for 
non-antibiotic approaches to global infection 
control, explain the fundamental principles of 
aPDT, and illustrate the ways in which aPDT 
can be used to reduce the risk of hospital-
acquired infections and improve patient 
outcomes. 

 

 
 
 

AMR is a Global Health Threat 
The UK’s 2016 O’Neill report concluded that 
multi-drug resistance will kill more people by 
2050 than cancer, diabetes and cholera 

combined.[6] The US Centers for Disease 
Control and Prevention (CDC) estimates that 
in the US alone, at least 2 million illnesses and 

23,000 deaths are caused by AMR.[7] In the 
European Union, AMR causes 25,000 deaths 
per year and leads to 2.5 million extra 

hospital days.[8] The full global impact of AMR 
is unknown because there is currently no 
system in place to track it. 

 
AMR is recognized as a critical problem at the 

highest political levels.[7] In September 2016, a 
declaration endorsed by Heads of State at the 
United Nations General Assembly signaled the 
world’s commitment to taking a broad, 
coordinated approach to address the root 
causes of antimicrobial resistance. The United 
Nations Secretary-General has established the 
Interagency Coordination Group on 
Antimicrobial Resistance to improve 
coordination between international 
organizations and to ensure effective global 

action against this threat to health security.[1] 

The World Health Organization (WHO) has 
launched multiple initiatives to help Member 
States develop national action plans on 
antimicrobial resistance, including the Global 
Antibiotic Research and Development 
Partnership, a joint initiative of WHO and the 
Drugs for Neglected Diseases Initiative that 
encourages research and development 
through public-private partnerships. By 2023, 
the partnership aims to develop and deliver 
up to four new antibiotics, through 
improvement of existing antibiotics and 
acceleration of the entry of new antibiotic 

drugs.[1] In 2017, the G20 group of nations 
launched the Global R&D Collaboration Hub 
on AMR with the goal of identifying important 
gaps in the development of tools to combat 
AMR, such as antibiotics, diagnostics, and 

vaccines.[9] These are just a few examples of 
the worldwide mobilization of resources to 
address the expanding threat of AMR. 
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Figure 1: Staphylococcus aureus infections are caused 
by a bacterium that can divide every half hour in 
optimal conditions. Theoretically, a single cell can form 
a colony of more than a million cells in ten hours. 
Source: Janice Haney Carr/CDC. 

The Microbes are Winning; Humans Share 
Much of the Blame 
The reality is that microbes (i.e., bacteria, viruses, 
fungi, protozoa) are currently winning the 
antibiotic arms race and one major reason comes 
down to basic biology: microbes, especially 
bacteria, are capable of reproducing at very high 
rates. Consider the fact that in approximately 10 
hours, a single Staphylococcus aureus bacterium 
(dividing every half hour under optimal 
conditions in vitro) can multiply into a colony 
numbering more than one million. With a 
genome of approximately 2.8 million nucleotide 
base pairs and a mutation rate of 10-10 mutations 
per base, nearly 300 mutations accumulate over 
those 10 hours. Over 30 hours, the population 
has expanded so enormously that every single 
base pair in the entire genome could have 

mutated[10] - with any one of those mutations 
theoretically coding for resistance against 
modern antibiotics. It’s easy to see how even the 
most fundamental natural processes of cell 
division and genetic mutation contribute to the 
problem of AMR: the rapid division and mutation 
capability of bacterial cells allows them to quickly 
evolve resistance to treatment. Note that this 
occurs not only for antibiotics which are targeted 
against bacteria, but also for antiviral and 

antifungal therapies.[11] 

 

 
 
 
 
 
 
 
 
 
 
 
An estimated 80-90% of antibiotics are 
prescribed via oral administration in primary 

care.[12] Overuse and misuse of antibiotics in 
primary care is a major cause of increasing AMR, 
with more than 20% of all antibiotic prescriptions 
for children and adults in the US written for 
upper respiratory tract infections or bronchitis, 
conditions that are almost always viral. Similar 
rates of unnecessary antibiotic use have been 

described in Britain. These findings are consistent 
with results from focus groups among doctors, in 
which participants have estimated that 10-50% of 
outpatient antibiotic prescriptions are 

unnecessary.[13,17] Even in the case of bacterial 
infections such as those found in otitis media, 
sinusitis and bronchitis, studies indicate that 
hundreds of patients require antibiotic treatment 

to prevent one adverse event[14] and there is 
little evidence that antibiotic treatment has a 
significant impact on the duration or severity of 

symptoms.[15,16] Most primary care clinicians 
agree that antibiotics are over-prescribed but 
face complex challenges in changing practice to 

avoid such prescriptions.[17-19] 
 
Even when antibiotics are appropriately 
prescribed, many patients fail to adhere to their 
medication regimens, which leads to incomplete 
microbial kill and selection for the most resilient 

microbes in a population.[24-27] In clinical trials, 
where study participants receive increased 
compliance support, mean reported adherence 

rates are nevertheless just 43-78%.[20] Other 
investigations have found adherence rates of 57-

78% by patient report.[21,22] Finally, the 
prescription regimen itself must be appropriate, 
with a recent report in the British Medical Journal 
demonstrating that taking antibiotics for longer 
than necessary also increases the risk of 

resistance.[23] 
 
The proliferation of antimicrobial agents 
incorporated into common consumer products 
(e.g., hand and body soaps, surface cleaners, 
facial tissues, even mattresses) is also associated 
with development of AMR. These types of 
antimicrobial agents differ from traditional 
broad- spectrum microbicides like soap or 

chlorine bleach[28] because they often leave 
surface residues behind, creating conditions that 
foster the development of resistant bacteria. For 
example, after spraying and wiping an 
antibacterial cleaner over a kitchen counter, 
active microbicidal concentrations are achieved 
that can linger for significant periods of time, 
continuing to kill some, but not all, of the bacteria 
present. Selection pressure for the resistant 
bacterial populations can then result in those 
resistant strains becoming predominant in the 
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environment. As bacteria develop tolerances to 
surface microbicides, there is also potential for 
developing tolerance to certain antibiotics. This 
phenomenon, called “cross-resistance,” has 
already been demonstrated in several laboratory 
studies using triclosan, one of the most common 
chemicals found in antibacterial hand cleaners, 

dishwashing liquids, and other wash products.[29] 

Triclosan has a specific inhibitory target in 
bacteria similar to some antibiotics. In 2016, the 
USFDA issued a final rule under which over-the-
counter consumer antiseptic wash products (e.g., 
liquid, foam, gel hand soaps, bar soaps, body 
washes) containing many of the most common 
antibacterial active ingredients, including 
triclosan and triclocarban, can no longer be 
marketed because manufacturers haven’t proven 
that those ingredients are both safe for long-term 
daily use and more effective than plain soap and 
water in preventing illness and the spread of 

certain infections.[30] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally, the widespread use of antibiotics in the 
livestock industry is another major contributor to 
AMR. In 2011, approximately 80% of the 
antibiotics sold in the United States were used in 
meat and poultry production (Figure 2). The vast 
majority was used on healthy animals to promote 
growth or prevent disease in crowded or 

unsanitary conditions.[31] Numerous health and 
scientific organizations, including the Institute of 
Medicine, National Research Council, American 
Medical Association, American Public Health 
Association, Infectious Disease Society of 
America, USFDA, and the World Health 

Organization have concluded that humans are at 
risk due to resistant bacteria transmitted through 
direct contact with animals, by exposure to 
animal manure, through consumption of 
undercooked meat, and through contact with 
uncooked meat or surfaces on which meat was 
being prepared. These so-called “superbugs” can 
directly transmit their antibiotic resistance genes 
to bacterial species commonly encountered by 
humans, resulting in antibiotic resistance being 
‘learned’ by microbes that were never exposed to 

antibiotics themselves.[32-38] 
 

Fewer Antibiotics Are Being Developed 
In recent decades, the discovery and 
development of new antibiotics has slowed 
dramatically as scientific barriers to drug 
discovery, regulatory challenges, and diminishing 
returns on investment have led major drug 
companies to scale back or abandon their 
antibiotic research. Consequently, antibiotic 
discovery, which peaked in the 1950s, has 
dropped precipitously. In July 2018, just two 
years after the Swiss pharmaceutical company 
Novartis announced it would embrace the 
challenge of searching for cures for life-

threatening infections due to AMR,[46] the drug 
maker announced it would exit antibacterial and 

antiviral research.[47] This retreat follows a 
growing trend of big pharmaceutical companies, 
including AstraZeneca, Sanofi, and Allergan, that 
are exiting from this type of research, leaving 
Merck, Roche, GlaxoSmithKline, and Pfizer as the 
remaining pharmaceutical companies with active 

antibiotic programs.[48] 
 
Of greater concern is the fact that nearly all 
antibiotics brought to market over the past 30 
years are derived from a limited number of types, 
or “classes,” of antibiotics that were discovered 
by the mid-1980s (Figure 3). Every currently 
available antibiotic is a derivative of a class 
discovered between the early 1900s and 1984. 
This is arguably more concerning than the decline 
of drug approvals because resistance to one 
antibiotic often leads to resistance to multiple 

antibiotics within the same class.[39,40] Only 
recently have new potential classes of 
antimicrobials been identified which, in time, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2: Sales of antibiotics for meat and poultry 
production in 2011 were 3.9 times greater than antibiotics 
sold for healthcare use in the United States. Source: The 
PEW Charitable Trusts, 2013. 
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might lead to a much-needed reversal of the 

trend shown below.[41-44] 
 
 
 
 
 
 
 
 
 
 
 
 

The development of new drugs within existing 
classes of antibiotics has also sharply declined, 
with new FDA approvals falling from 29 during 
the 1980s to just nine in the first decade of the 

2000s.[45] Just two systemic antibacterial agents 
were approved for use in humans by the FDA 
from 2008 through 2011 (Figure 4), compared to 
sixteen approved from 1983-1987. 
 

Figure 4: Number of antibiotics approved in the 
US between 1983 and 2011. Source: European 
Federation of Pharmaceutical Industries and 
Associations. 
 
The major cause of the decline in new antibiotic 
development is the astronomical cost of bringing 

a new drug to market, coupled with low return 
on investment. A 2013 Forbes report analyzed 
the 10-year research spending of 98 
pharmaceutical companies and the cost to bring 
to market 220 new molecular entities. For 
companies that launched more than three drugs, 
the median cost per new drug was US$4.2 billion; 
for those that launched more than four, it was 

US$5.3 billion.[50] These numbers were not 
adjusted for inflation!  
 
Similarly, a 2013 report published by the Tufts 
Center for the Study of Drug Development put 

the cost at US$2.6 billion per drug.[51] What’s 
more, the number of new drugs approved per 
billion US dollars spent on R&D has halved 
roughly every 9 years since 1950, falling around 

80-fold in inflation-adjusted terms.[49] 
 

The second major cause of the decline in new 
antibiotic development is the generally poor 
return on investment (ROI) for developing new 
antibiotics. Pharmaceutical companies can make 
far greater profits on drugs that can be used 
regularly without losing effectiveness, such as 
antidepressants, statins, and anti-inflammatory 
medications. Hospitals and primary care 
providers traditionally tend to prescribe proven, 
inexpensive antibiotics first, delaying the use of 
newer, more expensive drugs until absolutely 
necessary. Intentionally limiting the use of novel 
antibiotics (“black boxing”), limited data on 
resistance, limited availability and use of 
diagnostics, and sparse reimbursement all 
contribute to slow marketing uptake and 
consequent depression of ROI. 
 

Figure 3: The development of new classes of 
antibiotics peaked in the 1950s, then sharply 
declined, resulting in a 30-year drought in the 
discovery of new classes of antibiotics. Source: The 
Pew Charitable Trusts,[46] Adapted from Silver et 
al.[47] 

Figure 5: Typical milestones and timelines for FDA 
approval of new drugs. Source: Ondine Biomedical, Inc. 
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Although the overall antibiotic market is large in 
volume, it is fragmented into multiple markets by 
hospital specialty and resistance patterns. Thus, 
the markets for each of the different antibiotics 

can be relatively small.[7,52] In a recent analysis 
for the Department of Health and Human 
Services, the Eastern Research Group found 
expected net present values (NPV) for several 
categories of antibiotic research to be remarkably 
low and, in some cases, negative. In no case did 
NPV exceed a target benchmark of US$100 
million because of the market factors mentioned 

above.[52] Faced with poor discovery prospects 
and diminishing ROI, major drug companies have 
cut back or pulled out of antibiotic research 
altogether, leaving much of the remaining 
discovery work to small, “pre-revenue” 
companies with no products on the market and 

limited budgets and R&D capacity.[39] 
 
There is an urgent need for increased antibiotic 
innovation but focusing only on innovation will 
not sustain our ability to address serious 
infections. Efforts must also be made to prolong 
the effectiveness of existing antibiotics by 
implementing sustainable-use measures and 
limiting antibiotics to therapeutic rather than 
prophylactic interventions. Other measures 
include using antibiotics responsibly in individual 
patients by ensuring they receive the right dose 
of the right antibiotic at the right time, and by 
striving to eliminate unnecessary or 
inappropriate use or exposure, whether in 

people, agriculture, or the environment.[7] 

Another key element in the effort to steward and 
preserve antibiotics is to research, develop, and 
promote non-antibiotic treatments for the 
treatment and control of infectious diseases. 

 
 
 
 

Fundamentals of Antimicrobial 

Photodisinfection Therapy (aPDT) [53]  

The first detailed evidence for the antimicrobial 
activity of certain photosensitizers (PSs) 
combined with light was documented in Munich 

in 1904[54], although the first accounts appeared 
in Egyptian, Indian, and Chinese writing 30 

centuries before.[55] Overshadowed by the 
development of antibiotics, another 80 years 
would pass before seminal work in aPDT began to 

appear in the literature.[56,57] 
 
The basic electrodynamics (Figure 6) involved in 
photosensitized reactions involves the absorption 
of photons by the ground-state PS, causing 
electrons to be “pumped” to an excited state. 
This “activated” PS can then engage in many 
different kinds of chemical reactions that are 
destructive to microbes, such as electron transfer 
reactions and the formation of radicals, including 
the potent hydroxyl radical (Type I, redox 
reactions). A second activation pathway (Type II, 
peroxidation reactions) also exists, by which 
energy transfers in a resonant process from a 
long-lived PS triplet state to surrounding 
molecular oxygen, itself a ground-state triplet. 
The oxygen molecules in turn are pumped to 
their excited state, generating Reactive Oxygen 
Species (ROS): highly reactive chemical species 
including singlet oxygen, a powerful oxidizer 
capable of directly destroying microbes through 
lethal peroxidative reactions. It has been 
demonstrated that singlet oxygen can exert 
potent cytotoxic effects on microbes without 

being internalized.[58] The singlet oxygen lifetime 
in biological media is short – less than 0.05 µs – 
due to quenching by water, and therefore the 
mean diffusion distance of the molecule is less 
than 0.02 µm before returning to ground 

state.[59] This short active lifetime localizes the kill 
to the immediate vicinity of the activated 
molecule. 
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Figure 6: The electrodynamics of 
photodisinfection therapy. Source: Ondine 
Biomedical, Inc. 
 
Depending on the chemical nature of the PS, its 
concentration, local fluid dynamic environment, 
pre-incubation time, and illumination time, the 
PS also localizes at different cellular targets. At 
short pre-incubation and illumination times, the 
effects are limited to the microbial cell wall and 
cytoplasmic membrane, causing damage to 
transporter systems and transmembrane 

proteins, leading to cytoplasmic leakage.[60] At 
moderate exposure times, the PS can diffuse into 
the periplasmic space and damage the 
cytoplasmic membrane of Gram- negative 

microbes.[131] Finally, at long exposure times, the 
PS can intercalate into (and damage) microbial 
DNA in the cytoplasmic compartment, both at the 
bacterial chromosome level and in the 

extrachromosomal plasmids.[131] 
 
Photosensitizers are often positively charged to 
preferentially bind to negatively-charged 
microbial cell membranes. In contrast, human 
cells are zwitterionic, having both positive and 
negatively charged regions, but overall 
electrically neutral. They take up less PS and 

therefore are more protected from damage.[132] 

The destructive reactions caused by singlet 
oxygen are therefore selective for the organisms 
to which the PS adheres. The destructive effect is 
further amplified by the “PDT bystander” 

effect[61], a cooperative inactivation process 
between cells in a given microcolony, most likely 
mediated by microbicidal photoproducts or the 
transfer of lysosomal enzymes from nearby cells. 

 

aPDT for Treatment of Microbial Infection 
and Disease 
The treatment of oral infections by aPDT has 
been extensively studied for many years and has 
become a well-established therapeutic option. 
Several recent reviews have demonstrated its 

efficacy for the treatment of periodontitis,[62-64] 

caries,[65] endodontic infections,[66] and peri-

implantitis.[67] aPDT has also been found to be 
effective in the treatment of a variety of other 
infectious diseases caused by bacteria, fungi and 

protozoa including brain abscesses,[68] acne,[69-74] 

folliculitis,[75] H. pylori,[76] diabetic and skin 

ulcers,[77-81] interdigital mycosis,[82] keratitis [83] 

onychomycosis,[84] candidiasis,[85] cutaneous 

leishmaniasis,[86] oral paracoccidiodomycosis,[87] 

and refractory chronic rhinosinusitis.[88] 

Treatment of viral infections with PDT also has a 
long clinical history. In the 1970s, a series of 
clinical studies demonstrated efficacy in treating 

infections due to the herpes simplex virus.[89- 92] 

The most widely investigated viral infections have 
been those associated with human papilloma 
virus (HPV), a group of more than 150 types of 
virus that affect the skin and mucous 
membranes. In addition to causing diseases such 
as respiratory papillomatosis, genital warts and 

skin warts,[93,94] certain HPV types are 
carcinogenic and can result in cervical, vulvar, 

penile and anal intraepithelial neoplasia.[95,96] 

aPDT with a variety of photosensitizers has been 
shown to be successful in the treatment of a 
range of HPV-associated infections including 

respiratory papillomatosis,[97,98] plantar warts,[99] 

condylomata acuminate,[123,100] cervical 

intraepithelial neoplasia,[122,101] and penile 

intraepithelial neoplasia.[102] 

 
aPDT Is More Than a Microbicide 
The damage inflicted by pathogenic microbes on 
their host, as well as their ability to avoid host 
defense systems, is mediated by a variety of 
virulence factors such as exotoxins, endotoxins, 

capsules, adhesins, invasins, and proteases.[103] 

While antibiotics can kill microbes and thereby 
prevent further production of host-damaging 
molecules, extremely few have any effect on pre- 
existing virulence factors, which means that 
these molecules continue to exert damaging 
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effects even when the offending microbes have 
been killed. The administration of antibiotics can 
even have an adverse effect on a patient as large 
quantities of immunologically-active components 
of the cell wall (e.g. endotoxins) are liberated 

during the killing process.[104]  

 
In contrast to most antibiotics, light-activated PSs 
are generally able to neutralize microbial 
virulence factors or reduce their effectiveness or 

decrease their expression.[118] The ability to 
modify the biological activities of 
lipopolysaccharides (LPSs; i.e. endotoxin) is of 
particular interest because LPSs are potent 
immunomodulators that can induce secretion of 
several pro- inflammatory cytokines by host 

cells.[105-117] Activated photosensitizers have been 
shown to be effective at reducing the activity of 
LPSs, proteases, and a variety of exotoxins. The 
ability of aPDT to not only kill the microbes 
responsible for an infection but also to inactivate 
or decrease the expression of many of the 
molecules responsible for host tissue destruction 
constitutes an important advantage over 
antibiotics as this combines both antimicrobial 
and anti- inflammatory approaches into a single 
treatment. 
 

aPDT is Safe for Human Use 
Numerous pre-clinical and clinical studies have 
demonstrated that aPDT is safe for use in treating 
infections in human tissues. For all the energetic 
reactivity of the ROS, several factors including 
extremely small time and distance scales, 
selectivity for anionic microbes, and the inherent 
resistance to oxidative stress of mammalian cells 
result in minimal damage to neighboring host 

tissues.[59,120-123] Soukos et al. found that the 
viability of oral fibroblasts and keratinocytes was 
unaffected by the low concentration of Toluidine 
Blue O (TBO) and light dose needed to kill 

Streptococcus sanguinis.[120] A number of PSs 
including MB and TBO have been shown to have 
no deleterious effects on the gastric mucosa of 
rats at concentrations and light doses able to kill 

bacteria.[121] In a clinical study aimed at detecting 
tissue damage associated with aPDT, two cycles 
of aPDT employing aminolevulinic acid esters as 
the PS were found to exert no damage to the 

cervix of the test patients.[122] The absence of 

tissue damage following the successful treatment 
of urethral condylomata acuminata (due to HPV) 
by aPDT using aminolevulinic acid has also been 

reported.[123] In the unlikely event that collateral 
damage to host tissues is a concern, the problem 
could be circumvented by targeting the PS to the 
infecting microbe. Several targeting strategies 
have been developed including the use of 

antibodies,[124,125] bacteriophages,[126] and 

microbe-specific peptides.[127] 
 

aPDT Does Not Induce Microbial Resistance 
The generation of ROS in human immune cells 
(neutrophils, monocytes and eosinophils) is one 
of the primary means by which our own immune 
system combats infecting microbes. It should 
therefore come as no surprise that highly-
adaptable microbes have evolved protection 
strategies against these potent molecules by up-
regulating antioxidant enzymes when exposed to 

ROS,[133] suggesting one method by which 
microbes could develop increased resistance to 
aPDT. However, numerous studies involving 
repeated exposure of microbes to aPDT and then 
re-testing the susceptibility of survivors have 
provided no evidence that resistance 

development occurs.[128-130,133-139] In particular, 
the speed of kill and the external cidal 
mechanism of ROS appear to limit the ability to 
develop resistance to aPDT. 
 
In one example utilizing the PS Methylene Blue 
against MRSA, re-culturing experiments carried 
out over several consecutive years demonstrated 
no decrease in susceptibility to aPDT (Figure 7), 
whereas high-level resistance to oxacillin was 

established after less than a dozen cycles.[128] 

This finding has been duplicated in studies with 

more complex sensitizers[129] and also in viruses, 
where no increase in resistance was 

demonstrated after numerous cycles of aPDT.[130]
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Figure 7: Repeated applications of aPDT to S. 
aureus utilizing Methylene Blue does not promote 
microbial resistance. Source: Pedigo et al.[128] 
 

About Ondine Biomedical 
Ondine Biomedical Inc. (Ondine) is a Canadian 
company headquartered in Vancouver, BC, Canada 
with Research & Development facilities in Bothell, 
Washington, USA. Founded in 1997, Ondine is 
dedicated to the development of non-antibiotic, 
anti-infective photodisinfection therapies for a 
broad spectrum of bacterial, viral, and fungal 
infections. 
 
Ondine is the recognized global leader in aPDT 
technology and has won numerous awards for its 
work advancing improved patient safety and 
outcomes. Ondine is the only company with 
products targeting the top 3 sources of Hospital 
Acquired Infections (HAIs), including prevention of 
surgical site infections (SSIs), reduction of 
ventilator-associated pneumonia (VAP), and 
reduction of catheter-associated infections (CAIs) 
where inadequate or no competitive solutions are 
available. The Company has also developed 
balloon-catheter based therapies for chronic 
infections such as Chronic Sinusitis and chronic 
bladder infections. Most recently the company 
introduced the SurgENTTM sinus irrigation catheter 
in the United States and Canada for deep cleansing 
of sinus debris. Other medical applications and 
next-generation products in the HAI market are 
currently under development. 
 

 
 
 
 
 

References 
1. WHO (2018) Antimicrobial Resistance Fact Sheet, 

World Health Organization, February 2018. 
http://www.who.int/news-room/fact-
sheets/detail/antimicrobial-resistance 

2. WHO (2011) Race Against Time to Develop New 
Antibiotics, Bulletin of the World Health Organization, 
2011, http://www.who.int/bulletin/volumes/89/2/11-
030211/en/ 

3. Boucher et al (2009) Bad Bugs, No Drugs: No ESKAPE! 
An Update from the Infection Disease Society of 
America. Clinical Infectious Diseases. January 
2009;48:1–12. 

4. Spellberg (2012) New Antibiotic Development: Barriers 
and Opportunities in 2012. Alliance for the Prudent Use 
of Antibiotics, Newsletter Volume 30, No. 1. 

5. DiMasi et al (2016) Innovation in the Pharmaceutical 
Industry: New Estimates of R&D Costs. Journal of 
Health Economics. 2016 May;47:20-33. 

6. O’Neill et al (2016) Tackling Drug-Resistant Infections 
Globally: final report and recommendations 

7. CDC (2018) Resistance in the United States. National 
Summary Data. 
https://www.cdc.gov/drugresistance/about.html 

8. The Bacterial Challenge: Time to React. ECDC/EMEA 
Joint Technical Report 2009. 

9. Årdal et al (2018) Revitalizing the Antibiotic Pipeline: 
Stimulating innovation while driving sustainable use 
and global access. Drive-AB Final Report. 

10. Pray, L. (2008) Antibiotic resistance, mutation rates and 
MRSA. Nature Education 1(1):30 

11. Shallcross et al (2014) Antibiotic overuse: a key driver 
of antimicrobial resistance. British Journal of General 
Practice. 2014 Dec; 64(629): 604–605. 

12. Goossens et al. (2005) Outpatient antibiotic use in 
Europe and association with resistance: a cross-
national database study. Lancet. 2005;365(9459):579–
587. 

13. Hawker et al. (2014) Trends in antibiotic prescribing in 
primary care for clinical syndromes subject to national 
recommendations to reduce antibiotic resistance, UK 
1995–2011 analysis of a large database of primary care 
consultations. Journal of Antimicrobial Chemotherapy. 

14. Petersen et al. (2007) Protective effect of antibiotics 
against serious complications of common respiratory 
tract infections: retrospective cohort study with the UK 
General Practice Research Database. British Journal of 
Medicine. 2007;335(7627):982. 

15. Little et al. (2013) Clinical score and rapid antigen 
detection test to guide antibiotic use for sore throats: 
randomised controlled trial of PRISM (primary care 
streptococcal management) British Journal of Medicine. 
2013;347. 

16. Christopher et al. (2001) Antibiotics and shared 
decision-making in primary care. Journal of 

http://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
http://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
http://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
http://www.who.int/bulletin/volumes/89/2/11-030211/en/
http://www.who.int/bulletin/volumes/89/2/11-030211/en/
https://www.cdc.gov/drugresistance/about.html
https://www.cdc.gov/drugresistance/about.html


Photodisinfection Therapy: Essential Technology for Infection Control 

10  

Antimicrobial Chemotherapy, Volume 48, Issue 3, 1 
September 2001, Pages 435–440. 

17. Belongia et al. (1998) Strategies for Promoting Judicious 
use of Antibiotics by Doctors and Patients. British 
Journal of Medicine. 1998; 317:668. 

18. Watson et al. (1999). Antimicrobial Use for Pediatric 
Upper Respiratory Infections: Reported Practice, Actual 
Practice and Patient Beliefs. Pediatrics. 104: 1251–7. 

19. Butler et al. (1998). Understanding the Culture of 
Prescribing: A Qualitative Study of General Practitioners' 
and Patients' Perceptions of Antibiotics for Sore Throats. 
British Journal of Medicine. 317: 637–42. 

20. Osterberg et al. (2005) Adherence to Medication. New 
England Journal of Medicine. 353:487–497. 

21. Faure et al. (2014) Assessment of Patient Adherence to 
Anti-Infective Treatment After Returning Home. 
Médecine et maladies infectieuses. 44:417–422. 

22. Llor et al. (2009) The Higher the Number of Daily Doses 
of Antibiotic Treatment in Lower Respiratory Tract 
Infection the Worse the Compliance. Journal of 
Antimicrobial Chemotherapy. 63:396–399. 

23. Llewelyn et al. (2017) The Antibiotic Course Has Had its 
Day. British Medical Journal. 2017; 358: j3418. 

24. World Health Organization (2015). How to stop antibiotic 
resistance? Here’s a WHO prescription. 
http://www.who.int/mediacentre/commentaries/stop-
antibiotic-resistance/en/ 

25. NPS Medicinewise (2017) Antibiotic Resistance: The 
Facts. https://www.nps.org.au/medical- info/consumer-
info/antibiotic-resistance-the-facts 

26. US Food and Drug Administration (2011) Combating 
antibiotic resistance. Follow directions for proper use. 
https://www.fda.gov/ForConsumers/ConsumerUpdates
/ucm092810.htm 

27. European Centre for Disease Prevention and Control 
(2018) Factsheet for the general public - Antimicrobial 
resistance. https://ecdc.europa.eu/en/antimicrobial-
resistance/facts/factsheets/general-public 

28. Ballantyne (2007) Strange but True: Antibacterial 
Products May Do More Harm Than Good. Scientific 
American. June 2017. 

29. Webber et al. (2017) Quinolone-resistant Gyrase 
Mutants Demonstrate Decreased Susceptibility to 
Triclosan. Journal of Antimicrobial Chemotherapy. 
Volume 72, Issue 10, 1 October 2017, Pages 2755–2763. 

30. USFDA (2016) FDA News Release: FDA issues final rule 
on safety and effectiveness of antibacterial soaps. 
https://www.fda.gov/newsevents/newsroom/pressanno
uncements/ucm517478.htm 

31. PEW (2013) Record-High Antibiotic Sales for Meat and 
Poultry Production. The Pew Charitable Trusts. 
http://www.pewtrusts.org/en/research-and-
analysis/articles/2013/02/06/recordhigh-antibiotic-sales-
for- meat-and-poultry-production 

32. Martin et al (2015) Antibiotics Overuse in Animal 
Agriculture: A Call to Action for Health Care Providers. 

American Journal of Public Health. 2015 December; 
105(12): 2409–2410. 

33. Institute of Medicine (1988) Human Health Risks with 
the Subtherapeutic Use of Penicillin or Tetracyclines in 
Animal Feed. National Academies Press. Washington, 
D.C. 

34. Institute of Medicine (1998) The Use of Drugs in Food 
Animals: Benefits and Risks. National Academies Press. 
Washington, D.C. 

35. WHO/FAO/OIE (2003) Joint FAO/OIE/WHO Expert 
Workshop on Non-Human Antimicrobial Usage and 
Antimicrobial Resistance: Scientific assessment. 
Geneva, December 1-5, 2003. 
http://www.who.int/foodsafety/publications/micro/en
/amr.pdf 

36. Frieden (2010) Letter to Keeve Nachman, Program 
Director, Farming for the Future. 
http://www.livablefutureblog.com/wpcontent/uploads/2
010/11/arm455n_20101129_182057.pdf 

37. Food and Drug Administration (2012a) Guidance #209: 
The Judicious Use of Medically Important Antimicrobial 
Drugs in Food-Producing Animals. 
http://www.fda.gov/downloads/animalveterinary/guidanc
ecomplianceenforcement/guidanceforindustry/u 
cm216936.pdf 

38. Food and Drug Administration (2012b) New Animal 
Drugs; Cephalosporin Drugs; Extra-label Animal Drug 
Use; Order of Prohibition. Federal Register, Vol. 77(4). 
http://www.gpo.gov/fdsys/pkg/FR-2012-01- 
06/pdf/2012-35.pdf 

39. PEW (2016) Report: A Scientific Roadmap for Antibiotic 
Discovery. The PEW Charitable Trusts. May 2016. 

40. Silver (2011) Challenges of Antibacterial Discovery. 
Clinical Microbiology Reviews. 24, no. 1 (2011): 71–109. 

41. Chiriac AI et al. (2015) Mode of action of closthioamide: 
the first member of the polythioamide class of bacterial 
DNA gyrase inhibitors. Journal of Antimicrobial 
Chemotherapy. 2015 Sep;70(9):2576-88. 

42. Martin-Loeches I et al. (2018) Murepavadin: a new 
antibiotic class in the pipeline. Expert Review of Anti- 
infective Therapy. 2018 Apr;16(4):259-268. 

43. Pantel L et al. (2018) Odilorhabdins, antibacterial 
agents that cause miscoding by binding at a new 
ribosomal site. Molecular Cell. 2018; 70(1):83-94. 

44. Ramchuran EJ et al. (2018) In vitro antibacterial activity 
of teixobactin derivatives on clinically relevant bacterial 
isolates. Frontiers in Microbiology. 2018 Jul; 11;9:1535. 

45. PEW (2011) Reviving the Pipeline of Life-Saving 
Antibiotics: Exploring Solutions to Spur Innovation. 
Conference Proceedings of the Infectious Diseases 
Society of America, Pharmaceutical Research and 
Manufacturers of America. Sept. 22, 2011, Washington. 

46. Novartis (2016) Novartis moves to address superbug 
threat. https://www.novartis.com/news/novartis- 
moves-address-superbug-threat 

47. Kasumov (2018) Novartis Exits Antibiotics Research, Cuts 

http://www.who.int/mediacentre/commentaries/stop-antibiotic-resistance/en/
http://www.who.int/mediacentre/commentaries/stop-antibiotic-resistance/en/
http://www.who.int/mediacentre/commentaries/stop-antibiotic-resistance/en/
https://www.nps.org.au/medical-info/consumer-info/antibiotic-resistance-the-facts
https://www.nps.org.au/medical-info/consumer-info/antibiotic-resistance-the-facts
https://www.nps.org.au/medical-info/consumer-info/antibiotic-resistance-the-facts
https://www.fda.gov/ForConsumers/ConsumerUpdates/ucm092810.htm
https://www.fda.gov/ForConsumers/ConsumerUpdates/ucm092810.htm
https://www.fda.gov/ForConsumers/ConsumerUpdates/ucm092810.htm
https://ecdc.europa.eu/en/antimicrobial-resistance/facts/factsheets/general-public
https://ecdc.europa.eu/en/antimicrobial-resistance/facts/factsheets/general-public
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm517478.htm
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm517478.htm
https://www.fda.gov/newsevents/newsroom/pressannouncements/ucm517478.htm
http://www.pewtrusts.org/en/research-and-analysis/articles/2013/02/06/recordhigh-antibiotic-sales-for-meat-and-poultry-production
http://www.pewtrusts.org/en/research-and-analysis/articles/2013/02/06/recordhigh-antibiotic-sales-for-meat-and-poultry-production
http://www.pewtrusts.org/en/research-and-analysis/articles/2013/02/06/recordhigh-antibiotic-sales-for-meat-and-poultry-production
http://www.pewtrusts.org/en/research-and-analysis/articles/2013/02/06/recordhigh-antibiotic-sales-for-meat-and-poultry-production
http://www.pewtrusts.org/en/research-and-analysis/articles/2013/02/06/recordhigh-antibiotic-sales-for-meat-and-poultry-production
http://www.who.int/foodsafety/publications/micro/en/amr.pdf
http://www.who.int/foodsafety/publications/micro/en/amr.pdf
http://www.who.int/foodsafety/publications/micro/en/amr.pdf
http://www.livablefutureblog.com/wpcontent/uploads/2010/11/arm455n_20101129_182057.pdf
http://www.livablefutureblog.com/wpcontent/uploads/2010/11/arm455n_20101129_182057.pdf
http://www.livablefutureblog.com/wpcontent/uploads/2010/11/arm455n_20101129_182057.pdf
http://www.fda.gov/downloads/animalveterinary/guidancecomplianceenforcement/guidanceforindustry/ucm216936.pdf
http://www.fda.gov/downloads/animalveterinary/guidancecomplianceenforcement/guidanceforindustry/ucm216936.pdf
http://www.fda.gov/downloads/animalveterinary/guidancecomplianceenforcement/guidanceforindustry/ucm216936.pdf
http://www.fda.gov/downloads/animalveterinary/guidancecomplianceenforcement/guidanceforindustry/ucm216936.pdf
http://www.fda.gov/downloads/animalveterinary/guidancecomplianceenforcement/guidanceforindustry/ucm216936.pdf
http://www.gpo.gov/fdsys/pkg/FR-2012-01-06/pdf/2012-35.pdf
http://www.gpo.gov/fdsys/pkg/FR-2012-01-06/pdf/2012-35.pdf
http://www.gpo.gov/fdsys/pkg/FR-2012-01-06/pdf/2012-35.pdf
https://www.novartis.com/news/novartis-moves-address-superbug-threat
https://www.novartis.com/news/novartis-moves-address-superbug-threat
https://www.novartis.com/news/novartis-moves-address-superbug-threat


Photodisinfection Therapy: Essential Technology for Infection Control 

11  

140 Jobs in Bay Area. 
https://www.bloomberg.com/news/articles/2018-07-
11/novartis-exits-antibiotics-research-cuts-140-jobs- in-
bay-area 

48. Wanted: a reward for antibiotic development. Nature 
Biotechnology. Vol. 36, page 555 (2018) 

49. Scannell et al. (2012) Diagnosing the decline in 
pharmaceutical R&D efficiency. Nature Reviews Drug 
Discovery. volume 11, pages 191–200. 

50. Herper (2013) How Much Does Pharmaceutical 
Innovation Cost? A Look At 100 Companies. Forbes. Aug 
11, 2013. 
https://www.forbes.com/sites/matthewherper/2013/08
/11/the-cost-of-inventing-a-new-drug-98- companies-
ranked/#4aca61e2f084 

51. How the Tufts Center for the Study of Drug 
Development pegged the cost of a new drug at $2.6 
billion. 
Boston: Tufts Center for the Study of Drug Development. 
November 18, 2014 

52. Outterson et al. (2015) Repairing the Broken Market for 
Antibiotic Innovation. Health Affairs. 34, no. 2 (2015): 
277–285. 

53. Loebel et al. (2016) Antimicrobial Photodynamic 
Therapy: A Decade of Development and Clinical Study. In 
Photodynamic Medicine, From Bench to Clinic. Ed. 
Kostron H and Hasan T, Royal Society of Chemistry. 
2016, pp. 519-548. 

54. Raab (1904) Uber die Wirkung fluoreszierender Stoffe 
auf Infusorien. Z Biol. 39:524. 

55. Deniell MD and Jill JS (1991) A history of photodynamic 
therapy. Aust N Z J Surg. 61:340. 

56. Bertoloni et al. (1985) The photosensitizing activity of 
haematoporphyrin on mollicutes. J Gen Microbiol. 
131:2217. 

57. Malik et al. (1990) The bactericidal activity of a 
deuteroporphyrin-hemin mixture on gram-positive 
bacteria. A microbiological and spectroscopic study. 
Journal of Photochemistry and Photobiology, B. 6(4):419-
30. 

58. Dahl et al. (1987) Pure singlet oxygen cytotoxicity for 
bacteria. Photochemistry Photobiology. 46:345. 

59. Moan J and Berg K (1991) The photodegradation of 
porphyrins in cells can be used to estimate the lifetime 
of singlet oxygen. Photochemistry Photobiology. 53:549. 

60. Malik et al. (1990) Bactericidal effects of 
photoactivated porphyrins--an alternative approach to 
antimicrobial drugs. Journal of Photochemistry and 
Photobiology. 5:281-93. 

61. Christensen T and Moan J (1980) Photodynamic effect 
of hematoporphyrin on cells cultivated in vitro. Lasers 
in photomedicine and photobiology, ed. Pratesi R and 
Sacchi CA, 1980, pp. 87-91. 

62. Joseph B et al. (2017) Is antimicrobial photodynamic 
therapy effective as an adjunct to scaling and root 
planing in patients with chronic periodontitis? A 

systematic review. Biomolecules. 2017;7 pii: E79. 
63. Azaripour A et al. (2018) Efficacy of photodynamic 

therapy as adjunct treatment of chronic periodontitis: a 
systematic review and meta-analysis. Lasers in Medical 
Science. 2018;33:407-423. 

64. Meimandi M et al. (2017) The effect of photodynamic 
therapy in the treatment of chronic periodontitis: a 
review of literature. Journal of Lasers in Medical 
Sciences. 2017;8(Suppl 1):S7-S11. 

65. Cieplik F et al. (2017) Antimicrobial photodynamic 
therapy as an adjunct for treatment of deep carious 
lesions - a systematic review. Photodiagnosis and 
Photodynamic Therapy. 2017;18:54-62. 

66. Mohammadi Z et al. (2017) Photodynamic therapy in 
endodontics. The Journal of Contemporary Dental 
Practice. 2017;18:534-538. 

67. Ghanem A et al. (2016) Is mechanical curettage with 
adjunct photodynamic therapy more effective in the 
treatment of peri-implantitis than mechanical curettage 
alone? Photodiagnosis and Photodynamic Therapy. 
2016;15:191-6. 

68. Lombard GF et al. (1985) The treatment of 
neurosurgical infections by lasers and porphyrins. In: 
Jori G, Perria CA, eds. Photodynamic Therapy of Tumors 
and other Diseases. Padova, Italy: Edizione Libreria 
Progetto; 1985. pp. 363-366. 

69. Hongcharu W et al.(2000) Topical ALA-photodynamic 
therapy for the treatment of acne vulgaris. Journal of 
Investigative Dermatology. 2000;115:183-192. 

70. Wiegell SR et al. (2006) Photodynamic therapy of acne 
vulgaris using methyl aminolaevulinate: a blinded, 
randomized, controlled trial. British Journal of 
Dermatology. 2006;154:969-976. 

71. Tuchin VV et al. (2003) A pilot study of ICG laser 
therapy of acne vulgaris: photodynamic and 
photothermolysis treatment. Lasers in Surgery and 
Medicine. 2003;33:296-310. 

72. Seo HM et al. (2016) Effects of repetitive photodynamic 
therapy using indocyanine green for acne vulgaris. 
International Journal of Dermatology. 2016;55:1157-
63. 

73. Tao SQ et al. (2015) Low-dose topical 5-aminolevulinic 
acid photodynamic therapy in the treatment of 
different severity of acne vulgaris. Cell Biochemistry 
and Biophysics. 2015;73:701-6. 

74. Serini SM et al. (2018) The efficacy and tolerability of 5-
aminolevulinic acid 5% thermosetting gel photodynamic 
therapy (PDT) in the treatment of mild-to-moderate 
acne vulgaris. A two-center, prospective assessor-
blinded, proof-of-concept study. Journal of Cosmetic 
Dermatology. 2018 May 22. doi: 10.1111/jocd.12670. 
[Epub ahead of print]. 

75. Lee JW et al. (2010) Photodynamic therapy: new 
treatment for recalcitrant Malassezia folliculitis. Lasers 
in Surgery and Medicine. 2010;42:192-6. 

76. Wilder-Smith CH et al. (2002) Photoeradication of 

https://www.bloomberg.com/news/articles/2018-07-11/novartis-exits-antibiotics-research-cuts-140-jobs-in-bay-area
https://www.bloomberg.com/news/articles/2018-07-11/novartis-exits-antibiotics-research-cuts-140-jobs-in-bay-area
https://www.bloomberg.com/news/articles/2018-07-11/novartis-exits-antibiotics-research-cuts-140-jobs-in-bay-area
https://www.bloomberg.com/news/articles/2018-07-11/novartis-exits-antibiotics-research-cuts-140-jobs-in-bay-area
https://www.bloomberg.com/news/articles/2018-07-11/novartis-exits-antibiotics-research-cuts-140-jobs-in-bay-area
https://www.forbes.com/sites/matthewherper/2013/08/11/the-cost-of-inventing-a-new-drug-98-companies-ranked/%234aca61e2f084
https://www.forbes.com/sites/matthewherper/2013/08/11/the-cost-of-inventing-a-new-drug-98-companies-ranked/%234aca61e2f084
https://www.forbes.com/sites/matthewherper/2013/08/11/the-cost-of-inventing-a-new-drug-98-companies-ranked/%234aca61e2f084
https://www.forbes.com/sites/matthewherper/2013/08/11/the-cost-of-inventing-a-new-drug-98-companies-ranked/%234aca61e2f084


Photodisinfection Therapy: Essential Technology for Infection Control 

12  

Helicobacter pylori using 5-aminolevulinic acid: 
preliminary human studies. Lasers in Surgery and 
Medicine. 2002;31:18–22. 

77. Carrinho PM et al. (2018) A study on the macroscopic 
morphometry of the lesion area on diabetic ulcers in 
humans treated with photodynamic therapy using two 
methods of measurement. Photomedicine and Laser 
Surgery. 2018;36:44-50. 

78. Aspiroz C et al. (2017) Photodynamic therapy with 
methylene blue for skin ulcers infected with 
Pseudomonas aeruginosa and Fusarium spp. Actas 
Dermo-Sifiliográficas. 2017;108(6):e45-e48. 

79. Lei X et al. (2015) A clinical study of photodynamic 
therapy for chronic skin ulcers in lower limbs infected 
with Pseudomonas aeruginosa. Archives of 
Dermatological Research. 2015;307:49-55. 

80. Morley S et al. (2013) Phase IIa randomized, placebo-
controlled study of antimicrobial photodynamic therapy 
in bacterially colonized, chronic leg ulcers and diabetic 
foot ulcers: a new approach to antimicrobial therapy., 
British Journal of Dermatology. 2013; 168; 617-624. 

81. Mannucci E et al. (2014) Photodynamic topical 
antimicrobial therapy for infected foot ulcers in patients 
with diabetes: a randomized, double-blind, placebo-
controlled study-the D.A.N.T.E (Diabetic ulcer 
Antimicrobial New Topical Treatment Evaluation) study. 
Acta Diabetologica. 2014;51:435-40. 

82. Calzavara-Pinton PG et al. (2004) Photodynamic therapy 
of interdigital mycoses of the feet with topical 
application of 5-aminolevulinic acid. Photodermatology, 
Photoimmunology & Photomedicine. 2004;20:144–147. 

83. Amescua G et al. (2017) Rose bengal photodynamic 
antimicrobial therapy: a novel treatment for resistant 
fusarium keratitis. Cornea. 2017;36:1141-1144. 

84. Morgado LF et al. (2017) Photodynamic therapy 
treatment of onychomycosis with aluminium- 
phthalocyanine chloride nanoemulsions: a proof of 
concept clinical trial. Journal of Photochemistry and 
Photobiology. 2017;173:266-270. 

85. Scwingel AR et al. (2012) Antimicrobial photodynamic 
therapy in the treatment of oral candidiasis in HIV- 
infected patients. Photomedicine and Laser Surgery. 
2012;30:429-432. 

86. Asilian A and Davami M (2006) Comparison between 
the efficacy of photodynamic therapy and topical 
paromomycin in the treatment of Old World 
cutaneous leishmaniasis: a placebo-controlled, 
randomized clinical trial. Clinical and Experimental 
Dermatology. 2006;31:634-7. 

87. Dos Santos LFM et al. (2017) Photodynamic 
inactivation of Paracoccidioides brasiliensis helps the 
outcome of oral paracoccidiodomycosis. Lasers in 
Medical Science. 2017; 32:921-930. 

88. Desrosiers MY et al. (2013) Sinuwave 
photodisinfection for the treatment of refractory 
chronic rhinosinusitis: a case series. Poster presented 

at: American Rhinologic Society at American Academy 
of Otolaryngology 59th Annual Meeting, Vancouver 
BC. 2013. 

89. Wainwright M (2003) Local treatment of viral disease 
using photodynamic therapy. International Journal of 
Antimicrobial Agents. 2003;21:510-20. 

90. Kharkwal GB et al. (2011) Photodynamic therapy for 
infections: clinical applications. Lasers in Surgery and 
Medicine. 2011;43:755-67. 

91. Chang TW et al. (1975) Genital herpes: Treatment 
with methylene blue and light exposure. International 
Journal of Dermatology. 1975;14:69-71. 

92. O'Day DM et al. (1975) Proflavine photodynamic viral 
inactivation in herpes simplex keratitis. American 
Journal of Ophthalmology. 1975;79:941-8. 

93. Ohtsuki A et al. (2009) Photodynamic therapy using 
light-emitting diodes for the treatment of viral warts. 
Journal of Dermatology. 2009;36:525-8. 

94. Hu Z et al. (2018) Treatment of latent or subclinical 
genital HPV infection with 5-aminolevulinic acid-based 
photodynamic therapy. Photodiagnosis and 
Photodynamic Therapy. 2018 Jul 23. pii: S1572- 
1000(18)30096-6. doi: 10.1016/j.pdpdt.2018.07.014. 
[Epub ahead of print]. 

95. Grace M and Mravak-Stipetić M (2014) Human 
papillomavirus-associated diseases. Clinical 
Dermatology. 2014;32:253-8. 

96. Tommasino M (2014) The human papillomavirus 
family and its role in carcinogenesis. Seminars in 
Cancer Biology. 2014;26:13-21. 

97. Shikowitz MJ et al. (1998) Efficacy of DHE 
photodynamic therapy for respiratory papillomatosis: 
Immediate and long-term results. Laryngoscope. 
1998; 108:962-967. 

98. Shikowitz MJ, et al. (2005) Clinical trial of 
photodynamic therapy with meso-tetra 
(hydroxyphenyl) chlorin for respiratory papillomatosis. 
Archives of Otolaryngology - Head and Neck Surgery. 
2005;131:99-105. 

99. Schroeter CA, et al. (2005) Photodynamic therapy: New 
treatment for therapy-resistant plantar warts. 
Dermatologic Surgery. 2005; 31:71-75. 

100. Shi H et al. (2013) Clinical analysis of five methods used 
to treat condylomata acuminate. Dermatology. 
2013;227:338-45. 

101. Hillemanns P et al. (2014) Efficacy and safety of 
hexaminolevulinate photodynamic therapy in patients 
with low-grade cervical intraepithelial neoplasia. Lasers 
in Surgery and Medicine. 2014; 46:456-61. 

102. Paoli J et al. (2006) Penile intraepithelial neoplasia: 
results of photodynamic therapy. Acta Dermato- 
Venereologica. 2006; 86:418-21. 

103. Casadevall A and Pirofski L (2001) Host-pathogen 
interactions: the attributes of virulence. Journal of 
Infectious Disease. 2001;184:337-44. 

104. Lepper PM et al. (2002) Clinical implications of 



Photodisinfection Therapy: Essential Technology for Infection Control 

13  

antibiotic-induced endotoxin release in septic shock. 
Intensive Care Medicine. 2002;28: 824-33. 

105. Packer S and Wilson M (2000) Inactivation of proteolytic 
enzymes from Porphyromonas gingivalis using light-
activated agents. Lasers in Medical Science. 2000;15: 24-
30. 

106. Pourhajibagher M et al (2018) Investigation of arginine A-
specific cysteine proteinase gene expression profiling in 
clinical Porphyromonas gingivalis isolates against 
photokilling action of the photo-activated disinfection. 
Lasers in Medical Science. 2018;33:337-341. 

107. Pourhajibagher M et al. (2017) Monitoring gene 
expression of rcpA from Aggregatibacter 
actinomycetemcomitans versus antimicrobial 
photodynamic therapy by relative quantitative real-time 
PCR. Photodiagnosis and Photodynamic Therapy. 
2017;19:51-55. 

108. Shrestha A et al. (2015) Photoactivated polycationic 
bioactive chitosan nanoparticles inactivate bacterial 
endotoxins. Journal of Endodontics. 2015;41; 686-91. 

109. Giannelli M et al. (2017) Effects of photodynamic laser 
and violet-blue led irradiation on Staphylococcus aureus 
biofilm and Escherichia coli lipopolysaccharide attached 
to moderately rough titanium surface: in vitro study. 
Lasers in Medical Science. 2017;32:857-864. 

110. Tubby S et al. (2009) Inactivation of staphylococcal 
virulence factors using a light-activated antimicrobial 
agent. BMC Microbiology. 2009;9:211. 

111. Tseng SP et al. (2015) Effects of toluidine blue O (TBO)-
photodynamic inactivation on community- associated 
methicillin-resistant Staphylococcus aureus isolates. 
Journal of Microbiology, Immunology, and Infection. 
2015 Jan 10. pii: S1684-1182(15)00020-1. 

112. Bartolomeu M et al. (2016) Effect of photodynamic 
therapy on the virulence factors of Staphylococcus 
aureus. Frontiers in Microbiology. 2016;7:267. 

113. Calvino-Fernández M et al. (2013) Helicobacter pylori 
inactivation and virulence gene damage using a 
supported sensitiser for photodynamic therapy. 
European Journal of Medicinal Chemistry. 2013;68:284- 
90. 

114. Pourhajibagher M et al. (2016) Modulation of virulence 
in Acinetobacter baumannii cells surviving 
photodynamic treatment with toluidine blue. 
Photodiagnosis and Photodynamic Therapy. 
2016;15:202- 12. 

115. Kato IT et al. (2013) Antimicrobial photodynamic 
inactivation inhibits Candida albicans virulence factors 
and reduces in vivo pathogenicity. Antimicrobial Agents 
and Chemotherapy. 2013;57;445-51. 

116. Pereira CA et al. (2015) Photodynamic inactivation of 
virulence factors of Candida strains isolated from 
patients with denture stomatitis. Journal of 
Photochemistry and Photobiology B. 2015;153:82-9. 

117. Photodynamic inactivation in the expression of the 
Candida albicans genes ALS3, HWP1, BCR1, TEC1, CPH1, 

and EFG1 in biofilms. Freire F et al. Lasers Med Sci. 
2018; 33:1447-1454. 

118. Cavaillon JM (2018) Exotoxins and endotoxins: Inducers 
of inflammatory cytokines. Toxicon. 2018;149:45- 53. 

119. Kömerik N et al. (2000) The effect of photodynamic 
action on two virulence factors of Gram-negative 
bacteria. Photochemistry Photobiology. 2000;72:676-
80. 

120. Soukos NS et al. (1996) Photodynamic effects of 
toluidine blue on human oral keratinocytes and 
fibroblasts and Streptococcus sanguis evaluated in 
vitro. Lasers in Surgery and Medicine. 1996;18:253– 
259. 

121. Millson CE et al. (1997) The effect of low-power laser 
light at different doses on gastric mucosa sensitised 
with methylene blue, haematoporphyrin derivative or 
toluidine blue. Lasers in Medical Science. 1997;12:145-
150. 

122. Soergel P et al. (2010) Effects of photodynamic therapy 
using topical applied hexylaminolevulinate and 
methylaminolevulinate upon the integrity of cervical 
epithelium. Lasers Surgery and Medicine. 2010;42:624-
30. 

123. Wang XL et al. (2007) Study of protoporphyrin IX (PpIX) 
pharmacokinetics after topical application of 5- 
aminolevulinic acid in urethral condylomata acuminata. 
Photochemistry Photobiology. 2007;83:1069-73. 

124. Bhatti M et al. (2000) Antibody-targeted lethal 
photosensitisation of Porphyromonas gingivalis. 
Antimicrobial Agents in Chemotherapy. 2000;44:2615-
2618. 

125. Berthiaume F et al. (1994) Antibody-targeted photolysis 
of bacteria in vivo. Biotechnology. 1994;12:703-6. 

126. Embleton ML et al. (2005) Development of a novel 
targeting system for lethal photosensitization of 
antibiotic-resistant strains of Staphylococcus aureus. 
Antimicrobial Agents in Chemotherapy. 2005;49:3690-
6. 

127. Vince RV et al. (2011) Identification of methicillin-
resistant Staphylococcus aureus-specific peptides for 
targeted photoantimicrobial chemotherapy. 
Photochemical & Photobiological Sciences. 2011;10:515-
22. 

128. Pedigo et al. (2009) Absence of bacterial resistance 
following repeat exposure to photodynamic therapy. 
Proc. SPIE 7380, Photodynamic Therapy: Back to the 
Future, 73803H. 

129. Tavares et al. (2010) Antimicrobial Photodynamic 
Therapy: Study of Bacterial Recovery Viability and 
Potential Development of Resistance after Treatment. 
Marine Drugs, 2010;8(1):91-105. 

130. Costa et al. (2011) Evaluation of resistance development 
and viability recovery by a non-enveloped virus after 
repeated cycles of aPDT. Antiviral Research, 
2011;91:278-82. 

131. Valduga et al (1993) Effect of extracellularly generated 



Photodisinfection Therapy: Essential Technology for Infection Control 

14  

singlet oxygen on gram-positive and gram-negative 
bacteria. Journal of Photochemistry and Photobiology, B. 
1993;21,81. 

132. Usacheva et al. (2006) Effect of Ca+ on the 
photobactericidal efficacy of methylene blue and 
toluidine blue against Gram-negative bacteria and the 
dye affinity for lipopolysaccharides. Lasers in Surgery 
and Medicine. 2006;38:946. 

133. Cabiscol E et al. (2000) Oxidative stress in bacteria and 
protein damage by reactive oxygen species. 
International Microbiology. 2000;3:3-8. 

134. Lauro FM et al. (2002) Photoinactivation of bacterial 
strains involved in periodontal diseases sensitized by 
porphycene-polylysine conjugates. Photochemical 
and Photobiological Sciences. 2002;1:468–470. 

135. Jori G and Coppellotti O (2007) Inactivation of 
pathogenic microorganisms by photodynamic 
techniques: Mechanistic aspects and perspective 
applications. Anti-Infective Agents in Medicinal 
Chemistry. 2007;6:119–131. 

136. Cassidy CM et al. (2010) Effect of sub-lethal 
challenge with photodynamic antimicrobial 
chemotherapy (PACT) on the antibiotic 
susceptibility of clinical bacterial isolates. Journal 
of Photochemistry and Photobiology B: Biology. 
2010;99; 62-66. 

137. Giuliani F et al. (2010) In vitro resistance selection 
studies of RLP068/Cl, a new Zn(II) phthalocyanine 
suitable for antimicrobial photodynamic therapy. 
Antimicrobial Agents and Chemotherapy. 
2010;54:637- 642. 

138. Martins D et al. (2018) Photoinactivation of 
Pseudomonas syringae pv. actinidiae in kiwifruit 
plants by cationic porphyrins. Planta. 2018. doi: 
10.1007/s00425-018-2913-y. [Epub ahead of 
print] 

139. Al-Mutairi R et al. (2018) Sublethal Photodynamic 
Treatment does not lead to development of resistance. 
Frontiers in Microbiology. 2018;9:1699. 


