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Abstract
Antimicrobial photodynamic therapy (aPDT) is an emerging alternative to antibiotics motivated
by growing problems with multi-drug resistant pathogens. aPDT uses non-toxic dyes or
photosensitizers (PS) in combination with harmless visible of the correct wavelength to be
absorbed by the PS. The excited state PS can form a long-lived triplet state that can interact with
molecular oxygen to produce reactive oxygen species such as singlet oxygen and hydroxyl radical
that kill the microbial cells. To obtain effective PS for treatment of infections it is necessary to use
cationic PS with positive charges that are able to bind to and penetrate different classes of
microbial cells. Other drug design criteria require PS with high absorption coefficients in the red/
near infra-red regions of the spectrum where light penetration into tissue is maximum, high
photostability to minimize photobleaching, and devising compounds that will selectively bind to
microbial cells rather than host mammalian cells. Several molecular classes fulfill many of these
requirements including phenothiazinium dyes, cationic tetrapyrroles such as porphyrins,
phthalocyanines and bacteriochlorins, cationic fullerenes and cationic derivatives of other known
PS. Larger structures such as conjugates between PS and cationic polymers, cationic nanoparticles
and cationic liposomes that contain PS are also effective. In order to demonstrate in vivo efficacy
it is necessary to use animal models of localized infections in which both PS and light can be
effectively delivered into the infected area. This review will cover a range of mouse models we
have developed using bioluminescent pathogens and a sensitive low light imaging system to non-
invasively monitor the progress of the infection in real time. Effective aPDT has been
demonstrated in acute lethal infections and chronic biofilm infections; in infections caused by
Gram-positive, Gram-negative bacteria and fungi; in infections in wounds, third degree burns, skin
abrasions and soft-tissue abscesses. This range of animal models also represents a powerful aid in
antimicrobial drug discovery.
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1. INTRODUCTION
Photodynamic therapy (PDT) is an established modality for the treatment of cancer. It has
also been extended for the treatment of noncancerous conditions such as age related macular
degeneration and other dermatological applications [1, 2]. Besides these applications, there
has also been a growing interest in the application of PDT for the treatment of infectious
diseases [1]. PDT involves the use of non-toxic dyes that act as photoactive drugs called
photosensitizers (PS) in combination with visible light of the appropriate wavelength to
excite the PS. The excited state PS, in the presence of the oxygen, transfers energy or
electrons to ground state molecular oxygen producing reactive oxygen species (ROS) such
as singlet oxygen and hydroxyl radical which are responsible for the killing of cells [3].
When the cells to be killed are pathogenic microorganisms the procedure is termed
photodynamic inactivation (PDI) or antimicrobial PDT (aPDT). A diversity of different
models of infectious has been used in research for the testing the efficacy of different
antimicrobial PS. Before discussing these models, a brief history and overview of
antimicrobial PDT and antimicrobial PS will be discussed.

The potential of PDT as an antimicrobial therapy was recognized at the start of the twentieth
century when Raab noticed the killing of the paramecia with acridine orange in presence of
light [4]. However earlier results showed that the commonly used PS for cancer were poorly
effective for the photodynamic killing of some well known pathogens [5]. Moreover it was
assumed that the invention of antibiotics would have the lasting potential to combat
infectious diseases. Quite the reverse of this, in present times effective therapy for infectious
diseases is challenged by the emergence of multidrug-resistant pathogens which is leading to
increased morbidity [6]. The difficulty is further aggravated due to a number of mechanisms
adopted by microbes to fight against the external insults. These include, thickening of their
outer wall, encoding of new proteins which prevent the penetration of drugs or actively
efflux them, generation of mutants deficient in the porin channels which permit the entry of
externally added chemicals, etc. As a result, it is difficult to identify a broadly applicable
approach to overcome this problem [7]. In the 1990s there were reports showing that
cationic PS such as phthalocyanines [8], porphyrins [9] and phenothiaziniums [10] induce a
rapid and extensive light-mediated killing of typical Gram-negative bacteria, such as
Escherichia coli and Pseudomonas aeruginosa, in addition to the PDI of fungi and Gram-
positive bacteria.

Some of the advantages of aPDT are: (A) It is broad-spectrum and can kill a wide range of
microbes such as Gram-positive and Gram-negative bacteria, yeasts, fungi and parasitic
protozoa as well as inactivate viruses. (B) There is a low chance of any possibility of
developing photoresistant species even after multiple treatments. (C) PS and drug-light
intervals can be designed that exhibit selectivity for microbes over host cells and tissue. (D)
There is a low risk of inducing mutagenic effects. (E) aPDT kills microbial cells rapidly
(minutes) while antibiotics can take days to work. (F) Because PS are topically delivered
into infected areas, aPDT can be effective in traumatic infections where the blood supply is
compromised preventing antibiotics reaching the microbes. (G) It has been demonstrated
that aPDT can be effective in biofilm infections that are resistant to antibiotics. (H) Last but
not the least it is inexpensive.
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1.1. The General Features of PDI of Microbial cells
Due to the marked difference regarding the size and composition of various microbes there
occurs a difference in the susceptibility for various organisms. In the 1990s it was found that
basic differences in susceptibility to PDT exist between Gram (+) and Gram (−) bacteria.
This was due to difference in morphology: the Gram (+) bacteria are surrounded by a layer
of only peptidoglycan and lipoteichoic acid that is comparatively porous, while Gram (−)
bacteria have a somewhat more intricate, non-porous cell wall structure consisting of an
inner cytoplasmic membrane and an outer membrane, which are separated by the
peptidoglycan-containing periplasm (Fig. 1). Fungal cells have intermediate permeability
between Gram-positive and Gram-negative bacteria. Besides this, cysts formed by protozoa
also represent challenging targets. Thus the procedure adopted for the treatment of infections
cannot be focused on just one type of pathogen; rather it must be characterized by the
possibility to efficiently act on microbial pathogens with very different characteristics.

1.2. Photobiological Processes
The photodynamic action occurs by two mechanisms Type I and Type II. The ground state
photosensitizer on absorption of a photon is converted into its long-lived triplet state via a
short-lived singlet state. This triplet state is the reactive intermediate. In type I mechanism
the triplet state PS transfers an electron to ground state molecular oxygen to produce
reactive oxygen species (ROS) such as superoxide, hydroxyl radicals and peroxides. While
in the type II mechanism the triplet state of the PS reacts undergoes energy transfer to the
ground state of oxygen which is in triplet state to give another ROS very reactive species i.e.
singlet oxygen (Fig. 2). This singlet oxygen then further reacts with the surrounding bio-
molecules. The main molecules targeted by both the mechanisms are certain amino acids,
pyrimidine and purine bases of DNA/RNA, and unsaturated lipids. The wide range of
biomolecules damaged by ROS means that the spectrum of microbial targets of PDT is very
broad.

Some of the properties considered to be favorable for ideal antimicrobial PS: (1) The
photosensitizer should have long-lived excited triplet state; and a high quantum yield for the
generation of ROS on excitation with visible light. (2) It should have high extinction
coefficient mainly in the red and far-red region where light transmission through tissue is
maximal. Though for the treatment of superficial infections also the intensely absorbed blue
light (400–420 nm) is useful. (3) A large affinity for the broadest possible range of microbial
cells. (4) The PS should bind selectively to the cytoplasmic membrane, due to which the cell
death will be mainly due to damage of the membrane rather than the genetic material. (5)
The mechanisms involved in photodynamic inactivation should have no mutagenic effect.
(6) A broad spectrum of action on bacteria, fungi, yeasts and parasitic protozoa (Figs. 2 and
3), to help the treatment of those infectious diseases which are considered to be due to the
presence of a varied flora of pathogens. (7) The cell-selective binding conferred by the
molecular structure should be such that there is maximum damage to the microbes with
minimal damage to the host tissue.

The advantage of the broad-spectrum exhibited by PDT (see Fig. 3) means that it could be
used to treat a localized infection before the clinical microbiology laboratory identified the
culprit microbe, and the appropriate antibiotic was selected. Moreover a more limited range
of antimicrobial photosensitizers could be stocked in pharmacies compared to the wide
range of antibiotics needed now.

2. DRUG DISCOVERY AND ANTIMICROBIAL PDT
It has been known for many decades that Gram-positive bacteria are highly susceptible to
killing by traditional PS with the same molecular features as those PS used to kill cancer
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cells (such as porphyrins) as well as other types of photoactive dyes [11]. In the 1990s it was
discovered that PS with cationic charges could kill Gram-positive bacteria, which had
previously been thought to be resistant to many aPDT regimens [8, 9, 12]. Other classes of
pathogens such as viruses (both enveloped and non-enveloped) [13], yeasts [14, 15],
filamentous fungi [16], protozoa [17], parasites [18, 19] etc, have been reported to be
susceptible to aPDT mediated by cationic PS. We will give some examples of molecular
structures that have been investigated as antimicrobial PS.

2.1. Phenothiazinium Dyes
Structures of members of this class are shown in Fig. 4; these compounds have a single
cationic charge that is delocalized over the three-ring structure. Methylene blue (MB) 1, and
toluidine blue O (TBO) 2, are probably the most-widely studied members of this class [20–
22]. Compounds such as these have the additional advantage that MB is clinically approved
as an injectable IV therapy for methemoglobinemia [22] and both MB and TBO are
generally accepted as safe for topical application to living human tissue [23]. Other
members of the class that have been used as antimicrobial PS include new methylene blue 3
[24] and dimethyl-methylene blue 4 [25]. It is generally accepted that these latter
compounds are more powerful antimicrobial PS than MB and TBO [26]. Interestingly we
previously showed that members of this class of phenothiazinium dyes were substrates of
microbial drug-efflux systems [27], and that aPDT could be potentiated by combining the
phenothiazinium dye with an inhibitor of the drug-efflux pump [28]. Related structures are
the benzophenoxazines and their sulfur and selenium analogs [29].

2.2. Cationic Porphyrins
Porphyrins can be synthesized bearing cationic groups that are usually attached to phenyl
groups substituted in the meso-position of the porphyrin macrocycle (Fig. 5). Merchat et al
[9] reported that cationic meso-substituted porphyrins, namely tetra(4N-methyl-pyridyl)
porphine tetraiodide (T4MPyP) 5, and tetra(4N,N,N-trimethyl-anilinium) porphine
tetraiodide (T4MAP) 6, effectively mediated aPDT Gram-negative bacteria. Another
cationic porphyrin, 5-phenyl-10,15,20-tris(N-methyl-4-pyridyl)-porphyrin chloride
(PTMPP) or Sylsens B, 7 was shown to be to an effective and versatile antimicrobial PS that
was able to kill bacteria, Candida, and the dermatophyte Trichophyton rubrum [30–32].
Maisch et al reported [33] that bis-cationic porphyrins such as XF70 8 were broad spectrum
antimicrobial PS, giving good photokilling of methicillin-resistant and methicillin-sensitive
S. aureus strains, methicillin-resistant Staphylococcus epidermidis and E. coli. Subsequent
reports suggested that these porphyrins could even be used as antibacterial compounds in the
dark [34, 35]. Other reports have used a wide range of substituted cationic porphyrins to
mediate a PDT of diverse species of pathogens [36–40].

2.3. Cationic Phthalocyanines
Phthalocyanines are another class of tetrapyrrole dyes that have been synthesized with
cationic substituents to render them suitable for aPDT (see Fig. 6). Unlike porphyrins,
phthalocyanines are usually prepared with central coordinated metal atoms to prevent
aggregation and enhance photochemical properties. The diamagnetic metal ions such as
zinc(II) impart a high fluorescence quantum yield, long triplet lifetimes and high triplet
quantum yields which lead to a high probability of energy or electron transfer. Phthalo-
cyanine zinc(II) molecules with different charges were evaluated as PS to kill bacteria by
Minnock et al [8] who showed that Gram-negative bacteria could be photoinactivated when
illuminated in the presence of a tetra-cationic water-soluble zinc pyridinium phthalo-
cyanine, Zn-PPC, 9.
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Mantareva et al. [41] showed that another cationic phthalo-cyanine with four cationic groups
10 was able to photoinactivate Gram-positive Staphylococcus aureus, the Gram-negative
Pseudomonas aeruginosa, and the fungal species Candida albicans.

A recent paper [42] from the same group described a Ga(III)-substituted phthalocyanine
with eight cationic groups 11 that was able to mediate photoinactivation of Gram-positive,
Gram-negative bacteria and Candida species in planktonic form an in biofilms.

Roncucci et al showed [43] that another tetracationic Zn-PC 12 designated as RLP068 [17]
could photoinactivate S. aureus, P. aeruginosa and C. albicans and moreover did not
generate any resistance even after 20 successive cycles of sub-lethal PDT and regrowth.

2.4. Cationic Bacteriochlorins
Bacteriochlorins are porphyrins with two opposed reduced pyrrole rings in the macrocycle; a
molecular feature that imparts an intense absorption band in the NIR spectrum (>700-nm).
In a similar manner to porphyrins they can be synthesized with peripheral cationic groups to
give antimicrobial PS. Using completely synthetic methodology we prepared compounds
that were rendered stable by introduction of gem-dimethyl groups that prevented
adventitious re-oxidation of the reduced rings [44]. Compounds such as bis-cationic 13,
tetrakis cationic 14, and hexakis cationic 15 shown in Fig. 7 were effective in killing Gram-
positive, Gram-negative bacteria and fungi. Moreover they showed good selectivity for
microbial cells over host

2.5. Cationic Fullerenes
Fullerenes are closed cage molecules composed entirely of carbon atoms, and the most
widely studied member of this class is C60, was originally named buckminsterfullerene
[45]. The extended system of conjugated double bonds present in the spherical molecule
mean that these molecules absorb extensively in the visible region of the spectrum as well as
the UV region. Moreover they have a triplet yield approaching unity and hence no
fluorescence. The long-lived triplet state can undergo either energy transfer to produce
singlet oxygen or electron transfer to produce superoxide and subsequently hydroxyl radical.
Pristine C60 is highly insoluble but functionalization of the periphery with the appropriate
groups imparts water solubility and if these groups are cationic, the fullerenes can act as
highly effective antimicrobial PS as shown in Fig. 8. The tris-cationic fullerene 16 was
shown by our laboratory [46] to be a broad spectrum PS able to mediate photokilling of
Gram-positive, Gram-negative bacteria and fungi. Another study from our group [47]
showed that cationic fullerenes such as 17 with 6 cationic groups was also highly effective.
Other laboratories [48] have also shown that cationic fullerenes such as 18 (2 cationic
groups) are also effective against Gram-negative bacteria.

2.6. Miscellaneous Cationic PS
Nonell’s laboratory in Barcelona, Spain has developed PS based on the porphyrin-structural
isomer backbone known as porphycenes [49]. By synthesizing a porphycene 19 with 3
cationic groups a broad-spectrum antimicrobial PS was obtained [50], that could kill Gram-
positive and Gram-negative bacteria, as well as a fungal yeast. Moreover it was also able to
effectively treat an in vivo mouse infection model using aPDT.

A group from Dublin, Ireland has developed a new class of PS based on brominated BF2
chelated tetraarylazadipyrromethane dyes [51]. By adding two cationic groups to this
backbone to give compound 20 a broad-spectrum antimicrobial PS was obtained [52].
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Hypericin is a natural produce isolated from St John’s Wort and has been used as a PS for
PDT of cancer. Hager et al [53] synthesized bis-cationic derivates of hypericin such as 21
and demonstrated these PS could be used for PDI of Propionibacterium acnes.

2.7. Conjugates Between PS and Cationic Polymers
In 1997 we formed the hypothesis [54] that by covalently attaching a non-cationic PS
(chlorin(e6), ce6) to amino-groups present on a cationic polymer such as poly-L-lysine (pL)
to form pL-ce6 conjugates, interesting microbial-targeted PS could be prepared (Fig. 9).
Various forms of the cationic pL-ce6 22 was shown to be effective in photoinactivating both
Gram-positive and Gram-negative bacteria [55, 56]. A similar synthetic approach using
poly-ethylenimine (PEI) allowed the formation of PEI-ce6 243 that had the additional
advantages of being protease stable and also more cost effective [57]. The concept of
polycationic PS conjugates proved to be fruitful and has been extensively studied both in our
laboratory [58–66] and by others [67–69].

2.8. PS Encapsulated Into Cationic Liposomes and Nanoparticles
It has been shown that by encapsulation of PS in cationic liposomes rather than the more
usual liposomes composed of anionic or neutral lipids, the ability of non-cationic PS such as
m-tetrahydroxyphenylchlorin (mTHPC) to kill microbial cells can be enhanced [70]. A
similar report [71] used cationic liposomes composed with DOTAP (N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate) and containing either
hematoporphyrin or chlorophyll a to mediated aPDT of MRSA.

Likewise the explosion of interest in nanoparticles has led to researchers preparing
nanoparticles containing both PS and cationic charges for antimicrobial photoinactivation.
Schwiertz et al [72] found that calcium phosphate nanoparticles containing PS and bearing
cationic charges were superior PS delivery vehicles especially for Gram-negative P.
aeruginosa. Ferro and coworkers [73] compared a monocationic porphyrin (5-[4-(1-
dodecanoylpyridinium)]-10,15,20-triphenyl-porphine) (TDPyP) complexed into
supramolecular aggregates of cationic amphiphilic beta-cyclodextrin with the same
porphyrin encapsulated into cationic liposomes [74]. The cationic cyclodextrin porphyrin
was more effective in mediating photoinactivation of both Gram-positive and Gram-
negative bacteria than the cationic liposome formulation.

2.9. Conjugates Between PS and Antibodies
One exception to the rule that cationic groups are required to produce PS that can efficiently
photoinactivate Gram-negative bacteria appears to be the use of monoclonal antibodies
(mAb) conjugated to PS. A conjugate between mAb NO76 and Sn-ce6 [75] was used by
Yarmush et al to kill the resistant Gram-negative species Pseudomonas aeruginosa both in
vitro [76] and in vivo [77]. The conjugate did not kill S. aureus to which the mAb did not
bind. This finding (lack of cationic charge) may be explained by the tight binding between
antibody and bacterial cell.

3. BIOLUMINESCENCE IMAGING OF INFECTION MODELS
3.1. Rationale for Bioluminescence Imaging of Infection Models

Animal models have become standard tools for the study a wide array of antimicrobial
therapies of wound infections, including antimicrobial PDT. Mice are by far the most
frequently used species in wound infection models. The principal disadvantages of mouse
models relate to the small size of the animals. Hence, for example, one is limited to the
number of sequential sampling of blood, other fluids, and tissues that can be performed
without compromising the mouse. As a result, in vivo studies of PDT on mouse infection
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models suffer from difficulties in monitoring the development of an infection in mice and its
response to treatment. Standard microbiological techniques used to follow infections in
animal models frequently involve sacrifice of the animals, removal of the infected tissue,
homogenization, serial dilution, plating and colony counting. These assays use a large
number of animals, are time consuming, and often are not statistically reliable.

In order to facilitate the non-invasive monitoring of animal models of infection, we have
developed a procedure that uses bioluminescent genetically-engineered bacteria and a light
sensitive imaging system to allow real-time visualization of infections. When these bacteria
are treated with PDT either in vitro or in vivo, the loss of luminescence parallels the loss of
colony-forming ability. We have developed several mouse models of localized infections
that can be followed by bioluminescence imaging (BLI) [78].

BLI can be used either to track the course of an infection or monitor the efficacy of
antimicrobial therapies (see Fig. 11). Bacterial pathogenesis appeared to be unaffected by
the presence of the luciferase genes, and bioluminescence can be detected throughout the
study period in animals. Further, the intensity of the bioluminescence measured from the
living animal correlated well with the bacterial burden subsequently determined by standard
protocols [79–81]. Transposon-mediated integration of the luciferase operon into the
bacterial chromosome to make stable transformants means that reduction of luminescence
from sites of infection in animals can be attributed to reduction of bacterial numbers rather
than loss of luciferase-encoding plasmids.

3.2. Tracking the Course of Infections Using Bioluminescence Imaging
Different localized-infection models in various experimental animals have been used by
different groups to demonstrate the utility of bioluminescence imaging using bioluminescent
pathogens and repetitive imaging over the course of hours, days or weeks. A broad range of
variables must be taken into account when designing these protocols. These variables are:
(A) The species and strain of pathogen taking into account its rate of growth, and its specific
virulence and pathogenicity characteristics that may on occasion be species specific to the
animal model being employed. (B) The number of cells (CFU) innoculated into the infection
together with the precise composition of the liquid in which the microbes are suspended. (C)
The type of injury or trauma appplied to damage the tissue that allows entry of the
pathogens. (D) The immune staus of the animals; in many cases specific
immunosuppression strategies must be applied that can either be pharmacological or genetic.
(E) The presence of a foreign body in the infected area; foreign bodies can dramatically
potentiate infection.

When the bioluminescent microbes have been introduced into the lesion it is frequently
found that a large number of the cells die in the hours following their introduction. This
phenomenon is probably due to evaporation of liquid present in the innoculum and the fact
that the pathogens need time to establish a source of nutrients from the tissue. When the
parameters have been selected correctly it will be found that the surviving microbes then
proceed to regrow and a true infection is then established. Depending on the microbes and
the tissue involved a biofilm may be formed; this occurrence often leads to a chronic
infection being formed that can last for several weeks. Again depending on the virulence and
invasiveness of the microbes, it is possible that the microbes may reach the systemic
circulation of the animal and then bacteremia or sepsis ocurs that can often be fatal. This
event is easily established by culture of bioluminescent microbes from the blood or internal
organs such as heart or liver. In many cases when the infection does not become systemic, as
the tissue heals the bioluminescent microbes become confined in a scab or in an abscess due
to the body’s natural response to wall-off infection, and this scab can eventually fall of
taking the last traces of bioluminescence with it.
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3.3. Bioluminescence Imaging to Demonstrate the Efficacy of PDT
To bring aPDT towards a clinical treatment it is necessary to show its effectiveness in
treating actual infections rather than just inactivating pathogens in vitro. In contrast to PDT
of cancer where delivery of PS is generally carried out be intravenous injection of the PS
frequently associated with an appropriate delivery vehicle, adminstration of the PS for a
PDT of infections is different. In this case the PS is delivered into or onto the infected area.
For superficial infections this may simply be accomplished by pipetting a solution of PS
onto the surface of the tissue, but for deeper infections it may involve injection or infiltration
of the PS into the infected area. The delivery vehicle employed is also likely to be different
for PS used for cancer and PS used for infections. For cancer the appropriate PS are much
more hydrophobic and delivery vehciles such as liposomes, detergent micelles or orgaic
solvent mixtures are common. For aPDT the PS employed are hydrophilic and generally
water soluble. In some cases adding a proportion of a water miscible organic solvent to the
aqueous solution of PS does help penetration into the infected tissue.

The drug-light interval employed in aPDT is also very different from that which is usual in
PDT for cancer. In cancer applications 24 hours or even longer is a common interval,
although some PS do have shorter intervals such as a few hours. By contrast in aPDT
applications it has been found that drug-light intervals as short as a few minutes are optimal.
The reasons for this are the fact that binding and penetration of PS to microbial cells is
relatively rapid process. Uptake of the PS into mammalian cells that compose the infected
tissue is a much slower process, so the desirable selectivity for microbes over host tissue is a
time-dependent process and can be maximized at short drug-light intervals.

Light delivery is often as simple as shining the light as a spot that covers the infected area.
One finding that impacts the methodology of carrying out aPDT is the discovery that
photobleaching is an important limiting factor in the efficay of the antimicrobal PDI [82].
Photobleaching is the chemical degradation of the molecular structure of the PS by the ROS
produced during PDT, that can reduce its effectiveness in killing microbes. However this
limitation can be overcome by repeating the addition of the PS at intervals during the
illumination [58].

Another consideration that is important in aPDT, is the realization that the relative masses of
microbial cells and host cells in the infected tissue is very different. This means that the total
dose of PDT (PS concentration and fluence of light) is much larger (100–1000 times larger)
than the dose that is needed to kill microorganisms in vitro. A recent publication [83]
provided a perspective on why this should be. Since the definition of infection is 10(5) CFU/
g tissue and 10(5) bacteria have a total mass of only 1 microgram, it is evident that there is 1
million times more mass of tissue than there is mass of bacteria and this provides a real
challenge for selective binding of the PS to the microbial cells rather than the host cells.
Even if the infection is very severe (10(8) CFU/g tissue) the ratio is still 1000:1.

In actual practice the experimental application of aPDT for localized infections comprises
the following steps. (A) Establish the infection and monitor it by BLI as described in section
3.2. (B) Apply the PS to the infected area and monitor by a second BLI procedure, any dark
toxicity that may happen when the PS kills some microbial cells by its innate ability to
penetrate and permeabilize the cells. (C) After a short time begin illumination and after a
suitable amount of light has been delivered (for instance 10–50 J/cm2) carry out a third BLI.
(D) Repeat PS addition and light delivery enough times to ensure maximum eradication of
bioluminescence signal. (E) It may be necessary to deliver even more PDT than appears to
be necessary judging by BLI in order to reduce the possible regrowth of microbes after the
procedure. (F) Monitor any regrowth of microbes within the infection in succeeding days by
daily BLI procedures. In some cases when regrowth does occur, a second aPDT procedure
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after some days may give a second useful reduction in bioluminescence signal. (G) When
regrowth of microbes in succeeding days is problematic, it may be possible to combine
aPDT with an antibiotic or other traditional antimicrobial that is microbistatic rather than
microbicidal and can prevent re-growth [84].

4. PDT FOR WOUND INFECTIONS
The first mouse model of localized infection using bioluminescent bacteria to be utilized for
aPDT was a model of simple excisional wounds that were superficially inoculated with
bacteria. Infected wounds can be problematic in elderly patients, for some surgical patients,
for non-healing leg ulcers and for battlefield combat casualties such as open fractures.
Hamblin et al [66] developed a mouse model of excisional wound infections. In that model,
four rectangular full-thickness excisional wounds were made in a line along the back of
shaved male BALB/c mice. Wounds measured 8-mm × 12.5-mm and had at least 5 mm of
unbroken skin between them. The bottom of the wound was panniculus carnosus with no
visible bleeding. A suspension (50 μL PBS) containing 5 ×106 cells of mid-log phase
bioluminescent E. coli was inoculated into each wound, and the mouse was imaged with the
luminescence camera to ensure equal bacterial loading into each wound. The next day,
infected wounds in living mice had lost, on an average, 90% of the original luminescence
signal but with considerable inter-animal variability. A rapid light dose-dependent loss of
luminescence was observed as measured by image analysis after PDT with polycationic
photosensitizer pL-ce6 conjugate 22. Fig. 12A shows dose response bacterial luminescence
to PDT from a representative mouse in which bacteria were inoculated in all wounds, pL-
ce6 22 was added to wounds 1 and 4, and wounds 3 and 4 were illuminated with red light.
Therefore, wound 1 was the dark control with conjugate, wound 2 was the absolute control,
wound 3 was the light-alone control and wound 4 was PDT treated. Topical application of
pL-ce6 22 followed by laser illumination at 665 nm led to a 99% reduction in bacterial
luminescence.

The mouse model was also used by the same group [65] to test the efficacy of aPDT against
the infections induced by a more invasive species, P. aeruginosa. In this case the highly
virulent bacteria will rapidly reach the blood stream of the mice and then death will ensue.
Mice with single wounds measuring 8-mm312.5-mm received 5×106 mid-log phase P.
aeruginosa suspended in 50 mL of PBS. The pL-ce6 conjugate 22 was added as 50 uL of a
200-uM ce6 equivalent concentration. To allow the conjugate to bind to and penetrate the
bacteria, illumination at 665 nm was commenced at 30 minutes after the inoculation of
bacteria. As can be seen from a set of luminescence images from a representative mouse,
shown in Fig. 12B, PDT produced a fluence-dependent loss of luminescence, until only a
trace remained, after 240 J/cm2 had been delivered. Ninety % of the PDT-treated mice
survived (9 out of 10), in contrast, all of non-treated control mice (n=10) died within 5 days.
Furthermore the wounds treated with PDT healed better than wounds that were treated with
an alternative topical antimicrobial (silver nitrate). This improvement in healing was
attributed to the fact that PDTR can also destroy protease enzymes responsible for slowing
down wound healing.

5. PDT FOR BURN INFECTIONS
Skin is the first line of defense providing body with a physical barrier against several
pathogens including bacteria, viruses and fungi. Impairment of this important defensive
function renders the skin susceptible to infections from otherwise harmless microorganisms.
One of the injuries that compromise skin’s protective role is the burn injury. Not only do the
burns breach the cutaneous barrier, but severely burned sites are rendered avascular,
immunosuppressed, and are rich in bacterial nutrients. Consequently burns are highly
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susceptible to infections and large burns that occupied a high % of total body surface area
often proved to be fatal in the past due to infectious complications. The microbial species
responsible for these invasive burn infections include the ubiquitous pathogens P.
aeruginosa, S. aureus, Candida spp., and filamentous fungi. With the use of techniques like
early excision, grafting, topical antibiotics and antimicrobials, there has been a dramatic
improvement in the survival rates following burn infection. However, development of
microbial resistance to antibiotics and other antimicrobials has led to a renewed search for
alternative approaches to prevent and combat burn infections. Antimicrobial PDT has
emerged as a promising alternative to antimicrobial agents. Photodynamic inactivation of S.
aureus, A. baumannii, and MRSA has been shown to be effective in animal models of
infected burns in mouse and guinea pig.

aPDT of S aureus in a mouse burn model has been evaluated [85]. To create the burn injury,
ends of two preheated brass rods (≈95 °C) were pressed against opposite sides of a raised
dorsal skin fold for 10 s (see Fig. 13). This created a third degree burn covering 2cm2 or 5%
of the body surface area. Ten minutes later, burn wounds were infected with bioluminescent
S. aureus and allowed to multiply in the wound for 24 h to establish an infection. At the end
of 24 h, 5-phenyl-10,15, 20-tris(N-methyl-4-pyridyl)-porphyrin chloride (PTMPP, Sylsens
B, 7), a cationic porphyrin that has proved to be an effective and versatile antimicrobial PS,
was applied both topically and injected under the burn. The burns were illuminated directly
after the application of the PTMPP with red light and periodic imaging of the mice using a
sensitive camera to detect the bioluminescence signal. More than 98% of the bacteria were
eradicated after a light dose of 210 J/cm2 in the presence of PTMPP. However, bacterial re-
growth was observed. Collectively these data suggested that PDT had the potential to
rapidly reduce the bacterial load in infected burns but treatment needed to be optimized to
reduce wound damage and prevent recurrence [85].

PDT of Acinetobacter baumannii in a burn wound infection was studied by Dai et al [59]
using polyethylenimine chlorine (e6) (PEI-ce6) conjugate 23 and non-coherent red light at
660-nm. The burn wounds were created as described by Lambrechts et al [85]. Five minutes
after the creation of the burns, a suspension of luminescent A. baumannii containing 108

cells was inoculated onto the eschar of each burn. This led to chronic infections that lasted,
on average, 22 days and was characterized by a remarkably stable bacterial
bioluminescence. Starting PDT on day 0 was more effective in reducing bacterial
luminescence (3-log10 units) than on day 1 or day 2 (approximately 1.7-log10 reduction).
Fig. 12A shows the PDT dose response of bacterial luminescence of a representative mouse
burn infected with A. baumannii and treated with PDT on day 1 (24 hours) after infection.
PDT induced approximately 1.8 logs reduction of bacterial luminescence from the mouse
burn (Fig. 14A). Bacterial re-growth in the treated burn was observed but was generally
modest. Also the PDT did not lead to inhibition of wound healing. The data suggest that
PDT may be an effective new treatment for multi-drug resistant localized A. baumannii
infections.

The same model was used by Ragas et al [86] to demonstrate PDT mediated by the
phenothiazinium dye NMB 3. NMB was applied 30 minutes after infection followed by
illumination with 180 J/cm2 of red light at 635-nm. As shown in Fig. 14B, PDT of A.
baumannii led to a 3.2-log10 reduction of the bacterial luminescence after 360 J/cm2 had
been delivered.

The third degree mouse burn model as described above was also used by Ragas et al to test
the photodynamic efficacy of a cationic porphycene 19 against drug resistant MRSA
(methicillin resistant Staphylococcus aureus). 5 minutes after creation of burns, 50 ul of
bacterial suspension (108 cells) was inoculated onto the surface of each burn with a pipette
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tip and then smeared onto the burn surface with an inoculating loop. Porphycene 19, applied
thirty minutes later followed by illumination with 180 J/cm2 of red light, led to a 2.6-log10
reduction of MRSA bioluminescence [50] as seen in Fig. 14C.

6. PDT FOR ABRASION INFECTION MODEL
Contact sports such as American football, basketball, wresting, and rugby inevitably lead to
skin and soft-tissue injuries that place athletic population at increased risk for infection. Skin
infections, particularly those caused by Methicillin-resistant Staphylococcus aureus
(MRSA), are common among the athletes with a prevalence of over 10% [87]. The skin
injuries occurred in contact sports are mostly cutaneous traumas such as cuts, abrasions, turf
burns etc. In some cases, significant morbidity can occur, and in some other cases infections
result in life threatening conditions [88]. Not only do infections present a public health
concern, they can also disrupt or potentially eliminate a team’s chance to compete at the
highest level [89].

A mouse model of skin abrasion wound infected with MRSA was developed by Dai et al.
[58]. Bioluminescent strain of MRSA was used to allow the real time monitoring of the
extent of infection in mouse wounds. Skin abrasions were made within defined 1×1 cm2

areas on the backs of mice using 28 gauge needles. The abrasions were made in such a
manner that they only damaged the stratum corneum and upper-layer of the epidermis but
not the dermis. Ten minutes after wounding, an aliquot of 50 μL suspension containing 108

CFU of bioluminescent MRSA was inoculated to each wound. Fig. 15B shows the
successive bioluminescence images of a representative abrasion wound in a mouse treated
with PEI-ce6 23 in the dark. As indicated by the bacterial luminescence, the infection
remained strong and stable until day 5 post-infection and detectable until day 12. Fig 15A
shows the corresponding reduction in bioluminescence image intensity observed when red
light was added to PEI-ce6 23. Fig. 15C quantifies the bioluminescence signals and presents
the data as a time course over the whole course of the observation period until both treated
and untreated abrasions healed (day 14). Fig 15D shows the Kaplan-Meier wound healing
curves of the non-treated mice (n=12) and the mice treated with PDT (n=10). Statistical
analysis indicated that PDT treated mice had a significant advantage in wound healing over
the non-treated mice. The average wound healing times of the PDT treated mice and non-
treated ones were 5.6±5.1 and 14.2±2.6 days (p=0.0002), respectively. In 6 out of 10 of the
PDT treated mice, complete wound healing was achieved within 4 days post-infection. The
reason for the large advantage of wound healing in the PDT group probably reflects the fact
that an abrasion has unbroken skin between the scratches that can form a nucleus for wound
healing. However this normal skin can be destroyed by the bacteria if the infection is
untreated, leading to a uniform large wound that takes much longer to heal. Findings from
this study demonstrated that PDT significantly reduced the bio-burden of MRSA in the
mouse wounds, which would otherwise develop severe infections. In addition, wound
healing and morbidity (body weight loss) were greatly benefited by the eradication of
MRSA from the wounds. Photodynamic therapy may represent an alternative approach for
the treatment of MRSA skin infections.

7. PDT FOR CANDIDA INFECTION MODEL
A genus of fungi, Candida spp, is a common commensal inhabitant on human mucosal
surfaces and skin, yet when that outer layer of protection is compromised, Candida can
cause local infection, and in immunocompromised individuals it can infect deeper layers and
if it becomes systemic, can be lethal. Doyle et al. [90, 91] created C. albicans strains
expressing the firefly luciferase gene under the control of the strong C. albicans ENO1
promoter and showed the fungal cells could be detected in animals with induced
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vulvovaginal candidiasis that had been subjected to a vaginal lavage with a solution
containing luciferin. However, this in vivo reporter system only allowed limited
bioluminescent detection of C. albicans in vivo probably due to the limited permeability of
hyphal cells to luciferin. This is a drawback since the yeast-to-hyphal transition is a major
virulence determinant in this species [92]. D’Enfert’s laboratory recently overcame this
limitation by stably transforming a synthetic codon optimized Gaussia princeps luciferase
gene fused to C. albicans PGA59, which encodes a glycosylphosphatidylinositol-linked cell
wall protein. Expression of the luciferase was localized at the C. albicans cell surface,
allowing efficient detection of luciferase in intact cells without the necessity of the substrate,
coelenterazine, penetrating into the cell.

Fungal cells prefer relatively low temperatures for growth compared to bacteria. While most
pathogenic bacteria grow well at body temperature (37°C), this property is rare amongst
fungi and yeasts [93]. The requirement for lower temperatures means that fungal infections
on skin, mucosa, and burns tend to be superficial in nature and therefore more susceptible to
aPDT.

We have tested aPDT in a mouse model of localized C. albicans infection. After screening
several antimicrobial PS we settled on the phenothiazinium dye, new methylene blue (NMB)
3. Since Candida spp are eukaryotic cells, the advantage provided by PS structures with
multiple cationic charges that has been clearly demonstrated in prokaryotic bacterial cells, is
less pronounced, and more lipophilic less cationic molecules perform better.

We developed a new mouse model of C. albicans in a skin abrasion formed by scraping the
surface of the skin with a blade. Then a suspension (40 μL) of C. albicans in sterile
phosphate buffered saline (PBS) containing 106 cells was inoculated onto the surface of the
abrasion. Twenty μL coelenterazine (Gaussia princeps luciferase substrate) was topically
applied to the surface of each infected abrasion. Mice were then placed in the
bioluminescence imaging camera. Twenty-four hours later topical application of NMB 3
solution followed by illumination with red light produced a light-dose dependent reduction
of bioluminescence as seen in Fig 16.

8. CONCLUSION AND FUTURE PROSPECTS
Judging by the exponential growth of published studies in antimicrobial PDT both in vitro
and in vivo (see Fig. 17), the field is only going to expand further in years to come. The
clinical approval in Europe and Canada of the Periowave System made by Ondine
Biopharma for treating periodontitis by applying MB dye into the dental pocket followed by
light delivery into the pocket using a fine fiber optic has led to over 50,000 clinical
procedures being performed. The number of small companies entering this field combined
with growing antibiotic resistance and the public’s tendency to distrust big pharmaceutical
companies also suggests that the growth of a PDT will continue. Good animal models of
localized infections suitable for testing aPDT will continue to be in demand.
Bioluminescence imaging dramatically facilitates this animal testing.
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Fig. (1). Structures of the cell walls of three different classes of microbial pathogens
A) Gram-positive bacterium showing porous layer of peptidoglycan and single lipid bilayer.
B) Gram-negative bacterium showing double lipid bilayer sandwiching peptidoglycan layer
and an outer layer of lipopolysaccharide. C) Fungal cell with a less porous layer of beta-
glucan and chitin surrounding a single lipid bilayer.
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Fig. (2). Schematic mechanism of antimicrobial PDT
Type 1 and Type 2 photochemical mechanisms operate from photosensitizer triplet state
producing ROS that are able to destroy all known microorganisms.
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Fig. (3). Broad spectrum of effect of antimicrobial PDT
Many antibiotics, antibacterial and antifungal drugs have a relatively narrow spectrum of
action, while antimicrobial PDT has an extremely broad spectrum of that takes effect
rapidly.
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Fig. (4). Structures of phenothiazinium dyes
Methylene blue, 1; Toluidine blue O, 2; New methylene blue, 3; Dimethyl-methylene blue,
4.
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Fig. (5). Structures of cationic porphyrins
Tetra(4N-methyl-pyridyl) porphine tetraiodide (T4MPyP) 5, tetra(4N,N,N-trimethyl-
anilinium) porphine tetraiodide (T4MAP) 6; 5-phenyl-10,15,20-tris(N-methyl-4-pyridyl)-
porphine chloride (PTMPP or Sylsens B), 7; bis-cationic porphyrin, XF70, 8.
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Fig. (6). Structures of cationic phthalocyanines
Tetrakis cationic zinc pyridinium phthalocyanine, Zn-PPC, 9; tetrakis cationic
phthalocyanine 10; octakis-cationic Ga(III)-PC, 11; tetrakis cationic Zn-PC, RLP068, 12.
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Fig. (7). Structures of cationic bacteriochlorins
Bis-cationic BC 13, Tetrakis-cationic BC 14, Hexakis-cationic BC 15.
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Fig. (8). Structures of cationic fullerenes
Tris-methyl pyrrolidinium fullerene 16; hexakis-cationic fullerene, 17; bis-cationic
fullerene, 18.
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Fig. (9). Structures of miscellaneous cationic PS
Tris-cationic porphycene 19; bis-cationic brominated BF2 chelated
tetraarylazadipyrromethene dye, 20; bis-cationic derivative of hypericin, 21.
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Fig. (10). Structures of conjugates between PS and cationic polymers
Conjugate between poly-L-lysine and ce6, pL-ce6, 22; conjugate between polyethylenimine
and ce6, PEI-ce6, 23.
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Fig. (11). Schematic illustration of bioluminescence imaging to monitor PDT response in
infection models
A) Different classes of pathogenic microorganisms have been rendered bioluminescent. B)
Low light imaging camera consists of a light tight box with a sensitive CCD camera to
collect emitted photons. C) Software allows the luminescence signal to be analyzed and the
spread and intensity of the infection can be quantified over time.
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Fig. (12). PDT for infected excisional wounds
(A) Successive overlaid luminescence images of a mouse with four excisional wounds
infected with equal numbers of E. coli (5 ×106). Wounds 1 (nearest tail) and 4 (nearest head)
received topical application of pL-ce6 conjugate 22. Wounds 1 and 2 (two nearest tail) were
then illuminated with successive fluences (40–160 J/cm2) of 665 nm light. (B) Successive
overlaid luminescence false-color images of mice bearing excisional wounds infected with
5×106 luminescent P. aeruginosa treated with pL-ce6 conjugate 22 and increasing doses of
660 nm light.
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Fig. (13). Schematic illustration of procedures involved in carrying out PDT for burn infection
1. Shave and anesthetize a mouse. 2. Press two heated brass blocks against an elevated skin
fold. 3. Add suspension of bioluminescent bacteria with a pipette tip. 4. Add photosensitizer
with a pipette tip. 5. Deliver red light from a suitable light source.
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Fig. (14).
A) PDT dose response of bacterial luminescence from a representative mouse burn infected
with A. baumannii and treated with PDT using PEI-ce6 conjugate 23. B) PDT dose response
of bacterial luminescence from a representative mouse burn infected with A. baumannii and
treated with PDT using NMB 3. C) PDT dose response of bacterial luminescence from a
representative mouse burn infected with MRSA and treated with PDT using PEI-ce6
conjugate 23.
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Fig. (15). PDT for skin abrasion infected with MRSA
A) Successive bacterial luminescence images showing dose response with PDT using PEI-
ce6 conjugate 23 of a representative mouse abrasion wound infected with luminescent
MRSA. B) Successive bacterial luminescence images showing dark response with PEI-ce6
conjugate 23 of a representative mouse abrasion wound infected with luminescent MRSA.
C). Time courses of bacterial luminescence of the infected abrasion wounds in the PDT
treated mice (n=10) and non-treated mice (n=12). D) Kaplan-Meier wound healing curves of
MRSA infected mouse abrasion wounds without treatment (neither PS nor light was
applied) and treated with PDT, respectively.

Sharma et al. Page 32

Curr Pharm Des. Author manuscript; available in PMC 2012 October 03.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. (16). PDT of a Candida albicans infection
Dose response of fungal luminescence from a representative mouse skin abrasion wound
infected with 106 CFU luminescent C. albicans and treated with new methylene blue 3 and
635-nm light at 24 hours after infection.
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Fig. (17). Antimicrobial PDT is a rapidly growing field
The number of papers per year published in the general area of antimicrobial PDT obtained
by a search of the MedLine database between 1954 and 2010.
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