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Abstract

While photodynamic therapy (PDT) is a well-established modality for the treatment of a variety of malignant tu-
mors, several pathways are being explored to probe its potential for the treatment of a variety of non-cancerous
conditions. A rapidly emerging application is the use of PDT against infectious diseases of microbial origin. In par-
ticular, oral candidiasis, periodontal diseases, and infected wounds can be considered as most suitable for PDT tre-
atment. The association of the photosensitizer with the outer wall and/or the cytoplasmic membrane is a prerequi-
site for an efficient inactivation process. The main issue which needs to be addressed in order to make antimicro-
bial PDT a widely used modality is that of host toxicity. In fact, essentially all photosensitizers which are active
against microbial cells are also phototoxic to human cells and tissues (Adv Clin Exp Med 2006, 15, 3, 421-426).

Key words: photodynamic therapy, microbia, photosensitizers.

Streszczenie

Terapia fotodynamiczna (PDT) jest dobrze znang metoda leczenia ré6znych zlosliwych nowotworéw, istnieje jed-
nak wiele badari majgcych okresli¢ jej zastosowanie w chorobach nienowotworowych. Uzycie PDT w chorobach
zakaznych jest coraz powszechniejsze. W szczegdlnosci nalezy bra¢ pod uwage kandydiazg jamy ustnej, choroby
przyzebia i gojenie si¢ zakazonych ran. Zwigzanie si¢ fotouczulacza ze Sciang zewnetrzng i/lub btong cytoplazma-
tyczng jest warunkiem wstepnym skutecznego dzialania. Gléwny obszar, ktéry wymaga jeszcze zbadania w ra-
mach antydrobnoustrojowej PDT to toksyczno$¢ w komérkach gospodarza. Zasadniczo, wszystkie preparaty, ktdre
sg aktywne w stosunku do komoérek drobnoustrojéw sa takze fototoksyczne dla komorek i tkanek ludzkich (Adv

Clin Exp Med 2006, 15, 3, 421-426).

Stowa kluczowe: terapia fotodynamiczna, drobnoustroje, fotouczulacze.

While photodynamic therapy (PDT) is a well-
established modality for the treatment of a variety
of malignant tumors, several pathways are being
explored to probe its potential for the treatment of
a variety of non-cancerous conditions [1]. The re-
cent advent of AL A (5-amino-levulinic acid)-PDT
is contributing significantly to such novel develop-
ments [2]. A rapidly emerging application is the
use of PDT against infectious diseases of micro-
bial origin [3]. Indeed, PDT appears to be endo-
wed with some favorable features which could
make this technique quite useful in a field which is
increasingly challenged by the onset of multidrug-
resistant pathogens. Thus, the development of al-
ternatives to antibiotic treatment becomes more
and more imperative. PDT seems to be particular-
ly suitable for the treatment of localized infections,

including those which become chronic after pro-
longed chemotherapy [3]. Photodynamic proces-
ses usually act on a multiplicity of targets, hence
their mode of action is markedly different from
that typical of most antibiotic drugs. Moreover, the
photosensitivity of microorganisms is generally
independent of their antibiotic-resistance spectra.
A careful choice of the irradiation protocol leads to
an extensive decrease in the population of patho-
gens with minimal damaging effects on the host
tissues [3, 4] and no adverse consequences on the
normal “friendly” flora. Thus, even though PDT is
still in its infancy as regards microbiological appli-
cations, it is likely to become a mainstream thera-
peutic option in the near future, at least for speci-
fic indications.
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Indications

Antimicrobial PDT is still at the dawn of its
development. However, the rapid advances of our
knowledge as regards the mode of action of photo-
sensitizers on the cells of pathogenic agents and
their potential hosts as well as the involvement of
an increasing number of research/medical centers
in pre-clinical investigations allows one to predict
that PDT will be more and more frequently used
for the eradication of localized infections. In parti-
cular, the following indications can be considered
as most suitable for PDT treatment.

Oral Candidiasis

Candida albicans, the causative agent of oral
thrush, is readily susceptible to photodynamic in-
activation [5]. Topical application of the photosen-
sitizer would allow for photodamage to be confi-
ned within the lesion, thus sparing the microflora
at other sites. This approach would be of particu-
lar importance to HIV-infected patients [6], where
Candida infections are quite frequent, since a local
phototherapy is not expected to cause an increased
burden on the immune system or the undesired
collateral effects associated with conventional an-
tifungal agents.

Periodontal Diseases

These diseases are consequent to chronic in-
fections caused by a mixture of Gram-positive and
Gram-negative bacteria growing as a biofilm to
generate so-called subgingival plaque. While cur-
rent treatment protocols for chronic periodontitis
involve the mechanical removal of the biofilm by
laborious and often unpleasant procedures, PDT
has been proposed as a viable alternative [7]. Se-
veral oral pathogens (e.g. Streptococcus sp. and
Staphylococcus sp.) are efficiently eradicated by
photodynamic treatment, both in aqueous suspen-
sion and as a biofilm [7, 8]. The protocol would in-
volve the deposition of the photosensitizer in the
dental pocket followed by irradiation with light
delivered via optical fibers. The procedure can
usually be completed in a few minutes. This feature
would give PDT a significant advantage over
treatment with antiseptics and antibiotics, which
are difficult to maintain in appreciable concentra-
tions within the periodontal pocket for prolonged
periods of time.

Infected Wounds

Indolent and chronic wounds are most frequent-
ly contaminated by bacteria, and this contamina-

tion normally causes delayed healing and prolon-
ged hospitalisation. Wound infections are com-
monly treated with antibiotics or various types of
topical products (e.g. polymyxin B, mupirocin, si-
Iver nitrate or silver sulfadiazene); however, the
emergence of antibiotic-resistant bacterial strains
and the toxic effects of silver compounds calls for
alternative and more powerful therapeutic approa-
ches. PDT may represent a very useful tool to treat
bacterial contaminants of wounds because of the
broad specificity of action of adequately selected
photosensitizing agents against both wild and anti-
biotic-resistant strains [3, 4]. Moreover, it has been
demonstrated [9] that PDT, especially if applied at
low light doses, can up-regulate the expression of
growth factors, thereby stimulating wound healing.

Photosensitized Inactivation
of Microbial Cells:
General Aspects

Microbial cells display a truly large variety in
size, subcellular architecture, biochemical compo-
sition, and susceptibility to photosensitized proces-
ses. However, a generally valid mechanism can be
proposed for describing the action of photodyna-
mic processes on such cells, especially since in
most cases the cytoplasmic membrane represents
the main target. Thus the association of the photo-
sensitizer with the outer wall and/or the cytopla-
smic membrane represents a prerequisite for an ef-
ficient inactivation process [3]. In Gram-positive
bacteria, the outer wall (thickness about 40-80 nm,
with a fairly homogeneous biochemical composi-
tion) is readily crossed by a variety of compounds,
especially those of hydrophilic nature, photosensi-
tizing molecules, even of relatively high molecular
weight, can reach the cytoplasmic membrane in si-
gnificant amounts. The binding process occurs at
a very fast rate and the concentration of the photo-
sensitizer in membranous districts reaches maxi-
mum values within 1-5 min. of incubation. For
Gram-negative bacteria, which contain a highly
organized additional layer in the cell wall acting as
an effective permeation barrier, no appreciable
photosensitivity is observed unless the tight three-
dimensional architecture of the outer membrane is
preliminarily disrupted so that the photosensitizer
can translocate to the plasma membrane [3]. This
goal can be achieved either by pre-treatment with
agents such as EDTA, which remove the divalent
cations (e.g. Ca** ions), neutralizing the negative
charges present on the outer wall [10], or by incu-
bation with cationic compounds, including the no-
napeptide polymyxin B [11].
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A variety of cationic photosensitisers, inclu-
ding phenothiazines, porphyrins, and phthalocya-
nines, were successfully tested as photoinactiva-
ting agents for Gram-positive and Gram-negative
bacteria. The cationic dyes establish an ionic lin-
kage with the anionic groups at the cell surface
and, upon photoexcitation, induce an oxidative
modification of the outer-wall constituents present
in their microenvironment. The formation of oxi-
dized species leads to a perturbation in the native
three-dimensional structure, thus allowing the in-
flux of photosensitizer molecules to the cytopla-
smic membrane.

Yeasts, such as Candida albicans and Saccha-
romyces cerevisiae, are eukaryotic cells, but they
are surrounded by an outer membrane (even tho-
ugh the properties of such membrane are substan-
tially different from those typical of Gram-nega-
tive bacteria). As a result, yeast photoinactivation
also requires the pre-binding of the photosensitizer
with the external wall. However, in this case, even
anionic photosensitizers such as haematoporhyrin,
are effective [12, 13]. The scheme outlined above
does not apply to one class of bacteria, i.e. molli-
cutes. These bacteria, some of which are also na-
med mycoplasmas, are genetically deficient in cell
wall structures; therefore, the cytoplasmic mem-
brane is directly accessible to externally added
photosensitizing agents and these cells are very su-
sceptible to photodynamic inactivation mediated
by either positively or negatively charged as well
as by neutral dyes [14]. The degree of photosensi-
tivity of mollicutes is correlated with their content
in cholesterol, which they can readily accumulate
from the medium. In particular, cholesterol im-
parts rigidity to the cytoplasmic membrane and
acts as a scavenger of reactive oxygen species:
thus, the cholesterol-rich Mycoplasma hominis is
markedly less photosensitive than the cholesterol-
deprived Acholeplasma laidlawii [14].

In all cases, the rate and extent of photosensi-
tized inactivation of microbial cells appear to be
very similar for wild strains compared with methi-
cyllin- or vancomycin-resistant strains [12].

Photosensitized Inactivation
of Microbial Cells:
Photobiological Aspects

As is well known [3], photodynamic processes
proceed by two competitive mechanisms, both of
which require the participation of the long-lived
photo-excited triplet state of the photosensitizer
(®Sens) as the reactive intermediate. The type I pro-
cess involves an electron transfer step between the

triplet photosensitizer and a nearby substrate (Sub)
with generation of radical species; the latter are
then intercepted by oxygen, yielding oxidized pro-
ducts. A typical scheme for a type I photosensitiza-
tion mechanism can be outlined as follows:

3Sens + Sub - Sens + Sub™
Sub® + O, - Sub,,

The direction of the electron transfer event be-
tween the photosensitizer and the substrate is con-
trolled by their relative redox potential.

Alternatively, a type II mechanisms involves
an energy transfer step from the triplet photosensi-
tizer to a suitable acceptor, most frequently oxy-
gen. The latter compound is converted to a highly
reactive derivative, named singlet oxygen ('O,),
which in turns attacks photosensitive targets in its
surroundings:

3Sens + O, — Sens + 'O,
'0, + Sub - Sub,,

It is generally assumed [12] that singlet oxygen
represents the main cytotoxic agent responsible for
the photosensitized inactivation of microbial cells.
Indeed it has been observed that the cultivation of
Staphylococci in the presence of singlet oxygen
scavengers, such as methionine or histidine, provi-
des a high level of protection to the photosensitized
cultures [15]. At the same time, some authors de-
monstrated that singlet oxygen, generated by
a photosensitizer deposited on an inert matrix and
physically separated from the microbial cell cultu-
re, can diffuse through an air-equilibrated medium
and cause irreversible damage to Streptococcus fa-
ecium and E. coli [16]. However, the possibility of
a contribution to the overall photoprocess from ra-
dical-involving mechanisms cannot be ruled out,
since the close spatial relationship between a cell-
associated photosensitizer and photosensitive cell
constituents could favor a direct interaction.

In general, all the photosensitizers which have
been found to be very active as photoantimicrobial
agents preferentially localize in the cytoplasmic
membrane. One important exception is represen-
ted by acridines, which largely intercalate with
DNA bases [17]. The main alterations of cell func-
tions and morphology caused by photodynamic in-
activation are typical of damaged membranous do-
mains (see Table 1). No involvement of the gene-
tic material is generally observed until the late
stages of the overall photoprocess, which indicates
that such photodamage is not correlated with cell
death [3]. This pattern of photo-induced subcellu-
lar damage is in agreement with the lack of muta-
genic effects as well as the lack of selection of
photo-resistant microbial strains even after several
photosensitization treatments.
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Table 1. Main functional and morphological effects of photosensitized processes in microbial cells

Tabela 1. Gtéwne czynnosciowe i morfologiczne skutki proceséw fotouczulania w komérkach drobnoustrojow

Type of photodamage
(Rodzaj fotouszkodzefi)

Specific example
(Przyktad)

Comments
(Uwagi)

Functional damage

Loss of enzymic activities

inactivation of NADH/lactic dehydrogenase

drop in activity in membrane enzymes well
correlates with drop in survival

Protein-protein cross-links

many membrane and cytoplasmic proteins

cytoplasmic proteins involved upon Sens
rediffusion from the membrane

Inhibition of metabolic
processes

inhibition of DNA synthesis and glucose
transport

RNA and protein synthesis are consequently
blocked

Morphological damage

Alteration of the mesosome
structure

increased volume and frequency of
appearance

reflects a disturbed synthesis of membrane
and cell wall

Alteration of chromatin

appearance of electron- transparent areas
with highly packed nucleic acid

late stage in the overall photoprocess

Conclusions
and Perspectives

Several factors appear to promote the use of
PDT as an alternative therapeutic approach for
those infectious diseases of microbial origin that
recur or become chronic after antibiotic treatment.
At present, the most promising applications invo-
lve local application of the photosensitizer both in
terms of the likely speed of treatment and reduced
risk of undesired side effects, including the low
probability of injury to indigenous bacteria remote
from the site of the phototreatment which are often
affected during systemic antibiotic therapy. In fact,
the major advances which have characterized the
research in the field of antimicrobial PDT during
the past few years allowed the definition of speci-
fic favorable features, including:

1) The short time of the whole phototreatment
owing to the generally very fast uptake of the pho-
tosensitizing agent by microbial cells followed by
the relatively small light doses which are required
to obtain a substantial reduction in the population
of microbial pathogens;

2) Confinement of the overall photo-damaging
process within a restricted spatial range as a con-
sequence of the short lifetime of the photochemi-
cally produced cytotoxic species; thus it has been
estimated that endocellularly generated singlet
oxygen cannot migrate beyond 10 nm from its ge-
neration site [3];

3) The broad spectrum of activity of photosen-
sitizers, such as phenothiazines or cationic po-
rphyrins, which have been shown to efficiently
photosensitize the inactivation of Gram-positive
and Gram-negative bacteria, mycoplasmas, yeasts,
and parasites. These photosensitizers exhibit no

detectable toxic action against prokaryotic and eu-
karyotic cells at photobiologically active doses in
the absence of photoactivation;

4) Independence of the degree of antimicrobial
photoactivity from the antibiotic-resistance spectra
of microbial cells. This property is particularly
useful for developing combined therapeutic proto-
cols in the treatment of poorly responding infectio-
us diseases;

5) No significant development of resistance to
PDT in microbial cells which have been only par-
tially inactivated and are exposed to repeated ses-
sions of the photosensitizer + visible light treat-
ment;

6) Lack of onset of mutagenic effects in pho-
tosensitized cells. This feature underlines a very
important difference between PDT and UV light-
treatment, which typically causes the development
and selection of mutants with unknown properties;

7) Possibility to activate the photosensitizer in
situ by non-coherent visible light sources, which
are typically of low cost, require minor protective
measures for the operators and patients, and are
powered by inexpensive technology.

One open question in this field is the choice of
the photosensitizer(s) to be employed in a given
application. A truly large variety of photosensiti-
zing drugs have been tested so far (see [6] and [30]
for an exhaustive review), including compounds
of natural origin such as hypericin, psoralens, and
thiophenes. At present, the attention of investiga-
tors is being more and more centered on porhyrins
and their analogs, such as phthalocyanines. More-
over, porphyrins typically absorb essentially all
the wavelengths in the visible light spectrum. This
would allow one to select the irradiation wave-
length depending on the thickness of the lesion to
be treated. As is known [18], the penetration depth
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of light into human tissues is strongly dependent
on the wavelength and ranges from a few millime-
ters in the near-UV/blue region (380-450 nm) to
1.5-2 cm in the red spectral region (650-800 nm).
This aspect obviously enhances the selectivity of
PDT treatment. Lastly, the chemical structure of
porphyrins and their derivatives can be modulated
by the introduction of different functions into the
molecule, including the coordination of metal ions
with the pyrrole nitrogens, the addition of axial
ligands to the metal ion, and the attachment of sub-
stituents in the peripheral positions of the tetrapyr-
rolic macrocycle [19]. In this way, the physico-
chemical properties (e.g. the degree of lipophilici-
ty or hydrophilicity) as well as the photobiological
properties of the photosensitizer can be tailored to
the biochemical and physiological characteristics
of any given microbial pathogen. This would bro-
aden the number of photosensitizing agents which
can be used for the phototherapeutic treatment of
infectious diseases.

The main area which needs to be addressed in
order to make antimicrobial PDT a widely used
modality is that of host toxicity. In fact, essential-
ly all those photosensitizers which are active aga-
inst microbial cells are also phototoxic to human
cells and tissues. In order to increase the selectivi-
ty of phototreatment, Berthiaume et al. [20] deve-

loped a specific antibacterial photosensitizer im-
munoconjugate and tested it in mice whose dorsal
skin had been infected with Pseudomonas aerugi-
nosa, a 75% decrease in the number of viable bac-
teria was observed in the photo-treated site, whe-
reas little inhibition of bacterial growth occurred
in animals that had received a non-specific conju-
gate. While antibody-targeted photolysis can cer-
tainly represent a selective and useful tool for treat-
ing specific infections, its widespread use is que-
stionable based on both the cost of the procedure
and the intrinsic selectivity associated with the lo-
cal deposition of the photosensitizer. Several re-
ports point out that careful control of the individu-
al parameters involved in the PDT protocol allows
one to achieve a very high differential phototoxici-
ty between microbial and human cells, as shown
by experiments with methycillin-resistant S. au-
reus against fibroblasts and keratinocytes as well
as with Helicobacter pylori against rat gastric mu-
cosa [21]. In general, a 4-5 log reduction in the
microbial population can be achieved by using
much shorter incubation times prior to irradiation
and lower light doses compared with those requi-
red to inactivate human cells. An outline of the
optimal values which appear to induce an extensi-
ve drop in the survival of microbial cells with mi-
nimal damage to host tissues is given in Table 2.

Table 2. PDT protocol yielding an efficient and selective phototoxic action on microbial pathogens with minimal damage to

host tissues

Tabela 2. Protokét PDT dotyczacy skutecznego i selektywnego oddzialywania metody na drobnoustroje patogenne przy mi-

nimalnych uszkodzeniach tkanek gospodarza

Parameter Optimal values
(Wskaznik) (Optymalne wartosci)
Cell-photosensitizer incubation time prior to irradiation 1-5 min.
Photosensitizer dose 0.1-1 upM

Delivery system

either free or in combination with dextran, polypeptides
and albumin; not effective against Gram(-) if associated
with liposomes

Ionic strength

efficiency is independent of the salt concentration

Fluence rate

lower than 50 mW/cm?

Total light fluence (irradiation time)

lower than 3 J/cm? (10 min.)

References

[1] Levy JG, Obochi M: New applications of photodynamic therapy. Introduction. Photochem Photobiol 1996, 64,

737-739.

[2] Patrice T.J. (Ed.) Photodynamic Therapy. Royal Society of Chemistry, Cambridge 2003.

[3] Jori G: Photodynamic therapy for the treatment of microbial infections. Photodynamic News 1999, 2, 2-3.

[4] Soukos NS, Wilson M, Burns T, Speight PM: Photodynamic effects of toluidine blue on human oral keratino-
cytes and fibroblasts and Streptococcus sanguis evaluated in vitro. Lasers Surg Med 1996, 18, 253-259.

[5] Bertoloni G, Dall’Acqua M, Vazzoler M, Salvato B, Jori G: Bacterial and yeast cells as models for studying
hematoporphyrin photosensitization. In: Porphyrins in Tumour Phototherapy. Eds.: Andreoni A, Cubeddu R, Ple-

num Press, New York 1984, 177-184.

[6] Berger TG: Treatment of bacterial, fungal and parasitic infections in the HIV-infected host. Semin Dermatol

1993, 12, 296-300.



426 G. Jori, G. RoNcuccl

[7]1 Wilson M: Photolysis of oral bacteria and its potential use in the treatment of caries and periodontal disease. J Ap-
plied Bacteriol 1993, 78, 299-306.
[8] Wilson M: Susceptibility of oral bacteria biofilms to antimicrobial agents. J Med Microbiol 1996, 44, 79-87.
[9] Parekh SG, Trauner KB, Zarins B, Foster TE, Anderson RM: Photodynamic modulation of wound healing
with BPD-MA and CASP. Lasers Surg Med 1999, 24, 375-381.
[10] Bertoloni G, Rossi F, Valduga G, Jori G, van Lier J: Photosensitizing activity of water- and lipid-soluble
phthalocyanines on Escherichia coli. FEMS Microbiol Letters 1990, 71, 149-156.
[11] Malik Z, Ladan H, Nitzan Y: Photodynamic inactivation of Gram-negative bacteria: problems and possible so-
lutions. J Photochem Photobiol B Biol 1992, 14, 261-266.
[12] Wainwright M: Photodynamic antimicrobial chemotherapy. J Antimicrob Chemother 1998, 42, 13-28.
[13] Bertoloni G, Reddi E, Gatta M, Burlini C, Jori G: Factors influencing the haematoporhyrin-sensitized photoi-
nactivation of Candida albicans. J Gen Microbiol 1989, 135, 957-966.
[14] Bertoloni G, Viel A, Grossato A, Jori G: The photosensitizing activity of haematoporphyrin on mollicutes. J Gen
Microbiol 1985, 131, 2217-2223.
[15] Nitzan Y, Shainberg B, Malik Z: The mechanism of photodynamic inactivation of Staphylococcus aureus by
deuteroporphyrin. Curr Microbiol 1989, 19, 265-269.
[16] Valduga G, Bertoloni G, Reddi E, Jori G: Effect of extracellularly generated singlet oxygen on Gram-positive
and Gram-negative bacteria. J Photochem Photobiol B Biol 1993, 21, 81-86.
[17] Wainwright M, Phoenix DA, Marland J, Wareing DRA, Bolton FJ: In vitro photoantibactericidal activity of
aminoacridines. J Antimicrob Chemother 1997, 40, 587-589.
[18] Ochsner M: Photophysical and photobiological processes in the photodynamic therapy of tumours. J Photochem
Photobiol B Biol 1997, 39, 1-18.
[19] Smith KM: Porphyrins and Metalloporhyrins. Elsevier Scientific, Amsterdam 1997.
[20] Berthiaume F, Reiken S, Toner M, Tompkins R, Yarmush M: Antibody-targeted photolysis of bacteria in vi-
vo. Biotechnology 1994, 12, 703-706.
[21] Millson CE, Thurrell W, Buonaccorsi G, Wilson M, MacRobert AJ, Bown SG: The effect of low power laser
light at different doses on gastric mucosa sensitised with methylene blue, hematoporphyrin derivative or toluidi-
ne blue. Lasers Med Sci 1997, 12, 145-150.

Address for correspondence:

Giulio Jori

Department of Biology
University of Padova
Via U. Bassi 58/B

35 131 Padova, Italy
Tel.: +39 049 827 6333
Fax: +39 049 827 6344
E-mail: jori@bio.unipd.it

Received: 08.07.2005
Accepted: 08.09.2005

Praca wptyngta do Redakcji: 8.07.2005 r.
Zaakceptowano do druku: 8.09.2005 r.



