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We dedicate this book to all, humans and
animals, victims of cancer and infectious
diseases. We expect that our effort into
making this book brings more prosperity and
quality to their lives. We also acknowledge
our family and friends, the pillar of our
achievements.

“We can easily forgive a child who is afraid
of the dark; the real tragedy of life is when
men are afraid of the light.”

Plato



Foreword

The clinical use of the photodynamic effect has, thus far, been utilized mainly in
human oncology since the latter part of the last century. However, von Tappeiner
and Jesionek’s initial findings concerning the use of dyes and light in this field had
been pre-empted by their student Raab, who demonstrated the antimicrobial effect
several years earlier, in 1900. Consequently, it has taken — and, indeed, is taking — a
considerable time to progress ‘“from bench to bedside.”

The requirement for the triple combination of photosensitizer, light, and oxygen
to provide cytotoxicity, whether in cancer or infectious disease, rather than via solo
attack via drug, radiation, or surgery seems to have caused considerable reluctance
on the part of clinicians to adopt the photodynamic approach. However, the ease of
use, anti-resistance capability, and excellent cosmetic outcomes should be persua-
sive arguments, and it has been immensely frustrating that clinical uptake has been
so slow over the past quarter century.

Given that any therapeutic agent licensed for use in humans must undergo sig-
nificant animal testing, the data available to support photodynamic veterinary medi-
cine are, by now, extensive, to say the least. In addition, there are persuasive
arguments for alternative approaches to treating animals in the same way that there
are in human medicine, for instance, increased cancer incidence due to solar radia-
tion and the rise of antimicrobial drug resistance through over- and misuse of hard-
won anti-infectives. Indeed, in the latter category, the future basis of animal and
human infection control is inextricably linked due to previous practices.

Microbial drug resistance can be seen as the fortuitous expression by the organ-
ism of genetic mutation. This occurs when the mutation is expressed as, for exam-
ple, a molecular change in the structure of an enzyme which, in turn, alters the
binding of a previously inhibitory drug molecule. The genetic change therefore
causes downstream alteration of drug efficacy, and if this promotes the organism’s
survival, it is adopted by the fact that the organism survives where others in the
population without the change do not.

Such behavior obviously requires drug exposure, so where this is unnecessary —
for example, in growth promotion — it should be discouraged. However, there are
other scenarios where antimicrobial use is necessary, and it is here that the use of the
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viii Foreword

photodynamic approach can make a difference. Local or topical infection — for
example, soft tissue wounds or mastitis — is currently treated with conventional anti-
microbials, with the concomitant risk of later resistance development. Due to non-
specific modes of action, treatment with photoantimicrobials would not only
circumvent this problem but would also allow the conservation of valuable conven-
tional antimicrobial agents for more serious, i.e., systemic, disease. Furthermore,
logically, while the local/topical administration of any drug exposes far less of the
host to potentially harmful side effects, this is also true for the microbiome. Systemic
administration of antimicrobials might kill the target organisms, but it invariably
damages “friendly flora” and, more worryingly, increases the microflora’s exposure
to xenobiotics, also raising the probability of drug resistance development. Clearly
this is dangerous from the point of view of the animal involved, but in agriculture,
since there is the possibility of the resistant microbes entering the food chain, this is
also hazardous to humans.

It is fair to say that, to date, veterinary medicine has been viewed as being of
secondary importance in comparison to that of Homo sapiens. Whether this is due
to animals — particularly agricultural animals — being taken for granted by the
greater part of civilization or to financial inequalities in agricultural versus nonagri-
cultural commerce, the fact remains that, in medicine at least, changes must be
made.

The advantages of the photodynamic approach, as noted above, offer a positive
way forward in animal healthcare with the added bonus that there is no downside in
terms of communicated drug resistance seen over time with conventional antimicro-
bials. Clearly photosensitizers cannot act as a complete replacement for convention-
als, either in the field of oncology or infection control; the important point is that
they should be employed where possible in these areas, either as a direct substitute
for or in adjuvant therapy with standard chemotherapeutics. As the following
authors demonstrate, the photodynamic approach can be an amazingly powerful
therapeutic tool; utilizing this power for the benefit of animals (and humans for that
matter) is usually out of their hands.

Lea, Lancashire, UK Mark Wainwright
May 2016



Preface

Photodynamic therapy (PDT) is an emerging light-based technology that uses light
in combination with a photosensitizer (PS) to treat localized tumors and infections.
Historically, PDT has had a paramount role in cancer therapy and is also broadly
used to treat age-related macular degeneration. For cancer, the highest benefits of
PDT comprise the avoidance of systemic treatment, the selectivity for malignant
cells, and the repeatability. Regarding antimicrobial PDT, main advantages are the
wide spectrum of action (bacteria, yeasts, viruses, and parasitic protozoa), the out-
come is independent of the antibiotic resistance pattern of the microbial strain, the
wide-ranging decrease in pathogens with minimal damage to the host tissue, the
absence of selection of “photoresistant” strains after multiple treatments, and the
lack of mutagenicity. In addition, PDT is a low-cost and minimally invasive local-
ized therapy.

The fundamental requirements justifying to move PDT toward the clinical field
are satisfactory until now. Thus, it appears very appropriate to write a book, which
covers the state of the art as regards the fundamental mechanistic aspects of PDT, as
well as the diseases that can be most favorably addressed by this therapeutic modal-
ity. This can be of great help to both basic investigators in order to orientate their
activities toward the solution of problems emerging from in vivo studies and the
clinical veterinarians to better understand the scope, as much as the potential of the
technique, and to identify suitable avenues leading to an optimization of the thera-
peutic protocols.

Our intention was to compose a book that is of easy comprehension, pleasant
to read, and interesting to researchers and clinicians. The first seven chapters
encompass the history and principles of PDT, including its mechanisms of action
on molecular and cellular levels, systemic effects, and a multimodality dosimetry
(i.e., the three key components for a successful PDT). Chapter 8 highlights the main
aspects to be considered by veterinarians to move PDT for clinical practice.
Chapters 9 and 10 report the use of cancer PDT in basic and clinical studies. In
Chaps. 11 and 12, we introduce the antimicrobial PDT. Chapter 13 covers the use of
PDT in other practices, and the book finishes with future perspectives for the use
of PDT in veterinary medicine.


http://dx.doi.org/10.1007/978-3-319-45007-0_8
http://dx.doi.org/10.1007/978-3-319-45007-0_9
http://dx.doi.org/10.1007/978-3-319-45007-0_10
http://dx.doi.org/10.1007/978-3-319-45007-0_11
http://dx.doi.org/10.1007/978-3-319-45007-0_12
http://dx.doi.org/10.1007/978-3-319-45007-0_13

X Preface

We hope that the reading of these pages may provide a wide and deep insight of
the potential of the PDT, as much as may inspire veterinarians to establish its safe
and efficient use in veterinary medicine.

Sao Paulo, Brazil Fabio Parra Sellera
Cristiane Lassdlvia Nascimento
Martha Simdes Ribeiro
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Chapter 1
History of PDT

Fabio Parra Sellera, Caetano Padial Sabino, and Michael Richard Hamblin

Abstract This chapter presents the brightest historical milestones behind the devel-
opment of photodynamic therapy (PDT). We initially present how photodynamic
reactions were first observed by scientists from three different countries in the
beginning of the twentieth century. Oskar Raab, from Germany, observed by acci-
dent that protozoan cells stained with fluorescent dyes were killed upon illumina-
tion, while Prime, in France, reported that human subjects who ingested also
fluorescent dyes for an experimental treatment of neurological diseases developed
severe erythema after short exposure to sunlight. Niels Finsen, from Denmark, was
awarded with the third Nobel Prize of Medicine in the history for the development
of light-based treatments for skin infections. Following, we describe how PDT
slowly evolved until the 1960-1970s when new generations of less toxic photosen-
sitizers were developed for diagnosis and treatment of solid tumors. Only then PDT
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really became a hot scientific area that began to attract many researchers to the field.
We also describe the first huge medical and economic impact that PDT as the first
effective treatment for age-related macular degeneration, the leading cause of adult
blindness in the world. Finally, we go through the main discoveries in veterinary
medicine over the past years for the treatment of localized tumors and infections in
diverse animal species.

The history of photomedicine can be traced back to ancient times when there were
attempts to treat skin diseases with compounds that demonstrated specific therapeu-
tic effects when exposed to sunlight. Historical documents from over 3000 years
ago mention ancient Egyptians using substances extracted from plants combined
with sunlight to treat superficial lesions. In Egypt, India, and China, sunlight was
used to treat skin diseases such as psoriasis, vitiligo, and cancer. These practices are
described in ancient texts such as the Ebers Papyrus [1] and the sacred Indian book,
Atharva Veda [2].

Since the early 1800s, the scientific community was aware that ultraviolet and
blue light were the best colors (wavelengths remained unknown during this period)
to induce chemical reactions; for example, the darkening of silver nitrate led to the
development of photography, even though it did not induce heating effects. On the
other side of the spectrum, red and infrared light behaved in the opposite way, pro-
ducing heat but few chemical reactions. As such, ultraviolet and blue light became
commonly referred to as “chemical rays,” while red and infrared light were called
“thermal rays.” In 1901 Niels Finsen, a Danish medical scientist, published the first
modern book about the treatment of diseases with monochromatic light entitled, La
Phototherapie (in English, The Phototherapy). He initially observed how chemical
rays induced the most pronounced physiological effects in living cells during and
after illumination. Finsen first made the key observation that blue light did not
induce deleterious inflammatory responses, as did UV radiation, but could still kill
bacteria. Based on this principle, he built many variations of optical systems to
focus intense but non-thermally acting, blue light and noticed that some species of
bacteria could be inactivated within minutes when illuminated. These methods and
tools Finsen developed proved to be very effective to treat skin infections (Fig. 1.1).
As aresult, many clinics in Northern Europe adopted his techniques into their own
practices. In 1903, Finsen was awarded the Nobel Prize in Physiology or Medicine
“in recognition of his contribution to the treatment of diseases, especially cutaneous
tuberculosis, with concentrated light radiation, whereby he has opened a new ave-
nue for medical science” (Nobel Prize Website) [3, 4].

During this same period, the use of photosensitizers for therapeutic purposes
also began to be investigated. The first report was made in 1900 by Prime, a French
neurologist who was administering eosin dye orally for epilepsy treatment in
humans. Apart from the neurologic effects, his trials suggested that skin regions
exposed to sunlight developed severe erythema due to increased photosensitivity
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Fig. 1.1 Monochromatic
light irradiation system
developed by Niels Finsen
for the treatment of
cutaneous tuberculosis. The
system consists of a carbon
arc light source coupled to
hollow glass lenses filled
with blue dyes to filter
focused blue light on
patient skin lesions. A
cooling system with
circulating water was
necessary to avoid
overheating (Adapted from
La Phototherapie)

[5]. Also in 1900, Oscar Raab, a German medical student under the supervision of
Professor Herman Von Tappeiner, made the first scientific observation of photody-
namic activity completely by accident. During his experiments on the viability of
motile protozoa, Raab observed how fluorescent dyes like acridine orange, could
kill stained microbes when sunlight was focused into his microscope. Such effects
were more evident during summer, when sunlight is strongest. This simple obser-
vation demonstrated how some exogenous fluorescent compounds, now termed
“photosensitizers” (PS), could be used to artificially induce light sensitivity in
microorganisms and improve the already-known antimicrobial activity of sunlight
[6]. Soon after his first discovery, Von Tappeiner, together with Jodlbauer, found
that oxygen was necessary to develop reactions mediated by light, thereby creat-
ing the term photodynamische wirkung (photodynamic effect) [3, 4, 7-9]. At the
same time, Von Tappeiner and Jesionek investigated the application of eosin and
light for treatment of skin tumors in mice [10-12]. Despite the promising results
they were obtaining, PDT was abandoned because the photosensitizers they used
(dyes such as acridine) were found to be too toxic and presented a high oncogenic
potential [5, 13].

In 1910, Hausmann made a tremendous breakthrough: he demonstrated the abil-
ity to destroy the tumor vasculature in mice following administration of hematopor-
phyrin (isolated from cattle blood) and exposure to sunlight [14]. In contrast to
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Fig. 1.2 Photograph of Friedrich Meyer-Betz, in 1913. On the left (a), we observe the scientist
before hematoporphyrin administration. On the right (b), it is possible to observe hematoporphyrin-
related effects after sun exposure [15]

eosin and acridines, porphyrins were not toxic in the absence of light. In 1913,
Friedrich Meyer-Betz injected himself with 200 mg of purified hematoporphyrin
and stayed under sunlight for a few minutes. No drug-related effects were noticed
prior to sunlight exposure; however, upon sun exposure, his skin became extremely
swollen and reactions were observable for months (Fig. 1.2) [15].

Years later, in 1924, Policard detected fluorescence emitted from tumors after
intravenous administration of porphyrins followed by illumination with black light
(UVA about 360 nm). Initially, it was believed that fluorescence was related to por-
phyrins occurring in secondary infections commonly found in some tumor lesions.
There was no further research in this field until 1942 by scientists Auler and Banzer.
The two made systematic studies reporting how malignant tumors indeed emitted
fluorescence after systemic administration of porphyrins because these molecules
preferentially accumulate in tumors [6, 16, 17].

Concurrently with studies investigating the action of PDT, in 1916 Albert
Einstein postulated “the principles of light amplification by stimulated emission
of radiation” that provided the theoretical basis for the future development of
lasers. The first working laser was built in 1960 by Theodore Maiman. This devel-
opment triggered a series of research studies involving the interaction of intense
and monochromatic light with living organisms [18]. Until then, light sources
available for PDT were the sun and enormous electric light systems such as car-
bon arc or pointolite lamps, which could provide noncoherent polychromatic light
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that required complex sets of filters and efficient water-cooled heat sinks for prac-
tical use [6].

The first generation of photosensitizers based on hematoporphyrin derivatives
began in 1950 with studies led by Schwartz. The researchers demonstrated how
in Meyer-Betz’s experiments the most active component was not hematoporphy-
rin itself but was actually a mixture of oligomeric porphyrins isomers not easily
eliminated from the body. Understanding the need for improvements, Schwartz
optimized this mixture of oligomers calling it hematoporphyrin derivative
(HPD), which was much more efficient than the substance used by Meyer-Betz.
Later in the 1960s, Schwartz and Lipson demonstrated the preferential accumu-
lation of HPD in tumors. These observations led to the development of many
studies designed to detect tumors by endoscopic fluorescence detection [19]. In
the latter half of the 1960s, Lipson successfully treated a woman with breast
cancer using HPD and selective tumor irradiation, marking the beginning of
oncologic PDT [20].

In the 1970s, Thomas Dougherty initiated a series of clinical trials of anticancer
PDT using HPD [12]. He led efforts to develop feasible formulations and a large-
scale production method to meet the standards set by the Food and Drug
Administration (FDA) [11]. The 1970s and 1980s were marked by numerous stud-
ies regarding PDT for cancer therapy; however, antimicrobial PDT hardly attracted
any attention, since antibiotics had been introduced in the 1940s and was still
highly effective against infectious diseases. The discovery of penicillin by
Alexander Fleming in 1928 opened the path for antimicrobial chemotherapy and
the following decades became known as the age of antibiotics. This pharmaco-
logic approach was markedly more effective and versatile than PDT to treat local
and systemic infections. In addition, antibiotics were much more profitable and
could easily be transported and stored in remote locations (this was especially
important during times of war). But as a result of indiscriminate use of antibiotics
in the last few decades, the selection of resistant populations of microorganisms
has revived an urgent need for therapeutic alternatives. This has led to antimicro-
bial PDT beginning to regain attention for the treatment of infectious disease.
Over the last decade, several photosensitizer candidates with diverse molecular
frameworks have been tested to inactivate all sorts of pathogenic microorganisms
(different classes of bacteria, fungi, viruses, and parasites). Due to their broad-
spectrum activity, low-cost, and easy availability, phenothiazinium dyes such as
methylene blue and toluidine blue became the most commonly used PS for micro-
bial inactivation [21]. The twenty-first century is marked by increasing interest in
antimicrobial PDT with extensive development of preclinical and clinical trials
that endure to this day. As mentioned above, bacteria, fungi, protozoa, and viruses
have been inactivated with various degrees of success depending on experimental
conditions [22] (Fig. 1.3).

The history of antimicrobial PDT may have started when Oscar Raab accidentally
inactivated paramecia in 1900. However, after this first observation, all research was
focused on cancer therapy. Only in 1931 Clifton published the first study demon-
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Fig. 1.3 Number of indexed publications per year over the past six decades according to PUBMED
database

strating the antiviral activity of PDT using phenothiazine dyes and sunlight to inac-
tivate bacteriophages [23]. Based on this discovery, Perdrau and Todd developed a
highly antigenic vaccine against canine distemper with viral particles inactivated by
methylene blue and artificial light of a pointolite lamp [24]. The use of PDT to treat
active human infections only began to be reported in 1973 by a research group lead
by Joseph Melnick. In the same year, they published two double-blind clinical stud-
ies reporting beneficial effects on management of herpes simplex lesions in various
anatomic sites [25, 26]. In addition to shorter healing time, recurrences were also
reduced in relation to placebo controls. Unfortunately, a former member of
Melnick’s lab falsely reported to the press that photodynamically treated herpesvi-
rus might cause cancer but omitted that herpes lesions alone lead to cancer predis-
position [27]. Such affirmation obviously generated a great confusion among the
medical community, and most physicians were discouraged to use PDT against
infections. Now that PDT has been used in clinics for many years, we have solid
scientific and historical basis to affirm that oncogenic side effects are very unlikely
to occur.
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Possibly the most financially successful application in all of PDT was neither
its use for cancer nor its use for localized infections. Instead, this application
involved the use of PDT in ophthalmology to prevent and treat the most common
cause of adult blindness. This disorder originated in what is known as “age-related
macular degeneration (AMD),” a disease involving the buildup of lipid deposits
(drusen) in the cells of the retinal-pigmented epithelium. These deposits cause
chronic inflammation that eventually leads to atrophy and scarring of the retina. A
more serious consequence is the “wet form of AMD” where abnormal blood ves-
sels grow (choroidal neovascularization) in the choriocapillaris. The proliferation
of abnormal blood vessels in the retina is stimulated by vascular endothelial
growth factor (VEGF). These new vessels are leaky and bleeding, and scarring
from these blood vessels eventually causes irreversible damage to the photorecep-
tors and rapid vision loss if left untreated [28]. A systemic injection of benzopor-
phyrin derivative (BPD) also known as Visudyne or verteporfin, followed by
10 min of irradiation to the back of the eye with a 690 nm laser, destroyed these
abnormal vessels [29] and was shown to prevent further deterioration and even
improve eyesight [30]. For several years, this approach was the treatment of choice
for wet AMD, until it was to some degree supplanted by intravitreous injection of
anti-VEGF antibodies [31].

The introduction of PDT into veterinary medicine took place in the 1980s, when
several types of tumors in dogs and cats were treated with HPD and irradiated with
laser light. Although these studies only addressed a limited number and variety of
animals and tumor types, most lesions responded well to treatment under estab-
lished protocols [32-36]. So far, the search for effective alternatives for treatment
of cancer and infectious diseases has been performed on pets, farm animals, and
wild animals [37, 38]. Despite the great potential of PDT to treat diseases caused
by different etiological agents, only a limited number of studies have been reported
so far in veterinary medicine when compared to other areas such as oncology and
dentistry. However, based on the growing market of specialized therapeutic inter-
ventions for pets and livestock, along with the ecological appeal of wildlife conser-
vation, efficient alternatives to conventional treatments such as surgery and
chemotherapy have become of paramount importance. Figure 1.4 summarizes a
historic timeline of PDT highlighting the most relevant milestones for PDT in vet-
erinary sciences.

Acknowledgments MR Hamblin was supported by US NIH grant RO1AI050875.
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Chapter 2
Photophysical and Photochemical Mechanisms

Caetano Padial Sabino and Michael Richard Hamblin

Abstract Photodynamic therapy (PDT) harnesses the power of light in an elegant
method to produce cytotoxic agents in a spatially and temporally controlled manner
and specifically damage target cells and tissues. For photodynamic reactions to
occur, the PS molecule must absorb at least one photon to be promoted to a suffi-
ciently long-lived excited state and then induce photodynamic reactions in an oxy-
genated environment. Such properties guarantee that PDT has an exceptionally
broad action spectrum against tumors or pathogens, and resistance occurrence is
restricted to only a few exceptions that can be avoided using simple strategies. To
fully understand the intricacies of the mechanisms by which PDT acts, it is clear
that one must take advantage of all the basic sciences (e.g., physics, chemistry, and
biology). In fact, such conceptual complexity still maintains constant scientific
investigations to deeply understand the molecular basis of PDT. Curiously, it might
also be one of the reasons to explain why this hundred-year-old technique is still not
generally applied in clinics or taught in standard courses of pharmacology. In this
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chapter, we will attempt to use a multidisciplinary approach, with simple technical
language and a minimum of mathematics and equations, to allow any student
with minimal training in basic sciences to understand all the fundamental mecha-
nisms of PDT.

2.1 Introduction

Ever since the very first moments following the Big Bang cosmological event, elec-
tromagnetic radiation (EMR) has spread through the whole universe introducing
various degrees of perturbations into the properties of condensed matter. Our planet
Earth was formed and evolved continuously receiving large amounts of radiation
from our closest star, the Sun. Human kind has recognized long ago that life is
impossible without sunlight and in diverse historical periods has worshiped the Sun,
or a personification of it, as a powerful god. During daylight primitive people used
light to search for food and escape from predators, and during the long and warm
days of summer, living became easier and food was much more abundant. In fact,
current scientific knowledge proposes that all life on the Earth evolved under the
influence sunlight, which induced the formation of the very first organic molecules
in the atmosphere or oceans [1].

At some point, living organisms developed the capacity to use photosynthesis,
which became a complex series of physicochemical reaction processes to harness
energy from sunlight to produce the basic organic compounds needed for cellular
metabolism. Over billions of years, all life thrived in such a “radiation-rich” envi-
ronment forming a plethora of variations in the food chain all of which depended on
photosynthesis either directly or indirectly. However, photosynthesis is far from
being the only physicochemical processes based on absorption of energy from light
that life-forms have evolved to relay on. Light also represents the means we use to
interact with the environment (e.g., different forms of vision), regulates our circa-
dian rhythms through night and day cycles, and catalyzes the production of micro-
nutrients (e.g., vitamin D). Light can be a source of cellular damage (e.g., erythema
induced by ultraviolet and DNA damage caused by X-rays, gamma rays, and UV
and even thermal effects caused by infrared radiation), but light can also cause the
repair of damage to biomolecules and tissues (e.g., photolyase enzyme, photobio-
modulation therapy).

Pigmentation seems to play an important role in the animal kingdom as a protec-
tive defense against radiation. It is well known that solar erythema affects animals,
such as cattle and horses, almost exclusively in the lightly pigmented areas, while
the darker parts are less affected. Hence, the anatomical regions most exposed to the
sun are usually more deeply pigmented than less sun-exposed regions. Examples of
this are found almost everywhere: among furred animals, whales, reptiles, birds,
fish, etc. These phenomena are not very different from what we see in humans. Due
to geographic dispersal during human evolution, populations inhabiting regions
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close to the equator present more strongly pigmented skin than those who evolved
in regions closer to the polar regions. Yet, people with darker skin tones still show
much lighter pigmentation in regions less exposed to the sun, such as the palms of
hands and soles of the feet.

Nowadays it is well known that some wavelengths, or “colors”, of visible and
near-ultraviolet (NUV) light can damage and even kill bacteria. In the late 1800s,
researchers performed several investigations and concluded that sunlight was the
best, cheapest, and most universally applicable antimicrobial agent we have [2].
Back then, the NUV and blue regions (300-500 nm) of the EMR spectrum were
referred as chemical rays because the chemical effects were more pronounced and
the heating effects were at a minimum. Using dyes, crystals, and prisms to separate
light from the sun into monochromatic colors, the so-called chemical rays were
determined to be the most effective in killing bacteria and causing erythema than the
opposite end of the spectrum, the infrared “thermal rays.” It was then realized that
cellular damage and inactivation induced by sunlight was more closely related to
photochemical reactions than photothermal effects. However, the photochemical
mechanisms behind such effects would only be understood about half a century
later, even though Niels Finsen was awarded a Nobel Prize in the meantime (see
Chap. 1). Currently, it is known that EMR from sunlight can directly damage bio-
molecules through ionization (e.g., production of free radicals, photodimerization
of thymine residues in DNA) but also acts indirectly through excitation of endoge-
nous photosensitizers (PS) (e.g., riboflavin and metal-free porphyrins) present in
cells producing reactive oxygen species (ROS) through photodynamic reactions [3].

Photodynamic therapy (PDT) harnesses the power of light in an elegant method
to produce cytotoxic agents in a spatially and temporally controlled manner and
specifically damage target cells and tissues. For photodynamic reactions to occur,
the PS molecule must absorb at least one photon to excite its electronic state as
predicted by quantum theory. PS compounds with a sufficiently long-lived excited
state can then induce photodynamic reactions that are directly or indirectly depen-
dent on the presence of O, to locally form free radicals and singlet oxygen ('O,).
Since many PS are nontoxic in the dark and can preferentially accumulate in tumors
or pathogens, only minor side effects are expected. However, when the PS-loaded
cells are illuminated, multiple relevant biomolecules can be rapidly degraded. Such
properties guarantee that PDT has an exceptionally broad action spectrum against
tumors or pathogens, and resistance occurrence is restricted to only a few excep-
tions that can be avoided using simple strategies.

To fully understand the intricacies of the mechanisms by which PDT acts, it is
clear that one must take advantage of all the basic sciences (e.g., physics, chemistry,
and biology). In fact, such conceptual complexity is still a subject of study and
might be one of the reasons to explain why this hundred-year-old technique is still
not generally applied in clinics or taught in standard courses of pharmacology. In
this chapter, we will attempt to use a multidisciplinary approach, with simple tech-
nical language and a minimum of mathematics and equations, to allow any student
with minimal training in basic sciences to understand all the fundamental mecha-
nisms of PDT.
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Fig. 2.1 Schematic illustration of a classic electromagnetic wave. It consists of transverse oscilla-
tions of electric and magnetic fields that are perpendicular to each other and in relation to the
propagation (motion) direction. Wavelength is determined by the distance between two peaks or
valleys. The speed of light in vacuum is ¢,=299,792,458 m/s

2.2 Electromagnetic Radiation

Before presenting the biological effects of PDT, this chapter will introduce the
nature of light and how it interacts with the electrons present in atoms and mole-
cules to induce physical and chemical effects that will eventually lead to photody-
namic reactions. The term electromagnetic radiation refers to a certain kind of
energy that propagates through space (what used to be called the “ether”), and
which can be interpreted similarly to heat being considered the propagation of
vibrational energy through solid material, or wind as being the propagation of
kinetic energy through air. However, this form of radiant energy, or radiation, can
propagate in absolute vacuum at the highest speed theoretically possible in nature:
the speed of light, ¢=299,792,458 meters per second (m/s). The question of
whether EMR is better interpreted as a wave or as a particle (i.e., photon) has
spurred exhaustive discussions among scientists, over the past few centuries. Only
with the advent of quantum mechanics and precise experiments carried out over the
last century has it been possible to demonstrate that both interpretations were
equally valid for diverse situations. Depending on the physical observation, EMR
can either be interpreted as a wave or as a particle carrying a discrete amount, or
“quantum,” of energy. In fact, Louis de Broglie postulated in 1924 the “wave-parti-
cle duality theory” proposing that any accelerated particle is associated with a wave,
and vice versa (any wave is associated with a particle), thus redefining the whole
concept of radiation itself [4]. Under his theoretical interpretation, the kinetic energy
of any moving particle with mass, such as protons and electrons in particle accelera-
tors, can be directly related to a certain wavelength of corpuscular radiation. For the
purpose of this book, however, we will retain our attention only to massless and
charge-free particles of EMR called “photons.”

EMR is classically defined as transverse waves with oscillations of electric and
magnetic fields that are perpendicular to each other and both perpendicular to the
direction of propagation (Fig. 2.1). As any wave propagating at a certain velocity
(V), EMR can be described in terms of specific wavelength (A) and frequency (v) of
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Fig. 2.2 Diagram of electromagnetic spectrum illustrating various properties across a broad range
of wavelengths or frequencies. Note that only some regions of radio waves and visible light can
transpose the current Earth’s atmosphere and reach the ground (Image was modified from Inductive
load, at Wikipedia. This image has “GNU Free Documentation License”)

oscillation (Eq. 2.1). According to the international system of units, A is measured in
meters (m) and v in Hertz (Hz, i.e., number of oscillations per second). In some cir-
cumstances, the wave number (®, i.e., number of waves per centimeter) is alterna-
tively used to characterize EMR. Modern physics describes EMR as a photon particle
where the exact quantum of energy (E) of each individual photon can be easily cal-
culated in respect to its frequency times the Planck constant (2=6.6260700x 1073 J.s),
as presented in Eq. (2.2). Hence, according to Eqgs. (2.1 and 2.2), in lower wave-
lengths or higher frequencies, the photon energy becomes higher:

Ve, =t @1

hc
E=hy=—2 2.2
v ) (2.2)

The energy associated with EMR has a variation of many orders of magnitude
across the whole spectrum (Fig. 2.2). According to increasing levels of frequency or
energy, the electromagnetic radiation is classified into radio waves, microwaves,
infrared radiation, visible light, ultraviolet radiation, X-rays, and gamma rays.
According to Fig. 2.2, for example, one single gamma ray photon can carry up to
100,000 times the energy of a single visible light photon. Therefore, a gamma ray
photon can induce physical phenomena in atoms or molecules that require 100,000
times the energy of a visible light photon. Conversely, a gamma ray photon would
have 10" times as much energy as a radio wave photon.

The physical phenomena that occur in matter associated with the emission or
absorption of a photon are directly proportional to its energy. The less energetic
radio- and microwave photons induce rotation of molecules and atoms to increase
their kinetic energy as they spin around their center of mass. Electricity-conducting
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materials, such as metals, also allow electron translation and produce electric cur-
rents. Infrared radiation, at wavelengths from 1 to 1000 pm, increases the kinetic
energy of molecules by means of vibration. The chemical bounds within molecules
are not rigid. They behave mostly as flexible springs constantly oscillating at vibra-
tional modes of certain frequencies and coordination (e.g., stretching, bending,
wagging, twisting, etc.). Each different type of molecular bond has characteristic
vibrational modes that can be promoted by infrared photons of matching energy.
Since temperature is a measure of the average kinetic energy of particles of matter,
such as atoms and molecules, the absorption of these types of radiation by biologi-
cal systems is mostly related to heat induction alone and often leads to nonspecific
thermal effects on biological systems. On the opposite extremity of the EMR spec-
trum, there are X-rays and gamma rays with very high-energy photons that remove
electrons from inner electronic shells of atoms or molecules and produce free radi-
cals and ions. We commonly refer them as ionizing radiation due to this strong
characteristic. This radiation can severely damage living organisms by direct and
indiscriminate ionization of biomolecules, allied to simultaneous formation of free
radicals originating from broken bonds. Ionized molecules become extremely reac-
tive, and chemical bonds may be consequently broken or formed. Since absorption
of these high-energy photons is generally nonspecific, the ability to “target” mole-
cules is poor and constantly leads to the damaging side effects of radiotherapy.

Only a small portion of the EMR spectrum can be used to target the excitation
(but not removal) of electrons in specific molecules with satisfactory precision. This
region encompasses near-UV, visible, and near-infrared radiation (i.e., A approxi-
mately from 300 to 900 nm). Since photodynamic reactions are governed by absorp-
tion of photons within this range, in this book the term “light” will always be used
to mean this range of the EMR spectrum. Differently from other types of radiation
we mentioned before, light interacts with electrons from valence shells of molecules
or atoms that often absorb very characteristic wavelengths. As an example of such
specificity, all vivid colors we can see are within the tiny interval of whole EMR
spectrum known as visible radiation. A combination of red (600700 nm), green/
yellow (500-600 nm), and blue (400-500 nm) light is detected by retinal cones in
our eyes and interpreted by our brain. Color-blind individuals are unable to see one
or more of these colors because some of their retinal cones are absent or defective.
Since what we detect is visible light that was either reflected, refracted, or emitted
by some material, all color differences are relative to light absorption and scattering
properties of each material. Take plant chlorophyll as an example: when white sun-
light interacts with leafs, red and blue light are strongly absorbed, while all the
green light is reflected and can be detected by our eyes. Note in Fig. 2.3 how small
molecular alterations, such as a carboxyl group addition (red arrow), can shift light
absorption bands among chlorophylls a and b. Chlorin €6 is a chlorophyll derivative
molecular framework used as PS for PDT. The exclusion of the lipid radical and
chelated Mg** in chlorin e6 introduces further absorption shifts in relation to
chlorophylls.
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Fig. 2.3 Absorption spectra of three green pigments derived from plants: chlorophyll a, chloro-
phyll b, and chlorin (e6) (a chlorophyll derivative used as a photosensitizer for PDT). Absorption
intensity is presented as molar extinction coefficient units in vertical axis, and wavelength is plot-
ted in horizontal axis. Colored bar at the top illustrates the regions of visible light spectrum. Below
are presented their respective molecular structures. Observe how small molecular alterations, such
as a carbonyl group addition (red arrow), can shift light absorption bands among chlorophyll a and
b (Data acquired from omlc.org/spectra/PhotochemCAD/index.html [13])
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2.3 Photophysics and Photochemistry

The first law of photochemistry states that light must be absorbed by a molecule in
order to induce a photochemical reaction. The second law of photochemistry com-
pletes the concept of light absorption, stating that each photon absorbed by a chemi-
cal system can only excite a single molecule. Therefore, light absorption is a
fundamental process that must be understood by those who intend to explore the
world of PDT. Each photosensitive molecular structure possesses a characteristic
probability of photon absorption at different regions of the EMR spectrum. This is
commonly called an “absorption spectrum.” The Lambert-Beer law proposes a sim-
ple exponential equation (2.3) to measure the monochromatic light absorption effi-
ciency of photosensitive molecules dissolved in a transparent solvent:

I=1,x107 2.3)

where I is the initial light beam intensity and I is the light intensity transmitted
through a medium of path length I with an absorbing compound dissolved at con-
centration ¢. The term ¢ is a characteristic constant of each compound, named the
“molar extinction coefficient,” that tells us how efficient a molecule is to absorb
light at that wavelength (usually the wavelength of peak absorption 4,,). Efficient
PS for PDT commonly have absorption peaks with & values greater than
10,000 M~'cm™". This quantity means that light intensity at a certain wavelength can
be decreased by 10,000 times after propagating through 1 centimeter of this photo-
sensitizer solution at 1 molar of concentration. Even though light absorption during
PDT applications can be enhanced by increasing the PS concentration, this approach
must be taken carefully since high concentrations of PS can be toxic in the dark and
lead to undesirable side effects or diminished therapy specificity. Moreover, very
high local concentrations of PS can reduce light transmission into the tissue.

When a “ground-state molecule” (i.e., not an excited molecule) absorbs one
photon of light, one valence shell electron can be promoted from the highest occu-
pied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) to form an “excited-state molecule.” To absorb a photon, the energy gap
between the ground- and excited-state molecule (HOMO-LUMO gap) must match
the quantum of energy carried by the photon. The extra amount of energy brought
by a photon significantly alters the electronic configuration of valence shells trans-
forming the excited-state molecules into new chemical species that have their own
physical and chemical properties, which can be very different from those of ground-
state molecules. Excited-state molecules, however, are usually unstable with a very
short lifetime and may quickly return to their ground state via various possible
deactivating processes (Fig. 2.4). Those can be photophysical processes (with or
without photon emission), or photochemical reactions leading to production of new
molecular species, such as ROS generated by photodynamic reactions. Each photo-
sensitive molecule has characteristic probability to undergo each process, and it can
be influenced by solvents and other molecules present in its surroundings.
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Fig. 2.4 Self-deactivation processes of photosensitizer (PS) molecules excited by light.
Photochemical processes form new molecular species through isomerization, cleavage, synthesis,
and electron or energy donation. The last two are predominant in photodynamic reactions.
Photophysical processes can lead to luminescence through fluorescence or phosphorescence or
heat generation through thermal relaxation (i.e., energy is transformed into kinetic energy)
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Fig. 2.5 Jablonski diagram illustration of possible photophysical processes. Straight lines repre-
sent radiative transitions and wavy lines nonradiative transitions. After photon absorption, ground-
state singlet molecule is promoted to excited-state singlet and may decay back to ground state
through fluorescence or internal conversion. Alternatively, S* may decay to a more stable triplet
state through intersystem crossing (ISC) and only then be deactivated through phosphorescence or
another ISC

There is a thin line that separates the concepts of photophysical and photochemi-
cal phenomena. To put it simply, photophysicists mostly deal with molecular and
atomic excitation processes, including photon absorption itself, that lead to photon
emission or thermal effects, but in general they do not focus on chemical reactions
produced by excited states or the formation of new ground-state species. Of course,
nowadays, many scientists work in multidisciplinary surroundings and researchers
must consider all perspectives.

The “Jablonski diagram” (Fig. 2.5) is often used to conveniently illustrate such
phenomena. It is can be interpreted as a map of physical and chemical events related
to the interaction of light that can occur with a molecule. The electronic states are
vertically separated in groups of parallel lines to illustrate the relative energies.
Each line represents a particular vibrational mode of each state. In between the
lines, there are multiple energy levels of rotational states. Radiative transitions,
either by absorption or emission of a photon (hv), are represented in straight lines
and nonradiative transitions as wavy lines. Excited-state molecules are indicated by
asterisks (*). When a molecule is excited by light, an electron is promoted to higher
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Fig. 2.6 Schematic illustration of main transitions and reactions directly involved with photody-
namic reactions. Arrows in squares represent electron spin configurations in valence shell orbitals
of radicals and singlet- and triplet-state molecules. /SC intersystem crossing

energy configurations and may assume distinct positions in relation to the nucleus
due to altered repulsion to surrounding electrons, as represented by the horizontal
axis in Fig. 2.5.

The definition of free radicals or singlet (S) and triplet (T) states can be based on
the presence and spin of electrons in orbitals of the valence shell. As illustrated in
Fig. 2.6, singlet states have paired electrons with opposite spins (indicated by arrow
direction), triplet states have two unpaired electrons with same spin, and radicals have
one unpaired electron. Therefore, when an excited singlet state (S*) decays to a triplet
state, the electron spin is inverted (flipped). Since excitation to a triplet state involves
an additional (forbidden) spin transition, it is less probable that a triplet state will
form when the molecule absorbs radiation. The nonradiative spin-forbidden transi-
tions (e.g., S—T or T—S) are named intersystem crossing (ISC). It normally is very
fast (<10 ns) among higher excited states (e.g., S*—T*), but may take from micro-
seconds up to days to decay from the lowest triplet excited state to a singlet ground
state (e.g., T*—Sy). The long-lived triplet state is a key point to provide enough time
(above microsecond scale) for molecular interactions and allow chemical reactions to
occur. By comparison the lifetime of the excited singlet state is measured in a few
nanoseconds or less, which is insufficient to allow chemical reactions to occur.

Internal conversion (IC) transitions are also nonradiative but differ from intersys-
tem crossing because electron spin remains the same (i.e., spin-allowed transition).
The spin-allowed nonradiative transitions, as in IC or within vibrational modes of a
particular electronic state, are exceedingly fast (usually in subnanosecond scale).
Radiative transitions without spin inversion (e.g., S*—S or T*—T) are usually very
fast events (<10 ns) typified by the lifetime of fluorescent photon emission. As said
before, the triplet transition to the ground-state singlet takes longer to occur, and the
lifetime of phosphorescence emission is generally more than 1,000 times longer
than fluorescence. It is important to remark that since nonradiative transitions may
dissipate some of the energy initially absorbed, photons emitted by fluorescence or
phosphorescence have lower energy (longer wavelength) than the absorbed photon.

Excited molecules can alternatively be deactivated, or quenched, by donating
charges or energy to a nearby ground-state molecule. Because of spin and symmetry
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Fig. 2.7 Illustration of electronic transitions of photodynamic reactions. In type 1 reactions,
excited triplet-state PS (°*PS*) donates one electron to triplet oxygen (*0,) to produce superoxide
radical anion (O,*"). Type 2 reactions produce singlet oxygen (‘O,*) via energy donation from *PS*
to 30, through a coulombic mechanism of electronic transition, also named as Forster or static
quenching mechanism. Differently from type 1 mechanism, a dipole-dipole interaction can occur
without the requirement of collision between donor and acceptor molecules and can occur in dis-
tances up to 5 nm

selection rules, i.e., triplet-triplet interactions are spin-allowed while triplet-singlet
interactions are spin-forbidden, the excited triplet PS may preferentially interact
with other molecules also in triplet configuration. Curiously, the vast majority of
molecules found in nature are singlets in the ground state (S,). There only a very few
exceptions that are stable as triplets in their ground state, and the only one of any
practical significance is molecular dioxygen (O,). Also, ground-state O, is a diradi-
cal molecule by definition, i.e., it has two electrons alone occupying two different
orbitals in the same molecule (Fig. 2.7). Being stable as a diradical triplet allows O,
to chemically or physically interact with excited triplet molecules (e.g., photosensi-
tizers) either via one or two electron(s) transitions. Therefore, molecular interac-
tions between excited-state PS and ground-state O, is a remarkably favored process.
Photodynamic reactions rely principally on such intermolecular events.

When an excited triplet-state PS (*PS*) meets triplet ground-state oxygen (°0,),
two main reaction types may occur: fype I, one electron transfer to oxygen generat-
ing “superoxide radical anion” (O,*”) and the PSe* radical cation, or type 2, energy
donation to oxygen generating excited state “singlet oxygen” ('O,*) and ground-
state PS. As a matter of fact, other secondary photochemical reactions may have
some influence upon photodynamic therapy effects, depending on the photosensi-
tizer employed. The excited PS may also donate H* ions to the solvent, be cleaved
to become a toxic ground-state compound, or even directly interact with organic
substrates to induce their release of free radicals. However, using specific chemical
inhibitors (e.g., superoxide dismutase, sodium azide, dimethylthiourea, mannitol,
etc.), it was demonstrated that for the best performing photosensitizers, these are
only side reactions that have a minor influence upon cell killing caused by PDT [5].
Therefore, we will focus on quenching mechanisms through charge and especially
energy donation, mediated by O,, as illustrated by Figs. 2.6 and 2.7.
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In type 1 reactions, *PS* donates one electron to ground-state O, and yield O,e~
(Figs. 2.6 and 2.7). This product is mildly reactive with biomolecules but can be
reduced to hydrogen peroxide (H,0O,), a non-radical and less reactive specie. In
biological systems this reaction is constitutively catalyzed by enzymes from the
superoxide dismutase (SOD) family, which occur broadly in nature [6, 7]. Hydrogen
peroxide can be further reduced through reactions catalyzed by catalase (CAT)
enzymes and produce H,O + O,. On the other hand, H,O, may gain a second elec-
tron by transfer from the excited-state triplet PS to give the most reactive oxygen
species: the hydroxyl radical (OHe). This one-electron reduction may also occur via
the intermediacy of transition metal ions such as Cu* or Fe** (Fenton reaction).

Singlet oxygen ('O,*) is formed as product of type 2 reactions. Even though
referred as secondary reactions due to its later discovery, 'O,* is the main ROS
produced by most commercially available PS. The exact singlet oxygen production
efficiency and yield is directly dependent to the photosensitizer structure, the local
oxygen concentration, and which solvent they are diluted in [8, 9]. To produce sin-
glet oxygen, the energy donation from *PS* to 30, takes place through a coulombic
mechanism of electronic transition, also named as Forster or static quenching mech-
anism. In this event, *PS* donates its deactivation energy to *0, producing 'O,* and
'PS, (Figs. 2.6 and 2.7). The electric dipole transition nature of coulombic (or
Forster) mechanism allows *PS* to efficiently induce the formation of 'O,* at dis-
tances over 5 nm [10]. Due to its generally high redox potential, !O,* is a powerful
oxygenating agent inducing cycloaddition reactions, but may also be reduced to
O,° and produce typically type 1 ROS (Fig. 2.6). Conversely O, can sometimes
act as a reducing agent by donating the unpaired electron to a substrate, and when
this happens the product of this reaction is 'O,* (not *0,) [10]. Therefore, type 1 and
type 2 pathways are not “set in stone” and crossover between different ROS can
occur. The main factor influencing this crossover is the redox potential of the PS (in
its ground state and its triplet state) and the redox microenvironment of the PDT
reaction. Since '0,* is an excited-state molecule, it can also spontaneously decay to
ground state via phosphorescence. The lifetime of 'O,* in pure water is on the order
of 3 ps; this permits a diffusion radius of nearly 100 nm. In the intracellular environ-
ment, the diffusion radius is much reduced because there are several targets that can
react with 'O,* [11]. Therefore, in cells 'O,* mostly reacts with biomolecules pres-
ent in the surrounding of its formation, highlighting the importance of the site of
accumulation of the PS. As we will discuss in Chap. 4, 'O,* has a ubiquitous reac-
tion pattern with biomolecules such as aromatic and sulfur-containing amino acids,
unsaturated lipids, steroids, and nucleotides [12]. Intense molecular damage caused
by 'O,* can lead to cell death via apoptosis, autophagy, or necrosis.

Depending on their electronic configuration and redox potential, each photosen-
sitizer molecule may preferentially undergo either a type 1 or type 2 reaction,
although both reaction pathways usually compete along with self-deactivation pro-
cesses (Fig. 2.4). Photosensitizers that preferentially undergo type 1 photodynamic
reactions are more susceptible to cellular antioxidant defense since there are specific
detoxifying enzymes for ROS such as superoxide and hydrogen peroxide.
Constitutive overexpression of superoxide dismutase, catalase, peroxiredoxin, and
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glutathiones or accumulation of manganese ions can represent effective protection
against oxidation by hydrogen peroxide or superoxide and hydroxyl radicals. All
these mentioned features can be sufficient to impose challenges for PDT to treat
tumors and microbial strains resistant to traditional chemotherapy and
radiotherapy.

Differently from type 1 ROS, there are no enzymes that are able to efficiently
inactivate 'O,*, and nearly all cellular defenses rely on finite stocks of scavenger
and quencher molecules that quench ROS by directly interacting with them (see
Chap. 4 and 5). Since during PDT each PS molecule can produce more than 10,000
singlet oxygen molecules per second before it is destroyed by photobleaching, pho-
tosensitized cells are simply not equipped with enough antioxidant capacity to toler-
ate such intense attack for longer than a few minutes. In fact, there are only a few
possible tolerance or resistance mechanisms to PDT ever reported, such as produc-
tion of melanin granules and sequestration of PS inside them, or pumping the PS out
of the cell by multidrug efflux pumps. These mechanisms of tolerance, and how to
overcome them, will be posteriorly discussed in Chap. 5.
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Chapter 3
Photosensitizers

Michael Richard Hamblin and Caetano Padial Sabino

Abstract Photodynamic therapy (PDT) was discovered over 100 years ago when it
was observed that certain dyes could kill microorganisms when exposed to light in
the presence of oxygen. Since those early days, PDT has mainly been developed as
a cancer therapy with regulatory approvals and clinical trials steadily accumulating
for different types of cancer and different photosensitizer structures. A very impor-
tant milestone for PDT was the introduction of 5-aminolevulinic acid (ALA), which
functions as a prodrug to induce endogenous porphyrin biosynthesis that acts as an
endogenous photosensitizer produced by our cells. PDT with ALA and its deriva-
tives have become mainstays of the clinical dermatologist’s practice covering every-
thing from skin cancer, premalignant lesions, acne, and skin rejuvenation. Another
milestone in PDT development was the realization that PDT may also be used as an
effective antimicrobial modality and a potential treatment for localized infections.
To some extent, this means that PDT has gone full circle and returned to its roots
from when it was first discovered in 1900. In this chapter we discuss, in a contextu-
alized fashion, what are the expected characteristics of an ideal photosensitizer and
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which are the main molecular frameworks used for development of synthetic, natu-
ral, and nanostructured photosensitizers.

3.1 Introduction

Photodynamic therapy (PDT) was discovered over 100 years ago when it was
observed that certain dyes could kill microorganisms when exposed to light in the
presence of oxygen (see Chap. 1). Since those early days, PDT has mainly been
developed as a cancer therapy with regulatory approvals and clinical trials steadily
accumulating for different types of cancer and different photosensitizer structures,
starting with Photofrin® [1]. A very important milestone for PDT was the introduc-
tion of 5-aminolevulinic acid (ALA), which functions as a prodrug to induce endog-
enous porphyrin biosynthesis [2]. See Fig. 3.1 for a depiction of how ALA can
induce accumulation of protoporphyrin IX (PpIX) in tissue to which it has been
topically applied.
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Fig. 3.1 Heme biosynthesis cycle and role of ALA-induced PPIX. ALA-S ALA synthase, ALA-D
ALA dehydratase, PBG-D porphobilinogen deaminase, UCS uroporphyrinogen synthase, UGD
uroporphyrinogen decarboxylase, CPO coproporphyrinogen oxidase, PPO protoporphyrinogen
oxidase, FCH ferrochelatase [49]
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ALA-PDT and PDT using ALA esters have become mainstays of the clinical
dermatologist’s practice covering everything from skin cancer, premalignant
lesions, acne, and skin rejuvenation. A second major milestone in the development
of PDT was its introduction as a clinical treatment for choroidal neovascularization
secondary to age-related macular degeneration. The PS called Visudyne (benzopor-
phyrin derivative) was injected IV, and soon afterward red light was shone into the
back of the eye as a way to destroy proliferating blood vessels in the retina [3]. The
third milestone in PDT development was the realization that PDT may also be used
as an effective antimicrobial modality and a potential treatment for localized infec-
tions [4]. To some extent, this means that PDT has gone full circle and returned to
its roots from when it was first discovered in 1900. The antimicrobial applications
have been enthusiastically embraced by dentists, who treat periodontitis, peri-
implantitis, and endodontics [5]. The fourth milestone in PDT development (which
unfortunately has not been widely accepted as yet) is the realization that PDT can
stimulate an adaptive and/or innate immune response against both tumors [6] and
also against pathogens [7].

3.2 Important Features of Photosensitizers

The characteristics of the ideal PS can be summarized as follows. PS should have
low levels of dark toxicity to both humans and animals and a low likelihood of
adverse pharmacological effects upon administration such as hypotension (decreased
blood pressure) or allergic reactions. PS should absorb light in the red or far-red
wavelength regions in order for the tissue-damaging effect to reach as deep as pos-
sible. It is known that both absorbance and scattering of light are minimized at
longer wavelengths that penetrate the tissue deeper. Absorption bands at shorter
wavelengths have less tissue penetration and are more likely to lead to skin photo-
sensitivity (the power in sunlight drops off at A>600 nm). Absorption bands at too
high wavelengths (>800 nm) mean that the photons will not have sufficient energy
to promote PS molecules to excited triplet state to allow energy transfer to the
ground state oxygen molecule to excite it to the singlet state. They should have rela-
tively high absorption bands (>20,000 M~'cm™) to minimize the dose of PS and
light needed to achieve the desired effect. Synthesis of the PS should be relatively
easy and the starting materials readily available to make large-scale production fea-
sible. The PS should be a pure compound with a constant composition and a stable
shelf life and be ideally water soluble or soluble in a biocompatible drug delivery
vehicle. It should not aggregate unduly in biological environments as this reduces
its photochemical efficiency. The pharmacokinetic elimination from the patient
should be rapid, i.e., less than 1 day to avoid the necessity for posttreatment protec-
tion from light exposure due to prolonged skin photosensitivity. A short interval
between injection and illumination is desirable to facilitate outpatient treatment that
is both patient-friendly and cost-effective. Pain on treatment is undesirable, as PDT
procedures do not usually require anesthesia or heavy sedation.
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Although high PDT activity is generally thought to be a good thing, it is possible
to have excessively powerful PS that is sometimes considered to be “unforgiving.”
With limitations in the effectiveness of both PS and light dosimetry, highly active
PS may easily permit treatment overdosage when the surrounding normal tissue is
damaged as well as the target tumor forming extensive necrotic areas. It is at present
uncertain whether it is better to have a PS “tailored” to a specific indication, and to
have families or portfolios of PS designed for various specific diseases or patient
types, or alternatively to seek a single PS that works against most diseases. For
cancer treatment it has been thought that an ideal PS should selectively accumulate
in tumors after intravenous injection. Although the exact mechanisms for this
“tumor-localizing effect” are not completely understood, some PS can achieve a 5:1
or higher accumulation in tumors compared to the surrounding normal tissue.
Lastly, a desirable feature might be to have an inbuilt method of monitoring PS
dosimetry, localization, and following response to treatment by measuring fluores-
cence and its loss by photobleaching in real time.

Many of the early attempts to kill microorganisms with PDT employed the same
photosensitizers that were used for PDT of cancer. However, it was later realized
that these structures were not optimal. Because phenothiazinium dyes (such as
methylene blue) that have an intrinsic cationic charge were able to photoinactivate
many classes of microorganism, it was concluded that the presence of cationic
charges was crucial for broad-spectrum antimicrobial effects [8]. Although neutral
and anionic PS are able to kill Gram-positive bacteria, in order to kill Gram-negative
bacteria, one needs positive charges on the PS to bind and/or penetrate through the
outer membrane barrier composed with large amounts of negatively charged
lipopolysaccharides.

3.3 Main PS Structures

3.3.1 Tetrapyrroles

The class of tetrapyrrole PS contains (by a considerable margin) the largest number
of individual compounds that have been explored for PDT both in the laboratory and
also approved and tested clinically. The four most commonly explored backbone
structures are porphyrins, chlorins, bacteriochlorins, and phthalocyanines. Reduction
of one double bond (green arrow) in a porphyrin leads to a red shift and increase in
absorption intensity of the Q-bands (e.g., 600 nm — 660 nm) in the chlorin (name
derived from green chlorophyll), while reduction of two double bonds (purple
arrows) leads to a further red shift (660 nm — 780 nm) and a intensity increase in
the peak of the bacteriochlorin (name derived from the pigment in purple photosyn-
thetic bacteria). The more conjugated nature of the phthalocyanine macrocycle (four
additional aromatic rings) leads to a very intense absorption band at 700 nm.
Hematoporphyrin derivative (which later became known as Photofrin® and
Photogem®) was approved in 1990 [9] and remains today as the most widely used
PS in clinical PDT. As mentioned above, the PpIX production is induced by exog-
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enously administered ALA, a therapeutic strategy widely used by dermatologists
[10]. A later pharmacologic strategy uses methylated ALA molecules (M-ALA) to
facilitate deeper prodrug diffusion through the skin using topical administration.
Other porphyrin derivatives such as hematoporphyrin monomethyl ether
(Hemoporfin), 2,4-di(1-methoxyethyl)-deuteroporphyrin-IX (Dimegin), and sino-
porphyrin sodium [11] have been tested for PDT of cancer and a wide range of
cationic porphyrins for antimicrobial PDT.

Chlorins represent a class of PS containing several examples, which have
advanced as far as clinical trials. In addition to mTHPC and BPD mentioned in
Table 3.1, 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (HPPH), mono-N-
aspartyl chlorin (e6) (Npe6) or talaporfin sodium (LS11), photoditazine, and tin(IV)
etiopurpurin (SnEt2) are all classified as chlorins. Bacteriochlorins are not as stable
as porphyrins and chlorins, and their use has not been as widely studied despite their
more advantageous absorption peaks in the infrared region. Besides soluble
TOOKAD® (Table 3.1), another compound, LUZ11 (a non-metallated fluorinated
bacteriochlorin sulfonamide), has been tested in clinical trials for cancer.

3.3.2 Synthetic Dyes

The dye industry developed a very large number of conjugated heterocyclic com-
pounds with high absorption bands in the visible region of the spectrum (Table 3.2).
The vast majority of these dyes were found (or later designed) to be photostable so
that they could be used for dyeing fabrics and clothing. However, a few of these dyes
that were not photostable but were found to have an appreciable quantum yield to the
triplet state that meant they could be used as PS for PDT. There remain some concerns
about these synthetic dye compounds on whether they may be darker toxic compared
to the tetrapyrrole compounds, which are derived from natural molecules. Most dyes
were designed to be water soluble (so clothing could be dyed) that makes them suit-
able for antimicrobial PDT applications. Moreover, many dyes are cationic and this
again encourages their use against a broad spectrum of bacteria (including Gram-
negative species). Interestingly, veterinarians already use triarylmethane dyes in some
countries to treat local infections and decontaminate fish tank water due to their
intrinsic microbicidal activity, even though most people disregard the great antimicro-
bial activity enhancement that can be provided by photodynamic reactions promoted
by the same dyes. In recognition to this potential, we strongly recommend those users
to expose the stained water or lesions to either sunlight or artificial light sources.

3.3.3 Other Structures

To illustrate the diversity of different structures that have been investigated as PS in
PDT, we will describe some innovative chemical structures (Table 3.3) that have not
(yet) progressed as far as those shown in Tables 3.1 and 3.2.



M.R. Hamblin and C.P. Sabino

30

fH0002 HOOD

(adg) 2aneauop utkydiodozuog

[+1] 069 uyodo)Ioa 10 QuApnSIA LoD
(OdHLW)
[€1] 59 uLIo[yo[AuaydAX0IpAYeno)-Wl UBdSOq uLoy)
OH
000
HO0D o (adn)
[Tr1] 0£9 o aaneaLop utikydiodojeway uLyojoyd unkydiog
RN (wu) xeury AINoNNg QWeN sse[)

J100UBd Jsurese pasn Jsow saurueAdoreyiyd pue ‘suLIo[yooLoeq ‘sutiofyo ‘sutikydiod jo sojdwexy [°¢ IqeL



31

3 Photosensitizers

[91]

SL9

(94) aurtueLooreyyyd uooIfig

(24) auruekooreyiyg

[s1]

€SL

HfOS

(17-LSM) ®aVvIO00L

ULIO[YooLId)ORg




M.R. Hamblin and C.P. Sabino

32

Surpuoq
[61]1| onssn ‘[eiqoIdrunue ‘douLR)) ors [e3uog 9soy Juayjuex pajeuasoeH
[81] [PIQOIOTWIIUR IOdUBR)) 0L9 SANYAd auizenyiouaydozuog
N
\Q )
\ \
N +8 N ongq
[L1] [PIQOIOTWNIUR IooUB)) 099 D QUAAYIOIN qurzeryiouayd
REN| uonedrddy (wu) xeury AImoNNg QuwieN sse[)

Sd se pasn saAp onayiuAs jo sojdwexyq g°¢ dqel,



33

3 Photosensitizers

xy
~ O Q - U213
[12] RIqOIIWNUY N Ne AIYIR[BIA QueylowAIeLL],
IC [eIqOIoTWUI SI9 | ) yoe| YrowijAtet
HY O
| |
-..x Zf
W M
O
O J9[0IA
(uenuag 1o0)
[oz] [elqorunuy 065 oS o ) QUERTOWATRLL],




M.R. Hamblin and C.P. Sabino

34

5

(o}

[vel wu 08¢ YAdVS suoudfeuayq
[¢z] ors AdIAod-opoup surwe[Kjoordip-([)oury Xdlaod
[ze] 019 10SV surerenbg
FEN| () xewry AInoNNg QBN sse[)

Sd se pasn samjonms danesouur jo sojdwexy €€ IqeL



3 Photosensitizers 35
3.3.4 PS Derived from Natural Products

In common with other areas of medicine, in PDT there is also a movement toward
the use of natural products and away from synthetic drugs produced by “Big
Pharma.” The idea is that natural product-derived PS will have less overall toxicity
and fewer side effects (Table 3.4). However, there may be a flaw in that argument in
that since nearly all life-forms have evolved in sunlight, they will be unlikely to
contain very powerful PS, as the consequent phototoxicity caused by sun exposure
would have been selected against.

3.3.5 [Inorganic Structures

Inorganic compounds have occasionally been reported to be able to carry out
PDT. Two examples are given in Table 3.5. Titanium dioxide (TiO,) presents great
photostability and preferentially undergoes through type 1 photodynamic reactions
(see Chap. 2). Because it is colorless but efficiently absorbs UV light, construction
companies have been using TiO, to coat external walls of buildings forming a self-
cleaning surface. As a surprising consequence, even the air quality has been reported
to be better in the surroundings of TiO,-coated buildings adding an environmental
appeal for its large-scale application.

Transition metal complexes, such as [Ru(bpy)s]**, are probably the most studied
structures by photophysicists and photochemists over the past 40 years. Other
metals such as cobalt and chromium are also often used for the same purposes. Due
to spin-orbital coupling governed by the so-called heavy atom effect, intersystem
crossing efficiency is extremely favored and can reach values above 99 %. This
characteristic makes transition metal complexes particularly potent as PS since their
singlet oxygen yield is in general the greatest possible.

3.3.6 Nanostructures

The use of nanotechnology in PDT can be broadly divided into different approaches,
for example, when the nanoparticle (NP) is itself the PS (fullerenes, gold NP, silver
NP, quantum dots), when the nanoparticle can absorb light to improve PDT effi-
ciency (quantum dots, silver NP, gold NP, upconversion NP), and when the NP acts
as a nano-drug delivery vehicle to improve solubility or targeting (dendrimers, lipo-
somes, mesoporous silica NP) (see Chap. 14). Examples of these classes are shown
in Table 3.6.
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Table 3.7 Examples of targeted PS

Class Ligand Target PS Application Ref
Monoclonal OCI125 Ovarian Chlorin(e6) Cancer [39]
antibody cancer
Peptide Octreotide Somatostatin | Chlorin(e6) Leukemia [40]
receptor
Lipoprotein Low-density | LDL receptor | Tetra-t-butyl silicon Cancer, [41]
lipoprotein phthalocyanine atherosclerosis
(LDL)
Serum protein | Modified Scavenger Chlorin(e6) Atherosclerosis | [42]
albumin receptor
Vitamin Folic acid Folate Pheophorbide a Cancer [43]
receptor
Steroid Estradiol Steroid Pheophorbide a Breast cancer [44]
receptor
Carbohydrate | Mannose Mannose Meso- Cancer [45]
receptor tetraphenylporphyrin

3.3.7 PS Targeting Using Conjugates with Ligand-Receptor
Recognition

Since the mechanism of preferential accumulation of various PS in tumors (or other
pathological lesions) is not completely understood [38], it is rather challenging to
design a PS with a high inherent ability for tumor targeting. However, there is a
valid alternative approach to increase the specificity of PS for tumors. This relies on
covalent conjugation of PS to various targeting ligands (either macromolecules or
small molecules) that show specific molecular recognition ability with some cog-
nate receptor that is over-expressed on tumor or other cells of interest. The advan-
tage is that the PS can be chosen solely based on its photochemical ROS (reactive
oxygen species) generation and ability to be conjugated, and the tumor-targeting
component can be provided by the ligand. Examples of this ligand-receptor interac-
tion are given in Table 3.7.

3.3.8 Nonlinear Excitation (Two-Photon, Upconversion,
Second Harmonic, and Four-Wave Mixing)

The use of long wavelength light (600—1300 nm) provides deeper tissue penetration.
Although some PS that absorb in the 700-800 nm range have been described, pho-
tons at wavelengths longer than 800 nm do not have enough energy to promote
generation of singlet oxygen. There have been some innovative approaches devel-
oped to overcome this limitation. The most well-studied is two-photon absorption in
which a very short-pulsed laser (ideally below 100 fs pulse duration) can deliver
photons with such high peak power that the chances of two of them being absorbed
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at the same time by the PS become non-negligible [46]. The next most studied is
photon upconversion by rare-earth nanoparticles that change NIR laser (often 800
or 980 nm) to visible or ultraviolet light, providing deep tissue penetration allied to
site-specific generation of short wavelength light [47]. Optical upconversion can
also be accomplished by second-harmonic generation in collagen, and four-wave
mixing approaches, including coherent anti-Stokes Raman scattering [48].
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Chapter 4
Molecular Damage

Caetano Padial Sabino and Michael Richard Hamblin

Abstract Photodynamic therapy (PDT) rapidly produces large amounts of reactive
oxygen species (ROS) to induce death of photosensitized cells. As previously
described in Chap. 2, excited photosensitizer (PS) molecules can either donate elec-
trons (type 1) or energy (type 2) to ground-state oxygen to produce superoxide radi-
cals (O,*) or singlet oxygen ('O,). Each type of ROS has characteristic chemical
reactivity and reacts with different types of chemical bonds present in biomolecules
and, consequently, will lead to different types of cell damage. Once again, what
determines the mechanism of cell death directly depends on both: the PS localiza-
tion site within the cell and total extent of oxidative stress produced during therapy
(i.e., light dosimetry and efficiency of ROS generation). To elucidate the mecha-
nisms of photooxidative damage and the consequent biological effects, this chapter
will cover the most relevant chemical reactions related to oxidative damage caused
by 'O, and free radicals.
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4.1 Introduction

Photodynamic therapy (PDT) quickly generates large amounts of reactive oxygen
species (ROS) to induce death of photosensitized cells. If such excessive amount of
ROS could be found occurring naturally in living systems, it would indeed represent
some severe pathological condition. As previously described in Chap. 2, excited
photosensitizer (PS) molecules can donate either electrons (type 1) or energy (type
2) to ground-state oxygen to produce superoxide radicals (O,*") or singlet oxygen
(10,). Each type of ROS has characteristic chemical reactivity toward different
chemical bonds present in biomolecules and, consequently, will lead to different
types of cell damage. In this chapter we discuss the most relevant chemical reac-
tions related to oxidative damage caused by photodynamic reactions to clarify the
mechanisms of molecular damage caused by PDT.

4.2 Type 1 Reactions: O,®, H,0,, and HO®

Photodynamic reactions that harness energy from light to produce ROS are grouped
in two types. Type 1 photodynamic reactions start via the donation of one electron
from the excited PS (°PS*) to O, initially producing superoxide radicals (O,®").
Superoxide can give hydrogen peroxide that can produce yet more radicals includ-
ing the very reactive hydroxyl radical (HO®). Radical species are typically para-
magnetic because they carry one or more unpaired electrons in valence shell orbitals.
This feature makes radicals particularly reactive. They are able to react with several
possible biomolecules passing the unpaired electron to another molecule also turn-
ing it into radical species or releasing another free radical. The most common radi-
cal reaction is the addition of O,, due to its diradical nature, forming a very reactive
peroxyl adduct. Hence, a single radical formed can initiate a chain reaction that can
propagate to damage several biomolecules, not just one. Figure 4.1 illustrates the
most relevant radical reactions for biological systems. It is noticeable that these
reactions are rather unspecific and can attack lipids, sugars, proteins, and nucleic
acids forming radical moieties within these biomolecules. Such radical moieties
then allow biomolecules to react with each other via recombination forming cross-
links between them (e.g., lipid-lipid, lipid-protein, protein-DNA, etc.). Either radi-
cal addition to biomolecules through hydroxylation and peroxidation or cross-link
formation will potentially inhibit proper biomolecular function. As direct conse-
quences, proteins are denatured and polysaccharides cleaved, nucleic acids are
damaged, and membranes become less fluid and more porous and may even be
disrupted. Proteins can yet be targeted for proteasomal degradation.

The radical chain reactions only cease when two radical species react with each
other through dismutation or recombination. Dismutation is a classic radical reac-
tion that can be catalyzed by enzymes from superoxide dismutase (SOD) family. It
occurs when two molecules of the same radical (e.g., O,®") go through a redox
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reaction to produce oxidized (O, or *0,) and reduced (H,0,) products. In recombi-
nation reactions, two molecules from the same or different radicals react to form a
covalently bound dimer of both radicals (Fig. 4.1).

Lipid peroxidation represents a critical source of cellular damage that often leads
to necrosis. Because hydroxyl radicals are extremely reactive nonpolar species, they
can rapidly abstract a hydrogen atom from saturated lipids forming lipid radicals
(L®). Secondly, ground-state oxygen molecules can add to the lipid radical forming
peroxyl radicals that can subsequently react with other lipids that will propagate
chain reactions until recombination or dismutation reactions take place (Fig. 4.2).
Since cell membrane consists of double layer of phospholipids, closely interacting
with each other and with membrane proteins, radical chain reactions can spread
through the membrane causing serious damages that ultimately result in necrosis
via membrane rupture [1]. To minimize the extent of this type of damage, nearly all
cells in nature accumulate antioxidant molecules and enzymes in membranes pre-
venting the propagation of radical reactions [2, 3].

Special attention should be paid to nucleic acid (DNA and RNA) damage
caused by HO® formed in type 1 reactions due to the diversity of damage that can
be possibly produced. On the other hand, O,®" rarely reacts with nucleic acids due
to the repulsive interaction between two negatively charged species, and although
H,0, is neutral, it is unable to react with most biomolecules at appreciable rates.
The initial step of radical reactions in this context is most commonly associated
with hydrogen abstraction from sugar moieties or addition to double bonds in
nucleotides. Either pathway will lead to radical formation within the nucleic acid
molecule. This might again initiate a chain reaction that will amplify the damage
through the nucleic acid molecule itself or with other neighboring molecules.
Consequently, HO® presents a versatile capacity to damage nucleic acid that can
produce several possible damage patterns, e.g., generation of abasic sites, strand
scission, DNA-protein cross-links, and inter- or intra-strand formation of nucleo-
tide cross-links. All these damage patterns are able to impair the replication, tran-
scription, and translation processes. Most oxidative damage patterns can be
repaired by specialized DNA repair enzymes, even though formation of cross-
links is often refractory to repair systems [4] (Fig. 4.3).
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Fig. 4.3 Hydroxyl radicals (HO®) can react with ribose-phosphate backbone of nucleic acids and
induce series of reactions that cause strand breaks and release of nucleobases (B)

Recent scientific reports, however, do not consider DNA damage as the top cause
of cell death upon exposure to intense oxidative stress anymore [5]. Based on obser-
vations and studies carried out with bacteria resistant to ionizing radiation, protein
damage has actually been determined to be the main cause of cell death induced by
ROS. Ionizing radiation such as gamma- and X-rays have enough energy to cause
radiolysis of water releasing hydroxyl radicals together with other reactive species
(e.g., H,O + gamma photon — HO® + H®). What researchers observed is that DNA
damage level was very similar among radiation-resistant and susceptible bacteria.
However, radiation-resistant bacteria have developed mechanisms to prevent pro-
tein damage to keep the cell viable while it repairs DNA damaged by radical reac-
tions. All amino acids, including modified amino acids, are susceptible to damage
caused by radical reactions. Protein function is highly associated to its structural
conformation. Protein conformation is the result of the chemical characteristics of
each individual amino acid in the polymeric chain. Of course, some amino acids are
more important than others for protein structure and are active sites of enzymes;
however, the oxidation of any amino acid in the chain can potentially alter protein
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conformation and consequently its function. In the case of membrane proteins, note
that transmembrane domains are constructed with chains of hydrophobic amino
acids. If these amino acids are oxidized, they become more hydrophilic and may
detach from cell membrane to be solvated by water either in the cytosol or the extra-
cellular media [6].

4.3 Type 2 Reactions: Singlet Oxygen (10,*)

When molecular oxygen is excited to its singlet state, the spin restriction that
reduces reaction rates with molecules that are not radicals is abolished. Consequently,
singlet oxygen has an empty low-energy valence orbital that makes it a rather pow-
erful oxidizing agent compared to its ground-state triplet counterpart. Singlet oxy-
gen interacts with molecules via two basic mechanisms: physical interactions with
quenchers or chemical reactions with biomolecules and scavengers. In the first
mechanism, singlet oxygen transfers its excitation energy to an acceptor molecule
(quencher) promoting it to its own excited state, while the oxygen returns to ground
state. The excited quencher molecule can be cleaved forming new products, or else
it can react with biomolecules and cause damage. Antioxidant molecules, such as
carotenoids, can dissipate the energy they received from interacting with singlet
oxygen in the form of heat, preventing any sort of oxidative damage to the conju-
gated double-bond structure. Most carotenoids are very hydrophobic molecules and
exclusively localize in cell membranes where one of their major roles is to act as an
antioxidant quencher [7].

Singlet oxygen mainly reacts with molecules containing thiol groups or unsatu-
rated double bounds. Hence, it displays a more restricted pattern of reactivity as
compared to free radicals produced by type 1 reactions, which react rather indis-
criminately. Carbon and nitrogen atoms form double bounds sharing two electrons
with opposite spin orientation. Note that ground-state triplet oxygen cannot interact
with those two paired electrons because both low-energy orbitals are already occu-
pied by one unpaired electron (see Figs. 2.6 and 2.7 in Chap. 2). Since singlet oxy-
gen has an empty low-energy orbital, it has no restrictions on its ability to react with
double bounds [7, 8].

Singlet oxygen undergoes cycloaddition reactions with compounds containing
conjugated double bonds (i.e., two double bonds separated by a single bond, e.g.,
polyunsaturated lipids and aromatic rings) yielding peroxides (ROOR, Fig. 4.4).
The oxidized molecules may undergo further reactions giving end products with
hydroperoxyl (ROOH), hydroxyl (ROH), and carbonyl groups (RC=0). If only one
double bond is present, singlet oxygen can induce ene reactions (Fig. 4.4). In this
case, the double bond changes position, while oxygen adds to the molecule abstract-
ing one hydrogen atom to form a hydroperoxide at the chain terminus.

Additionally, dioxetanes may be generated upon reaction with singlet oxygen
when there is an electron donor atom attached to the carbon double bond. Dioxetanes
are rather unstable molecules and mostly act as intermediates to yield decomposed
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Fig. 4.4 Singlet oxygen ('0,*) often leads to cycloaddition reactions with conjugated double
bonds forming products with endoperoxide groups (/ and 2). Ene reactions can also take place if
only one double bound is available to react with 'O,*. In this case, one hydrogen atom is abstracted
and a hydroperoxide group is formed (3)
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Fig. 4.5 Singlet oxygen-mediated production of dioxetane and carbonyl species. If only one dou-
ble bound is present, singlet oxygen dioxetanes may be generated upon reaction with singlet oxy-
gen when there is an electron donor atom neighboring double bounds between carbons. Dioxetanes
are rather unstable molecules and mostly act as intermediates to yield decomposed products with
carbonyl groups

products containing carbonyl groups (Fig. 4.5). The carbonylated products are gen-
erally stable, and in case of intracellular proteins, they can be recognized by cellular
machinery that routes them for proteasomal degradation. Physicians and research-
ers often measure the amount of carbonylated proteins in a subject as a measure of
oxidative stress [6, 9].

Unsaturated lipids such as cholesterol and essential fatty acids (e.g., omega-3
and omega-6 monounsaturated) can also react with singlet oxygen (Fig. 4.6). These
lipids play a pivotal role to maintain membrane integrity and are required to produce
several cytokines and hormones. Singlet oxygen reacts with double bounds of
unsaturated lipids via ene reactions, hence, forming lipid peroxides. Similar to
hydrogen peroxide (H,0,), transition metals such as Fe?* and Cu* can donate an
electron to lipid peroxides producing free radicals that can also initiate radical chain
reactions and spread the oxidative damage through the membrane. Note that this
effect can potentially cause membrane rupture and is much more pronounced in
mitochondrial and bacterial membranes because they harbor several proteins that
contain reduced transition metal ions in their active sites, such as the enzymes
involved with electron transport chain. For this reason, lipophilic photosensitizers
that preferentially undergo type 2 photodynamic reactions often produce apprecia-
ble amounts of lipid peroxidation products in the cell membrane, leading to
increased cell permeability but not necessarily leading to membrane rupture [1].
Also, photosensitizers that mainly produce singlet oxygen can efficiently cause
mitochondrial membrane damage and lead to apoptosis.

Carbohydrates lack any double bounds between carbon atoms, and therefore
they poorly react with singlet oxygen. This characteristic limitation in the reactivity
of singlet oxygen with sugars differs sharply from the ability of free radicals to react
with sugars and to depolymerize polysaccharides [8, 10]. Hence, singlet oxygen is
more selective in its damaging ability since it cannot cleave polysaccharide chains
making up microbial cell walls, glycogen, and glycoproteins nor easily break DNA/
RNA strands. On the other hand, purine nucleotides (especially guanine) can be
oxidized by singlet oxygen. In this reaction, singlet oxygen binds to positions 4 and
8 of the imidazole ring forming an endoperoxide intermediate that spontaneously
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Fig. 4.6 Singlet oxygen reactions with unsaturated lipids (cholesterol and linoleic acid). Double
bounds of unsaturated lipids react with singlet oxygen via ene reactions yielding lipid peroxides
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Fig. 4.7 Guanine nucleotide reactions induced by cycloaddition of singlet oxygen to positions 4
and 8 of the imidazole ring. This reaction forms an endoperoxide intermediate that spontaneously
leads to oxidation of carbon 8 resulting in a hydroxyl adduct at position 8. A tautomeric equilib-
rium is then established between the 8-hydroxy-guanine and 8-oxo-guanine where double bonds
are displaced and a hydrogen atom can bind either to the hydroxyl adduct or to the nitrogen in
position 7

rearranges resulting in a hydroxyl adduct in position 8 (Fig. 4.7). This guanine spe-
cies, hydroxylated in position 8, is the same as one of those produced upon reaction
with HO®. A tautomeric equilibrium is then established between the 8-hydroxy-
guanine and 8-oxo-guanine, where double bounds are displaced and a hydrogen
atom can bind either to the hydroxyl adduct or to nitrogen in position 7. Interestingly,
the oxidized base 8-oxo-d-guanine is even more vulnerable to oxidation than d-gua-
nine and can generate diverse oxidation products such as guanidinohydantoin and
oxaluric acid. Depending on which DNA polymerase operating on the damaged
template strand, it may erroneously match another guanine or an adenine nucleotide
to the damaged base causing G—C or G—T transversions, respectively [4].
Consequently, singlet oxygen has mutagenic potential if generated nearby chromo-
somal DNA, as may be the case for nucleophilic and/or cationic photosensitizers
(e.g., phenothiazinium salts and acridine dyes, ruthenium complexes, etc.). It is esti-
mated that under physiological conditions, thousands of purine bases are oxidized
to 8-oxo species within our genome every day. DNA repair systems (e.g., base or
nucleotide excision repairs) can correct this natural damage and minimize the muta-
tion potential in healthy cells. However, if the level of oxidative stress surpasses the
cell’s capacity to repair its DNA, chromosomes may accumulate point mutations
that can ultimately lead to cell death [11].

Amino acids whether free or conjugated in smaller peptide structures or in large
chains within proteins can be considered as the one of the main targets of oxidation
produced by singlet oxygen [6]. Proteins are present in every cell compartment and
directly or indirectly participate in every functions exerted by cells. Even peptide
toxins and prions, i.e., the simplest form of infectious agents that are exclusively
composed of proteins, can be readily destroyed by reactions with singlet oxygen.
Even when proteins and peptides suffer only low to mild damage by ROS, their
function can be impaired, and they may be targeted for proteolytic degradation.
However, if proteins are heavily damaged and/or aggregated, they can be refractory
to proteolysis and tend to form intracellular aggregates causing further toxicity [6].
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Fig. 4.8 Main singlet oxygen reactions with amino acids. Sulfur containing amino acids form
peroxidic anionic species conjugated to the positively charged sulfur atom. The peroxyl adduct in
cysteine residues can form a disulfide bound with other cysteine residues. For amino acids contain-
ing rings in their structure, singlet oxygen makes cycloaddition reactions producing endoperoxide
intermediates that can form hydroperoxides or open the ring to yield diverse products

Among the various naturally occurring amino acids, singlet oxygen preferen-
tially reacts with the most electron-rich residues, such as those containing aromatic
rings and sulfur atoms (thiols). Cysteine and methionine react with singlet oxygen
forming peroxidic anionic species conjugated to the positively charged sulfur atom
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(Fig. 4.8). The peroxyl adduct in cysteine residues can receive an additional electron
from transition metal donors (e.g., Cu* and Fe?*) and release a free radical that can
react with other cysteine residues forming protein cross-links by disulfide bonds.
Cysteine peroxides can yet be further oxidized yielding thiosulfinates and oxidized
sulfur acids that do not induce disulfide bonds. The exact yield of each different
species depends on conditions of the surrounding environment, such as concentra-
tion of other thiols or rate of ROS generation. Methionine peroxides, however, do
not form disulfide bonds but mostly yield sulfoxides. Disulfide bonds and other
protein-protein cross-links produce important deformations in three-dimensional
structure that potentially inhibit their function. The type of damage caused by disul-
fide bonds is reversible and can be repaired by glutaredoxin or thioredoxin enzymes.
All other types of amino acid modification due to oxidative damage are irreversible
and often tag the protein to ubiquitin-independent proteasomal degradation.
However, if proteins are subjected to exceedingly intense oxidative damage, they
tend to form several cross-links that often produce large protein aggregates. Such
aggregates are mostly refractory to proteasomal degradation and accumulate in the
cytoplasm introducing further toxicity to cells.

For amino acids containing aromatic rings in their structure, such as tyrosine,
histidine, and tryptophan, singlet oxygen undergoes cycloaddition reactions pro-
ducing endoperoxide intermediates that can open the ring to produce diverse hydro-
peroxides among several other possible products [6] (Fig. 4.8). Alternatively,
nitrogen atoms can donate electrons allowing the cleavage of rings and formation of
carbonyl groups via dioxetane-like reactions. Since reaction kinetics between sin-
glet oxygen and these cyclic amino acid residues are very favorable, formation of
amino acid residues with hydroperoxide and carbonyl adducts is very efficient [9].
The oxidation patterns of aromatic amino acids are irreversible and lead to protein
denaturation, degradation, and, potentially, aggregation.
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Chapter 5
Cellular Damage

Caetano Padial Sabino and Michael Richard Hamblin

Abstract Classical pharmacology is normally concerned with defined molecular
structures that can bind to specific proteins and either inhibit or enhance the protein
function to achieve some biological response with therapeutic benefit. In photody-
namic therapy (PDT) context, we rarely rely on such target specificity to achieve
therapeutic success. Although some recent photosensitizers have been functional-
ized with target-specific molecules, such as antibodies, to recognize specific cells
and enhance therapy specificity, ROS produced inside the cell will damage all sus-
ceptible molecules within the diffusion radius. According to the previous chapter,
both hydroxyl radicals and singlet oxygen are highly reactive toward most of the
abundant biological molecules contained in cells. In this chapter we discuss how
such capacity of PDT to provoke multiple sites of molecular damages in the cellular
context is associated with the phototoxicity produced. Also, we discuss how cellular
antioxidant and xenobiotic defenses can influence on cellular tolerance against pho-
todynamic inactivation.
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5.1 Introduction

Since the publication of the book entitled Pathology of Oxygen, written by A. Autor
in 1982, the systemic biological effects caused by oxidative stress, including cellu-
lar damage and signaling events, have raised enough attention to become a new “hot
topic” in biological sciences [1]. Indeed, following the development and refinement
of reactive oxygen species (ROS) detection techniques during the 1970s it became
possible to observe increased levels of free radicals associated with several health
disorders such as cancer, neurodegenerative diseases, chronic inflammation, and
ischemia and reperfusion-related injuries. Even today, the exact mechanisms to
explain these observations concerning the various redox imbalances associated with
diverse pathologies have yet to be completely elucidated, and redox biology is still
a field of intensely active research.

Current scientific thinking no longer exclusively interprets ROS as sources of
cellular damage [2]. Examined through an evolutionary perspective, it is logical that
ROS should also play an important role as signaling molecules to regulate the
metabolism of aerobic organisms. For example, the electron transport chain of cel-
lular aerobic metabolism loses about 1 % of all transported electrons that go on to
produce superoxide radicals; moreover, the phagocytic cells of our immune system
use oxidative bursts that yield large amounts of ROS to inactivate pathogens. ROS
are used for the synthesis of important metabolites, such as purine nucleotides and
prostaglandins, where singlet oxygen seems to be a necessary reactant. More gener-
ally, most molecules present in the external environment are in oxidized forms,
while in living organisms, most molecules can only function properly when reduced.
Therefore, the participation of ROS in cell signaling pathways is strictly required to
regulate the respiratory metabolic function and balance the redox state of cellular
components.

The advent of bioinformatics and systems biology such as genomic, proteomic,
and metabolomic studies has consistently corroborated these theories [3-5].
Antioxidant enzymes and ROS scavenger synthesis pathways that are responsible
for redox regulation and defense against environmental sources of ROS are
extremely well conserved throughout evolution (e.g., catalase, superoxide dis-
mutase, glutathione) [5]. Conversely, gene expression regulated by oxidation-
sensitive enzymes and transcription factors (e.g., IkB, HIF-1, oxyR) has been shown
to govern vital cellular functions such as production of antioxidants, stage of cell
cycle, inflammatory response, proliferation, motility, apoptotic signaling, and many
others [2, 6]. Hence, contemporary scientific opinion offers an alternative to the old-
fashioned idea that ROS were always harmful or contests the excessive simplicity of
this viewpoint.

A good example of the possible dual nature of ROS is related to the practice of
physical exercise. Brief bursts of metabolic activity during aerobic exercise yield
moderate and short-lived amounts of ROS that can stimulate cells to upregulate
antioxidant synthesis and cell growth pathways leading to protection against future
oxidative insults, while exercise simultaneously induces muscle hypertrophy and
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Fig. 5.1 Illustrative plot of biological effects induced by oxidative stress. In simple terms, low
levels of oxidative stress stimulate cell metabolism, intermediary levels induce apoptosis signal-
ing, and high levels can lead to direct necrosis. Autophagy is considered as an extreme survival
strategy that occurs in oxidative stress levels where apoptosis and stimulatory effects overlap.
Hence, autophagic cells may end up surviving or dying depending on a variety of factors

proliferation. On the other hand, if oxidative stress or physical exercise is too intense
or too prolonged, damage caused by ROS may be sufficient to induce harmful
effects such as inflammation, cell death, and tissue injury. Hence, the balance
between beneficial and detrimental effects of ROS relies on its production site, rate,
duration, and total yield (Fig. 5.1). Also, the balance between apoptotic and necrotic
cell death pathways induced by ROS damage depends directly on the level of oxida-
tive stress along with other factors such as the PS localization.

Classical pharmacology is normally concerned with defined molecular structures
that can bind to specific proteins and either inhibit or enhance the protein function
to achieve some biological response with therapeutic benefit. Hence, the molecular
targets and mechanisms of action of most chemotherapy drugs can be precisely
determined, and side effects are usually linked to lack of drug specificity. In PDT
context, we rarely rely on such molecular target specificity to achieve therapeutic
success. Although some recent photosensitizers have been functionalized with
target-specific molecules, such as antibodies, to recognize specific cells and enhance
therapy specificity, ROS produced inside the cell will damage all susceptible mole-
cules within the diffusion radius. According to the previous chapter, both hydroxyl
radicals and singlet oxygen are highly reactive toward most of the abundant biologi-
cal molecules contained in cells. In this chapter we discuss how such molecular
damages in the cellular context are associated with phototoxicity produced by PDT.

5.2 Ultrastructural Damage: How Does ROS Kill Cells?

Highly reactive oxygen species generated by photodynamic reactions, such as
hydroxyl radicals (HO¢) and singlet oxygen ('O,), can rapidly react with all molecu-
lar structures that are involved in the maintenance of proper cell physiology and
viability. As described over the previous chapter, type 1 and type 2 reaction products
can modify components of nucleic acids, proteins, and cell membranes inducing
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Table 5.1 Reaction rate constants (k, L mol~'s™") for hydroxyl radicals (HO®) and singlet oxygen
('0,) with some examples of relevant biomolecules. Proteins and DNA rate constants are based on

human-derived macromolecules

Target HO® '0,
DNA 8x 108 5.0x10°
dG 7.6x10° 5.3x10°
dA 4x10° <Ix10°
Albumin 7.8%x10'° 5% 108
Trypsin 1.6x10" 8x10°
Lysozyme 5.1x10" 1.3x108
Histidine 1.3x10'° 9% 107
Tryptophan 1.3x 10" 6.6x107
Cysteine 3.4x10" 8.3x10°
Methionine 7x10° 8.6x10°
Glycine 6x10° <Ix10°
Arginine 3.5x10° -
Leucine 1.7x10° -
Linoleic acid 9% 10° 1x107
Glucose 1x10% 1.4x10*
Ascorbate 1x10" 8.3x10°
GSH 1.4x10" 2.4x10°

Data was obtained from literature publications [7, 8]

either reversible or irreversible damage. If sufficient damage were selectively deliv-
ered to any of those structures, it would already be enough to completely inactivate
any cell. However, when dealing with highly reactive oxidants, and especially with
HOe, we must expect to observe a ubiquitous pattern of widespread cellular dam-
age. In Table 5.1 we show the reaction rate constants of HOe and 'O, with some
examples of the most important biomolecules present in membranes, nucleic acids,
saccharides, and proteins. Even though singlet oxygen and peroxides are more
selective in the targets they react with, all biomolecular structures mentioned above
are susceptible to oxidation in some specific positions.

The diffusion radius of highly reactive species tends to be very small in biologi-
cal samples. Therefore, ROS react with the biomolecules closest to their production
site, i.e., the region of photosensitizer accumulation. The overall reaction rate is
determined by the reaction rate constant multiplied by the target concentration.
Since the PS concentration varies among different compounds (Figs. 5.2a—c) and
cell types, and even among cellular regions or compartments, the actual oxidative
impact of PDT on each cellular biomolecule is most strongly influenced by PS con-
centration at the ROS production site. Hence, the amount of damage distributed to
each cellular structure mostly depends on where the photosensitizer accumulates,
the concentration of targets at that region, the rate constants for the reaction between
oxidants and targets, the concentration of antioxidants, and the cellular capacity to
repair oxidative damage. Based on all these factors, computer simulations suggest
that the oxidant reactivity alone is insufficient to determine which cellular targets
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Fig. 5.2 From (a—c) we present the most abundant biomolecules present in Escherichia coli (a),
Saccharomyces cerevisiae, (b) and human leukocytes (¢) (Data from Feijo Delgado et al. [38]).
Note that proteins are the major components of cells. Transmission electron microscopy images of
transversal sections of a Gram-negative bacterium (Klebsiella pneumoniae) before (d) and after (e)
being inactivated by exposure to methylene blue-mediated PDT. Clear regions indicated by aster-
isks (*) are large protein aggregates formed by intense oxidation imposed by PDT (Transmission
electron microscopy images are from C. P. Sabino’s personal collection)

are most damaged. In fact, the damage ratios done by HOe and 'O, are nearly equal
among nucleic acids, fatty acids, proteins, and other structures [7].

So far, most scientific investigations have focused their attention on oxidative
damage to DNA and membrane lipids, while relegating protein oxidation to second-
ary importance. Indeed, lipid peroxidation can rapidly kill cells by membrane rup-
ture, and DNA oxidation can also kill cells or lead to mutations. Another point is
that DNA and lipid oxidation are relatively easier to experimentally quantify and are
much less complex to interpret. However, over the past years, some rather important
reports have been indicating that protein oxidation may actually be the key process
behind ROS-derived cell signaling and toxicity. Until recently it was believed that
ionizing radiation kills cells by DNA oxidation due to reaction with HOe generated
by water homolysis. However, using a model of radioresistant bacteria (Deinococcus
radiodurans), Daly et al. demonstrated that the primary reason for cellular inactiva-
tion upon gamma irradiation was actually imposed by protein oxidation [9]. This
publication brought important changes to the paradigm on mechanisms of cellular
inactivation by ROS and added further importance to the determinants of protein
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(per) oxidation. Unfortunately, the PDT scientific community is still conducting
experiments to determine whether proteins are also a primary target for cell inacti-
vation by '0,. However, if we consider theoretical simulations, we can still expect
that 'O, might also inactivate cells via protein damage, i.e., in the same way that
HOe does [7]. Proteins are ultimately responsible for most cellular functions and are
scattered through all compartments of all cells. Regardless of taxonomy or strain,
proteins are the most abundant component of cells (Figs. 5.2a—c). In cell mem-
branes they compose from 30 to 75% of the total membrane dry weight [10].
Bacterial cells lack intracellular compartments or organelles. Their DNA is cen-
trally distributed within the cell and is surrounded by large amounts of protein com-
plexes, including transcription factors and ribosomes. In Fig. 5.2, we present
transmission electron microscopy images of a Gram-negative bacterial cell before
(Fig. 5.2d) and after (Fig. 5.2e) inactivation by exposure to methylene blue and red
light. It seems clear that the cell membrane is not disrupted by PDT, because all the
intracellular contents are still contained inside the cell. However, several clear
spheres (indicated by asterisks, *) appear after irradiation. Those spheres, often
referred as inclusion bodies, are large protein aggregates commonly seen in cells
that were exposed to oxidative stress or intense heat. Although it is difficult to quan-
tify, these images clearly illustrate the importance of protein oxidation during PDT.

5.3 Cell Death Pathways

Eukaryotic cells, in general, present a much more complex spatial and molecular
organization when compared to prokaryotes such as bacteria. Due to the electro-
chemical diversity found inside each organelle of eukaryotic cells, it has been pos-
sible to employ photosensitizers with molecular structures that show a distinct
tendency to accumulate in certain intracellular compartments. In contrast to what can
be seen in Fig. 5.2d, e, in eukaryotic cells damage may be localized to certain organ-
elles, while the other cellular compartments remain undamaged. Hence, ROS pro-
duction can be targeted to specific structures that will trigger cell death pathways
which correspond to the signaling cascades arising from specific damage to different
sites (Fig. 5.3). Eukaryotic cells of metazoan animals present rather elaborate signal-
ing pathways leading to regulate either cell death or survival. Necrosis and apoptosis
are the two main types of cell death subroutines that have been classically estab-
lished based on morphologic and biochemical divergences. In this classic perspec-
tive, apoptosis would be a programmed and “organized” pathway of cell death, while
necrosis is classified as unregulated or “accidental” death. Even though the morpho-
logical and biochemical aspects do indeed exist, whether it is a matter of programmed
or accidental, subroutine is not so simple to distinguish. Here we will describe the
mechanisms based on studies of the mammalian class of organisms, because the lit-
erature still lack studies with respect to reptiles, birds, amphibians, etc.

Autophagy is often mistakenly interpreted as an independent mechanism of cell
death. It actually is a “last ditch” mechanism to try to rescue severely damaged cells
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Fig. 5.3 Illustrative examples of cellular damage caused by photodynamic therapy. Note that vir-
tually all vital structures of the cell can potentially be damaged and lead to diverse cell death
pathways. As described in this chapter, the factors that determine the preferential damage site are
photosensitizer localization, photodynamic reaction type, and target concentration [39]

from death. In this situation, the damaged proteins and organelles are digested in
lysosomes to increase protein turnover and (by eliminating nonfunctional struc-
tures) supply amino acids to rebuild them [11, 12]. It is clear that excessive degra-
dation of cellular structures can lead to cellular death; however, in well-controlled
situations, it can indeed rescue cells from apoptosis or necrosis [13]. Autophagy
can be initiated by light-activated photosensitizers that accumulate either in the
cytosol, endoplasmic reticulum (ER), mitochondria, or lysosomes. After damage is
detected, the autophagic signal is propagated through the cell via mTOR/AKT
pathway. Interestingly, cells with a blocked apoptosis pathway either due to
impaired signaling or lack of ATP may also independently initiate autophagy to
promote cell death [13].

Apoptosis was initially described by pathologists from a morphological point of
view. Cells undergoing apoptosis lose their original shape as they shrink and form
apoptotic bodies and membrane blebs containing degraded intracellular contents.
The chromatin is condensed and DNA is cleaved in regions located between nucleo-
somes. Apoptosis is completely regulated by genetic information, and, hence, some
refer to it as “programmed cell death.” Nearly all apoptotic pathways depend
directly or indirectly on mitochondrial signaling via proteins from the caspase fam-
ily. The intrinsic pathway can be initiated by the presence of certain ROS-damaged
organelles or molecules in the cytosol that can be sensed by mitochondrial proteins.
Caspase-9 signaling then promotes expression of proapoptotic genes to induce the
programmed cell death routine. Alternatively, cells can undergo a caspase-indepen-
dent apoptosis via release of mitochondrial proteins such as apoptosis-inducing fac-
tor (AIF), Omi/HtrA2, or endonuclease G [14, 15].

The extrinsic apoptosis pathway is originated by extracellular stimuli mediated
by immune cells or activation of surface pro-death receptors. Adaptive immunity
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can be directed against some particular cell types (these may be some kind of immu-
nogenic cancer or virus-infected cells), especially if characteristic epitopes are
exposed to membrane surface in a non-tolerogenic environment. PDT-mediated oxi-
dative damage can induce a trauma in treated tissues so that damage-associated
molecular patterns (DAMPs) and proinflammatory cytokines are released thereby
signalizing an immunogenic environment within the damaged region [16]. Upon
signaling mediated by activated antigen-presenting cells (e.g., dendritic cells and
macrophages), effector T-cell (CD8*) clones can be selected to proliferate with spe-
cific receptors able to recognize such cognate epitopes. The effector lymphocytes
can patrol through the whole organism and locate the cells exposing their specific
cognate epitope and then to induce the apoptotic death of the target cells, even in
distant tumor metastasis. Extrinsic apoptosis signaling is initiated by caspase-8 and
converges in the mitochondria to elicit the common apoptosis subroutine.

Necrosis has long been regarded as a severe trauma-associated cell death that is
passive and uncontrolled. However, it was recently described that necrotic cell death
can also be regulated by ROS, caspase-8, and receptor-interacting protein 1 (RIP1)
[17]. Either way, necrosis is characterized by cellular swelling, membrane rupture,
and leakage of cytosolic content including organelles, proteins, nucleic acids and
other DAMPs [16, 18]. These intracellular contents are highly immunogenic and
potentially lead to progression of inflammation and adaptive immunity. PDT may
induce necrosis if PS accumulates in cell membrane (e.g., highly lipophilic mole-
cules or compounds that do not enter cells) or if PDT doses are exceedingly high.

5.4 Organelle Damage

5.4.1 Ribosomes

Ribosomes are very large protein-RNA complexes that are responsible for the syn-
thesis of all proteins within our cells. Containing both protein and RNA regions,
ribosomes present several oxidation labile sites that can lead to their functional
inactivation [19]. This type of organelle damage is deadly to the cell since it directly
impairs protein synthesis, including translation of antioxidant defense and repair
systems in response to changes in cellular redox balance.

5.4.2 Mitochondria

As mentioned above, mitochondria play a pivotal role in apoptosis signaling cas-
cades. Many photosensitizers, especially the cationic amphiphilic ones, can selec-
tively accumulate in mitochondria and will cause rapid permeabilization and
destruction after light activation. High levels of lipid peroxidation in the external
mitochondrial membrane can open the membrane permeability pores that allow
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passage of caspase activators such as cytochrome ¢, AIF, and “second mitochondria-
derived activators of caspases” (SMAC) such as DIABLO [14, 15].

5.4.3 Lysosomes

Lysosomes are organelles responsible for degradation of both intracellular and
extracellular biomolecules that are damaged or unwanted. Their interior is main-
tained at an acidic pH level (pH 4.5-5), and they contain more than 50 enzymes
responsible for the degradation of many biological substrates. Lysosome-targeted
PDT can cause the membrane to rupture thereby releasing all the contents into the
cytoplasm. PDT-damaged lysosomes also release cathepsins that can promote mito-
chondrial membrane permeabilization via cleavage of enzymes from the BH3-only
family or can even directly activate caspases to initiate the intrinsic apoptosis path-
way [20].

5.4.4 Endoplasmic Reticulum

Endoplasmic reticulum (ER) stress can lead to several different signaling pathways
that may lead to a pro-survival outcome or to intrinsic apoptosis pathways and cell
death. Which pathway will eventually decide the fate of the cell is determined by the
level of oxidative stress that the organelle was exposed to. Low to mild levels of
ROS can activate survival pathways via induction of autophagy, antioxidant produc-
tion, and JNK and p38MAPK signaling pathways that are responsible for cell survival
and even promotion of growth. On the other hand, exposure to high levels of oxida-
tive stress can increase the permeability of the ER membrane causing release of
calcium ions that elicit mitochondrial-mediated intrinsic apoptosis [21]. PDT-
mediated ER stress has also been associated with activation of CCA AT-enhancer-
binding proteins (C/EBPs) homologous protein (CHOP) that is also inducible by
DNA damage. The CHOP transcripts induce expression of apoptosis-associated
genes that define the cell’s fate [22].

5.5 Antioxidant Defense and Resistance Mechanisms

The development of cellular antioxidant defense enzymes and pathways was a mile-
stone in the history of evolution. About 1.5 billion years ago, the abundance of pho-
tosynthetic organisms in the planet started to impact the atmospheric O, concentration.
At first, all life on the Earth thrived using variations of anaerobic metabolism, while
O, represented only a toxic by-product of photosynthesis that had to be avoided to
prevent cellular damage. Hence, O,-rich environments on the Earth left gaps to be
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colonized by those life-forms which could better withstand such harsh conditions.
This was the turning point for natural selection of organisms that developed antioxi-
dant defense mechanisms to keep a balanced intracellular redox status [23]. After this
evolutionary turnaround, cells were able to develop new metabolic pathways to uti-
lize the chemical energy of O, to facilitate ATP production via oxidative phosphoryla-
tion with much greater efficiency than the previous anaerobic fermentation process.

Proteomic studies of organisms from all the kingdoms of life currently inhabiting
our planet have revealed that there is a highly conserved group of about 300 proteins
that are considered to be the minimal essential set of genes that can produce a viable
organism. Out of those 300 proteins, 44 (15 %) are dedicated to the response and
defense against cellular stress, and 18 (6 %) are essential proteins for maintenance
of the correct intracellular redox balance and avoiding oxidative damage to macro-
molecules and membrane lipids [4]. Therefore, the pivotal importance of cellular
mechanisms of antioxidant defenses either in physiological or pathological condi-
tions remains unquestionable. Since PDT kills cells via oxidative damage, the cell’s
capacity to regulate its own redox balance and prevent oxidative stress can directly
influence its sensitivity to photodynamic inactivation. For this reason, PDT proto-
cols must be developed to ensure that oxidative stress imposed to target cells sur-
passes their antioxidant capacity. Following, we will describe how cellular
antioxidant systems work and how PDT can overcome them.

Living organisms can utilize small molecular weight antioxidants to basically act
as redox balance buffers. Scavenger or quencher compounds are easily oxidized and
form nonreactive products. Physical quenchers mainly dispose the excess energy of
singlet oxygen by changing to a nonreactive excited state (and ground state oxygen)
that rapidly decays to the ground state dissipating energy in the form of heat. So
when small-molecule antioxidants are present in micromolar to millimolar intracel-
lular concentrations, they can minimize oxidation of important biomolecules simply
by competition (i.e., they interact with ROS before other molecules do it).

Some small molecular weight antioxidants are constantly produced by animal
cells (e.g., urate, glutathione, melanin), and others must be acquired in the diet (e.g.,
vitamin C for humans, vitamin E, carotenoids). Many antioxidants obtained from
diet are derived from vegetables. Plants produce large amounts of scavengers and
quenchers because chlorophyll has a finite probability to undergo photodynamic
side reactions that yield ROS while carrying out normal photosynthesis. This is why
plant leaves that have been overexposed to the sun can become yellowish and die.
After the green chlorophyll has been oxidized to colorless compounds, the yellow-
ish color of leaves reveals the abundance of carotenoid pigments produced by plant
cells to prevent oxidation of chloroplasts and other organelles. Carotenoids such as
3-carotene and lycopene are among the most potent lipophilic antioxidants. Their
molecular structures characteristically present several conjugated double bounds
that can rapidly scavenge radicals or singlet oxygen. Upon radical reactions, it
forms a nonreactive radical where the unpaired electron is delocalized through all
conjugated double bounds. Additionally, carotenoids can scavenge singlet oxygen
by cycloaddition as well as physically quench it forming a nonreactive excited state.
However, carotenoids are highly lipophilic and can only accumulate in membranes,
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so they leave hydrophilic biomolecules relatively unprotected. This may explain
why carotenoid-producing bacteria, such as Staphylococcus aureus, are one of the
most susceptible bacterial species to photodynamic inactivation using hydrophilic
photosensitizers [24].

Vitamin C (ascorbate) and E (tocopherols) are complementary small-molecule
antioxidants that best perform their function when combined together. Both contain
double bounds that allow efficient reaction with singlet oxygen or with radicals (and
these antioxidants themselves form nonreactive radicals); however, while ascorbate
is highly soluble in water, tocopherols are rather lipophilic. Tocopherols are excel-
lent scavengers of lipid peroxyl radicals and, hence, can terminate chain reactions
of lipid peroxidation. Moreover, ascorbate can then act as a reducing agent and
regenerate from tocopheryl radicals. Ascorbyl radicals can then undergo dismuta-
tion reactions forming dehydroascorbate and a regenerated ascorbate or be reduced
by specific enzymes (e.g., NADH-dehydroascorbate reductase family). Hence,
these vitamins can be efficient antioxidants for type 1 photodynamic reactions (i.e.,
radical production). Tocopherol can act as a singlet oxygen quencher or a nonrecy-
clable scavenger, giving some degree of protection for cell membranes. On the other
hand, ascorbate provides very poor cellular protection since it can only scavenge
singlet oxygen at relatively low rates (see Table 5.1).

Urate (uric acid) is a product of purine degradation that accumulates in many
animals that are deficient in enzymes responsible for its further decomposition to
more water-soluble compounds. Birds, reptiles, Dalmatian dogs, and primates
(including humans) are classic examples of urate-accumulating animals. Urate is a
powerful antioxidant capable of scavenging radicals, peroxides, ozone, and singlet
oxygen. Its respective oxidized radical can be recycled by ascorbate similarly to
tocopheryl radicals [25]. Hence, successful PDT treatment of tumors in urate-
accumulating animals may require higher doses compared to treatment of other
animals although this has not yet been established in well-controlled experiments.

Reduced glutathione (GSH) is a tripeptide thiol antioxidant present in huge con-
centrations (1-50 mM) in nearly all eukaryotic and Gram-negative bacterial cells
[3]. In eukaryotic cells, GSH is found in equal concentrations in the cytosol and
nucleus, but not inside mitochondria. It is not produced in most Gram-positive bac-
terial species, but some species have membrane transporters that allow uptake of
GSH from mammalian hosts. GSH efficiently scavenges radicals, quenches/scav-
enges singlet oxygen, and is an enzymatic substrate for reduction of peroxides and
hydroperoxides (Fig. 5.4) [26]. In a similar manner to the cysteine residues of pro-
teins, oxidized glutathione can form disulfide bounds with another glutathione
(GSSG) or with protein thiols. Glutathione disulfides do not react with biomole-
cules, but can be reduced back to GSH by glutathione reductase enzymes. The cel-
lular content of GSH is directly related to the cell’s capacity to tolerate photodynamic
inactivation or gamma radiation. Cells can survive longer radiation exposure times
compared to their GSH-deficient counterparts. GSH provides simultaneous protec-
tion of DNA, proteins, and membrane lipids [27-29]. It has also been demonstrated
that fractionated PDT doses decrease phototoxicity due to regeneration of GSH by
glutathione reductases in between light doses [30].
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Fig. 5.4 Glutathione-dependent antioxidant defenses are broadly available in animals and micro-
organisms and can be highly effective to protect cells against several oxidants. The cysteine residue
of reduced glutathione (GSH) can be oxidized and lead to formation of disulfide bonds with
another cysteine residue of glutathione (GSSG) or proteins. GSSG can be reduced back to two
GSH in a reaction catalyzed by enzymes with glutathione reductase activity, at the cost of NAPDH
and H*. Hydrogen peroxide can be reduced by two GSH molecules catalyzed by glutathione per-
oxidase, yielding two molecules of H,O

In addition to small molecular weight antioxidants, cells also rely on redox-
balancing enzymes that can catalyze deactivation of ROS. Among the 18 essential
proteins for intracellular redox balance, the most relevant enzymes present in ani-
mal and microbial cells are superoxide dismutase (SOD), catalase (CAT), and the
family of enzymes that use glutathione as a substrate. However, none of these
enzymes are able to directly protect cells from singlet oxygen or hydroxyl radicals
(Fig. 5.5). SOD was first described in 1969 as an abundant enzyme of vital impor-
tance present in virtually all animal tissues. SOD catalyzes the dismutation of super-
oxide (into hydrogen peroxide and oxygen) by several orders of magnitude, and it is
indeed fundamental to protect cells from ROS generated by cell aerobic metabolism
or xenobiotics. However, SOD is only able to impair photodynamic inactivation that
is mediated by the few photosensitizers that preferentially undergo type 1 reactions,
such as triarylmethanes (e.g., crystal or gentian violet and malachite green) and
titanium dioxide semiconductors. Hence, it is best to use type 2 photosensitizers to
avoid this cellular defense mechanism. The dismutation reaction produces an oxi-
dized (O,) and a reduced (H,0,) species. Therefore, superoxide dismutase detoxifi-
cation must be accompanied by the decomposition of H,0, to water and nontoxic
products. Many enzymes such as CAT, glutathione peroxidase (GPx), and peroxire-
doxin (Prx) are able to perform this task. While CAT directly catalyzes H,0,, dis-
mutation to H,O and O,, GPx, and Prx carries out a more complex sequence of
reactions. GPx catalyzes the reaction between H,0, and two GSH forming H,O and
GSSG that must subsequently be regenerated to GSH by glutathione reductase. Prx
has cysteine residues that can be directly oxidized by H,O, forming disulfide
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Fig. 5.5 General overview of type 1 and 2 photodynamic reactions in the cellular context.
Ground state photosensitizer ('PS,) is excited by light (hv) to a higher energy state that decays to
the long-lasting excited triplet state (°*PS*) via intersystem crossing (ISC). Type 1 reaction initi-
ates via charge transfer from *PS* to 30, forming superoxide radical anion (O,*”). Superoxide can
react with antioxidant scavengers, iron-sulfur clusters of enzyme active sites, or undergo dismu-
tation reaction, catalyzed by superoxide dismutase (SOD), producing O, and hydrogen peroxide
(H,0,). Hydrogen peroxide can be decomposed to H,O and O, in reaction catalyzed by catalase
(CAT) or other enzymes. Hydrogen peroxide can also be reduced by transition metals (e.g.,
Fenton reaction with Fe?* or Cu*) producing hydroxyl anions (HO") and radicals (HO¢). Hydroxyl
radicals are extremely reactive and can induce radical chain reactions in proteins, lipids, nucleic
acids, and carbohydrates. Type 2 reactions produce singlet oxygen ('O,*) via energy transfer.
Singlet oxygen is also extremely reactive toward proteins, nucleic acids, and lipids. It can be
quenched or scavenged by small molecular weight antioxidants, but, just like HOe, it is not
impaired by any enzymes

bounds. Thioredoxin (Trx) is able to protect cells from oxidative stress by becoming
oxidized itself, thus removing disulfide bounds from oxidized proteins such as Prx
to restore the native protein structure. Finally, Trx needs to react with NADPH to be
regenerated back to its reduced active form.

Melanin pigments constitute some of the most difficult challenges for PDT and
other therapeutic modalities. In parallel to the potent antioxidant activity that makes
melanotic melanomas resistant to radiotherapy and PDT, it also acts as an optical
barrier for light penetration into tissues and can even sequester photosensitizer mol-
ecules due to its anionic nature. Several recent and ongoing investigations have had
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some degree of success trying to overcome or, at least, minimize this limitation
using tissue clearing techniques and photosensitizers that absorb infrared light (e.g.,
bacteriochlorins or naphthalocyanines) [31-33]. Either way, melanin-producing
tumors or pathogens (e.g., Cryptococcus neoformans) still represent an additional
challenge for nearly all commercially available photosensitizers.

Last but not least, another important resistance mechanism to PDT, also com-
monly expressed by drug-resistant tumors and pathogens, is the efflux of photosen-
sitizers through membrane drug transporters [34-37]. The most commonly found
types belong to the family of ATP-binding cassette transporters (ABC-transporters).
In many cases the coadministration of verapamil or other efflux pump inhibitors
could inhibit the resistance phenotype [35-37]. Even so, this drug is not highly
specific and can cause several side effects (related to inhibition of other membrane
transporters) that limit its use. Moreover, since efflux pumps are in constant contact
with photosensitizer substrates, photodynamic reactions may occur in the vicinity
of the pump leading to its inhibition due to oxidative damage [34]. Alternatively,
other photosensitizer molecules that act in extracellular environment (e.g., large
conjugated molecules or vascular targeting strategies) or that are not substrate of
efflux pumps can be used to avoid resistance to PDT [34].
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Chapter 6
Systemic Effects

Michael Richard Hamblin and Caetano Padial Sabino

Abstract Photodynamic therapy (PDT) is a clinically approved practice for treat-
ment of cancer and infectious diseases. PDT involves systemic or topical adminis-
tration of a photosensitizer (PS), followed by irradiation of the target area with light
of a wavelength matching the absorption band of the PS. In the presence of oxygen,
photochemical reactions trigger the production of reactive oxygen species and, con-
sequently, cell death by oxidative stress. Besides causing direct cytotoxicity to
tumor cells, PDT induces destruction of the tumor vasculature releasing pro-
inflammatory cytokines. Current literature supports that PDT is able to affect both
the innate and adaptive responses of the immune system. In addition, PDT-induced
adaptive immunity may attack distant untreated tumor cells and lead to develop-
ment of antitumor memory immunity, which can potentially avoid the cancer
relapse. Conversely, pro-inflammatory activity of PDT can also collaborate to
resolve local infections since more neutrophils are recruited to the infected region.
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6.1 Introduction

When photosensitizer (PS) preparations are injected into the bloodstream, they tend
to bind to various serum proteins, and this binding can dramatically affect their
pharmacokinetics and biodistribution [1]. Different PSs can have very different
pharmacokinetics and this can directly affect the illumination parameters and par-
ticularly the pharmacokinetics will determine the drug-light interval [2].
Intravenously injected PSs undergo a gradual transition from being bound to serum
proteins, then becoming bound to endothelial cells, and then they are bound to the
adventitia of the vessels, then bound either to the extracellular matrix or to the cells
within the tumor. Eventually, they will be cleared from the tumor tissue by removal
by lymphatic system or by blood vessels, and they will be excreted either by the
kidneys or the liver. The effect of PDT on the tumor largely depends at which stage
of this continuous process light is delivered.

The antitumor effects of PDT are divided into three main mechanisms. Direct
tumor cell death by apoptosis or necrosis can occur, if the PS has been allowed to be
taken up by tumor cells. Powerful anti-vascular effects can lead to thrombosis and
hemorrhage in tumor blood vessels that subsequently lead to shutdown of tumor
blood vessels, which kill the tumor by deprivation of oxygen and nutrients. Finally
the release of damage-associated molecular patterns (DAMPs) leads to acute inflam-
mation and the release of cytokines [3]. The DAMPs, cytokines, and stress-response
proteins induced in the tumor by PDT work together and lead to an influx of leuko-
cytes that can both contribute to tumor destruction and to stimulate the immune
system to recognize and destroy tumor cells even at distant locations.

6.2 PS Pharmacokinetics

When PS is injected into the bloodstream, a certain sequence of events commences
that can take very different lengths of time to reach completion for PS with different
chemical structures. Firstly, depending on the delivery solvent or vehicle that is used
for the PS injection, the PS must come to equilibrium with components of circulat-
ing blood. This can involve the PS disaggregating from itself, being released from
its delivery vehicle and binding instead to various protein components of serum (see
later). In addition the blood has many circulating cells (erythrocytes and leukocytes)
that would in principle be available to bind injected PS [4]. Secondly, the circulating
PS must bind to the walls of the blood vessels, and it is thought that the nature of the
various blood vessels in the tumor and in surrounding normal tissues varies signifi-
cantly in size, speed of blood flow, and physiological characteristics, such as leaki-
ness and tortuosity in tumors and various normal organs, and governs to a great
extent where the PS localizes or accumulates. Thirdly, the PS will penetrate through
the wall of the blood vessel at a rate that probably depends on how strong the initial
binding of the PS to the intimal surface was. PSs that bind strongly to the blood
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vessel wall will take a longer time to cross the entire wall of the blood vessel, and
those that have an initial weaker binding will pass through more quickly. Fourthly,
after extravasation, the PS will diffuse throughout the parenchyma of the organ or
tumor to which it has been delivered. If the organ happens to be the liver or other
metabolically active organ, the PS may be subject to chemical changes by metabolic
enzymes, but this is thought to be rather unlikely for most tetrapyrrole-based PS
(e.g., porphyrins, chlorins, and phthalocyanines) in common clinical use. Fifthly,
the PS will eventually be eliminated from the tissue. Although this elimination has
not been much studied, if the tissue containing the PS is a tumor or other non-
metabolic organ, elimination will be probably by lymphatic drainage, and the PS
will then return into the general blood circulation via the thoracic duct. Sixthly, the
PS will be excreted from the body. For the majority of PS in clinical use, excretion
is from the liver into the bile and thence to the intestine where it is lost via fecal
elimination. However, enterohepatic recirculation, which is the term used for the
reabsorption of the PS from the small intestine back into the bloodstream, has been
reported for some PS.

Measurement of pharmacokinetics requires sequential measurements of PS con-
centration in tissue or other biological substance or fluid in order to construct tem-
poral profiles that can be compared for different PSs. This is frequently done for
blood where samples can be readily removed in small amounts at frequent intervals
and analysis and then yields values of serum half-lives (first or second order) in
minutes, hours, or days. Alternatively, analysis of PS concentrations in urine or
fecal samples can give terminal elimination half-lives. All these methods require a
method of quantitatively analyzing PS concentrations in samples of biological
material. The fact that the majority of PSs used for PDT are also fluorescent has led
to the development of assays involving homogenization or dissolving the tissue or
biological fluid and measurement of fluorescence in the solution after centrifugation
or extraction steps [5]. Calibration curves can be prepared with mixtures of known
amounts of PS and weighed amounts of biological material. Care must be taken
when these experiments are carried out on small rodents such as mice and rats
because these animals accumulate a naturally red fluorescent compound derived
from chlorophyll in their diet that ends up in the skin and the digestive tract among
other organs [6]. This can be avoided by feeding the animals a chlorophyll-free diet
for enough time before the experiment to allow the interfering fluorescent com-
pound to be eliminated [6]. In some cases, the PS is quantified by a traditional
analytical chemistry technique such as high-performance liquid chromatography
[7]. This method has the advantage of detecting possible metabolism products that
have been formed from the originally pure PS after injection. Finally in some cases
of experimental animal models, the PS has been presynthesized in the laboratory to
include a radioisotope label (for instance, carbon 14 or tritium), or a chelator can be
attached that can bind a metal radioisotope, and biological samples can then be
quantified using a scintillation counter [7-9]. An alternative approach to carrying
out analysis of samples of biological material removed sequentially is to use a con-
tinuous optical monitoring method to determine PS concentration in tissue based on
fluorescence. In this approach, a noninvasive or minimally invasive approach with
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fiber-based fluorescence detection systems can be used to measure the variation
over time of a fluorescence signal linked to the PS of interest [10]. In some small
animal models, the skin can be removed from a subcutaneous tumor so the fiber that
collects fluorescence can be in contact with the underlying tumor as well as the
adjacent skin [11].

There has been a wide variation reported in pharmacokinetic parameters for vari-
ous PSs that are in clinical or preclinical use. Bellnier and Dougherty [12] studied
pharmacokinetics of Photofrin® in patients scheduled to undergo PDT for the treat-
ment of carcinoma of the lung or the skin. They found a triexponential 3-compartment
pharmacokinetic model with alpha, beta, and gamma half-lives of approximately
16 h, 7.5 days, and 155.5 days. Detectable Photofrin® fluorescence was shown to
persist in the serum for longer than 1 year. In clinical practice, PDT light is usually
delivered to patients 48 h (drug-light interval) after Photofrin® injection. In a
Japanese study [13], skin photosensitivity was found to persist for as long as a
month or more after Photofrin® injection and interestingly was significantly more
pronounced for female patients.

The pharmacokinetics of 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a
(HPPH) has been studied in cancer patients [14]. A two-compartment model yielded
alpha and beta half-lives of 7.77 h and 596 h. Radiolabeled Foscan® pharmacoki-
netics were studied in tumor-bearing rats yielding a triexponential model with
alpha, beta, and gamma half-lives of 0.46 h, 6.91 h, and 82.5 h, respectively [15].
Pharmacokinetics of the silicon phthalocyanine Pc4 were studied in non-tumor-
bearing mice, and a two-compartment fit was obtained with alpha and beta half-
lives of approximately 10 min and 20 h with some variation depending on the
injected dose and solvent [16]. The palladium bacteriopheophorbide PS known as
TOOKAD® has very rapid pharmacokinetics with alpha and beta half-lives of
approximately 2 min and 1.3 h, and in this case, graphite furnace atomic absorption
spectroscopy was used to quantify the palladium atom coordinated in the center of
the tetrapyrrole [17].

6.3 PS Biodistribution

In experimental animals, it has sometimes been possible to establish the overall pat-
tern of distribution in the different organs after intravenous (IV) injection of the
PS. A study using radioisotope labeled Photofrin® in mice with subcutaneous fibro-
sarcoma tumors that were sacrificed 24 h later found the highest concentrations in
the liver, adrenal glands, and urinary bladder [7]. Next were the pancreas, kidney,
and spleen, and these organs were higher than the stomach, bone, lung, and heart.
Muscle concentration was low and the brain was lowest. Only the skeletal muscle,
brain, and skin located distant to the tumor had peak concentrations lower than
tumor tissue; the skin overlying the tumors showed concentrations not significantly
different from tumor. The higher molecular weight components of Photofrin® were
partially retained in the liver and spleen at 75 days after injection.
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In most cases where organ biodistribution data have been reported for small ani-
mals such as mice and rats, the highest concentration of PS has been found in the
liver [19, 20]. Chan et al. studied a set of sulfonated phthalocyanines and found that
the accumulation in the liver was inversely proportional to the degree of sulfonation
and hence to the overall lipophilicity of the PS molecules [21]. The liver is known
to have a highly permeable blood supply with fenestrated endothelium that contains
pores that allow molecules to pass easily out of the blood vessels. This porous vas-
culature is required by the role of the liver in detoxifying the body of extraneous
molecules (particularly organic molecules such as PS). These molecules are then
excreted into the bile via the gall bladder in a similar fashion to the production of
bile acids from cholesterol. The bile is routed into the duodenum where it is possible
for unchanged PS to be absorbed into the circulation a second time from the small
intestine (a process known as enterohepatic recycling) as well as being excreted via
the feces. It is known that soon after injection, large amounts of PS can accumulate
in the lungs. Lung accumulation has been reported as the mode of dose-limiting
dark toxicity when the PS injected doses were increased eventually leading to lung
hemorrhage and acute interstitial pneumonia after injection of a high dose of 80 mg/
kg of Pc4 into mice [17]. The explanation is probably that large injected doses of PS
can aggregate in the blood vessels and the particles so formed can easily collect in
the fine capillary network of the lungs.

The amount of PS that accumulates in the spleen seems to vary widely with the
structure of the PS (overall charge and hydrophobicity). Woodburn et al. studied a
range of porphyrins with varying octanol/water partition coefficients and found that
the accumulation in the spleen varied the most compared to other organs [18].
Egorin et al. compared organ distribution of Pc4 administered by IV injection of the
same dose (10 mg/kg) dissolved in several solvents and found that the accumulation
in the spleen was the most variable [16].

The kidney and bladder frequently accumulate high amounts of PS, despite the
clearance route being almost exclusively via the liver and bile [19] rather than the
kidneys and urine. The digestive organs (stomach, large and small intestines) seem to
take up middling amounts of PS (i.e., less than liver but more than muscle) [9]. The
skin has not been found to accumulate high amounts of PS in experimental animals,
which might be considered somewhat surprising in view of the fact that skin photo-
sensitivity due to PS accumulation in patients’ skin is the main cause of PDT-related
side effects. The lowest concentrations of PS are generally found in organs such as the
heart, skeletal muscle, bone, eye, and brain. These are organs that are known to have
a relatively impermeable blood supply. The blood-brain barrier serves to exclude PS
from the parenchyma of the brain, while the fact that the blood-brain barrier is fre-
quently breached by the growth of brain tumors is probably responsible for the very
large (over 100) tumor-to-normal brain ratios reported for some PS [1].

Since the original observation of the tumor-localizing ability of hematoporphy-
rin derivative (HPD), many workers have investigated the underlying mechanism of
this effect whereby PSs preferentially localize in tumors and in other specific organs
and anatomical locations [20-22]. The precise definition of “tumor-to-normal tissue
ratio” has also been subject to debate. Some investigators working with subcutaneous
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tumors in experimental animals use the ratio between the tumor and peritumoral
muscle or skin, while others use the ratio between the tumor and the distant muscle
and skin. Furthermore, there has been much effort made to determine which molec-
ular features in the chemical structures of the PS are optimal for maximizing the
selectivity for the tumor over normal tissue and organs. This has proved quite com-
plicated because the pharmacokinetics of different PS can vary dramatically. For
instance, one PS can have its best tumor-to-normal tissue ratio at a relatively early
time point after administration such as 3 h, while for another PS, this time point can
be as long as 7 days after injection. One of the notable properties of these tetrapyr-
role molecules that are commonly employed as PS, which may be relevant to their
tumor localizing ability, is their tendency to bind strongly to serum proteins and also
to bind to each other (aggregation). This high tendency to bind means that most PSs
when injected into the bloodstream behave as macromolecules rather than as small
molecules, either because they are more or less firmly bound to large protein mol-
ecules or because they have formed intermolecular aggregates of similar size. Many
works have reported on the distribution of PS between various classes of serum
proteins (either human or animal) in vitro [23-25]. These serum proteins are usually
divided into four classes: (a) albumin and other heavy proteins, (b) high-density
lipoprotein (HDL), (c) low-density lipoprotein (LDL), and (d) very low-density
lipoprotein (VLDL). However, even this study has been complicated by the fact that
the most lipophilic PSs are insoluble in aqueous media and need to be delivered in
a solvent mixture, which may alter the serum protein distribution of the PS. It has
been argued that PSs that preferentially bind to LDL are better tumor localizers (see
below) [26], but this might not always be the case [27].

It is useful to make a distinction between selective accumulation and selective
retention. The tumor localizing ability of the PS with the faster pharmacokinetics is
probably due to selective accumulation in the tumor, while the localization of PS
with slower-acting pharmacokinetics is more likely due to selective retention. In the
selective accumulation model, it is thought that the increased vascular permeability
to macromolecules typical of tumor neovasculature is chiefly responsible for the
preferential extravasation of the PS. These quick-acting PSs frequently bind to albu-
min, which is of ideal size, and Stokes radius to pass through the “pores” in the
endothelium of the tumor microvessels [28]. The selective retention model where
PS can be retained in tumors, while they are eliminated from surrounding normal
tissue and organs, has been the subject of much speculation. As mentioned above, a
popular theory maintains that the binding of the PS to LDL is of major importance
[26]. According to this theory, it is proposed that cancer cells overexpress the LDL
(apoB/E) receptor. Upregulation of the expression of LDL receptors is one strategy
that rapidly growing malignant cells have developed to obtain sufficient cholesterol
that the tumor cells need for the biosynthesis of lipids required due to the rapid
turnover of their cellular membranes. There is experimental evidence both for and
against this LDL receptor theory [27, 29]. Other theories have been proposed to
account for the selective retention of PS in tumor tissue. One is that tumors are
characterized by poorly developed lymphatic drainage and that macromolecules,
which extravasate from the hyperpermeable tumor neovasculature, are retained in
the extravascular space. This theory has been termed the well-known “enhanced
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permeability and retention” (EPR) effect. Another theory is attributed to macro-
phages, which are phagocytic cells that infiltrate solid tumors to varying extents.
These tumor-associated macrophages (TAMs) have been shown to accumulate up to
13 times the amount of some PS compared to the cancer cells themselves. The
explanation for this preferential uptake by TAMs has been proposed to be due to
either the phagocytosis of aggregates of PS or to the preferential uptake by TAMs of
lipoproteins, which have been subtly altered by the binding of porphyrins. Another
theory proposes that the low pH commonly found in tumors (due to the Warburg
effect in which the metabolism changes from oxidative phosphorylation to glycoly-
sis and produces large amounts of lactic acid) has the effect of trapping some of the
anionic PS, which are normally ionized at normal physiological pH. These PSs then
become neutrally charged (protonated) at low pH and hence more lipophilic, when
they encounter the acidic pH in the tumor environment [30]. Yet another proposed
mechanism is the selective accumulation of PS in tumors related to the propensity
of tumors to accumulate lipid droplets which may contain lipophilic molecules [31].
A final theory concerns the tendency of some tumors to have very high populations
of tumor-associated macrophages that may engulf particles of aggregated PS [32],
or else take up PSs that have bound to LDL, and then altered its behavior to be rec-
ognized by scavenger receptors [20].

6.4 Direct Destruction of Tumors by PDT

Many of the studies relating to this topic have been concerned with attempts to dis-
tinguish between direct tumor cell killing in vivo and indirect tumor cell killing
caused by the vascular shutdown effects of PDT (see later).

Some studies have investigated an experimental model in which tumors in mice
that had been treated with a potentially curative dose of PDT were removed from
the mice and then dissociated into a suspension of individual tumor cells. These
tumor cells were still able to form colonies in a clonogenic assay if the tumors were
removed from the host immediately after PDT [33, 34]. However, when these
tumors were left in the host animal for increasing lengths of time, a progressive loss
in clonogenicity of the dissociated tumor cells was observed. These times corre-
sponded to the emergence of PDT-induced tumor hypoxia as determined radiologi-
cally. These studies suggested a central role for vascular damage in governing the
tumor response to PDT in murine models.

6.5 Anti-vascular Effect of PDT

Photodynamic alteration of tissue microcirculation was first reported in 1963 [35].
A study by W. M. Star et al. utilized a window chamber in rats bearing an implanted
mammary tumor, to make direct observations of the microcirculation of the tumor,
and the adjacent normal tissue before, during, and at various times after PDT
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mediated by HPD [36]. An initial slowing down of blood flow and vasoconstriction
of the tumor vessels was followed by heterogeneous responses including eventual
complete cessation of blood flow, hemorrhage, and, in some larger vessels, the for-
mation of platelet aggregates. Other workers have histologically examined tissues
removed from animal models that had been treated with PDT, such as subcutaneous
urothelial tumors and normal rat jejunum range, and reported a range of vascular
responses including disruption of blood flow, breakdown of the blood-brain barrier
in the normal brain of mice, and endothelial cell damage in subcutaneous tumors
and normal tissue [37, 38]. Many reports directly implicate the endothelium as a
primary target for PDT in vivo; this stimulated research into the relative sensitivity
of endothelial cells to PDT and the responses of endothelial cells that could initiate
the various phenomena at the vessel level. Gomer et al. showed that bovine endothe-
lial cells were significantly more sensitive to Photofrin®-mediated PDT than
smooth muscle cells or fibroblasts from the same species [39]. This increased sen-
sitivity to PDT, measured by clonogenic assay, was not a result of increased
Photofrin® accumulation. Sensitivity to HPD-mediated PDT of bovine aorta endo-
thelial cells and human colon adenocarcinoma cells was investigated by West et al.
[40]. Exponentially growing endothelial cells were significantly more sensitive than
tumor cells with a similar rate of proliferation, and the difference in sensitivity was
accompanied by greater PS accumulation in the endothelial cells.

Intravital microscopy of the rat cremaster muscle showed that Photofrin®-PDT
caused vessel constriction with an increase in vessel permeability and leukocyte
adhesion was observed [41]. The cyclooxygenase inhibitor indomethacin was able
to inhibit the vessel constriction and reduce the increase in vascular permeability,
implicating in the involvement of the metabolites of cyclooxygenase called eico-
sanoids (e.g., thromboxane or prostacyclin). An increase in vascular permeability,
thrombus formation, and blood flow reduction were observed in animals treated
with verteporfin-PDT in a dose- and time-dependent manner [42—44]. Blood vessels
with lower flow rates were more sensitive to verteporfin-PDT-induced vascular
shutdown than vessels with a higher flow rate. In agreement with light and electron
microscopic studies, intravital fluorescence microscopic imaging demonstrated in
live animals that verteporfin-PDT decreased endothelial cell viability and caused
platelet aggregation [45]. Rapid shutdown of tumor blood flow by formation of
blood clots was also found after PDT with TOOKAD® and MV6401 (indium chlo-
ride methyl pyropheophorbide), which was also confirmed by histological assess-
ment [46, 47]. Many optical imaging studies have led to the conclusion that PDT is
essentially a vascular disrupting therapy.

6.6 Immune Stimulation Effect of PDT: Innate Immunity

PDT frequently provokes a strong acute inflammatory reaction in the treated site.
This can often be observed as a fairly rapid induction of localized edema [48]. Such
immune reaction is a direct consequence of PDT-induced oxidative stress. Thus,
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PDT can be ranked among cancer therapies (including cryotherapy, hyperthermia,
and focused ultrasound ablation) that all produce a chemical or physical destruction
of tumor tissue that is perceived by the host as localized acute trauma. This trauma
prompts the host to launch protective actions designed by evolution to react against
threats to tissue integrity and to try to restore homeostasis at the affected site [49].
The acute inflammatory response is the principal process engaged in this context. Its
main task is containing the disruption of homeostasis, ensuring removal of damaged
cells, and protection against possible invasion of pathogenic microorganisms that
may gain entry to the body as a result of a traumatic breach in external barriers. The
inflammatory response also contributes to the local healing process with restoration
of normal tissue function. The inflammation elicited by PDT is orchestrated by the
innate immune system [49]. The principal cells involved in this process consist of
neutrophils, monocyte/macrophages, dendritic cells, and mast cells. The recognition
systems of the innate immune system are based upon a wide array of pattern recogni-
tion receptors (PRRs), which are responsible for detecting the presence of tissue
damage revealed to its sensors as the appearance of “altered self”” [49]. As presented
in Fig. 6.1, PDT appears particularly effective in generating rapidly an abundance of
alarm/danger signals, also called DAMPs, at the treated site that can be detected by
the innate immune cells [49]. Many DAMPs are nuclear or cytosolic proteins or even
small molecules that are normally safely contained inside healthy cells. When
released outside from damaged or necrotic cells, or exposed on the surface of the cell
following damage, they can encounter an oxidizing environment, which results in
their changes and in their conformation or chemical structure [50]. DNA can be
released outside the nucleus from necrotic cells and becomes a DAMP [51]. Other
DAMPs include heat shock proteins, high-mobility group box protein 1 (HMGBI1),
hyaluronan fragments, extracellular ATP, uric acid, heparin sulfate, and S100 mole-
cules (members of a family of calcium-modulated proteins, Fig. 6.1) [50].

Dendritic cells (DCs) are professional antigen-presenting cells that have been
described as the “orchestrators” of the immune response [52]. DCs express many
receptors that specifically recognize DAMPs. Since PDT of tumor cells causes both
cell death and cell stress [48, 53, 54], it is hypothesized that the activation of DCs
by PDT-treated cells is the result of recognition of DAMPs released/secreted/
exposed by PDT from dying cells (see Fig. 6.1) [55-57]. HSP70 is a well-
characterized DAMP that interacts with the danger signal receptors, TLRs (Toll-like
receptors) 2 and 4 [58], and is induced by PDT [59]. The level of expression of
HSP70 in PDT-treated tumor cells appears to correlate with an ability to stimulate
DC maturation [60] and initiation of inflammation [56, 61].

The onset of PDT-induced inflammation is marked by dramatic changes in the
tumor vasculature that becomes permeable to serum proteins and expresses adhe-
sion molecules that circulating inflammatory cells can recognize and to which they
can adhere [49]. This process is responsible for the well-known “rolling” behavior
of neutrophils and other leukocytes. The inflammatory process is predominantly
initiated by signals originating from photooxidative damage produced in perivascu-
lar regions of the tumor with chemotactic gradients reaching out from the damaged
endothelium. The inflammatory cells initially consisting of neutrophils, which are
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Fig. 6.1 Schematic illustration of antitumor immune response triggered by PDT. Immunogenic
tumor cell death caused by PDT (a) induces abundant release of danger-associated molecular pat-
terns (DAMPs) at the treated site that can be detected by antigen-presenting cells, such as dendritic
cells (DCs). Following activation, DCs migrate through lymphatic vessels to the closest lymph
node to prime the adaptive immune response via clonal expansion of lymphocyte capable to rec-
ognize tumor-specific antigens (b). After adaptive immunity is formed, cytotoxic T cells along
with other leukocytes roam through the organism to combat distant tumor metastasis (¢) and pro-
mote a long-term remission (d) [98]

then followed by mast cells and monocytes/macrophages, rapidly and massively
invade tumors after PDT [48, 62]. The primary task of these infiltrating cells is to
neutralize the source of DAMPs by removing debris containing injured and dead
cells and oxidatively damaged tissue components. Damage and dysfunction of
PDT-treated tumor vasculature frequently results in vascular occlusion that serves
to “seal off” the damaged tumor tissue until it is removed by invading phagocytic
cells [49]. Depletion of neutrophils or inhibition of their activity after PDT was
shown to diminish the therapeutic effect [63—-66]. Among the cytokines involved in
the regulation of the inflammatory process, the most important ones for the PDT
response are IL-1f and IL-6 [67, 68]. Blocking the function of various adhesion
molecules was also shown to inhibit the PDT response [67, 68]. On the other hand,
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blocking anti-inflammatory cytokines such as IL-10 and TGF-f can significantly
improve the cure rates after PDT [49].

6.7 Immune Stimulation Effect of PDT: Adaptive Immunity

A wide range of preclinical animal studies and even some clinical studies have dem-
onstrated that PDT can influence the adaptive immune response in disparate ways.
Some PDT regimens result in potentiation of adaptive immunity, while others lead to
immunosuppression. The precise reasons why PDT can lead to potentiation vs. sup-
pression are unclear; however, it appears as though the effect of PDT on the immune
system is dependent upon the treatment regimen, as well as the area treated and the
precise PS type [65, 69]. PDT-induced immunosuppression is largely confined to
cutaneous and transdermal PDT regimens involving large surface areas [69, 70].

Broadly speaking PDT efficacy appears to be dependent upon the induction of
adaptive antitumor immunity (see Fig. 6.1). Long-term tumor response and cures
are diminished or absent in immunocompromised mice such as nude mice or SCID
mice [63, 71]. Reconstitution of these animals by injecting bone marrow or T cells
isolated from immunocompetent (normal) mice can result in increased PDT effi-
cacy. Canti et al. [72] were the first to show PDT-induced immune stimulation, dem-
onstrating that cells isolated from tumor-draining lymph nodes of PDT-treated mice
were able to confer tumor resistance when injected into naive mice. Subsequent
studies demonstrated that PDT directed against murine tumors resulted in the gen-
eration of immune memory such as rejection of a tumor rechallenge in mice that had
obtained a long-term cure after PDT [73].

For the adaptive immune response produced by PDT to be highly effective, it
appears that the tumor cell line employed should express what has been called as
“tumor rejection antigen.” This has been demonstrated by testing PDT of syngeneic
mouse tumors that have been engineered to express a model tumor antigen in immu-
nocompetent mice. One of these model antigens was the bacterial protein beta-
galactosidase (b-gal) [74]. Although the b-gal tumors grew as rapidly as their
wild-type counterparts, there were 100 % long-term cures after liposomal benzopor-
phyrin derivative (BPD)-mediated PDT with the b-gal tumors but no long-term
cures with the wild-type tumors. The strength of the antitumor immune response
was demonstrated by the fact that if mice had two b-gal tumors (one in each leg) and
only one was treated with PDT, the contralateral untreated tumor underwent spon-
taneous regression in 70 % of the mice. A similar result was seen in mice bearing the
mastocytoma P815 that is well known to express the naturally occurring tumor
rejection antigen called P1A [75]. The CDS cytotoxic T cells can recognize specific
peptide epitopes derived from the amino acid sequence of the tumor antigen.

Major histocompatibility complex class I molecules (MHC-I) is critical for
allowing the CD8* T cells to recognize the tumor antigen, and tumors that lack
MHC-I are resistant to cell-mediated antitumor immune reactions [76]. Since
MHC-1 expression and expression of tumor-associated antigens (such as P1A)
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are both susceptible to downregulation by epigenetic silencing, an epigenetic
reversal agent (the demethylating compound, 5-aza-2'-deoxycytidine) could
potentiate the induction of antitumor immunity and increase cures in several
mouse tumor models [77].

The mechanism whereby PDT enhances antitumor immunity has been examined
for the past several decades. PDT activates both humoral and cell-mediated antitu-
mor immunity, although the importance of the humoral response (antibodies) is at
present unclear. PDT efficacy in mice and humans is reduced in the absence of
CD8* T cell activation and/or tumor infiltration [63, 78, 79]. Therefore, most mech-
anistic studies have focused on the means by which PDT potentiates CD8* T cell
activation. It is clear that induction of antitumor immunity following PDT is depen-
dent upon induction of inflammation [80]. PDT-induced acute local and systemic
inflammation is postulated to culminate in the maturation and activation of DCs.
Mature DCs are critical for the activation of tumor-specific CD8* T cells and induc-
tion of antitumor immunity [81]. DCs are activated in response to PDT [68] and
migrate to tumor-draining lymph nodes (see Fig. 6.1) where they present the anti-
gens they have taken up from damaged tumor cells to naive T cells in the so-called
immune synapse [82]. The T cells in the lymph node become activated and prolifer-
ate dramatically, and a “flood” of tumor-specific CTLs is released into the blood-
stream where they can search for other tumor cells to attack and destroy (see
Fig. 6.1) [68, 83]. Generation of CD8" effector and memory T cells is frequently, but
not always, dependent upon the presence and activation of CD4* T cells [84]. PDT-
induced antitumor immunity may [63] or may not depend on CD4* T cells [79] and
may be augmented by natural killer (NK) cells [79].

PDT-mediated enhancement of antitumor immunity is believed to be due, at least
in part, to the stimulation of DCs by dead and dying tumor cells, suggesting that
in vitro PDT-treated tumor cells may act as effective antitumor vaccines [85]. This
hypothesis has been proven by several studies using a wide variety of different PSs
and tumor models in both preventative and therapeutic settings [66, 85—-87].

Mechanistic studies showed that incubation of immature DCs with PDT-treated
tumor cells leads to enhanced DC maturation, activation, and increased ability to
stimulate T cells [85, 88]. Furthermore, opsonization of PDT-treated tumor cells by
complement proteins increases the efficacy of PDT-generated vaccines [86]. The
implications of PDT-induced antitumor immunity and efficacious PDT-generated
vaccines are significant and provide an exciting possibility for using PDT in the
treatment of metastatic disease and as an adjuvant in combination with other cancer
modalities. Several preclinical studies demonstrated that PDT is able to control the
growth of tumors present outside the treatment field [79, 89] although others have
failed to demonstrate control of distant disease following PDT [90].

The efficacy of clinical PDT also appears to depend on induction of antitumor
immunity. Patients with vulval intraepithelial neoplasia (VIN) who did not respond
to aminolevulinic acid (ALA)-PDT were more likely to have tumors that lacked
major histocompatibility complex class I molecules (MHC-I) than patients who
responded to ALA-PDT [78]. VIN patients who responded to PDT had increased
CD8* T cell infiltration into the treated tumors as compared to nonresponders. In
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other clinical studies, patients who were treated with PDT for actinic keratoses and
Bowen’s disease were divided into immunocompetent and immunosuppressed sub-
groups. Both subgroups had similar initial response rates to PDT, but immunosup-
pressed patients had less long-term responses and were more likely to suffer the
appearance of new lesions [91]. PDT of multifocal angiosarcoma of the head and
neck resulted in increased immune cell infiltration into distant untreated tumors that
was accompanied by tumor regression [92, 93]. PDT was also shown to be an effec-
tive surgical adjuvant in non-small cell lung cancer patients with pleural spread
[94]. Recent reports have shown that clinical antitumor PDT also increases antitu-
mor immunity. PDT of basal cell carcinoma (BCC) increased immune cell reactiv-
ity against a BCC-associated antigen [95].

6.8 Antimicrobial Photodynamic Therapy (APDT)
for Infectious Disease

In recent years, the application of APDT for the treatment of localized infections
(also called antimicrobial photodynamic inactivation, or aPDI) has steadily
increased in popularity. This application can superficially appear much simpler than
the more well-recognized application of PDT for cancer treatment. The complexity
of dealing with the vascular effects of PDT is absent, because the PS is almost
always topically applied into/onto the infected area of tissue. Moreover, current lit-
erature is still very limited about activation of the immune system triggered by PDT
for infectious diseases (see later).

So it is generally assumed that a PS with cationic charges, which is more or less
selective for microbial cells, is injected or otherwise topically applied into the
infected area where it binds to the microbial cells after a short drug-light interval, in
order to reduce the uptake of the PS by the surrounding host cells, and increases
selectivity. However, what is not often realized is the big difference between tumors
and infections. In tumors all the surrounding tissue is considered to be undesirable,
diseased, and in need of removal (e.g., surgical margins). This is completely differ-
ent to the case of an infection. An infection is defined as greater than 100,000
colony-forming units (CFU) of microbial cells per gram of tissue. The mass of 103
CFU of bacterial cells is approximately 1 pg. So the ratio between the mass of the
bacterial tissue and the mass of the host tissue is in the region of 1-1,000,000. So in
sharp contrast to the case, where in tumors the goal is to destroy 100 % of the sur-
rounding tissue, in infections the goal is to destroy only 0.0001 % of the surrounding
tissue (just the bacterial cells). For this to be anyway near feasible, the selectivity of
the PS for bacteria has to be exquisite so that 999,999 PS molecules out of every
million bind to their target bacteria and not to the host cells. As can be imagined,
this is rather unlikely. However, the situation is not as dire as the foregoing has made
it out to be. The reason for this is that a short drug-light interval is used for APDT,
and even if the selectivity for bacteria over host cells is somewhat less than 1 million
to 1, then the polycationic nature of the PS means that it is fairly slow to be taken up
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by host mammalian cells. So if light is delivered after say 30 s from topical delivery
of the PS, it can be reasonably safe to assume that not many of the surrounding host
cells would be killed.

There have not been many reports of damage to host tissue being caused by
APDT in animal models. One study used a model of a subcutaneous abscess caused
by Gram-positive bioluminescent Staphylococcus aureus injected into the mouse
thigh muscle [96]. A small volume of PS solution was injected into the infected
area, and light was shone as a spot onto the surface. Two different PS were com-
pared, the polycationic conjugate, poly-L-lysine chlorin(e6) (pL-ce6), and the
anionic PS, free chlorin(e6). Both PSs were equally effective in destroying the bac-
teria as judged by noninvasive bioluminescence imaging. However, the nonbacterial-
targeted free chlorin(e6) caused more damage to the surrounding mouse thigh
muscle as measured by a leg function test. The bacterial-targeted pL-ce6 was able
to kill the bacteria without damaging the thigh muscle.

There has only been one report of activation of the immune system after APDT,
when used against an infection in an animal model [97]. This involved injection of
bioluminescent S. aureus into the mouse knee to produce a form of septic arthritis.
When methylene blue was injected into the knee and red light (=660 nm) deliv-
ered to the surface, the bacteria were killed in a similar manner to the experiment
described above. However, when the MB-mediated PDT was carried out before the
bacteria were injected into the knee, rather than afterward, an interesting observa-
tion was made. APDT carried out 24 h (but not 2 h) before infection protected the
mice from developing a severe knee infection when the bacteria were subsequently
injected, as shown by the fact that the infection resolved earlier [97]. This effect was
dependent on neutrophils in the mouse knee as demonstrated by the use of several
blocking antibodies and inhibitors. Although there was no immediate influx of neu-
trophils into the mouse knee immediately after APDT, the neutrophils did appear to
be “primed” to react quicker to attack the bacteria, once these were injected into the
knee joint. Therefore, PDT of the mouse knee could be envisaged as a “nonspecific
vaccination procedure,” which could in principle be used in cases of orthopedic
surgery, which might be considered high risk for infection.
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Chapter 7
Multimodality Dosimetry

Martha Simoes Ribeiro and Caetano Padial Sabino

Abstract PDT requires a multimodality approach for dosimetry because it works
based on three essential components: light, photosensitizer, and molecular oxygen.
Since these components are found in variable amounts inside target cells, PDT
dosimetry is rather intricate. This chapter intends to address, with little mathemati-
cal complexity, the physical and chemical quantities that are most relevant for light
and photosensitizer dosimetry as well as to present basic aspects of oxygen supply
to achieve successful PDT interventions.

7.1 Introduction

To discuss dosimetry in PDT, it is first necessary to define the chemical and physical
quantities associated to it. It is useful to do analogies with the dosimetry of ionizing
radiation that is employed for radioprotection and radiotherapy purposes. In radio-
therapy, the dose of radiation absorbed is expressed in gray units (i.e., | Gy=1 J/kg).
The absorbed dose in Gy is calculated as the energy delivered per kilogram of patient
body mass. For phototherapies it is not as easy to use absorbed dose per weight as a
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direct correlation to the associated biological effects since light is much more
intensely attenuated by biological tissues and can be very influenced by several vari-
ables. To pursue this ideal situation, we must also consider some relevant optical
properties of tissues, such as target depth and rates of light scattering and absorption,
to calculate the energy adequate to the treatment. Moreover, light-absorbing pigments
are present in different concentrations among tissues, and their exact concentration
and distribution in tissues can present great variations among different individuals.

To properly establish the dosimetry for PDT is quite challenging since many fac-
tors can influence the efficacy of the treatment (e.g., heterogeneous tissue optics,
variable light absorption due to blood content, variable oxygen tissue levels, etc.).
In regard to light parameters, one can obtain very different results if the same energy
density is used for variable power density and exposure time [1]. In addition, killing
efficiency is also directly dependent on target concentration of photosensitizer (PS)
and molecular oxygen. Hence, to resume PDT dosimetry only in respect to the
amount of light delivered is often faulty because it does not consider individual vari-
ability of PS uptake by different cell types, oxygenation and optical properties of
tissues, presence of body fluids, or, consequently, interdependence of these factors
(PS, light, and tissue). This chapter will cover the basic aspects of PDT dosimetry
to facilitate the interpretation on which parameters should be examined to obtain
effective PDT outcomes.

7.2 Light

7.2.1 Light Sources

Light radiation used in PDT represents a tiny fraction of the electromagnetic spectrum
(see Chap. 2). Due to its different types of interaction with matter, light is character-
ized into different sections of the electromagnetic spectrum: the ultraviolet (UV) light
lays in between 100 and 400 nm, visible light from 400 to 700 nm, and infrared (IR)
from 700 to 100,000 nm. Light behaves either as waves or particles (wave-particle
duality). The wave characteristic normally is more relevant when light propagation
through space is analyzed. On the other hand, when we analyze light interactions with
atoms or molecules, its particle or quantum nature is often more pertinent.

Light devices are the major effectors of PDT. Because of the wide range of pos-
sible applications of light for diagnosis or therapy remains expanding, the demand
on new light sources has been intensely increasing over the last few years. Hence,
manufacturers are constantly developing several innovative types of light delivery
systems for those devices that may present optimized characteristics for some spe-
cific applications. Even though, the most important aspects of light sources rely on
the produced light. In general, current protocols require to use monochromatic light
sources to achieve its best efficiency. Among them, most available technologies
obtain monochromatic light from lasers, light-emitting diodes (LEDs), or filtered
light from broad-spectrum incandescent lamps. We will describe below some of the
main characteristics of light sources currently used for PDT.
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7.2.1.1 Lasers

The first light amplification by stimulated emission radiation (LASER) device was
developed by Theodore Maiman in 1960. A device requires three basic components
to generate laser radiation: (1) an active medium, i.e., a collection of atoms, mole-
cules, or ions that emit radiation; (2) an energy source to excite the active media
capable to induce population inversion, i.e., when components of active media are
more prevalently in the excited state than in ground state, turning the active medium
into an amplifier of radiation; and (3) a resonant cavity to reflect produced light back
into the system (e.g., a pair of mirrors facing each other) and induce the stimulated
emission of radiation.

Lasers are distinguished from other conventional light sources due to some of
their unique properties such as monochromaticity (i.e., emission of a very narrow
spectral band of radiation, generally presenting a bandwidth in the order of 2 nm or
less), optical fiber coupling, coherence (i.e., emitted electromagnetic waves are in
spatial and temporal phase in relation to each other), and collimation (i.e., light
travels through long distances with very low divergence).

7.21.2 LED

LEDs were first built in 1962 by Nick Holonyak Jr. and currently represent a class
of very efficient electroluminescent devices capable of emitting relatively mono-
chromatic light. LEDs are basically semiconductors that emit light when an electric
current flows through them in a certain direction. Light emitted from LED is consid-
ered to be semi-monochromatic because even though it consists of a narrow spectral
band (e.g., emission bandwidth around 50 nm), lasers can emit narrower bands. The
color or central wavelength of emitted light (i.e., energy of emitted photons) is
determined by the specific energy of the semiconductor bandgap. When a free elec-
tron is captured to an orbital of the semiconductor bandgap, the energy difference of
the free electron and the captured electron is released in the form of heat or light.

7.2.2 Light-Tissue Interaction

Light can either be reflected, absorbed, scattered, or transmitted from biological tis-
sues or any other material media (Fig. 7.1). Reflection occurs when light encounters
a physical interface between two materials of different refractive indexes, such as
among air and water or a biological tissue. If the surface is smooth, it is assumed
that its irregularities are small compared to the wavelength of incident radiation and
results in specular reflection, i.e., similar to what happens in mirrors. On the other
hand, diffuse reflection predominates if the surface roughness is composed of irreg-
ularities spaced by equal to or larger distances than the wavelength magnitude of the
incident radiation, i.e., similar to light reflection from a white paper sheet. The latter
case is the most common phenomenon to biological tissues. At a 90° incidence on
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Fig. 7.1 Schematic Incident

illustration representing
light interactions with
biological tissues (e.g.,
skin). When incident light
penetrates a tissue, it can
be reflected, absorbed,
scattered, or transmitted

Transmittance

skin, there is a loss of 4-7 % of light due to reflection because of divergences
between the refractive indexes of the air-stratum corneum interface (n,;=1 and
ne=1.55) [2].

The remaining fraction of radiation is transmitted to the deeper tissue layers and
can then be absorbed or scattered by biomolecules or photosensitizers. These two
processes determine the depth of light penetration into the tissue as well as the
amount of light that will be remitted from the tissue due to backscattering events.
These two main processes of interaction between light and tissue for PDT will be
further detailed in the next sections.

7.2.2.1 Absorption

Light absorption occurs when electromagnetic radiation does not return to the inci-
dent surface neither propagates into the medium. Absorption occurs due to a trans-
fer of light energy to an electron present in a molecule or atom, which promotes the
atom to a higher energy state that can posteriorly decay back to its original configu-
ration dissipating the energy absorbed from light (e.g., chemical, thermal, or kinetic
processes). Hence, light intensity can be attenuated when transmitted through a
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Fig. 7.2 Attenuation spectra of albino (Balb/c) and pigmented (C57BL/6) mouse skin together
with absorption spectra of the most important chromophores present in biological tissues: melanin,
water, fat, hemoglobin (Hb), and oxyhemoglobin (HbO,). Observe that there is a region of mini-
mum light-tissue interaction between 600 and 1300 nm, commonly referred in literature as the
“optical window”

material medium. The rate of light attenuation in biological tissues is governed by
the sum of absorption and scattering coefficients (in cm™"), which are directly pro-
portional to the probability of absorption or scattering events during light
propagation.

A transparent medium allows light to pass free of absorption or scattering events,
i.e., all light that enters the medium is transmitted through without attenuation.

Each molecule has a characteristic absorption spectrum. In biological tissues, the
main chromophores (i.e., molecules that absorb light) for visible and infrared light
spectral regions are water, heme-containing proteins (e.g., hemoglobin, myoglobin,
bilirubin, and cytochromes), melanin, and fat (Fig. 7.2).

7.2.2.2 Elastic Scattering

Light is elastically scattered when its propagation path is deflected by particles pres-
ent inside the tissue without any changes in photon energy (see Fig. 7.1). The mech-
anism by which light is scattered mostly depends on the size of the scattering



98 M.S. Ribeiro and C.P. Sabino

particle: those with dimensions much smaller than light wavelength tend to produce
a more radially diffuse type of scattering referred as Rayleigh scattering, and those
with dimensions comparable or larger than wavelength tend to produce a more
forward-directed scattering, referred as Mie scattering.

Rayleigh scattering occurs when a particle absorbs a photon of certain energy and
emits another photon with the same energy but in a random direction. This type of
scattering has a high dependence on light wavelength, i.e., the scattering intensity is
inversely proportional to the fourth power of photon wavelength. Hence, blue photons
are much more scattered than red ones. This is the phenomenon that explains the blue
color of the sky. On the other hand, Mie scattering occurs mainly due to changes in
photon trajectory due to reflection or refraction in large particles. It shows a much
weaker dependence on the wavelength as the scattering intensity is inversely propor-
tional to the fourth root of photon wavelength. Hence, blue photons are scattered
slightly more than red photons. Conversely, this phenomenon is what determines the
white color of clouds as light is scattered by relatively large waterdrops (Fig. 7.3).

In complex media such as biological tissues, both types of scattering phenomena
occur simultaneously. Small particles such as macromolecules mostly produce
Rayleigh scattering while larger particles such as cells and organelles produce Mie
scattering. To combine both scattering events to a single parameter, it is necessary
to define a probability function p(6) of photon scattering in relation to an angle 6. If
the probability p(@) presents little dependence on 6, the scattering is termed as iso-
tropic (i.e., light is equally scattered to all angles). Otherwise, the scattering is
termed anisotropic (see Fig. 7.3). The rate of anisotropy is given by anisotropy coef-
ficient g, where g=1 results in no scattering probability, g=—1 means that all light
is backscattered, and g=0 indicates completely isotropic scattering. By definition,
the anisotropy coefficient is the average cosine of the scattering angle 6. For most
biological tissues, g can assume values between 0.7 and 0.99. Therefore, the corre-
spondent scattering angles are between 8 and 45°.

Putting together all influence of scattering and absorbing components of tissues,
we can obtain the resultant attenuation coefficient. To privilege light penetration
into tissues, we must avoid excessive attenuation either due to absorption by tissue
chromophores or scattering by tissue particles. In fact, there is an optical window
for light penetration into tissues (i.e., where absorption and scattering are minima)
in between 600 and 1000 nm. For this reason, PDT applications targeting cells
deeply localized in tissues (>1 mm) usually use strategies employing photosensitizers
that absorb light in this spectral range. The major explanations for such privileged
light transmission in this wavelength range rely on two major factors:

1. The predominant interaction is forward scattering, that is, the light mostly scat-
ters in the direction of beam propagation.

2. The absorption of the light radiation in this range of wavelengths by water and
blood, the main chromophores of the biological tissue, is small, and then the
beam transmission is favored allowing a more significant interaction with deeper
tissues (see Fig. 7.2).

For antimicrobial PDT, such importance of light penetration into tissue is often
not so relevant because the infected anatomical region is usually superficial (<1 mm
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deep) and localized. For this sort of PDT application, wavelengths between 400 and
600 nm have been successfully used to treat in vivo infected lesions. Note that Niels
Finsen was awarded with a Nobel Prize in 1903 for the successful use of filtered
sunlight to treat cutaneous tuberculosis (see Chap. 1). Recent literature also reports
that a violet-blue light (between 400 and 420 nm) can even rescue mice from lethal
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infections by inactivating pathogens without the need to introduce exogenous pho-
tosensitizers [3, 4]. In this approach, violet-blue light directly acts on endogenous
bacterial chromophores, such as derivatives of porphyrins, to selectively inactivate
pathogen cells that tend to accumulate it due to their accelerated metabolism. Even
though effective, this approach requires very long light exposures because such
endogenous photosensitizers are present in relatively low concentrations and adding
an exogenous photosensitizer can greatly enhance PDT efficiency and effectiveness
[5]. It is important to mention that white lamps and sunlight have also been used to
inactivate different microorganisms [6, 7].

7.2.3 Important Light-Related Parameters
7.2.3.1 Wavelength

As presented in Chap. 2, the wavelength of electromagnetic radiation is directly
proportional to the energy that each individual photon carries. Photosensitizers only
absorb light at wavelengths correspondent to the specific energy required to pro-
mote one of its outermost electrons to an excited state. So when a clinician uses
some particular photosensitizer for PDT, the light emitted from the equipment used
for irradiation must overlap with the photosensitizer absorption spectrum. The best
efficiency to induce photodynamic reactions is only achieved when the peak wave-
length of light source emission and photosensitizer absorption are perfectly matched.
For example, methylene blue has its peak absorption at 664 nm; hence, the most
efficient light source combination would be a 664 nm laser due to its very narrow
emission band centered at the same wavelength that is most intensely absorbed by
methylene blue. Some LED-based light sources, also with peak emission at 664 nm,
may bring similar results with methylene blue as well, even though it would require
slightly longer exposure times to reach the same final results achieved by irradiation
performed with laser light, under the same energy and irradiance parameters. On the
other hand, LEDs have the advantage of being much more cost- and time-effective
to irradiate larger areas because the spot size of LED-based equipments is usually
much greater and homogeneous than those produced by laser-based equipments. An
emission spectrum of hypothetical laser- and LED-based light sources can be
observed in Fig. 7.4.

7.2.3.2 Power and Energy

The average optical power of light sources is one of the most important light param-
eters required to obtain consistently positive results when performing PDT. Based
on this parameter and the light exposure time, we calculate the total amount of light
energy delivered during a PDT irradiation procedure. All LED-based light sources
and most lasers commercially available operate under a continuous light emission
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Fig. 7.4 Schematic illustration of the main technical divergences found among the most com-
monly used light sources. Lasers and LED can efficiently produce monochromatic light without
the need for a filter. Yet, lasers emit collimated and coherent light (i.e., photons propagate in phase
toward a single direction) that can be easily coupled to an optical fiber. LED and light bulbs pro-
duce diffuse light that needs to be converged by lens systems to be focused onto a light spot or into
optical fibers. Below emission bands of white light, laser, and LED can be observed

regimen. However, when the light source is a pulsed laser, the optical power varies
between a maximum value (peak power) and zero. In this case, the most relevant
parameter for calculation of PDT dosimetry is the mean power emitted by the laser
over time. If the light source emits continuously, the optical power remains constant
over time and is equal to the mean power. The expression that relates power and
energy is
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E[J]=P[W]xt[s]

where E is the energy delivered given in joules (J), P is the mean optical power in
watts (W), and ¢ is the exposure time in seconds (s). A commercially acquired equip-
ment should inform the typical output power in user’s manual. However, since light
sources and electronic components can lose their efficiency over time, it is advisable
to have a proper optical power meter to measure the actual output power regularly
and prevent from using it with incorrect parameters. This attention should espe-
cially be taken when coupling an optical fiber to laser tip. In some occasions fibers
may have imperfections along them, causing important variations on output optical
power as will be described over the next section.

It is worthy to mention that some equipments use white light or white light asso-
ciated with filters to provide monochromatic light for PDT. In this case, a radiome-
ter is recommended to measure the actual spectral emission of this particular light
source.

7.2.3.3 Power Density (Irradiance or Fluence Rate)

An appropriate definition must be established to correctly understand the term
power density. The American Association of Physicists in Medicine (AAPM)
defines the following parameters [8]:

* Radiant power: total optical power emitted by a source, transferred or received as
electromagnetic radiation. The unit used according to the International System
(SI) is the watt (W).

e Irradiance (power density): optical power incident on a surface divided by the
area covered by light spot. In SI, the unit used is W/m?, but in phototherapy field
mW/cm? is more commonly used. 1 W=1000 mW; 1 m?>=10,000 cm?.

* Fluence rate: optical power incident on a surface divided by the area covered by
light spot plus backscattered light from the tissue into the surface. Hence, light
that interacted with target tissue is also taken in account. Also in this case, the SI
unit is W/m? or mW/cm? in accordance with phototherapy community.

It is noteworthy that in most articles found in the literature, the authors use the
term intensity instead of irradiance. In fact, the International Commission on
Ilumination defines “intensity” as the quotient between radiant power and the sur-
face area at a solid angle. A solid angle in steradian (sr) equals the area of a segment
of a unit sphere in the same way a planar angle in radian equals the length of an arc
of a unit circle. Therefore, the unity of light intensity in SI is W/sr. This quantity
considers the propagation of light after penetrating the tissue in a given direction.
Unfortunately, even with all current technology, it is still difficult to measure light
intensity as described by its definition [9].

Observe that irradiance and fluence rate have the same unit (power per area), but
they do not represent the same physical quantity. The irradiance (power density) is
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defined for the light incident on tissue surface, while the fluence rate is defined for
the light that penetrated into the irradiated tissue and was backscattered to its
surface.

To calculate irradiance, we use the following expression:

&7

em’ | 4 [cmz]

Irradiance can indicate possibility of thermal effect. For example, consider a red
laser with 100 mW coupled to an optical fiber diameter of 200 pm. The transection
area of the fiber is 0.000314 cm? (A=nr>=3.14x 100x 1078 cm?). Assuming a good
coupling so that the power after the fiber is 80 mW and using the above expression,
it means that we have an irradiance about 255 W/cm?. A reasonable estimative is
that irradiances above 1 W/cm? may lead to thermal effects that can be sensed by the
patient after a few seconds. If the fiber remains rested for a long time on the treat-
ment site, there is a risk of temperature rise and consequent thermal injury to the
tissue. It is also important emphasize that PDT does not rely on thermal effects to
inactivate cells; cells are killed by intense oxidative stress induced by photochemi-
cal production of reactive oxygen species (ROS). Hence, the specificity of PDT
interventions requires avoidance of excessive thermal effects.

7.2.3.4 Energy Density (Radiant Exposure or Fluence)

The energy density is the quantity commonly referred as light dose for PDT. This is
the physical quantity that literature suggests as the most appropriate parameter to
evaluate the possibility of the therapeutic effect. However, maintaining the same
energy density but varying the power density and exposure time may bring diver-
gent results [1].

Analogous to power density, energy density is the amount of energy delivered
divided by the spot area on target surface. It is usually measured in J/cm?. However,
just as in the previous section, the AAPM defines other similar parameters used in
phototherapies that need to be well defined [8]:

» Radiant exposure: the radiant energy incident on the surface containing the point
of interest, for a period of time, per area. In SI, the unit used is J/m?, but in pho-
totherapy field J/cm? is more commonly used.

» Fluence: total optical energy delivered to a surface divided by the area covered
by light spot plus backscattered light energy from the tissue into the surface. As
the fluence rate, this quantity considers the interaction of light with the biological
target. The unit in SI is also J/m?.

The radiant exposure is calculated as follows:

o[ _E_Pxt
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where D is the radiant exposure (i.e., dose), P is the mean power, 7 is the exposure
time, and A is the area covered by light spot. Reformulating the expression above,
we can obtain the exposure time,

_D><A
P

t

For example, if the dose used to treat an infected wound is 68.5 J/cm? using a
light source with P=40 mW and beam diameter of 3 mm (radius = 1.5 mm or
0.15 cm), to calculate the exposure time, we first calculate the beam area (A==
’=3.14x0.15=0.07 cm?). Therefore, the exposure time will be

t=0.07x68.5/0.04 =120s or 2min.

In brief, for light dosimetry we most commonly use irradiance and radiant expo-
sure to describe the parameters of light. The irradiance gives the amount of optical
power over a surface area, regardless of the direction of propagation, which may be
absorbed or scattered. Therefore, the light dose is usually prescribed as the resultant
radiant exposure that does not take in account reflected or scattered light.

7.3 Photosensitizer

7.3.1 Concentration

For photosensitizer dosimetry is essential to know the molecular concentration to be
used. In chemistry, the unit used for concentration is molar (M), which is 1 mol/L
(6.02x10% molecules per liter). Many authors also use the PS concentration
expressed in percentage of mass/volume. With a simple mathematical formula, we
can relate percent and molar concentrations.

As an example, we will use the methylene blue (MB), which has an approximate
molecular weight of 320 g. Therefore, 1 mol of MB is 320 g, and 1 M equals to
320 g/L. Consider a concentration of 0.01 %, i.e., 0.1 g of MB diluted in 1 L of
water. So with a simple rule of three, we have the following formula:

C[M]= sample mass|g] _0.g

= =0.0003M =300uM
molarmass[g] 320g

There are several new photosensitizer molecules under development for PDT
use, as described in Chap. 3. In general, the ideal photosensitizer for PDT must have
the following characteristics [10]:

1. Photophysical: high-absorption (high-molar extinction coefficient, cm™'M™")
resonant to the wavelength provided by light source equipment.
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2. Photochemical: long lifetime in the triplet state to allow molecular interaction
with oxygen, high ROS yield (especially for singlet oxygen).

3. Chemical: high photostability, easy synthesis and purification, low cost, and be
amphiphilic but with high solubility in water to allow systemic administration
without a vehicle such as liposomes or emulsions (for topical application, this is
not strictly necessary).

4. Biological: low toxicity in the dark, selective uptake in target tissue or cell, high
affinity for subcellular targets that trigger cell death (e.g., mitochondria, endo-
plasmic reticulum, lysosomes).

Some photosensitizers, such as porphyrins, may present low photostability and
suffer photodegradation (or photobleaching) after a period of light exposure [11].
This happens because photoexcitation may induce molecular cleavage or ROS may
react with photosensitizer molecules and degrade them. So after some minutes
inducing photosensitizer degradation, the remaining photoactive molecules may be
in too small quantities to produce appreciable photodynamic cellular killing.

In clinical application of PDT, a key step is to decide which photosensitizer and
which concentration should be used. Excessively high PS concentrations tend to
form aggregates that usually present much reduced photodynamic activity and also
shift its absorption peak reducing the efficiency of light absorption. This is particu-
larly evident for planar molecules such as methylene blue [12]. In the presence of
organic fluids (e.g., saliva or blood), photosensitizer tends to be further diluted and
biomolecules from the fluid compete with target cells for interaction with photosen-
sitizer, which may change its absorbance (Fig. 7.5).

Another important factor is that depending on the concentration of the PS, it can
become an optical barrier (filter effect) so that light cannot penetrate into tissue to
reach deeper target cells/tissues. Figure 7.6 illustrates this situation. Note that
increasing methylene blue concentration, red light transmission through the solu-
tion is rapidly diminished.

7.3.2 Pre-irradiation Time

The pre-irradiation time (PIT) is defined as the time interval in which photosensi-
tizer is in contact with target tissue in the dark to allow saturation of cellular uptake,
i.e., drug-light administration interval. This contact time is necessary for the photo-
sensitizer diffusion through the organisms (in case of systemic administration), tis-
sues, and cells. Literature reports that the effects of the PDT are dependent on the
PIT used [13, 14], ranging from minutes to days depending on treatment modality.
In addition, some photosensitizers may present intrinsic cytotoxicity (especially
high concentrations for long periods) that may inactivate microorganisms or tumor
cells even in the absence of light exposure.

For antimicrobial PDT, the PIT may affect the results dependent on the
microorganism. For example, Jackson et al. investigated the effect of PDT in
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Fig. 7.6 Transmission of red laser light through different concentrations of methylene blue (MB)
solutions. Observe that as MB concentration is increased, less light is transmitted. On the other
hand, blue light is totally transmitted even through the highest concentration of MB solution
tested

Candida albicans yeast forms and hyphae, to determine optimal conditions of inac-
tivation. The best results were energy dependent (42 J was optimal for both forms);
the optimal concentrations of PS were 25 mg/mL and 12.5 mg/mL for yeast and
hyphae, respectively; the optimal PIT was 5 min for yeast, while for the form of
hyphae, results did not depend on PIT [15].
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Table 7.1 Characteristics of light source and photosensitizer that must be considered to perform
PDT

Light source Photosensitizer

Wavelength (nm) Molar mass (g/mol)

Irradiance, fluence rate, or power density (W/cm?) | High quantum yield to produce ROS
Radiant exposure, fluence, or energy density (J/ Molar extinction coefficient (cm™'M™)
cm?)

Exposure time (s, min, h) Concentration (mol/L)

Pre-irradiation time (s, min, h)

Komerik and coworkers aimed to determine the antimicrobial effect of toluidine
blue (TB) and TB biodistribution through the buccal mucosa of rats by fluorescence
microscopy. The authors reported that fluorescence was detected with a high TB
concentration (200 pg/mL), particularly in the keratin layer of the epithelium, with
almost no fluorescence in the connective tissue. Moreover, when left for 1 min, the
PS was located in the keratinized layer. Increasing the PIT for 10 min, the TB pen-
etration was more profound (2.5x) across the epithelial layer. The thickness of the
keratinized epithelium also interfered with the penetration of the PS [16].

Table 7.1 summarizes the main features related to PDT dosimetry regarding light
and PS.

7.4 Oxygen Supply

For effective PDT outcomes, we must ensure that a well-based and defined dosim-
etry is used for each treatment. As seen in this chapter, dosimetry is mostly related
to light and photosensitizer parameters. However, photodynamic reactions directly
depend on the presence of oxygen to generate ROS (see Chap. 2). These are three
necessary components that together generate ROS.

Regarding antimicrobial PDT, generally microorganisms have defenses against
some of ROS formed. For the superoxide anion, they have enzymes such as
superoxide dismutase and, for hydrogen peroxide, have the catalase and peroxi-
dases. Carotenoids are the more effective quenchers of singlet oxygen and occur for
all photosynthetic organisms but rarely in nonphotosynthetic bacteria and eukary-
otes. For hydroxyl radical, only external antioxidants (e.g., glutathione peroxidase)
would help in the fight against ROS generated during photodynamic effect.

To monitor ROS formed during PDT is not an easy task; their lifetime is very
short (less than a millisecond) since they rapidly react with biomolecules. However,
recent advances show that it is feasible to directly detect singlet oxygen lumines-
cence (at 1270 nm) during PDT to allow a ROS-based dosimetry [17]. Indirect
methods for studying ROS involved with photodynamic effect can also be used [18].

Cancer PDT studies show that fractionated light irradiation, i.e., when the irra-
diation is interrupted for a short period of time, increases the photodynamic effect
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by induction of reoxygenation of the tissue [19]. This strategy can be effective to
attack hypoxic regions of solid tumors and highly inflamed areas but, despite the
good results, a reoxygenation of tissue can also induce a faster photobleaching of
photosensitizer [20]. Thus, readministration of photosensitizer may also be
recommended.

The usual method for determination of PDT dosimetry is based on photosensitizer
concentration, pre-irradiation time, and light parameters such as irradiance and radi-
ant exposure. This approach is usually effective for superficial lesions but may be too
simplistic for large solid tumors. If target tissues or cells have low oxygen supply, the
yield of ROS will be diminished. In addition, PS concentration, light propagation,
and tissue oxygenation can modify during PDT, and one parameter can influence the
other. In this context, recent advances have been achieved to optimize PDT dosime-
try via the use of sophisticated mathematical models of light propagation into tissues
[21], monitoring of PS photobleaching [11, 22], and new technologies to measure
singlet oxygen production [17]. PDT induces biological response that is correspon-
dent to the amount of ROS produced (see Chap. 5). To solve such dosimetry intrica-
cies, some experimental models are being developed as follows [10]:

1. Direct dosimetry, in which 'O, is measured.

2. Implicit dosimetry, in which a reporter for ROS production is measured, e.g., the
direct measurement of PS photobleaching by fluorescence.

3. Explicit dosimetry, in which the three fundamental parameters (light, PS, and
oxygen) are used to calculate 'O, through the most significant reaction
pathways.

In summary, understanding light parameters is fundamental to obtain good
results from PDT. The availability of oxygen in the microenvironment is also an
important factor to consider. Moreover, attention should also be attained to photo-
sensitizer administration in respect to the concentration, pre-irradiation time, light
source used for excitation, and bioavailability in the target tissue. Thus, for a suc-
cessful application of PDT in veterinary medicine, we must take into account all
aspects related to dosimetry addressed in this chapter.
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Chapter 8
How to Enter PDT in Clinical Practice?

Cristiane Lassalvia Nascimento, Fabio Parra Sellera,
and Martha Simoes Ribeiro

Abstract The photodynamic therapy stands out, not only for the few adverse
effects to the veterinary patient but also for presenting environmental safety, not
inducing microbial resistance and reducing generation of residual drugs on products
intended for human consumption. After understanding the full potential of this new
therapeutic modality through the previous chapters, the purpose of this chapter is to
cover the main aspects to be considered by veterinarians to move PDT to clinical
practice. It will be presented how the light source and photosensitizers should be
chosen as well as the application modes for both antimicrobial and cancer
PDT. Biosafety will also be addressed.

8.1 Introduction

The use of photosensitizers and light to inactivate microorganisms or kill cancer
cells is not a novelty; however, this technique did not disseminate in the clinical
practice of veterinary medicine. Regarding antimicrobial PDT, possibly it was due
to the wide availability of antimicrobial agents developed from the discovery of
penicillin [1]. After 2 years of the introduction of penicillin as a therapeutic agent,
strains of pathogenic bacteria resistant to penicillin were identified. Thus, a cyclical
phenomenon began: as soon as a new antibiotic agent was introduced in the
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therapeutic, bacteria resistant to its action mechanism were reported. Probably the
notorious phenomenon of microbial resistance, widely revealed in recent years, has
made the recent awakening interest in the antimicrobial PDT, even employing pho-
tosensitizers known since the Second World War as methylene blue. As yet there is
no evidence of microbial resistance to PDT [2], this type of therapy can be extremely
valuable in the near future, since the “antibiotic era” may be coming to the end. The
application of PDT has been proposed to treat infections superficially localized such
as skin infected wounds.

Regarding oncologic PDT, the first substantial animal and human cancer studies
were reported by Dougherty and collaborators at the end of 1970s [3]. The initial
studies indicated the use of PDT to destroy solid tumors of different sites using
porphyrin as the photosensitizer. Today, there is a photosensitizing drug called
Photofrin® that is approved by the US Federal Drug Administration (FDA) to be
used in cancer treatment. However, with the development of radiation therapy and
several chemotherapies, the oncologic PDT was also overlooked. Only in the early
2000s, it returned to spotlight with promising outcome.

Today, the field of PDT itself has evolved considerably so some clinical applica-
tions have government approval. This chapter intends to assist those who wish to
start employing PDT in their offices prior to the presentation of applications and
clinical protocols.

8.2 Choice of Equipment

Today there are various companies concerned with the development of suitable
instruments for PDT. The equipment does not have to be only “anatomically appro-
priate.” It must also satisfy requirements that ensure a good combination of quanti-
ties of light with the absorption spectrum of the photosensitizer (PS) and also the
optical characteristics of the tissue where you want to make the PDT. The type of
equipment and clinician’s background are directly associated with the success of the
PDT. Training is important for the clinician to be able to choose the best wavelength
for each illness.

The main requests for PDT light sources are to coincide with the absorption
spectrum of the PS, to have adequate power, to be safe in the clinical practice and
cost-effective. In terms of lighting, the light sources more recommended are the
laser and the LED (light-emitting diode). The most important requirement for an
efficient light source in PDT is that a significant value of energy delivered is
absorbed by the PS. It need not necessarily be at the peak of the absorption of the
PS, but should be efficiently absorbed. It is desirable that the light source has a
spectral band that coincides with the absorption band of the PS. If the A(A) repre-
sents the absorption spectrum of the PS and G()) is the spectral density of the
source, it is desired that the integral below has the greatest possible value.
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If the light needs to penetrate the tissue until reaching the target, we have yet to
introduce the function (M), which describes the light penetration through the tissue.
Low penetrability indicates that light is absorbed mostly by the tissue cells and does
not reach the molecules of the PS. In superficial cases, where there is no need to
overcome the biological tissue layers to reach the target, the function &(A) is not
relevant.

In general, the laser has all energy concentrated in a thin spectral region, being
quite easy the determination of the quantity of energy absorbed by the PS. The laser
monochromaticity has several advantages in many aspects, but not disqualifies the
LEDs in any way. One of the great advantages of laser is its low spatial divergence.
Having since its formation a collimated beam, the laser manipulation is easier. If we
have to use devices such as optical fibers, laser is undoubtedly the most appropriate
source for use.

The LED-based sources have a wider spectral band, being distributed around the
central wavelength. Although not collimated, they have spatial distribution of well-
known light. Normally, to achieve any collimation, or even to focus the LED light,
an effort in well-designed optical components is required.

In situations where it is not necessary the delivery of light in fibers and nor is
necessary to transport the light for large distances, the use of LEDs can be of great
utility and presents a great advantage when you consider the cost-effectiveness of
the device. Suitable light sources for PDT are beginning to emerge on the market
and thus are rapidly developing. Both lasers and LEDs are being used in this
development.

The light sources on the market differ in wavelength, power, and probe size.
Sometimes (e.g., prostate cancer) an optical fiber is necessary to improve the light
delivery. For topical use of PDT (e.g., skin infection), blue and green light sources
could be employed combined to a PS that absorbs those wavelengths. However, red
and near-infrared light sources are more commonly used, mainly for cancer PDT
due to higher penetration into the biological tissue associated with the suitable PS
(see Chap. 5).

Typically, 100 mW-1 W of useful power is necessary in the red/near-infrared
range (600-830 nm) at irradiances ranging from 10 to 200 mW/cm? to offer a treat-
ment in tens of seconds (for APDT) or in tens of minutes (for cancer PDT). It is
noteworthy that this therapy is nonthermal, i.e., increased local temperature should
not be significant.

Lasers present some advantages compared to other light sources. In fact, the
coupling into single optical fibers is highly efficient (>90 %) and they are mono-
chromatic, which enable maximum activation of the PS. On the other hand, cou-
pling of LEDs into single optical fibers has shown an efficiency of approximately
50 % (into 600 pm core fiber) and 25 % (into 350 pm core fiber) [4], but LEDs have
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Table 8.1 Light sources used in PDT and its advantages and disadvantages

Light sources Advantages Disadvantages
Conventional lamps (White — High fluence rate Filter use
generally emits from UV to IR) Temperature rising
Fiber coupling
Energy density calculation
LEDs (Blue, green, red, white Monochromatic Fiber coupling
emission) Low thermal effect
Lasers (Commonly, red and near-IR | Fiber coupling Less cost-effective than
emission) LEDs
Fluence calculation Small spot
Monochromatic

Nonthermal effect

the advantage of presenting low cost compared to lasers and configuring arrays in
different irradiation geometries.

Broadband sources (white lamps) can be filtered to match the PS absorbance,
but they cannot be efficiently coupled to a single optical fiber, which limits their
application for cancer PDT. However, literature reports successful PDT for cuta-
neous leishmaniasis with the use of 16 % methyl aminolevulinate (PS) and day-
light [5].

To calculate the energy or fluence to be used, it is important to know the power
of the light source. As seen previously (see Chap. 5), the energy is given by

E(J) = P(W)xt(s)
And the fluence can be expressed by

F( Jz) P(W)xt(s)

em? ) A(cmz)

Observe that the power of the light source is given in milliwatts (0.001 W). If you
know the energy or fluence to be applied in the treatment, to calculate the exposure
time milliwatts must be transformed in watts. On the other hand, the calculation of
the area depends on the application, i.e., it could be either the lesion area or the laser
beam area. The clinician’s decision between scanning or punctual irradiation should
be related to the area of the laser beam or the injured area. If the use of an optical
fiber is necessary, the area should be calculated using the core fiber diameter.

In surface treatments the light could be used directly from the source with no
delivery system, via a lens system, via a fiber bundle/light guide, or via a single fiber
optic. Technologies for light delivery include the use of light diffusers specially
designed for intracavitary cancer treatment and cylindrically diffusing fibers for
interstitial treatments [4].

Table 8.1 presents the main light sources used in PDT.
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Table 8.2 Photosensitizers reported in the literature for antimicrobial PDT and their respective
absorption bands

Photosensitizer Absorption band (nm)
Methylene blue 610-660 (red)

Toluidine blue 590-630 (orange/red)

Rose bengal 480-600 (blue to red)
Malachite green 350—450; 550-650 (UV/blue; green to red)
Erythrosine 400-550 (blue to green)
Rhodamine 450-590 (blue to orange)
Violet crystal 420-650 (blue to red)
Porphyrin (e.g., PpIX, HpD) 400-450; 600-650 (blue; red)
Phthalocyanine 660-700 (red/near-infrared)
Curcumin 375475 (UV/blue)

Chlorin 650-700 (red/near-IR)
Bacteriochlorin 700-800 (near-IR)
Ruthenium-based complexes <500 nm (UV/blue/green)

PplIX protoporphyrin IX, HpD hematoporphyrin derivative, UV ultraviolet, IR infrared

8.3 Choice of Photosensitizer

For antimicrobial PDT, the literature is rich regarding PDT and PS [6]. The litera-
ture reports the use of several types of PS as porphyrins, chlorins, phthalocyanines,
curcumin, psoralens, and phenothiazines (see Chap. 3). Table 8.2 shows some PS
used for photodynamic inactivation.

For topical infections, the purpose is to kill microorganisms by damaging the cell
wall, the structure, and the biochemical composition, which differ for Gram+ and
Gram-— bacteria and fungi. Thus, the molecular charge of the PS is important to
define its diffusion into the microorganism and cationic photosensitizers are desir-
able. Blue dyes, particularly toluidine blue (TBO) and methylene blue (MB) associ-
ated to red light sources show good results in bacteria and fungi inactivation both
in vitro and in vivo [6].

The use of MB and TBO is chemically convenient, since the commercial com-
pounds have the same effectiveness as those purified. However, it is noteworthy that
those commercials be of high quality and chemical purity about 90 %. Particularly,
MB is easy to synthesize and has low toxicity being used in the medical field for a
variety of therapeutic purposes such as methemoglobinemia treatment [7], antidote
to poisoning by carbon monoxide and cyanide [8], and as a surgical marker in tumor
resection [9] in much higher concentrations than those used in PDT, which vary
between 50 pM and 1 mM.

The principal classes of clinically applicable PS in cancer PDT are porphyrins,
chlorins, and phthalocyanines. The two most commercial porphyrin-based drugs are
Photofrin® (or Photogem® in Russia) and Levulan®. Photofrin® (or Photogem®)
is a hematoporphyrin derivative (HpD) that presents a large Soret band around
400 nm and some smaller Q bands at longer wavelengths, including a 630 nm peak.
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In this wavelength, photons penetrate a few millimeters in skin, so they are indi-
cated for superficial cancers, or tumors that can be touched through endoscopes or
optical fibers. Also, it has an extensive residence period in the body, i.e., it is not
quickly metabolized, which result in skin photosensitivity for some weeks
(4-6 weeks) [4, 6].

Levulan® uses 5-Aminolevulinic acid (ALA), which is not a PS itself, but a
precursor for the biosynthesis of endogenous PS protoporphyrin IX (PpIX). PpIX is
quickly cleared from the body and, thus, the skin photosensitivity is minimized.
Nevertheless, ALA is hydrophilic and its penetration through the skin is limited
leading to the development of the M-ALA (methyl aminolevulinate), which is a
lipophilic derivative. It is important to highlight that ALA or M-ALA when topi-
cally applied provoke significant pain during the light delivery.

It is important to mention Visudyne®, the brand name of verteporfin, which is
used to treat mainly age-related macular degeneration and absorbs at A=690 nm.
Visudyne is able to occlude mature vessels that may be expressing less or no vascu-
lar endothelial growth factor (VEGF).

Looking for PS with longer absorption wavelengths for a high penetration in tis-
sue, researchers have developed chlorin-based PS, considered of second generation.
The brand name Foscan® uses verteporfin as the PS, which absorbs red light at
A=650 nm. Other marketed PS (Litx™® and Laserphyrin®) use talaporfin, which
present maximum absorption wavelength (A, at 660 nm  HPPH
(2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-alpha) is being developed as a
PS for cancer PDT under the name Photochlor® and its A, =665 nm.

Regarding phthalocyanine-based PS, Photosens® is a mixture of sulfonated alu-
minum phthalocyanine derivatives that absorbs at A,,,,=675 nm and is being used
for a variety of tumors.

The most PS abovementioned are fluorescent and it is possible to monitor PS
distribution in the tumor using a different wavelength to excite the molecule. The PS
concentration for each treatment will depend on cancer type and is administered to
the animal in mg/Kg.

Some commercial PS abovementioned are approved by different regulatory
agencies around the world as FDA (US Food and Drug Administration) and
European Medicines Agency. Others show potential indication for cancer PDT and
are being tested in clinical trials (Table 8.3).

8.4 Application Mode

Another important aspect that must be highlighted is that for antimicrobial PDT
the PS application is topical avoiding the photosensitivity to light, which occurs in
the case of systemic application of the PS commonly used in cancer PDT (Figs. 8.1
and 8.2).

To perform cancer PDT, a comprehension of PS pharmacokinetics and pharma-
codynamics is extremely fundamental to protocol choice. For example, in systemic
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FREFER

minutes

Fig. 8.1 Application mode of PDT for microbial inactivation. (a) Infected wound, (b) photosensi-
tizer topically administered, (c) pre-irradiation time (minutes), (d) irradiation procedure

minutes — days

Fig. 8.2 Application mode of PDT for cancer. (a) Skin tumor, (b) photosensitizer intratumoral
(IT) or intravenous (IV) administered, (c¢) pre-irradiation time (minutes—days), (d) irradiation
procedure

application, before clinician decides what is the most appropriated PS some impor-
tant aspects as pre-irradiation time, PS elimination time and, primarily, previously
to know about PS adverse effects, have to be taken in consideration. Adverse effects
in PS systemic or intralesional administration may include cutaneous photosensitiv-
ity posttreatment, local pain, edema, lethargy, photophobia, hepatic necrosis, etc.
[12]. PS topical administration to treat infections promotes few adverse effects,
mainly because the most commonly used (MB and TBO) are considered safe for the
host cells and ALA has a short half-life (24—48 h). Furthermore, with a proper
cleaning, to remove the PS is relatively easy and simple.

8.5 Biosecurity

Biosecurity is the set of actions for preventing, minimizing, or eliminating the risks
inherent to research, technological development, and provision of services to the
health of humans, animals, and the preservation of the environment and the quality
of results. Biosafety concepts should also be respected both in clinical application
as laboratory PDT.

As the PDT requires the use of radiation sources, safety and protection that apply
to the use of lasers and also other intense radiation sources must be respected. The
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Fig. 8.3 Bandage gauze
used to protect patient eyes
during irradiation
procedure (Image kindly
provided by Claudia
Rodriguez Emilio)

use of goggles is obligatory in any laser practice. The operating parameters of your
laser will define what forms of protection you should have in place.

Some lasers emit in the range of invisible light. In this case, commonly a low-
power red light is used as a “guide.” Low-power visible lasers can be harmful when
pointed to the eyes since the beam can be focused in retina. Dark glasses that do not
allow the passage of visible radiation should be used. The clinicians who will per-
form the irradiation as well as the support staff that is next to the application site
should use glasses that stop the wavelength being used, but allow the visualization
of the operative field. It is also recommended good sense on protection for animals.
For example, physical barriers (e.g., gauze bandage or similar) could be used when
PDT will be performed close to eyes (e.g., carcinoma or skin infection on face
region) (Fig. 8.3). Chapter 10 will also describe alternative shields for the eyes.

Another point to be discussed is the use of anesthesia procedures. Obviously, to
keep animals motionless will always be better. Moreover, cancer PDT could pro-
mote pain reactions related to PS administration (e.g., intralesional) or during PDT
procedure [13]. Thus, we strongly encourage the presence of an anesthesiologist in
this kind of procedure. On the other hand, in our experienced antimicrobial PDT to
treat skin infections, we did not observe pain reactions in our patients. So, we
believe that physical restraint (when it is possible) or conditioning (especially when
treatment needs to be performed repeatedly) is required.

The veterinarian biosafety is basically supported by individual protection (pro-
fessional and animal) and disposal of waste. In the specific case of PDT, individual
protection requires specific protective eyewear beyond conventional safety equip-
ment (gloves, mask, mob caps, etc.). It is important the cleaning and disinfection of
the equipment and cables associated with the light source. The use of plastic
protective film on the tip of the light source should be encouraged, but it must be
done properly so that the barrier does not interfere significantly with the radiation
emitted by the equipment.
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Fig. 8.4 Protection of
laser equipment.

(a) A stretch film must be
used to involve the laser
tip; (b) plastic film
covering all parts of the
laser device to avoid
contamination

In addition, the cleaning of the equipment should be a concern for users. Some
laser devices have autoclavable tips. The remainder should be decontaminated by
friction with 70 % ethanol and protected with plastic film before use (Fig. 8.4).

The optical fibers used and developed for PDT are heat sensitive, so they must be
sterilized chemically. According to the manufacturer, these fibers should not be
reused but discarded after use. It is important to note that the fiber in contact with
the photosensitizer leads to formation of a thin barely colored layer, which persists
after rinsing with water and cleaning with 70 % ethanol-moistened gauze.

The photosensitizing solution also requires special attention because the light
absorption can generate reactions inside the bottle. Thus, the photosensitizer storing
must be performed in dark preferably refrigerated. To ensure no contamination of
the PS solution, its removal from the bottle with a sterile syringe is recommended
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and correct closure and storage of the bottle should be proceeded. In the case of
transparent bottles, use an aluminum foil or a black tape to protect the PS from light
(see Chap. 10).
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Chapter 9
Basic Studies in Cancer PDT

Julia Buchholz

Abstract The first reports on photodynamic therapy (PDT) date back to the begin-
ning of the last century, when researchers observed that a combination of light and
certain chemicals could induce cell death. Significant efforts have been invested in
the development of sensitizers to optimize the treatment since the photosensitizer is
considered a critical element in PDT and should therefore at least meet some of the
following criteria that are clinically relevant. Lots of sensitizers selectively localize
within a tumor due to physiological differences in the tumor and healthy tissue;
rather long-wavelength absorbing photosensitizers are preferentially used in onco-
logic PDT. The disadvantage of topical PDT in oncology is a limited penetration of
the photosensitizer until few millimeters. Therefore mainly superficial tumors need-
ing treatment up to 1 cm depth are amenable to PDT, with the exception being
interstitial PDT or a combination of PDT with prior debulking surgery. In addition
to the photodynamic therapeutic effect that occurs after light administration, photo-
sensitizers can also be used diagnostically since many of these substances induce
fluorescence. It is likely that PDT will continue to be used as both a solitary treat-
ment modality and in combination with other strategies, such as hyperthermia and
photodynamic therapy-generated vaccines.

9.1 Introduction

The first reports on photodynamic therapy (PDT) date back to the beginning of the
last century, when researchers observed that a combination of light and certain
chemicals could induce cell death. Nowadays, these chemicals are known as photo-
sensitizers. Light energy transferred to the photosensitizer will lead to a chemical
reaction, and in the presence of molecular oxygen, singlet oxygen (O,) or superox-
ide (O,") will be produced and will induce cell damage. Cell destruction after PDT
can occur in several ways: (1) direct tumor cell destruction (via apoptosis or
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necrosis), (2) damage to the tumor vasculature, and (3) modulation of the immune
system [1].

Significant efforts have been invested in the development of sensitizers to opti-
mize the treatment since the photosensitizer is considered a critical element in PDT
and should therefore at least meet some of the following criteria that are clinically
relevant.

A high selectivity toward neoplastic tissue is one of the important features char-
acterizing a photosensitizer used in oncology. Lots of sensitizers selectively localize
within a tumor due to physiological differences in the tumor and healthy tissue [2].
Interaction of photosensitizers with tumors can happen via low-density lipoprotein
(LDL) receptors, which are elevated in cancer cells and therefore endocytosis of
LDL-photosensitizer complex is preferred by malignant cells [3]. A high fraction of
tumor-associated macrophages is found in neoplastic cells also leading to high pho-
tosensitizer levels in these areas [4]. Selective uptake by tumor cells is possibly due
to lower intracellular pH, leaky microvasculature, poor lymphatic drainage by
tumors, and large amounts of collagen [5]. While water solubility is important for
bioavailability of the sensitizer, lipophilicity is important for diffusion through lipid
barriers and localization in endocellular sites [6]. Liposomal formulations can also
increase drug selectivity toward a higher tumor-to-normal tissue ratio [7]. Achieving
a maximum tumor-to-normal cell concentration ratio can take few hours/days,
depending on the photosensitizer and the tumor type.

Rather long-wavelength absorbing photosensitizers are preferentially used in
oncologic PDT (therapeutic window: 600-800 nm) because at low wavelengths
absorption of light by tissue is high. On the other hand, negative effects, such as
photosensitizer photobleaching, are also possible at wavelengths far into the red or
near infrared regions [8].

Possible administration through various routes can be an advantage: a sensitizer
can be administered intravenously, intraperitoneally, or topically. The disadvantage
of topical PDT in oncology is a limited penetration of the photosensitizer until few
millimeters. In general, the poor penetration into tissue (due to photosensitizer and/
or light) is one of the main limitations for treating tumors with PDT. Therefore,
mainly superficial tumors needing treatment up to 1 cm depth are amenable to PDT,
with the exception being interstitial PDT or a combination of PDT with prior deb-
ulking surgery. With systemic PDT, the penetration depth usually is increased com-
pared to topical application and is mainly defined by the wavelength (see above).
Most important is the optimization of PDT protocols such as drug and light dosage
as well as the time between the administration of the drug and the light exposure
(drug-light interval). A short drug-light interval might be convenient to enable per-
forming PDT in 1 day. Also, short-generalized skin photosensitivity is advantageous
in particular in veterinary medicine since it might be a limitation to keep the patients
inside after treatment for an extended period of time.

In addition to the photodynamic therapeutic effect that occurs after light
administration, photosensitizers can also be used diagnostically since many of
these substances induce fluorescence. Following photosensitizer localization, flu-
orescence from the sensitizer can be used for tumor detection. An example is the
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photodynamic diagnosis of breast tumors or diseased axillary sentinel lymph
nodes after oral application of 5-aminolevulinic acid (5-ALA) [9], a frequently
for diagnostics and therapy used prodrug [10]. In veterinary medicine, prelimi-
nary results of sentinel lymph node mapping of invasive urinary bladder cancer
are available [11].

Many photosensitizers were introduced in the 1980s and 1990s, and in 1995, the
Federal Food and Drug Administration (FDA) approved PDT as an alternative form
of therapy against cancer. Suitable sensitizers for PDT are mainly porphyrinoid
compounds (porphyrins, chlorins, bacteriochlorins, and phthalocyanines). They
absorb light in the visible region making them colored compounds or dyes. Non-
porphyrins are, for example, anthraquinones, phenothiazines, xanthenes, cyanines,
and curcuminoids [12].

Photofrin® (porfimer sodium) is a hematoporphyrin derivative (HpD) and it
was the first FDA-approved PDT sensitizer. These photosensitizers are known as
first-generation photosensitizers. They result in long-term skin phototoxicity
(lasting 6-10 weeks), meaning sunlight and strong artificial light exposure must
be avoided during this period. Although Photofrin® has its weaknesses, it still is
a potent and safe photosensitizer, and it was approved in 1993 by Canada for
treatment of bladder cancer and by the US FDA for treating esophageal cancer in
1995, lung cancer in 1998, and Barrett’s esophagus in 2003. Photofrin® treat-
ment extends to head, neck, abdominal, thoracic, brain, intestinal, skin, breast,
and cervical cancer. Other types of hematoporphyrin derivatives are Photogem®
and Photosan-3®. Photogem® has been approved for use in clinical applications
in Russia and Brazil. Photosan-3® has been approved for clinical use in the EU
[12].

Second-generation photosensitizers were explored among others because of the
long-lasting skin phototoxicity and a low absorption in the red region of the visible
spectrum of the first-generation photosensitizers. Endogenous protoporphyrin IX
(PpIX) induced by exogenous 5-aminolevulinic acid (ALA or Levulan Kerastick®)
was US FDA approved for non-oncological PDT treatment of actinic keratosis in
1999 [13]. Via the heme pathway, PpIX, which acts as a photosensitizer, is pro-
duced enzymatically from the prodrug ALA. Due to reduced ferrochelatase in neo-
plastic tissue, excess ALA leads to accumulation of PpIX in the mitochondria. The
PpIX absorption maximum is about 630-635 nm. The methyl ester of ALA, methyl
aminolevulinate (MAL, Metvix®, or Metvixia®), was approved by the US FDA in
2004 for treatment of actinic keratosis [12]. Under the trade name Metvixia®, MAL
is also used as a topical treatment and has an advantage over Levulan® due to the
nature of the irradiation source. BLU-U® light was approved for use with Levulan®
as the most efficient source emitting at 400 nm, while Aktilite® was approved for
Metvixia® which emits at 630 nm and provides deeper tissue penetration.
Hexaminolevulinate, the n-hexyl ester of ALA (HAL, Hexvix®, Cysview®), was
approved in 2010 by the US FDA in the diagnosis of bladder cancer [12]. HAL is
converted to PpIX 50-100 times more efficiently than ALA. Clinical trials are
ongoing for treatment of cervical intraepithelial neoplasia [14] and genital erosive
lichen planus [15].
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Several photosensitizers evaluated for PDT efficacy are from the chlorin family
and include benzoporphyrin derivative monoacid ring A (BPD-MA, verteporfin,
Visudyne®), meta-tetra(hydroxyphenyl)chlorin (nTHPC, Foscan®), tin ethyl etio-
purpurin (SnET2, rostaporfin, Purlytin™), and N-aspartyl chlorin e6 (NPe6, tala-
porfin, LS11) which is derived from chlorophyll a. When compared to porphyrins,
the structure of chlorins differs by two extra hydrogens in one pyrrole ring. This
structural change leads to a red shift in the absorption band to higher wavelengths
(640-700 nm). BPD-MA is activated by light at 689 nm and has a lower time inter-
val of skin phototoxicity than Photofrin®, due to rapid plasma and tissue pharmaco-
kinetics, which enables faster excretion of the drug from the body [16]. In 1999, US
FDA approved the use of BPD-MA as Visudyne® for age-related macular degenera-
tion in ophthalmology [18]. Additionally, a 24-month study of verteporfin treatment
showed improvement in patients with nonmelanoma skin cancer [17].

PDT treatment of neck and scalp cancer with mTHPC was approved in Europe,
and the drug was used successfully for treating breast, prostate, and pancreatic can-
cers [18, 19]. Light activation at 652 nm is very effective and only small doses of
mTHPC are required during treatment. A weakness of mTHPC is high skin photo-
sensitivity in some patients. SnET2, under the trademark Purlytin™, has been eval-
uated in Phase I/II trials for the treatment of metastatic breast adenocarcinoma,
basal cell carcinoma, and Kaposi’s sarcoma [20]. This drug has also finished Phase
IIT trials for the treatment of age-related macular degeneration but has not yet been
approved by the FDA, due to a requirement of further efficacy and safety assess-
ments [21]. Purlytin™ is activated at 664 nm and has deeper tissue penetration than
Photofrin®. The drawback of the drug is a possibility of dark toxicity and skin
photosensitivity.

Several other promising photosensitizers are currently under clinical trials. These
include HPPH (2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a, Photochlor),
motexafin lutetium (MLu, lutetium(IIl) texaphyrin, Lu-Tex), NPe6 (mono-L-
aspartyl chlorin e6, taporfin sodium, talaporfin, LS11), and SnET2 (tin ethyl etio-
purpurin, Sn etiopurpurin, rostaporfin, Photrex) [22].

Another important requirement for PDT is light. The first light sources used in
PDT were noncoherent light sources. These are safer, easy to use, and less expen-
sive. Since they produce spectra of wavelengths, they can accommodate various
photosensitizers. Using optical filters, light of selective wavelength(s) can be pro-
duced. Some disadvantages of conventional lamps used to be significant thermal
effect, low light intensity, and difficulty in controlling light dose. Today, most of
these drawbacks can be overcome by a careful engineering design [23]. An example
is an illumination system for ALA-PDT of actinic keratosis (AK) of the face and
scalp (BLU-U light illuminator (DUSA Pharmaceuticals, Inc.)), a simple timer-
controlled switch on-off unit. The LumaCare™ lamp (MBG Technologies), a com-
pact portable fiber-optic delivery system, provides interchangeable fiber-optic
probes containing a series of lenses and optical filters. It can generate light of spe-
cific bandwidth between 350 and 800 nm in a variable power for a broad range of
photosensitizers [23]. Light emitting diode (LED) is another emerging PDT light
applicator used for PDT procedures. LED can generate high-energy light of desired
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wavelengths and can be assembled in a range of geometries and sizes. For intraop-
erative PDT of brain tumors, the LED probe may be arranged in a cylinder tip to fit
into a balloon catheter [24], whereas, for minimally invasive interstitial PDT, the
small and flexible light delivery LED catheter can be implanted into the tumor per-
cutaneously [25]. Large LED arrays may be more suitable for flat surface illumina-
tion of wide-area superficial lesion [26].

Lasers are still the most commonly used PDT light sources producing high-
energy monochromatic light of a specific wavelength with a narrow bandwidth for
a specific photosensitizer. The laser light can be focused, passed down an optical
fiber, and directly delivered to the target site through a specially designed illumina-
tor tip, for example, a microlens or a cylindrical or spherical diffuser. Dose planning
is more complex with intracavitary or interstitial illumination, mainly due to back-
scattering. Some effort was put into the development of flexible textile light diffus-
ers with the aim of a homogeneous illumination in body cavities or the oral cavity,
but dosimetry is quite challenging [27, 28]. Argon dye, potassium-titanyl-phosphate
(KTP) dye, metal vapor lasers, and most recently diode lasers have been used for
clinical PDT around the world. The KTP-dye modular combination system
(Laserscope PDT Dye Module) was the most widely used PDT laser prior to the
approval of the portable, light-weight, and less expensive diode lasers (e.g.,
DIOMED 630 PDT; Diomed Inc.). One preferred advantage of the diode laser is
that it can be engineered into a multi-channel unit to meet a highly sophisticated
PDT procedure, which may require multi-channel diode lasers and each indepen-
dent light output channel to simultaneously provide the light sources of variable
power (e.g., Ceralas PDT 762 nm; CeramOptec GmbH of Biolitec AG) [23].

It is likely that PDT will continue to be used as both a solitary treatment modality
and in combination with other strategies, such as hyperthermia [29] and photody-
namic therapy-generated vaccines [30]. Concerning the former, it can be said that
the simultaneous application of hyperthermia and PDT seems to react synergisti-
cally [31], but the dosimetry of hyperthermia treatment is very challenging. In a
recent study, photodynamic hyperthermal chemotherapy was used to treat 16
patients (10 dogs and 6 cats) with malignant soft tissue sarcoma. They conclude that
this treatment combination could decrease the risk of STS recurrence [32].

Concerning the use of PDT-generated vaccines, it has been shown that tumor
cells treated in vitro by PDT can be used for generating potent cancer vaccines [33,
34]. Injection of such whole-cell PDT vaccine into mice-bearing tumors of the same
origin as used for the vaccine generation was shown to produce significant antitu-
mor effect even with models of poorly immunogenic carcinoma [34]. The tumor
specificity could be demonstrated by an ineffectiveness against mismatched tumors
[33, 34]. Cytotoxic T lymphocytes play a key role in the destruction of tumors medi-
ated by the PDT vaccine. In lesions regressing after PDT vaccine treatment, high
numbers of degranulating CD8+ cells were found after PDT, versus much lower
numbers in the tumors within the same treatment group that exhibited a poor early
response (progressing after vaccination). Elevated numbers of degranulating CD8+
cells were also found in tumors treated by regular PDT [35]. While PDT vaccines
injected at a distal site were still effective, their impact was inferior to perilesional
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treatment. The proximity of vaccination site to the treated lesion is relevant for the
therapy outcome even though the PDT vaccine-induced antitumor immune response
is of systemic nature (and cured mice resist tumor rechallenge). Antigen presenta-
tion to T cells takes place in the lymph nodes nearest to the vaccine injection site,
and in case of peritumoral vaccine injection, T-cell activation will be centered in
tumor-draining lymph nodes, which is a location favorable for T-cell trafficking into
the tumor. In addition, it could be shown that the potency of PDT vaccine is increased
if vaccine cells remain in culture after PDT treatment for an additional time interval
to allow the expression of PDT-induced molecular/biological changes within these
cells [35]. Such changes of possible relevance include the expression of genes in
PDT-treated cells whose products are important immune response mediators (e.g.,
heat shock proteins), which appear to play a key role in the action of PDT vaccines
[34]. PDT vaccines are more effective in eradicating smaller tumors, but Korbelik
et al. emphasize that this does not mean that they cannot be employed for therapy of
larger lesions. Decreasing the tumor burden by other treatment strategies or combi-
nation with adjuvant immunomodulatory treatment could be helpful for future stud-
ies and eventually use in a clinical setting. Veterinary patients might be a very useful
model in this setting resulting in a win-win situation for our patients and human
patients. An important practical result of this study is that tumor tissue can be
directly used for the production of PDT vaccine without the need for generating first
cultures of single cancer cells. Surgically removed tumor tissue from the patient can
be directly used for preparing the PDT vaccine material tailored for the individual
patient which is acting against tumor antigens existing in that specific tumor [30].

From 1975 on, the use of PDT in animals with cancer has been published [36].
Until now many PDT publications and some reviews [37, 38] are available about
PDT in veterinary medicine. So far, different photosensitizers have been used thera-
peutically in veterinary medicine to treat different tumors in different species.

Pharmacokinetic studies of some of these substances have been performed:
HPPH (Photochlor; 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a) [39—
41], AlPcS, (aluminum phthalocyanine tetrasulfonate) [42], mTHPC (meta-
tetrahydroxyphenylchlorin) [7, 43, 44], ZnPcS, (zinc phthalocyanine
tetrasulfonate) [45]. Some of the studies cannot be clearly defined as being a
basic or a clinical study.

9.1.1 Basic Studies in Veterinary Medicine

In 1996, the tissue biodistribution and photodynamic effects of mTHPC on normal
canine prostate was studied in vivo. Highest mTHPC concentration was seen
24-72 h after IV administration. Interstitial PDT led to lesions (swelling, inflamma-
tory response, and extensive glandular destruction) up to 4 cm in diameter (using
four fiber sites). Interestingly, there was no disruption of the main stroma, and size
and shape of the gland remained unchanged, whereas persistent glandular atrophy
could be observed at 90 days. No animal became incontinent, but temporary urinary
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retention was caused by urethral damage until 7 days posttreatment. In some ani-
mals, small rectal lesions developed, which healed completely subsequently with-
out formation of fistulae. These results demonstrate the potential use of PDT for
prostatic cancer limited to the gland since glandular tissue can be selectively
destroyed. The use for benign prostatic hyperplasia does not seem to be promising
because of maintenance of the structural integrity of the prostate [46].

In 1999, the same group studied, in addition to mTHPC, the biological responses
of canine prostate to a phthalocyanine photosensitizer (AlS2Pc) as a preparatory
step for clinical trials. Having the animals protected from light for 2 weeks follow-
ing photosensitizer injection, skin photosensitivity could be neglected. mTHPC
induced more prostate lesions than AIS2Pc. Probably due to severe urethral irrita-
tion and acute swelling of the prostate, dogs were in physical distress and regenera-
tion of urethral epithelium was not complete until 3—4 weeks after PDT. Also in this
study, they could show that the glandular architecture remained well preserved
because the interlobular collagens were less affected than the cellular components
of the gland. Importantly, both photosensitizers could preserve the dogs from devel-
oping periprostatic nerve damage or rectal lesions. The authors conclude that the
long-term therapeutic effectiveness for prostate cancer needs further investigation
[47].

In 1997, a preclinical study about sequential whole bladder PDT was conducted
in six female dogs using 1.5 mg/kg Photofrin® and 15 J/cm? of light (low-dose
Photofrin® PDT). Two dogs received one PDT, four dogs received two PDTs, and
three dogs received three PDTs. A single PDT resulted in average bladder capacity
losses of 11% (0-33) and 0% at weeks 1 and 12, respectively. Two treatments
induced average bladder capacity losses of 36 % (0-57) and 17 % [2-24] at weeks 1
and 12, respectively. Three sequential treatments resulted in average bladder capac-
ity losses of 22 % (0—42) and 0% at weeks 1 and 12, respectively. Except after the
second sequential PDT, full recovery in bladder capacity occurred in all cases. The
authors therefore conclude that this protocol of sequential whole bladder low-dose
Photofrin® PDT is safe to be used in clinical investigation [48].

A preclinical toxicity study from 2003 investigated the photosensitizer HPPH
(0.3 mg/kg) or Photofrin® (2.0 mg/kg) intravenously 48 h prior to thoracotomy and
light delivery for potential treatment of sarcoma pulmonary metastases. Fourteen
beagles received one of the photosensitizers IV 48 h prior to thoracotomy and light
delivery (interstitially or pleurally). Significant toxicities occurred after pleural
PDT using 15 and 30 J/cm? including pyrexia and respiratory distress. Using single
beam pleural surface treatment, all light doses (5-40 J/cm?) were tolerated for both
photosensitizers with depths of treatment effect up to 10 mm (with HPPH).
Therefore, after adjusting light dosimetry, histologic and clinical changes associ-
ated with interstitial and pleural PDT were deemed acceptable, and the authors con-
clude that PDT might be a promising adjuvant treatment for sarcoma pulmonary
metastases [49].

Gloi and Beck studied photodynamic threshold doses of porfimer sodium,
AICIPc, and SnET2 to overcome the problem of variability between different pho-
tosensitizers and species [50]. In 12 dogs with spontaneous tumors, the tissue opti-
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cal properties of each compound were determined by diffuse reflectance. Threshold
values were highest for AICIPc. Therefore, more photon absorption is needed for
tumor necrosis with AICIPc than for either SnET2 or porfimer sodium. In a second
study, they found a marked variability among species in the distribution of porfimer
sodium between highly proliferating tissues demonstrating the necessity for careful
attention in the design of human and veterinary application of PDT [50, 51]. The
same might be true for other photosensitizers.

A preclinical study using interstitial motexafin lutetium (MLu)-mediated PDT for
recurrent prostate cancer was conducted in 16 dogs and in 16 humans in a Phase I
study. The treatment was safe, but there was significant variability in dose distribu-
tion and subsequent tissue necrosis. In order to deliver a consistent overall PDT dose,
an integrated system being able to detect and compensate for variation in dose distri-
bution in real time would be necessary to guarantee therapeutic reproducibility [52].

Motexafin lutetium (MLu) was used in another study for PDT for rectal cancer.
This preclinical study included ten dogs as a model for treatment of rectal cancer.
Eight dogs underwent proctectomy and low rectal end-to-end stapled anastomosis.
Six dogs received MLu at 2 mg/kg preoperatively and underwent subsequent pelvic
illumination of the transected distal rectum (730 nm light with light dose from 0 to
5-10 J/cm? 3 h after drug delivery). Two dogs received light but no drug and under-
went proctectomy and low rectal stapled anastomosis. Two dogs underwent midline
laparotomy and pelvic illumination. No significant tissue toxicity could be observed,
but mild enteritis was found histologically in all dogs. Low rectal stapled anastomo-
sis performed with MLu pelvic PDT is safe in a dog model. The authors conclude
that 730 nm light administered in pelvic tissue can treat residual disease of less than
5 mm adequately with MLu-mediated PDT and merits further investigation as an
adjuvant therapy in this setting [53].

In a pharmacokinetic study, benzoporphyrin derivate monoacid ring A (BPD-MA,
verteporfin) was administered intravenously in nine dogs with naturally occurring
tumors. The #,, was longer than in humans but similar to the #;,, found in rats. No
clinical abnormalities, except for transient increase in serum alkaline phosphatase
activity, were observed. They conclude that the pharmacokinetics of BPD-MA in
tumor-bearing dogs would be helpful in determining the protocol of a short drug-
light interval PDT mainly targeting the tumor vasculature [54].

In a Phase I clinical trial, the safety of zinc phthalocyanine tetrasulfonate
(ZnPcS(4)) was evaluated in pet dogs with naturally occurring tumors. Drug doses
of <4 mg/kg induced no toxicity and resulted in partial to complete tumor responses
in 10/12 dogs 4 weeks after PDT. Tumor remission was observed with ZnPcS(4)
doses as low as 0.25 mg/kg. The authors therefore conclude that the identification of
the maximum tolerated dose through traditional Phase I clinical trials may be unnec-
essary for evaluating novel PDT protocols [45].

Interstitial PDT using an intra-arterial photosensitizer (benzoporphyrin derivate
1, 3-diene C, D-diethylene glycol ester A ring (QLT0074)) and computerized pulsed
light was administered to the prostate of 11 dogs. Two mg of the photosensitizer
was given per prostaticovesical artery bilaterally. Immediately following infusion,
the prostate was surgically exposed and seven optical fibers with 1.5 cm cylindrical
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diffusers after loading sheaths were inserted into the prostate through a template.
Light was delivered sequentially to the optic fibers via a computer-driven switch
system. One dog was sacrificed 6 days after PDT and comprehensive destruction of
the prostate was seen. The other ten dogs were monitored for clinical tolerance and
urinary function and sacrificed 3—11 months after PDT. Except for urinary retention
and mild hematuria, no other complications could be observed. The authors con-
cluded that the treatment was feasible and safe resulting in destruction of the pros-
tate [55].

In two in vitro studies, the effect of PDT with hematoporphyrin monomethyl
ether (HMME) on canine breast cancer cells (CHMm cell line) was examined. The
first study could show that apoptosis plays a major role in PDT-HMME-induced
reduction of the viability of CHMm cells. The second study demonstrated damages
of the mitochondrial structure and mitochondrial dysfunction [56, 57].

In another study, PDT with aluminum-chloride-phthalocyanine encapsulated in
liposomes on canine breast cancer cells was determined. They could show decreased
cell viability with morphologic alterations post PDT. The tumor cell destruction was
predominantly mediated via a necrotic process [58].

A recent safety study using sinoporphyrin sodium (DVDMS) was conducted in
beagle dogs. The dogs were randomly allocated to six groups and a DVDMS prepa-
ration was given IV at dose levels from O to 9 mg/kg. A group receiving 1 mg and
9 mg, respectively, was illuminated 24 h later with a 630 nm laser for 10 min, once
every 7 days for 5 weeks. Skin swelling and ulceration were seen in dogs that
received PDT indicating that DVDMS-PDT induced a phototoxic effect. Pigmentation
of DVDMS (or its metabolite) was observed to deposit in the liver, spleen, local
lymph nodes, and bone marrow of dogs in the mid- and high-dose groups, as well as
in the high-dose PDT group. The targets therefore are presumed to be the liver and
immune organs. The no-observed-adverse-effect level (NOAEL) was considered to
be 1 mg/kg and the treatment seemed to be safe and promising [59].

The prodrug 5-aminolevulinic acid (5-ALA) has been studied in veterinary med-
icine as well. In cats, 5-ALA is used mainly topically due to observed hepatotoxic-
ity after intravenous administration [60].

In vitro studies have shown that ALA destroys canine transitional cell carcinoma
cells [61]. Even though 70 % of dogs vomited after oral administration of ALA, this
did not have a negative impact on pharmacokinetics: A ten times higher accumula-
tion of the active metabolite could be found in the mucosa, compared to muscularis
and serosa, which should enable a selective treatment. Five dogs with transitional
cell carcinoma of the urinary bladder [62] and one dog with a prostatic carcinoma
[61] showed transient improvement of clinical symptoms.

Two studies using the palladium bacteriopherophorbide photosensitizer
TOOKAD® and laser light to treat canine prostates resulted in an effective ablation
of prostatic tissue and might even be used for patients in which radiation therapy for
prostatic carcinoma failed. In the first study, the prostate of the canine patients were
exposed to ionizing radiation (54 Gy) 5-6 months prior to interstitial TOOKAD®-
mediated PDT. Light irradiation (763 nm, 50-200 J/cm at 150 mW/cm from a 1 cm
cylindrical diffusing fiber) was delivered during I'V infusion of TOOKAD® at 2 mg/kg
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over 10 min. One week after PDT, the prostates were histologically examined and
hemorrhagic necrosis was found (clearly distinguishable from the radiotherapy-
induced preexisting fibrosis). No noticeable damage to the urethra, bladder, or adja-
cent colon could be observed. TOOKAD®-PDT might be an option for patients with
recurrent prostate cancer after radiotherapy. In the second study, the authors describe
TOOKAD®-PDT as being very effective in ablating prostatic tissue through its vas-
cular effects [22, 63]. Another study presents preliminary results of intraoperative
PDT with 5-ALA in dogs with prostatic carcinoma. The median survival time was
only 41 days — one of the reasons for the poor outcome might have been the insuf-
ficient light penetration using a halogen broad band lamp for illumination instead of
a laser [64].

This overview illustrates the complexity of the interaction of photosensitizer,
tumor type, species, light source, wavelength, light intensity, drug-light interval,
etc., to render PDT a successful yet well-tolerated and feasible cancer treatment.
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Chapter 10
Clinical Applications of Cancer PDT

Julia Buchholz

Abstract Still today photodynamic therapy (PDT) represents a little known treat-
ment modality in veterinary oncology even though there are some evident advan-
tages especially for the treatment of animals: PDT can usually be done as an
outpatient or day-case setting, it is convenient for the patient since usually one treat-
ment is sufficient, and it has few to no side effects. PDT has several potential advan-
tages over other local treatment modalities such as surgery and radiotherapy (RT): it
is comparatively noninvasive, repeated doses can be given without the total-dose
limitations associated with RT, and the healing process results in little or no scar-
ring. In human oncology, PDT has been introduced more than 35 years ago, and
since about 10 years, it is used more widely in the clinic. The treatment itself is quite
easily feasible even though the PDT biology behind is rather complex. Clinical stud-
ies conducted in veterinary medicine describe the use of different photosensitizers
applied systemically or topically as well as different systems of light delivery. These
studies are presented in the current chapter. In veterinary oncology, the main indica-
tion is represented by the most common skin neoplasia in cats: cutaneous squamous
cell carcinoma. Results are very promising. In the future, other indications might
become treatable with PDT, especially considering the evolution of more selective
photosensitizing drugs and newer, less expensive light systems. Possible indications
include, but are not limited to, superficial canine transitional carcinoma, equine sar-
coids, and equine squamous cell carcinoma as well as neoplasia in exotic animals.

10.1 Introduction

There are several advantages using PDT, especially in veterinary medicine, such as:
not being invasive, single treatment on outpatient basis, repeatable if necessary,
uncomplicated healing with very little scar formation and possible combination
with other treatment modalities. PDT might be combined with surgery, radiation

J. Buchholz
Animal Oncology and Imaging Center, Huenenberg, Switzerland
e-mail: buchholz@aoicenter.ch

© Springer International Publishing Switzerland 2016 139
E.P. Sellera et al. (eds.), Photodynamic Therapy in Veterinary Medicine:
From Basics to Clinical Practice, DOI 10.1007/978-3-319-45007-0_10


mailto:buchholz@aoicenter.ch

140 J. Buchholz

therapy, hyperthermia, immunotherapy (as discussed in chapter 9) and chemother-
apy. Problems known from other therapies commonly used in oncology, such as
resistant tumor cells (especially using chemotherapy but also known for radiother-
apy) have been described against photosensitizers as well [1]. This problem repre-
sents an important rationale for combining different treatment modalities, especially
for therapy-resistant cases.

10.2 Companion Animals

10.2.1 Squamous cell carcinoma

Squamous cell carcinomas (SCC) are frequently occurring neoplasms in veterinary
patients, mainly in cats and less often in dogs. This tumor accounts for approxi-
mately 15 % of all cutaneous tumors in the cat. There is a predisposition for nonpig-
mented animals or nonpigmented area, and an etiologic correlation between
development of the neoplasm and exposure to ultraviolet light does exist. The most
common cutaneous locations for cats are the sparsely haired area of the nasal pla-
num, eyelids, and pinnae. Generally, squamous cell carcinoma is locally invasive
but late to metastasize [2]. The established standard therapies are surgery and radia-
tion therapy. Several studies have shown the efficacy of PDT to treat feline squa-
mous cell carcinoma [3-9].

Feline superficial SCC/carcinoma in situ still represents the main indication in
veterinary medicine.

Bowen’s disease represents an own entity defined as SCC in situ (not penetrating
the basal membrane), but although being superficial, they are often more difficult to
control with PDT and they can cause multiple lesions.

In a study by Magne et al., 51 cats with cutaneous SCC received the photosen-
sitizer pyropheophorbid-alpha-hexyl-ether (HPPH-23) intravenously. Forty-nine
percent of the cats showed a complete tumor remission, 12 % showed partial
tumor remission, and 39 % did not respond to PDT. There was a significant cor-
relation between complete remission and length of local tumor control with tumor
stage: the smaller and less invasive the tumors were, the better they responded
to PDT [8].

In another study including only six cats treated with EtNBS as photosensitizer,
two partial and four complete remissions could be observed [10].

Stell et al. achieved a complete remission rate of 85 % using topical ALA-PDT
for superficial feline SCC. As light source, they used a light-emitting diode (LED)
instead of a laser. After a median time of 21 weeks, they had a recurrence rate of
64 % though [6]. In a second study using the same protocol, a recurrence could be
seen in 51 % of the cats having a complete response after PDT with a median time
to recurrence of 157 days [3].
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In another study also using LEDs as light source and the hematoporphyrin deriv-
ative Photogem® as photosensitizer for small noninvasive tumors, satisfactory
results could be obtained [11].

Reeds et al. used the photosensitizer HPPH with an LED to treat noninvasive
carcinoma in dogs and cats. Eight out of the nine treated tumors showed a complete
remission, and >50 % of the patients did not show tumor recurrence for the follow-
up time of 68 weeks [12].

Due to the generally unsatisfactory results while treating more invasive tumor
stages, a study was conducted to find out if increasing the dose would ameliorate
the results treating invasive stages. Cats with invasive SCC, treated with PDT
using aluminum phthalocyanine tetrasulfonate (AIPcS,) as photosensitizer,
showed a significantly shorter time of median remission using 100 J/cm? (n=8;
69 days; range 0-619 days) than using 200 J/cm?® (n=6; 522 days; range
151-1,057 days) [13].

The author of this article is most experienced using an intravenously adminis-
tered photosensitizer (mTHPC). mTHPC is a very potent photosensitizer that is
approved for the treatment of head and neck cancer in humans. It requires very low
drug and light doses to be effective. The substance is a single component of 98 %
purity.

In one study, we used a conventional lipophilic formulation of mTHPC (Foscan)
and a new liposomal formulation (Fospeg®) to determine their pharmacokinetic
behavior. In ten cats, in vivo fluorescence intensity measurements of tumor and skin
were performed with a fiber spectrophotometer after intravenous injection of
mTHPC (either Foscan® or Fospeg). Blood samples, drawn at several time points
after photosensitizer administration, were analyzed by HPLC to investigate the dif-
ferences within the plasma compartment. Organ parameters were analyzed serially
in all cats and VEGEF levels were determined prior to PDT.

Fluorescence intensities, fluorescence ratios (tumor fluorescence divided by skin
fluorescence), and bioavailability in the tumor were two to four times higher with
Fospeg® compared to Foscan®. Fospeg concentration in the tumor increased con-
stantly to reach a maximum at 4 h after injection. Plasma concentration and plasma
bioavailability were about three times higher with Fospeg compared to Foscan®
measured at the time points of highest plasma concentration. We also performed
power Doppler ultrasound (PDUS) before and at several time points after treatment
to investigate the vascular effects of PDT on tumors. Images were digitized for
assessment of vascularity and blood volume. On PDUS, a significant decrease in
vascularity and blood volume was noted after PDT. Lowest values were found 24 h
after PDT. The distinct effect on tumor vessels shown by PDUS indicates the impor-
tance of the vascular component in tumor destruction with mTHPC-PDT. Stage,
tumor location, pre-PDT VEGF levels, and presence of side effects could not be
established as prognostic indicators.

All cats responded to therapy, with a complete response rate of 93 %. The tumor
recurrence rate was 39 % with a median time to recurrence of about 18 months.
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Fig. 10.1 Cat with nasal squamous cell carcinoma. (a) Before PDT; (b) After PDT

Local control could be achieved in 62 % of patients at 1 year post therapy. Eighty-
three percent of the tumors treated with the lipophilic formulation and 27 % of the
tumors treated with the liposomal formulation showed tumor recurrence. We
concluded that the favorable pharmacokinetics of the liposomal drug seem to trans-
late into superior tumor control [14] (Fig. 10.1).

In a subsequent study, we treated 20 cats with the liposomal formulation only.
Following the results of the pharmacokinetic study, cats were treated with laser light
(wavelength of 652 nm) 4-6 h after injection (Fig. 10.2). The tissues surrounding
the area to be treated should be covered (thick black tape is sufficient (Fig. 10.3a)
and the eye has to be protected (with wax or wax-covered gold shields) if it is in/
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Fig. 10.2 Laser device used in PDT procedures. Note the optical fiber coupled to the laser
output

near the treatment field (Fig. 10.3b). All patients have been treated with a front lens
device (Fig. 10.4a) even though we have some preliminary results (not included
within this study) using interstitial illumination (Fig. 10.4b).

The animals had to be anesthetized to keep still for the entire laser light application
(about 3 min). The patients showed an initial complete response rate of 100 % and
tumor control in 75 % after 1 year. The recurrence rate was 20 % with a median time
to recurrence of 172 days. The intravenous administration was well tolerated by all
cats (Fig. 10.5a). Due to the high selectivity of the liposomal formulation of the pho-
tosensitizer, the generalized light sensitivity of the patient was only about 10-14 days
[5]. Local application of the photosensitizer (Fig. 10.5b) does not cause generalized
photosensitivity, and therefore, patients can go outside immediately after treatment.
Animal patients might try to lick/scratch the locally administered substances off.

10.2.2 Carcinoma of the Lower Urinary Tract

In human medicine, PDT has been successfully used for bladder carcinoma [16,
17]. Also in veterinary medicine, especially transitional cell carcinoma of the uri-
nary bladder may represent a promising indication, at least for initial stages.

In the basic studies section, some of the published work in veterinary medicine has
already been presented. Five dogs with transitional cell carcinoma of the urinary blad-
der [18] and one dog with a prostatic carcinoma [18] showed transient improvement
of clinical symptoms. In the first study, dogs with histological or cytological confirma-
tion of TCC of the lower urinary tract were given 60 mg/kg of ALA orally, and 4 h
later they were treated with 635 nm laser light using a laser fiber delivery system
(Pioneer Optics, Windsor Lock, CT, USA). This system was passed retrograde through
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Fig. 10.3 (a) Cat with
squamous cell carcinoma
on medial canthus of the
right eyelid. (a) In general
anesthesia during PDT; (b)
Gold shield in place to
protect the eye during PDT

the urethra into the urinary bladder. The fiber delivery system consisted of a 400-mm
diameter optical fiber that terminated in a 1-cm cylindrical diffuser. The fiber tip was
visualized using ultrasonography. The energy density was 100 J/cm? and the power
density was 75 mW/cm?. The treatment time was 22 min and 13 s. The first dog treated
had preexisting hydronephrosis and hydroureter and became anuric within 12 h of
PDT. Due to deterioration, the dog was euthanized 72 h after PDT. For the remaining
five dogs, the median progression-free interval (PFI) was 6 weeks (range 4-34 weeks).
Possible side effects after PDT were stranguria and hematuria. So far there is no well-
established protocol available leading to longer-term control, and to the authors’
knowledge, PDT is not yet routinely used clinically for this indication.
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Fig. 10.4 (a) Cat in general anesthesia positioned during PDT for a squamous cell carcinoma on
the left temple (superficial lesion); (b) The same cat in preparation for interstitial PDT for a bulky
lesion at the left ear base — the light fiber is inserted into the second catheter from the left

10.2.3 Miscellaneous Tumors

In 1991, PDT was successfully used for various neoplasms in dogs, cats, and
snakes. The second-generation photosensitizer chloroaluminum sulfonated phtha-
locyanine (CASPc) was given IV 48 h prior to irradiation with 674 nm light to ten
cats, two dogs, and three snakes with various tumor types. Some larger tumors
were debulked surgically prior to PDT. A 67 % complete response rate and 22 %
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Fig. 10.5 (a) Cat during intravenous injection of the photosensitizer — the photosensitizer is pro-
tected from light by covering the drug containing part of the syringe with a black tape; (b) Cat with
the topically applied photosensitizer on the nasal planum

partial response rate were observed, and 11 % of tumors did not respond to the
treatment (see Sect. 8.3.27).

Payne et al. had promising results while treating canine hemangiopericytoma
and canine oral SCC with a combination of PDT and surgery [19]. In a subsequent
work, the same authors confirmed these results for oral SCC [20], whereas the
results for hemangiopericytoma could not be reproduced [21]. Nine of 11 dogs with
oral SCC treated with HPPH-PDT, partly in combination with surgery, showed a
complete tumor remission for at least 17 months. Eight dogs were considered as
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healed; the median survival time was 29 months. The cosmetic outcome was
described as very good [20].

In a study, 14 dogs with oral and nasal tumors were treated with antivascular
PDT using benzoporphyrin derivate monoacid ring A (BPD-MA). Contrast-
enhanced tumors were observed before antivascular PDT, whereas they no longer
enhanced after PDT. The authors conclude that PDT might be an option for patients
that cannot be treated with current antitumor therapies (radiotherapy or surgery).
The 1-year survival rate in dogs with oral tumors and nasal tumors was 71 % and
57 %, respectively [22].

Lucroy et al. could achieve a temporary improvement of clinical symptoms in
three dogs and one cat with tumors of the nasal cavity [15] — radiation therapy, if
available, is usually considered treatment of choice for this tumor, being able to
control the tumor for a longer period of time. A case report describes PDT for a
SCC of the esophagus in a dog with the result of partial remission [23]. Treatment
approaches for feline oral SCC, scleral melanoma, and canine mast cell tumors
are described where EtNBS was used as a photosensitizer and generally 400 J of
652 nm light was given at a short drug-light interval of only 3 h. Pharmacokinetics
have not been performed and also timing of optimized photoirradiation or optimal
fluence rate was not known. All animals were exposed to normal daylight after
less than 5 days without residual photosensitization. They conclude that EtNBS-
PDT is safe for dogs and cats and that it has activity against selected naturally
occurring tumors with an overall objective response rate of 61.5% [10]. A study
from 2004 resulted in complete remission in two mast cell tumors in dogs and of
one basal cell carcinoma in a cat using PAD-S31 as photosensitizer. The photo-
sensitizer was administered I'V and the animals showed no cutaneous photosensi-
tivity under room light illumination. Further investigation is needed according to
the authors [24].

PDT as an adjunct to treat osseous tumors was considered in a study of seven
dogs with spontaneous osteosarcoma of the distal radius, and it could be shown that
PDT is able to penetrate relatively large osseous tumors [25].

Obviously there are many reports about PDT in laboratory mice and rats
having induced or transplanted tumors. Even though these studies are not pri-
marily looking at long-term tumor control or drug safety, some of these data
could be helpful to establish protocols treating small mammals. Lucroy
described the treatment of a SCC in a ferret with PDT showing a short-term
partial response [26].

10.2.4 Potential Side Effects

After intravenous application of ALA in cats, hematological toxicity and hepatotox-
icity were observed [7] — this could not be observed with topical administration. In
dogs, oral administration of ALA caused vomiting in 70 % of patients [15]. After
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intravenous administration of the lipophilic formulation of mTHPC (Foscan®), sys-
temic side effects such as tachypnea and tachycardia during injection of the drug
could be observed [14]. During injection of EtNBS, systemic reactions such as nau-
sea and vomiting could be observed [10].

With most of the new photosensitizers, systemic side effects are rarely seen.
During laser light administration, pain sensation is described in humans and
increased heart rates can be observed (probably caused by pain sensation) in ani-
mals. Local side effects such as hyperemia, edema, cyanosis, and pruritus in the
treated area have been observed [5, 6, 8] from hours to weeks after PDT (Fig. 10.6).

Fig. 10.6 Cat with squamous cell carcinoma on the left temple area. (a) Before PDT; (b) Local
edema formation in the cat 4 days after PDT
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Depending on the size of the lesion and degree of associated inflammation, patients
usually will be treated with systemic anti-inflammatory agents and antibiotics for
2 weeks after PDT. In most cases, a crust (Fig. 10.7a) will develop within the treated
region, which will remain for several weeks (depending on the depth of the lesion)
and then will shed off. The skin and mucous membrane will re-epithelialize after-
ward and the hair will grow back (Fig. 10.7b). The paravenous injection of mTHPC
can cause local irritation and increased photosensitivity at that site (Fig. 10.8a).
Also, the skin usually remains thinner for a few months before getting back to

Fig. 10.7 Cat with squamous cell carcinoma on the left temple area. (a) Crust still remains in
place about 6 weeks after PDT; (b) Normal healing and hair growth with tumor in complete remis-
sion 6 months post PDT
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Fig. 10.8 (a) Cat with severe reaction at the site of intravenous photosensitizer injection — partly
paravenous injection might have occurred. (b) The same cat presenting alopecia and moist derma-
titis between the shoulder blades that went outside during the day few days after systemic PDT —
the reactions are more severe in the white-haired area

normal. If the animals go outside during daylight in the phase of generalized photo-
sensitivity, they might present with sunburn-like changes on the skin and the overly-
ing hair will fall off (Fig. 10.8b) as well as swelling of the head, eyelids, etc.

10.3 Farm Animals

In large animals, cancer is far less common compared to small animals, but there are
few reports using PDT for large animal neoplasia.
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10.3.1 Egquines
10.3.1.1 Periocular Squamous Cell Carcinoma (PSCC)

Giuliano et al. are working on the inclusion of PDT for the treatment of equine
periocular squamous cell carcinoma (PSCC). In 2008 they published a pilot study
using HPPH locally after surgical resection, and they concluded that PDT could be
considered a safe and effective novel treatment for PSCC in horses but that further
research is needed [27]. Prior to a second clinical study, the authors looked into the
cellular localization of verteporfin as a function of time after local injection in an
in vivo model of squamous cell carcinoma [28]. In their second clinical study, they
used verteporfin as a photosensitizer and compared horses treated by surgery and
cryotherapy (group 1; n=14) with horses treated through surgery and PDT (group
2; n=10). Signalment, tumor laterality, and size were not significantly different
between groups. Time to recurrence was significantly different between groups
(»=0.0006). In group 1, 11/14 horses had tumor regrowth with a median time to
recurrence of 10 months. In group 2, no horse demonstrated tumor recurrence after
one treatment with excision and PDT (minimum follow-up of 25 months). The
authors therefore concluded that the likelihood of tumor recurrence following sur-
gery in equine PSCC was significantly reduced with local verteporfin PDT com-
pared with cryotherapy [29].

10.3.1.2 Sarcoids

Equine sarcoids are commonly occurring tumors in horses. These tumors do not
metastasize, but are very difficult to control locally, therefore presenting a challenge
for therapy. In addition, these tumors are often localized in delicate areas where
extensive surgery is not possible (e.g., periocular, nostril, inguinal area). Common
therapy modalities include surgery, cryosurgery, laser surgery, immunotherapy, che-
motherapy (cisplatin), and radiation therapy (radioactive iridium); however, none of
them show satisfying success. Preclinical studies have shown the efficacy of PDT to
treat equine sarcoids. In vitro cytotoxicity and in vivo antitumoral action could be
shown using hypericin. Four intratumoral injections were given to the in vivo sub-
ject, a donkey with three equine sarcoids, with daily illumination for 25 days. At the
end of therapy, an 81 % tumor reduction could be observed and 2 months later a
90 % reduction was observed [30]. A clinical study, where a photosensitizer was
applied, topically showed efficacy, too (Gustafson 2001, data not published). A case
report showed good results using intralesional mTHPC +/— surgery [31]. For very
large sarcoids, debulking surgery prior to PDT might be indicated. Also, equine skin
itself is relatively thick and might be pigmented making it much harder for the light
to penetrate into depth compared to feline or canine skin. Equine sarcoids are con-
sidered immunogenic tumors, and therefore, if PDT would be able to have an influ-
ence on the patients’ immune system, this might improve response rates. The
introduction of PDT and vaccines to further stimulate an immunogenic response
might become important in the future especially for this tumor type. Intralesional
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PDT would be preferable to avoid generalized photosensitivity and to avoid the
necessity of large amounts of photosensitizers due the body weight of horses. For
liposomal mTHPC, it could be shown in a mouse model that the fluorescence maxi-
mum was reached at 24 h post-intratumoral injection and this time point correlated
with the best therapeutic effect [32].

10.3.2 Cattle

There is one case report describing the treatment of a cow with an ocular squamous
cell carcinoma involving the third eyelid and conjunctiva with intratumoral 5-ALA-
PDT. After LED irradiation with a wavelength of 600-700 nm, the tumor size
decreased to 50 % after 15 days, and there was a complete remission after 3 months.
The patient was tumor-free for 12 months post treatment [33].

10.4 Exotic, Zoo, and Wildlife Animals

10.4.1 Birds

A case report describes PDT of a SCC in the casque of a great hornbill (Buceros
bicornis). HPPH was used IV and after 24 h the tumor was illuminated with a
665 nm diode laser. After treatment, the bird was kept indoors for 3 weeks to pre-
vent damage due to photosensitivity. They could observe some tumor necrosis, but
after few weeks, the tumor continued to grow and a second PDT was performed
after tumor debulking. During anesthesia, the bird went into respiratory distress but
then recovered. The tumor could not be controlled though, probably due to tumor
size and bone invasion [34].

The same group described PDT of a patagial SCC in an African rose-ringed
parakeet. Unfortunately also in this bird, PDT could not be shown to be successful.
The authors conclude that the PDT protocols in birds might have to be designed
differently to those used in other animals [34].

Another report describes porfimer sodium-based PDT of a SCC in a cockatiel.
The tumor had a partial response after each of several PDT sessions but recurred
quickly after treatment. Edema of the hooks was described several weeks after PDT,
most likely due to cutaneous photosensitivity [35].

Further study with regard to the utility of PDT in avian medicine is needed, but
since cutaneous cancer seems to be most common in birds, there is potential to fur-
ther try to improve PDT for birds.
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10.4.2 Reptiles

Three snakes have been treated with chloroaluminum sulfonated phthalocyanine-
based PDT. The photosensitizer was given into the palatine vein of the caudal
venous sinus 48 h before light exposure. An oral SCC in a pet Boa constrictor had
a complete remission followed by tumor recurrence 28 weeks after PDT. A second
PDT resulted in a long-term complete remission. A zoo-kept Burmese python with
a mixed tumor of the palatine gland had a partial remission with tumor recurrence
6 weeks after PDT. A second PDT caused tumor necrosis but soon after the snake
died because of bacterial pneumonia. A zoo-kept European viper with an adenocar-
cinoma of the cloaca died 4 days after PDT. A possible reason could be tumor exten-
sion into the oviduct [36]. There is another retrospective study of a boa constrictor
showing a short-term response to PDT [37].
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Chapter 11
Basic Studies in Antimicrobial PDT

Cristiane Lassalvia Nascimento, Fabio Parra Sellera,
and Martha Simoes Ribeiro

Abstract Microorganisms (MO) multiply rapidly and mutations that guarantee
its survival forward to antimicrobials become prevalent in new populations. The
inexorable rise of multidrug-resistant MO leads to an effort to search for alterna-
tive approaches that, hypothetically, MO could not easily develop resistance.
Antimicrobial photodynamic therapy (PDT) is an effective alternative treatment
for infected lesions in animals. The goal of the technique is to destroy a sufficient
number of pathogenic MO to prevent recolonization and avoid unacceptable
destruction of the host tissue. An important observation concerns the selectivity
of the photosensitizer by microbial cells when compared to the host. This is
because the photosensitizer (PS) uptake by host cells is slower than by MO. If
the site of infection is irradiated after a short interval from the PS application
(minutes), the damage to host tissue is minimized. Currently, antimicrobial PDT
has proven its effectiveness against bacteria, virus, fungi, and parasites. This
chapter reviews the literature regarding antimicrobial PDT especially for veteri-
nary medicine.
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11.1 Introduction

One of the factors that led to disinterest for decades of alternative antimicrobial thera-
pies such as photodynamic therapy (PDT) was the discovery of penicillin and espe-
cially the widespread use of antibiotics during World War II. Researchers imagined that
the battle against microorganisms (MO) was won. However, 2 years after the commer-
cial launch of penicillin, the emergence of resistant bacteria strains was reported [1, 2].

Bacteria multiply rapidly and mutations that guarantee its survival forward to
antibiotics become prevalent in new populations in addition to other abilities as
transfer of plasmids and genetic elements across species. The inappropriate pre-
scription of antibiotics, especially for viral diseases, leads to treatment failure, and
the indiscriminate use in animal production for food contributes to exacerbation of
the problem by repeated selection of resistant strains. The inexorable rise of
multidrug-resistant bacteria drives to an effort to search for alternative forms of
treatment which, hypothetically, bacteria cannot easily develop resistance [3].

PDT has already been investigated in the treatment of skin tumors in veterinary
medicine and can offer an effective alternative treatment of infected lesions in animals
[4]. This technique is based on photooxidation of biological material using a photosen-
sitizer (PS), usually a nontoxic dye introduced into the first treatment step, followed by
exposure to light of suitable wavelength to be absorbed by the PS. This combination
associated to oxygen results in the production of reactive oxygen species that cause
damage to cellular functions leading to death [5]. When the cells to be eliminated are
pathogenic MO, this procedure may be called photodynamic inactivation [3].

For the PDT to be effective as a therapeutic modality, it should be able to destroy
MO in the infection site, surrounded by proteins, cells, blood, and other tissues [3].
Some studies have proven that the effectiveness of PDT becomes reduced in the
presence of these components [6-9]. However, the adjustment of light parameters
(power, energy, and exposure time) and correct choice of the PS have proved to be
effective in different tissues: inactivation of methicillin-resistant Staphylococcus
aureus (MRSA) in the skin [9, 10], viral inactivation of blood and components
[11-15], fungal inactivation in nails [16], root canal disinfection in teeth [17, 18],
and Helicobacter mustelae inactivation in explanted gastric mucosa of ferrets [19].

11.2 PDT and Bacteria

Literature reports that the photodynamic inactivation of multidrug-resistant bacteria
is as likely as their less pathogenic equivalent [20]. Moreover, there are no reports
about resistance to photodynamic inactivation of any MO tested [21].

Because the light delivery is localized, currently PDT is more suitable for local than
systemic infections (such as bacteremia), applying the PS in the infected area by topi-
cal application, instillation, injection interstitial, or aerosol. The goal of the technique
is to destroy pathogenic MO through an effective selectivity of the photosensitizer to
prevent recolonization and avoid unacceptable destruction of the host tissue [20].
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Since 1960s, it is well known that MO can be inactivated by the combination of
dyes and light. In the 1990s, a fundamental difference in susceptibility to PDT
between Gram-positive and Gram-negative bacteria was observed: neutral, anionic, or
cationic PS efficiently inactivate Gram-positive bacteria. However, only cationic PS
was able to kill Gram-negative species (or strategies to become permeable bacterial
barrier to non-cationic PS). This difference in susceptibility between bacteria species
is explained by their cell wall. Gram positive have a porous cytoplasmic membrane
composed of a thick multilayered peptidoglycan layer and low lipid and lipoprotein
content, which allows the penetration of the PS. On the other hand, Gram-negative
bacteria have thin peptidoglycan layer (single-layered), periplasmic space, and a high
content of lipid, lipoprotein, and lipopolysaccharides due to the outer membrane,
which form an effective barrier restricting the penetration of many PS [20].

Cationic PS (i.e., molecules positively charged at physiological pH values) as the
phenothiazines, methylene blue (MB) and toluidine blue (TB), have been widely
used for both Gram-positive and Gram-negative bacteria and fungal cells. For
Gram-negative bacteria, the mechanism of action is explained by the displacement
of divalent cations (Ca 2+ and Mg 2+) from its position on the outer membrane
where they act as an anchor for the lipopolysaccharide molecules negatively
charged. This weakened membrane becomes permeable to the cationic PS, which
gradually increases the disruption of the barrier and the absorption of the photosen-
sitizer for each additional bond [3].

Another important observation concerns the selectivity of the PS for bacterial
cells when compared to the host. This is because the PS uptake by the host cells is
slower and occurs by endocytosis, while for the MO it is relatively fast. If the site of
infection is irradiated after a short interval from the PS application (minutes), the
damage to the host tissue is minimized [3]. Thus, some strategies are being tested to
increase the permeability of the photosensitizer by Gram-negative membrane as the
use of polycationic peptide polymyxin B nonapeptide (PMBN) [21] and ethylenedi-
aminetetraacetic acid (EDTA) [22].

Many other virulence factors increase the pathogenicity such as mobility, adhe-
sion to various tissue components, and resistance to host defense mechanisms. One
characteristic that makes APDT attractive is the possibility of nonselective destruc-
tion of tissue components, particularly protein, by the action of reactive oxygen
species generated by the process, making it also an anti-virulence therapy [20].

11.3 PDT and Virus

The first clinical reports of the use of photosensitizers and light against viruses have
been known since 1928 which was successful in treating genital lesions of Herpes
simplex in humans in the early 1970s [23]. However, the practice declined after
reporting that the used PS (neutral red) could have carcinogenic action and did not
present significant result when confronted with placebo [20]. Luckily the develop-
ment of the technique was achieved with the best understanding of appropriate PS
and light sources [24].
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Increased concern about the risk of viral infection highlighted the importance of
photodynamic inactivation of viruses, in particular the disinfection of blood prod-
ucts [24]. PDT has been used successfully to inactivate AIDS virus (HIV); human
hepatitis A, B, and C virus (HAV, HBV, and HCV); Cytomegalovirus; human parvo-
virus; and human T-lymphotropic virus [25].

The conventional systemic or topical treatment for Herpes simplex virus (HSV)
uses drugs that shorten the course and can suppress the virus, reducing the severity
and preventing relapses. Although the incidence of viral resistance is not as serious
as in the case of antibacterials, resistant forms of the virus are prevalent in immuno-
suppressed human patients [23] as well as in some more severe cases, and recurrent
episodes occur [24]. Another aspect that needs to be considered is that the anti-HSV
medication is most effective when used in prodromal phase [24]. PDT can be help-
ful in reducing viral titer in the vesicle phase. The main advantages appear to be the
absence of side effects and drug interactions, which are especially helpful for older
and immunocompromised patients [24].

Unlike HSV infections, there has been little success to find a specific antiviral
therapy for human papillomatosis. Oral and genital human papillomavirus (HPV)-
associated lesions constitute significant problems in public health [23]. Current
therapeutic options include immunomodulators after laser ablation. Such approaches
may require repeated sessions and could be painful. However, the use of PDT
against lesions offers both antiviral and antitumor capabilities [23]. Papillomatosis
has been treated by systemic and topical PDT in several anatomic locations [20].

11.4 PDT and Fungus

Dermatophytosis or fungal infections of the skin and nails are common problems
affecting millions of people worldwide, especially in hot and humid climates, and
are commonly treated with topical antifungal preparations. The superficial nature of
fungal infections encourages the use of topical PDT as an alternative therapy [20].

The literature is rich in reporting Candida sp. inactivation, but hyphal and yeast
forms of C. albicans showed different susceptibilities to PDT [26]. Some studies
with Trichophyton rubrum both in vitro and in vivo are also reported [27, 28].
Photodynamic efficiency is closely related to light parameters, type of PS, and fun-
gal species [3].

C. albicans is the most often isolated yeast from human patients. This yeast is
responsible for opportunistic infections and constitutes a serious health risk to immu-
nocompromised individuals. A study evaluated the efficacy of MB-mediated PDT to
treat oral candidiasis in immunodeficient mice. The results indicated a MB-dependent
effect and a complete eradication was achieved with a concentration of 450-500 pg/
mL MB [29]. A more recent study showed that PDT was able to reduce fungal bur-
den and inflammatory process in C. albicans-induced murine vaginitis.

A few studies report the PS molecular characteristics to make it effective in
mediating PDT of various species of yeast and fungi; however, it is suggested that
membrane damage and consequent increased permeability could be the cause of
cell death after MB-mediated PDT on yeast [20].
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11.5 PDT and Parasites

Several studies demonstrated the effectiveness of PDT to inactivate different para-
sites, but perhaps the studies focused on leishmaniasis treatment have obtained
higher attention.

Leishmaniasis is a common zoonosis and it is considered one of the six most
important diseases in public health. The genus Leishmania is a protozoan parasite
transmitted by the bite of a sand fly from subfamily Phlebotominae. Cutaneous
leishmaniasis is the most common form and there is no standard treatment yet [2].
The life cycle of the parasite encompasses two different forms: the promastigote,
which is found in the vector and is implicated in transmission, and the amastigote,
the intracellular form encountered in mammalian cells.

Different species of Leishmania are known to produce disease in mammals, and
each species has particular biochemical and molecular characteristics that deter-
mine its taxonomy and virulence. PDT has showed to be equally effective to inacti-
vate L. amazonensis, L. braziliensis, L. major, and L. tropica in vitro. However,
different PS and distinct light sources are reported.

It is important to notice that zinc phthalocyanines (PcZn) showed different pho-
todynamic actions for uninfected macrophages versus parasite-infected macro-
phage. Uninfected cells were more susceptible to PDT than infected cells [30].
Apparently, macrophage photosensitivity did not impair wound recovery. In fact,
significant results were found in patients who received weekly PDT mediated by
10 % ALA preparation and red light with a wavelength of 633 nm (100 J/cm?). A red
light dose of 75 J/cm? performed for 12 weeks also showed good result. PDT showed
to be more effective than topical paromomycin and methylbenzethonium chloride in
the therapy of cutaneous leishmaniasis [3].

More recent works have showed that PDT associated with pentavalent antimo-
nial exhibited faster wound repair [31]) and daylight-activated PDT was effective to
treat cutaneous leishmaniasis [32].

Although the first PDT studies on leishmaniasis were performed in humans,
some animals, including dogs and cats, are important reservoirs and may develop
the disease. In this context, leishmaniasis has a special attention due to clinical
importance in companion animals. Thus, veterinary medicine studies focused on the
treatment of animals gain a special meaning, not only for epidemiological control of
the disease but also to clinical outcomes in veterinarian patients.

11.6 PDT and Biofilms

Biofilm is characterized by a complex microbial community of cells embedded in
an extracellular matrix of polysaccharide. When the cells are organized in biofilms,
they have distinct phenotypic properties resulting in less MO susceptibility than in
the planktonic phase [33, 34].

Studies reported that microorganisms organized in biofilms are also less susceptible
to photodynamic procedure compared with planktonic phase. The lower susceptibility
of microbial biofilms to PDT is probably due to heterogeneity of the biofilm, reduced
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growth rate of cells inside the biofilm, differences in gene expression, and limited pen-
etration of antimicrobial agents across the extracellular matrix material [34].

One study with Candida albicans by Sousa et al. states that the main difference
between a suspension of Candida and biofilm is the extracellular matrix that pro-
vides structural and biochemical support to the surrounding cells, along with a pro-
tective wall [35]. This extra protection is anionic; thus, the MB (which is cationic)
concentrates within the extracellular matrix — not in or close to the Candida cells.
This phenomenon reduces the amount of MB available near the cells, therefore
decreasing the efficiency of the PDT. Since the diffusion of the MB throughout the
extracellular matrix is slowed, the time of PS in contact to the yeast only allowed the
MB to reach cells closer to the outer wall of the extracellular matrix, while the inner
cells are well protected against the photoinactivation. Thus, these cells remain via-
ble regardless of the irradiation time. In another study, Rossoni et al. found differ-
ences in hydrophobicity between two different serotypes of Candida albicans,
which could explain differences in sensitivities [34].

Protocol and light-photosensitizer parameters are critical to implement PDT as a
predicted treatment on clinical environment. In a biofilm this is especially important
because the extracellular matrix compromises — if not completely depletes — the
diffusion of the drug. Thus, despite the efficiency in generating reactive oxygen spe-
cies, the effect of photosensitizers is null if the molecules are far from the cells [35].

Sousa et al. demonstrated that MB-mediated PDT reduced Candida biofilm by
approximately 96 % after 10 min of irradiation [35]. Rossoni et al. reported that
MB-mediated PDT with red laser radiation exerted a fungicidal effect on biofilms
of C. albicans serotypes A and B and that serotype B was more sensitive than sero-
type A [34]. In addition, serotype B was also sensitive to laser application alone.
Farias et al. showed that PDT inhibited insoluble extracellular polysaccharides in
biofilm of Streptococcus mutans through loss of bacterial viability [33].

All those studies indicate PDT as a promising tool against MO biofilms, since
adequate parameters are attended.

11.7 Basic Studies in Veterinary Medicine

The first in vitro studies for MO inactivation were carried out between the 1990s
and the early 2000s, when researchers investigated the potential of PDT to inacti-
vate pathogens from blood, semen, and embryos.

Carpenter and Kraus investigated the effect of hypericin associated with fluores-
cent bulbs to control Equine infectious anemia virus in vitro [36]. The authors dem-
onstrated that the action of hypericin was dependent on light. Short periods of
photosensitivity resulted in a partial loss of reverse transcriptase activity and com-
plete inhibition of viral infectivity. Authors concluded that the photodynamic effect
of hypericin interferes in more than one stage in the virus replication cycle.

Bielanski et al. investigated hematoporphyrin (HP), hematoporphyrin derivative
(HPD), and thiopyronine (TP) as photosensitizers activated by a He-Ne red laser (HP,
HPD), white microscope light (HP, HPD), or yellow-green microscope light (TP) [37].
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Experiments were conducted with appropriate controls to determine the effect of the
PS to inactivate bovine herpesvirus 1 (BHV-1) and bovine viral diarrhea virus
(BVDV), to disinfect day-7 zona pellucida-intact bovine embryos that had been
exposed to BHV-1 or BVDV, and on the in vitro development of embryos. Exposure
to HP, HPD, and TP followed by light irradiation inactivated BHV-1 and
BVDV. Embryos exposed to BHV-1 were disinfected by HP or HPD in combination
with the He-Ne laser or by HP or HPD in combination with white light. Embryos
exposed to BVDV were disinfected by HPD followed by He-Ne or white light irradia-
tion. Exposure of embryos to light alone or to light and HP or HPD had no detrimental
effect on their in vitro development. However, exposure of embryos to TP followed by
irradiation caused embryonic degeneration. Authors concluded that exposure of
embryos to HP/HPD followed by irradiation with He-Ne laser or white light is a quick,
simple, and effective method for disinfection of embryos carrying BHV-1 or BVDV.

Following that study, Eaglesome et al. investigated the association of photosensi-
tizers (HP, HPD, and TP) and light sources (red laser, white light, and yellow-green
light) for inactivation of pathogenic MO in culture medium and in bovine semen [38].
Bovine microbial pathogens were suspended in tissue culture medium and/or PBS and
also added to bovine semen. Then, they were exposed to the PS followed by irradia-
tion. HP, HPD, and TP were effective against BHV-1, BVDV, Mycoplasma bovigeni-
talium, Mycoplasma canadense, and Ureaplasma diversum in culture media. In
addition, TP was effective against Leptospira pomona. Similar treatments were not
effective against Leptospira hardjo, Mycoplasma bovis, or Campylobacter fetus
subsp, venerealis. When MO were added to bovine semen, only BHV-1 was con-
trolled by the PS at concentrations that did not appear harmful to sperm cells.

In another study, Washburn et al. observed the effects of illumination on the viru-
cidal properties of MB followed by exposure to white fluorescent lamps to inacti-
vate the Caprine arthritis-encephalitis virus in translucent medium as well as
colostrum [39]. Although the viral model used was BVDYV, the authors concluded
than 60 min of treatment significantly reduced virus levels in samples containing
0.01 pM MB compared to treatment without light. Moreover, the immunoglobulin
concentrations were not adversely affected. The authors concluded that PDT seems
feasible to treat the colostrum of goats.

Another application of PDT in veterinary attempted to eliminate the Feline leu-
kemia virus (FeLV) with benzoporphyrin derivative monoacid ring A (BPD-MA)
and red light. Although this in vitro study has used blood from experimentally
infected cats, there was selective photoinactivation of infected cells and disappear-
ance of the virus. In that study, the authors demonstrated that T cells infected in
culture were slightly more sensitive to PDT than uninfected cells, indicating new
possibilities to inactivate retroviruses [40].

An interesting study that deserves special attention by veterinary dermatology
was conducted by Wardlaw et al. [41]. Those authors evaluated the effects of PDT
in vitro against Staphylococcus intermedius, Pseudomonas aeruginosa,
Streptococcus canis, and Escherichia coli, bacteria commonly found in skin infec-
tions. ALA diluted in 0.9% saline was placed in bacterial cultures to induce
protoporphyrin IX (PpIX) production, and MO were irradiated with incoherent light
source (wavelength of 635 nm with an irradiance of 15 mW/cm? and different
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dosages depending on exposure time). The results showed that control groups (no
light and no ALA, light alone, ALA alone) did not significantly alter bacterial sur-
vival at 1, 2, 3, 4, or 6 h of exposure. Compared with the controls, there was a sig-
nificant decrease in bacterial survival after PDT for all MO excluding E. coli.

Recently, Pires et al. demonstrated the PDT effectiveness in vitro and in vivo for
Pythium insidiosum inactivation [42]. For in vitro studies, two photosensitizers were
evaluated: Photogem® and chlorine. Amphotericin B was also evaluated, and the
control group was treated with sterile saline solution. For in vivo studies, six rabbits
were inoculated with 20,000 zoospores of P. insidiosum, and an area of 1 cm? was
treated using the same PSs. The irradiation was performed using a laser emitting at
660 nm and a radiant exposure of 200 Jcm?. Rabbits were clinically evaluated daily
and histopathological analysis was performed 72 h after PDT. For in vitro assays,
PDT showed inhibition rates from 60 to 100 %. Photogem® and chlorine showed
better results in comparison to amphotericin B. For the in vivo assays, histological
analysis of lesions showed a lack of infection up to 1 cm in depth.

That study incited the development of new studies involving P. insidiosum. Pires
et al. investigated in vitro PDT response on the growing of P. insidiosum culture
using other PSs: MB, Photogem®, and Photodithazine® [43]. The photosensitizer
distribution in cell structures and the PDT response for incubation times of 30, 60,
and 120 min were evaluated. MB did not spread through the cell and, consequently,
there was no PDT response. Photogem® showed heterogenous distribution in the
hyphal structure with small concentration inside the cells, and dead and live cells
were observed in the treated culture. After 48 h, hyphal regrowth was observed.
Photodithazine® showed more homogenous distribution inside the cell with spe-
cific intracellular localization dependent on the incubation time. Photodithazine®
first accumulates in intracellular vacuoles, and at incubation times of 1 h, it is
located at all cell membrane. An inhibition over 98 % of the growing rates was
achieved with Photodithazine-mediated PDT. The authors concluded that the PSs
that cross more efficiently the P. insidiosum membranes are able to cause extensive
damage to the organism under irradiation and therefore are the best options for
clinical treatment. Despite the good results obtained against P. insidiosum, no clini-
cal studies of PDT in equines were described until now.

Nascimento and collaborators tested PDT using a red light-emitting diode (LED)
and MB against four resistant MO isolated from bumblefoot: Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa, and Proteus mirabilis [44].
Their findings showed effective bacterial reduction for P. aeruginosa, P. mirabilis,
and S. aureus depending on irradiation time. Under tested parameters in that study,
PDT was not able to efficiently inactivate E. coli.

In addition, the use of PDT should be highlighted to control bovine mastitis,
given the importance of this disease in the production of milk and concern about the
use of antibiotics. We investigated the ability of PDT in vitro to inactivate pathogens
associated with infectious bovine mastitis [45]. Antibiotic-resistant strains, isolated
from bovine mastitis as Staphylococcus aureus, Streptococcus agalactiae,
Streptococcus dysgalactiae, Corynebacterium bovis, and the algae Prototheca zop-
fii, were tested. Nine experimental groups were evaluated: control without any treat-
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ment, light only (a red LED (1=662 nm) for 180 s), PS only (50 uM MB for 5 min),
and PDT for 5, 10, 30, 60, 120, and 180 s. S. dysgalactiae, S. aureus, and C. bovis
were inactivated after 30 s of irradiation, whereas S. agalactiae was inactivated after
120 s and P. zopfii at 180 s of irradiation. Although the results are limited to labora-
tory experiments, PDT deserves further investigation for this purpose, especially in
chronic infections or unresponsive, as in the case of P. zopfii. A proper tool of light
delivery should be developed to illuminate all structures involved, since the MO
might be distributed throughout the entire mammary gland (Fig. 11.1).

Despite the lack of standardization regarding light parameters, PS and MO, the
basic studies reported in this chapter encourage the use of PDT in clinical practice.
As you will see in the next chapter, PDT could be an adjuvant or alternative approach
to infectious diseases of difficult treatment.

Fig. 11.1 Bovine teat
under irradiation.

(a) Use of an optical fiber
in the teat canal to access
the mammary gland and
(b) PDT procedure. Note
the teat completely
illuminated but not the
entire mammary gland
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Chapter 12
Clinical Applications of Antimicrobial PDT

Fabio Parra Sellera, Cristiane Lassalvia Nascimento,
and Martha Simoes Ribeiro

Abstract Antimicrobial photodynamic therapy (PDT) is a noninvasive, pain-
less, and safe procedure that can be used on a wide range of diseases in clinical
practice. Dermatology for dogs and cats is emerging as one of the main areas of
interest for the application of this therapeutic approach; however, despite being a
promising technique to treat various dermatological diseases, researchers and
clinicians have made little use of this powerful tool. The farm animals’ medicine
has evolved over the past few years, and the growing demand of consumers look-
ing for absence of residues in animal products becomes essential in the search for
alternatives to conventional treatments. Although the bulk of researches on PDT
in veterinary medicine are to treat domestic animals, there is a great appeal for
its clinical application in exotic, zoo, and wildlife medicine. In this chapter, we
describe potential applications of PDT in veterinary clinical practice.

12.1 Introduction

As mentioned in previous chapters, there are many reasons to use photodynamic ther-
apy (PDT) on veterinary clinical practice, and there is a vast field to be explored. The
main argument still is to avoid unnecessary use of antibiotics for animal protection
and, most of all, for humans. In fact, to prevent residues in animal products is a
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growing demand from consumers, but we also should think about other sources of
resistant microorganisms (MO) as the intimate contact with companion animals or
exotic pets.

At the same way, veterinarians working in zoos or rehabilitation centers of
wild animals must be mindful not to introduce resistant pathogens among immu-
nologically not challenged wildlife. Antimicrobial PDT is a noninvasive, painless,
and safe approach that can be used on a wide range of diseases in clinical
practice.

12.2 Companion Animals

Dermatology for dogs and cats is emerging as one of the main areas of interest for
application of antimicrobial PDT. However, despite being a promising technique to
treat various dermatological diseases, researchers and clinicians have made little
use of this powerful approach.

A study by Fabris et al. [1] investigated the effects of PDT on pyodermitis in
dogs. Dogs that had lesions no longer susceptible to antibiotic-based therapies were
included in the study. In all cases, the photosensitizer (PS) was topically applied on
the lesions using a porphyrin-based gel formulation. After 30-60 min, the lesion
was irradiated at an irradiance of 180 mW/cm? for up to 30 min, depending on the
lesion severity. The results obtained showed that there was no significant diffusion
of the PS outside where the lesion took place. In addition, free-PS areas that received
irradiation were not damaged. The response of lesions to PDT concomitantly
occurred with the wound healing and microbial reduction. Unfortunately, the
authors described only a few details about the photosensitizer and light parameters,
making difficult the repeatability of the experiment.

Another interesting approach for PDT is the treatment of infected wounds using
methylene blue (MB), due to low cytotoxicity of the PS to host cells and broad
action spectrum against several pathogenic strains. Figure 12.1 shows a dog that
was hit and presented necrotic tissue and secondary infection. We used 0.01 % MB
applied topically, pre-irradiation time (PIT) of 5 min, red laser irradiation at
A=660 nm, P=100 mW, E=8 J/point, and At = 80 s/point, throughout the lesion
once a week. Observe that after 2 weeks, the wound is re-epithelizing and with
granulation tissue formation (Fig. 12.1).

Figure 12.2 illustrates another case of PDT on infected traumatic wound of
unknown cause. PDT protocol was maintained the same as abovementioned, but a
single PDT was performed. The absence of necrosis and granulation tissue forma-
tion can be noticed.

PDT is well documented for the treatment of dental diseases, including clinical
trials. Oral infections described in humans are commonly seen in animals. Although
few studies of PDT for veterinary dentistry have been described, there is an interest-
ing prospect for clinical application.
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Fig. 12.1 Evolution of run-over case in a puppy treated by PDT. (a) Extensive wound, with the
presence of necrosis and secondary infection. (b) PDT procedure. (¢) Aspect of the lesion after
1 week. (d) Aspect of the lesion after 2 weeks. Note the absence of infection after 1 week and good
reepithelialization and granulation tissue formation after 2 weeks



172

Fig. 12.2 Image of
infected wound in a cat
treated by PDT (a—c).

(a) Initial aspect of the
lesion, presenting exudate,
necrosed skin flap, and
inflammation signs.

(b) PDT procedure. (c)
Aspect of the lesion after
3 days. The necrosed skin
flap was spontaneously
detached from tissue
beside inflammation
reduction and granulation
tissue formation

F.P. Sellera et al.

Hayek et al. [2] compared the effects of PDT and conventional technique on micro-
bial reduction in ligature-induced peri-implantitis in dogs. For this study, 18 third pre-
molars from nine Labrador retriever dogs were extracted and the implants were
submerged. After osseointegration, peri-implantitis was induced. Four months later,
ligature was removed and natural bacterial plaque was allowed to form for further
4 months. In the conventional group, mucoperiosteal flaps were used for scaling the
implant surface and chlorhexidine irrigation. In the PDT group, only mucoperiosteal
scaling was carried out before PDT. Inside the peri-implant pocket, the paste-based azu-
lene PS was placed, and then a red laser (1=660 nm, E=7.2 J for 3 min) was used. The
results showed that Prevotella spp., Fusobacterium spp., and Streptococcus beta-hae-
molyticus were significantly reduced for both groups. The authors concluded that PDT
is a noninvasive approach that could be used to reduce MO in peri-implantitis (Fig. 12.3).
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Fig. 12.3 Conventional treatment (a—c) and PDT (d-f) for induced peri-implantitis in dogs. (a)
Elevation of mucoperiosteal flaps using a scalpel. (b) Irrigation with 0.12 % chlorhexidine solution
after removal of peri-inflammatory granulation tissue. (¢) Peri-implant tissue after the suture. (d)
Mechanical implant surface debridement using a curette. (e) Azulene (AZ) photosensitizer (0.01 %
w/w) was applied with a thin needle and left in site for 5 min. (f) Transmucosal illumination using
ared laser



174 F.P. Sellera et al.

Our group also investigated a clinical protocol using PDT for the treatment of
canine oral papillomatosis. It is a common disease in small animals caused by
Papillomavirus, resulting in tumorous lesions in the oral cavity of dogs. Different
therapeutic methods have been reported, but treatment remains an open question.

We treated a mixed breed adult canine with multiple verrucous oral lesions com-
patible with canine oral papillomatosis. Major lesions in the buccal mucosa, exclud-
ing the tongue lesions, were inoculated with an aqueous MB solution (300 pM)
under general anesthesia, and after 5 min, the lesions were irradiated with a red
diode laser (A=660 nm) for 3 min (40 mW, 0.4 J per point, 10 J/cm?). After 15 days,
a second PDT session was performed. In this time, the irradiated lesions were sig-
nificantly smaller and we included the tongue lesions, which received the same
protocol as the buccal lesions. A complete reduction in the buccal and tongue lesions
was observed 15 days after the second application. Thus, PDT may be a new option
for the treatment of canine oral papillomatosis [3] (Fig. 12.4).

12.3 Farm Animals

The farm animals’ medicine, not unlike other areas, has evolved over the past few
years. New technologies have been used for diagnosis and treatment of diseases in
order to increase performance of these animals, for either leisure, sport, or produc-
tion. Diseases of microbiological origin are among the main concerns. Many patho-
gens have zoonotic potential resulting in public health problems. Moreover, the
growing demand of consumers looking for absence of residues in animal products
becomes essential in the search for alternatives to conventional treatments.

Some PDT studies in the 1970s and 1980s against different insects, including
house flies [4], motivated one of the first veterinary antimicrobial PDT studies
known, which was conducted by Hawkins et al. [5]. These authors investigated the
effect of erythrosin B and visible light to inactivate third stage larvae (L3) of gastro-
intestinal nematodes in naturally infected bovines to control larvae on pasture and
prevent/reduce reinfection. In this study, cattle were treated orally with erythrosin B
at dosages of 30 and 40 mg/kg/day for as many as 17 days and fecal samples from
treated and untreated animals were collected per rectum daily and parasite eggs per
gram of feces were counted for each animal using flotation procedure. The cultures
were stored at dark until L3 had developed and, after that, were exposed to sunlight
or artificial fluorescent light. The authors concluded that both sunlight and artificial
fluorescent light were toxic to larvae after erythrosin B administration [5].

In a subsequent study, Hawkins et al. [6] developed another clinical assay to
determine the oral dose of erythrosin B (20, 40, and 60 mg/kg/day), exposure time
of infective larvae to light, and exposure time of larvae to the dye in culture. The
results showed that both 60 and 40 mg/kg/day treatments produced a significant
effect after 2 h of light exposure. The 20 mg/kg/day caused a significant effect after
4 h in the 30-day culture group and after 5 h in all culture groups. Furthermore, no-
swimming larvae reached 97 % after 6 h of exposure to fluorescent light, approxi-
mately one-tenth of direct sunlight intensity. The authors concluded that toxic
effects were strictly related to erythrosin B dosage and time of light exposure.
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Fig. 12.4 Evolution of canine oral papillomatosis case treated by PDT. (a) A mixed breed adult
dog presenting multiple verrucous lesions in the tongue and oral cavity. (b) Methylene blue was
intralesionally applied after general anesthesia. (¢) After 5 min, the lesions were irradiated with a
red laser perpendicular to the lesion. (d, e) Complete reduction of buccal and tongue lesions after
30 days (two PDT treatments) (Copyright image International Journal of Science Commerce and
Humanities)
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Six years later, Healey et al. [7] made three experiments to investigate the photo-
toxicity of erythrosin B: (1) against L3 gastrointestinal nematodes in naturally
infected ovine, (2) its persistence after oral administration, and (3) when added
directly to feces.

Oral administration of 0, 40, 60, and 80 mg/kg/day for 10 consecutive days to the
larvae, exposed to fluorescent light for 6 h, resulted in significant mortality, with a
dose-dependent response, i.e., increased doses promoted higher mortality rates,
with 16 %, 46 %, 55 %, and 62 %, respectively. The length of time that erythrosin B
phototoxicity persisted was evaluated during 10 days of oral administration (80 mg/
kg/day) and after 21 consecutive days of its interruption. Feces were collected and
irradiated by the same light bulb and time. The L3 killing rates were significantly
higher during the oral administration period, to a maximum of 76 % by day 10, but
no effect was observed within 2 days after its discontinuation [7].

Feces with nematode ova that had directly received different concentrations of
erythrosin B (125, 250, 500, 750, 1000, and 3000 mg/dye/kg feces) and exposed to
fluorescent light for 6 h showed a dose-response curve, with higher mortalities
based on the higher concentrations of dye. The lowest significant dosage was
250 mg/dye/kg feces, with 33 % of mortality rate to a maximum of 80 % at 3000 mg/
dye/kg feces. The authors also emphasized that phototoxicity would be enhanced by
using sunlight instead of a fluorescent light since it has only 10 % of sunlight inten-
sity [7].

PDT clinical assays to treat farm animal’s infections had its cycle interrupted
in the 1990s and just returned in this last decade, over two decades after Healey’s
study [7].

In a study developed by our team, six male Holstein calves, aged between 4 and
5 months, were submitted to the technique of dehorning by cauterization. At the end
of the procedure, all animals received a single application of PDT in the lesion of
the right side, while lesions in the left side were daily treated with topic zinc oxide
ointment (20 %). PDT was made with the MB (aqueous solution, 60 pM) topically
applied on the lesions. After a pre-irradiation time (PIT) of 5 min, lesions were
irradiated with a diode 660 nm red laser with an energy density equal to 180 J/cm?
per point distributed in five points in each lesion. Fifteen days after dehorning, the
lesions treated with PDT were cured although the ones treated daily with ointment
were not completely healed and still showed signs of local inflammation [8]
(Fig. 12.5).

Likewise, skin infections caused by multiresistant bacteria are susceptible to
PDT treatment. We used PDT (MB and 660 nm red laser) for abscess in the left
forelimb of one sheep infected by multidrug-resistant Streptococcus spp. previously
treated with antibiotics. MB (0.01 %) was applied topically for 5 min, and the lesion
was irradiated using a red diode laser (4=660 nm, 100 mW), coupled to an optical
fiber during 180 s. The total energy used was 0.4 J per point and the energy density
was 10 J/cm? per point distributed in five equidistant points of 0.02 cm?. After 1 day,
complete healing was achieved with no recurrence observed during the 3-month
follow-up period. These results indicate PDT as a therapeutic option with great
potential for clinical application of multiresistant local infections [9] (Fig. 12.6).
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Fig. 12.5 Treatment of burn wounds after calf dehorning. (a) Lesion in the right side was daily
treated with topic zinc oxide ointment (20 %) and in the left side was treated with PDT. MB was
topically applied for 5 min followed by red laser irradiation. (b) Aspect of the left lesion treated by
PDT after 15 days evidencing crust cover and absence of exudate or secondary infection. (c)
Aspect of the right lesion treated on daily basis with zinc oxide ointment after 15 days. Note
inflammation signs and absence of crust (Copyright image International Journal of Science
Commerce and Humanities)
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Fig. 12.6 Image of a cutaneous abscess in young bovine treated by PDT. (a) The abscess located
on lateral side of the elbow joint was approximately 5 cm in diameter. (b) MB was applied topi-
cally for 5 min. (¢) The lesion was irradiated using a diode red laser coupled with an optical fiber.
(d) After 1 day, the lesion shows absence of inflammation and crust formation
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In another case, a goat had myiasis and extensive tissue loss in the vulva and
perianal region. After removing the larvae, the remaining wound was treated with
PDT and aqueous solution MB (300 pM) followed by irradiation with diode laser
(660 nm, 40 mW, and 0.4 J per point), distributed at points around the lesion. The
complete reepithelialization took 15 days [10] (Fig. 12.7).

PDT to infectious diseases of the hoof and skin in horses and ruminants, respec-
tively, also seems to be a good option (Figs. 12.8 and 12.9).

We treated two bovines with hoof lesions diagnosed as toe ulcer. The proposed
treatment was performed applying MB aqueous solution (300 uM) followed by irra-
diation with red laser at =660 nm and energy of 8 J/point, twice a week until the
complete resolution of the lesion (a total of eight sessions). The proposed therapy
was effective for complete wound healing in an average period of 30 days [11]
(Figs. 12.10 and 12.11).

Other studies reported the use of this technique for quick and effective treatment
for ulcers of the sole and pinch, septic infiltration of the white line, distal interpha-
langeal septic arthritis, interdigital hyperplasia, necrotizing footpad lesions, and
bovine digital dermatitis [12] (Figs. 12.12 and 12.13).

PDT also was successfully applied to treat caseous lymphadenitis abscesses in
sheep. Ten sheep had their abscesses drained surgically and subsequently treated
with MB (60 pM) followed by irradiation with red laser (4=660 nm; energy/point,
4J; power, 100 mW; irradiance/point, 3.3 W/cm?; exposure time/point, 40 s; radiant
exposure/point, 133.3 J/cm?). All treated animals responded to PDT treatment with
one or two treatments. After 1 week, no inflammatory signs and purulent exudate
were observed. There was size reduction of all treated lymph nodes, returning to
their normal sizes after 2 weeks. In this study, the lesions treated with PDT had a
mean healing time of 15.3 days, time shorter than the treatments described in the
literature [9] (Fig. 12.14).

12.4 Exotic, Zoo, and Wildlife Animals

The clinical practice for wild and exotic animals is an important field for veterinar-
ians in search for precise information about health care of this species. The practi-
tioner vet faces the challenge of a broad range of species with different needs
passing through rehabilitation centers or in captivity in zoos and aquariums or even
as an exotic pet.

The importance of conservation effort in counterpart to the human impact on the
natural environment has been widely discussed over the last decades. Some species
successfully adapted to the man, though others have had decreases in their popula-
tions. Thus, conservation programs challenge veterinarians who are facing species
less known compared to domesticated ones.

These species have unique characteristics in terms of their behavior, environment
where they thrive, feeding, and physiology, implying a great defy for professionals
working in this area. New approaches for treatment and preventive care of diseases
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Fig. 12.7 Extensive lesion in the vulva of young goat treated by PDT. (a) Initial lesion evidencing
tissue loss in the vulva and perianal region caused by myiasis. (b) A close of the lesion with abun-
dant MB, which was topically applied in site for 5 min and irradiated with a red laser (A=660 nm).
(c) Aspect of the lesion 7 days post PDT treatment, showing significant reduction of inflammation
and good reepithelialization rate. (d) Aspect of the lesion after 15 days evidencing complete heal-
ing (Copyright image Acta Veterinaria Brasilica)
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Fig. 12.8 (a, b) Infected hoof wound in horse; (¢) PDT procedure performed in two consecutive
days using 0.01 % MB topically applied for 5 min and irradiating with a red laser at =660 nm,
P=100 mW, E=8.0 J/point, and At = 80 s. (d) Complete wound healing after 1 week (Copyright
image Journal of Continuing Education in Animal Science of CRMV-SP)
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Fig. 12.9 (a) Abscess in shoulder region of a bovine. (b) Two PDT procedures in consecutive days
using 0.01 % MB topically applied in site for 5 min and irradiated with a red laser (1=660 nm) for
3 min (P=100 mW, E=4J, fluence = 140 J/cm?). (c) Aspect of the lesion 1 day after first PDT
showing granulation tissue. (d) Aspect of the lesion after 1 week. The lesion is almost closed with-
out inflammation signs
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Fig. 12.10 Successful case of bovine toe ulcer treated by PDT. (a, b) Bovine toe ulcer in outer
claw of left hind limb. (¢, d) Complete wound healing 30 days post PDT (Copyright image
European International Journal of Science and Technology)
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Fig. 12.11 Another case of bovine toe ulcer treated by PDT. (a) Bovine toe ulcer in inner claw of
right hind limb presenting hemorrhage. (b) PDT was performed using MB topically applied in site
for 5 min followed by red laser irradiation. (¢) Partial healing after 21 days. (d) Complete wound
healing after 30 days (eight PDT treatments) (Copyright image European International Journal of
Science and Technology)
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Fig. 12.12 Image showing
an optical fiber coupled to
the laser tip for bovine
hoof abscess treatment.
The optical fiber can
deliver light into deep
lesions as an abscess

are critical to the progress of this work front. Although the bulk of researches on
PDT in veterinary medicine are to treat domestic animals, there is a great appeal for
its clinical application in exotic, zoo, and wildlife medicine.

Some studies conducted by our team describe the application of PDT in the treat-
ment of marine animals in rehabilitation and in captivity. In those studies, we use
PDT for pododermatitis (bumblefoot) in Magellanic penguins (Spheniscus magel-
lanicus). Bumblefoot is an ischemic injury similar to bedsore due to changes in the
pattern of swimming of penguins in captivity, since they spend more time standing
compromising the vascularization of the footpad, which allows MO to damage the
dermis leading to erosion and ulcer formation [13].

At the first study, five Magellanic penguins (S. magellanicus) exhibiting Class I11
stage pododermatitis were treated with surgical excision on the necrotic fibrinous
exudates [14]. At the remaining lesion, MB was applied (aqueous solution at a con-
centration of 300 pM), and after 5 min in the dark to allow MB uptake by the MO,
the lesion was irradiated using a red laser emitting 100 mW at 660 nm, distributed
in five equidistant points of 0.02 cm? that received 140 J/cm? each. The healing time
varied according to the size of the wound. The average treatment time was approxi-
mately 8 weeks, and all five penguins presented a total lesion regression with no
relapses during 6 months of follow-up (Fig. 12.15).

In another study, we compare outcomes in a group of captive Spheniscus magel-
lanicus with bumblefoot lesions treated with PDT and antibiotics (ATB) [15]. Ten
captive Magellanic penguins with preexisting stage III bumblefoot lesions were
selected and randomly divided into PDT and ATB groups, each including 11 pelvic
limb lesions. All animals underwent surgical debridement of lesions. In the ATB
group, antibiotic ointment was applied topically three times a week, and systemic
antibiotic and anti-inflammatory drugs were administered daily. In the PDT group,
photodynamic therapy was applied three times a week without the use of topical or
systemic medication using a red laser at =660 nm power of 100 mW during 40 s
applied at 1 cm equidistant points as many as necessary to cover the injury and
delivering an energy of 4 J/point. Lesion areas were photographed, and swabs were
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Fig. 12.13 Bovine digital dermatitis treated by PDT. (a) Classical ulcerative bovine digital derma-
titis lesion. (b) PDT was performed every 15 days with 0.01 % MB in site for 5 min and irradiation
using a cluster of red LEDs (1=655 nm, P=105 mW, E=121]). (¢) Complete wound healing after
30 days (two treatments)
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Fig. 12.14 Caseous
lymphadenitis abscess in
mandibular lymph node
treated by PDT. (a) Aspect
of the lesion after surgical
drainage. (b) Wound
healing after 3 days from
PDT session. Note the
reduction of inflammation
and lesion area

collected for culture and sensitivity, on the first day and every 14 days for a total of
84 days. The culture test showed 11 bacterial species that varied along the time. The
four species of bacteria that showed higher resistance to the antibiotics were selected
to determine resistance to PDT in vitro. Comparing the healing rates between the
groups, there was a significant difference for PDT with 63.64 % of healed lesions
compared with 9.09 % for ATB group. Regarding the duration of treatment until
complete healing, there was a significant difference between groups. The PDT
group showed a variation between 28 and 70 days, the average being 42 days. In the
ATB group, the only lesion healed took 70 days to complete healing.

The main challenge in the treatment of bumblefoot is the constant contamination
and compression of the injury accentuating the ischemic process. Penguins do not
perch, so they are constantly in contact with feces and urine, and it is very difficult
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[N

Fig. 12.15 (a) Stage III footpad dermatitis (bumblefoot) in left hind limb in Magellanic penguin
(Spheniscus magellanicus). (b) MB applied after surgical debridement and left in site for 5 min. (¢)
Irradiation using a red laser in five equidistant points. (d) Complete wound healing after 15 days
(two PDT sessions)
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to avoid recontamination of wounds even if environmental hygiene is constantly
maintained. PDT can be applied directly to the infected area, selectively destroying
a large number of MO without causing tissue destruction. One of the advantages of
PDT over antibiotics, which depend on bioavailability and effectiveness against
bacterial contaminants at the time, is its broad-spectrum and localized action of
PDT. Thus, PDT is appropriate for bumblefoot treatment because it does not develop
resistance, and topical application obviates concerns about bioavailability.

Other avian species are prone to develop bumblefoot, such as birds of prey and
waterfowls [16-19]. The PDT approach is a promising field of study for the treat-
ment of these bedsore-like lesions.

Our team also tested the PDT to disinfect fracture sites in the carapace of sea
turtles in rehabilitation. The dermis of these animals is ossified and the epidermis is
modified in corneal tissue [20]. The shell is a natural barrier of the organism, which
isolates the internal components of the external environment [21]. When this barrier
is partially or totally destroyed, the animal survival may be compromised.

One green turtle was being treated for 6 months with antibiotic ointments on a
fracture located on the third, fourth, and fifth vertebral shields and the other two in
the fourth right costal shield and eleventh marginal right shield. The bones were not
fractured. The fractured areas began to be treated exclusively with PDT (MB aqueous
solution concentration of 60 pM, red laser at =660 nm with 100 mW of power with
an energy density of 180 J/cm? per point). Treatments were performed with an inter-
val of one application per week until complete regression of the lesion. The wound
healing and keratinization were obtained after four treatments (28 days) (Fig. 12.16).

Overall, we believe that wild animals with infected wounds are suitable for treat-
ment by PDT. We have observed in clinical practice good results also in species
such as vulture (Coragyps atratus) (Fig. 12.17), bush dog (Speothos venaticus)
(Fig. 12.18), golden-headed lion tamarin (Leontopithecus chrysomelas), and other
primates of the genus Callithrix (Fig. 12.19).

The wild animal medicine seems to open a huge range for developing research
involving PDT, because little is known about the different species, metabolism, dis-
eases, and their treatments. About 10 years ago, Lucroy raised the possibility of
applying PDT on the treatment of ulcerative infectious stomatitis in reptiles [22].

Stomatitis mainly occurs in immunosuppressed animals due to stress during the
captive adaptation period. Immunosuppression causes the exchange of oral micro-
biota of bacteria gram-positive to gram-negative. Common symptoms of stomatitis
are inappetence, regurgitation, petechiae, excessive production of saliva, and accu-
mulation of caseous materials along the dental arcade. If not treated, stomatitis
could lead to pneumonia, osteomyelitis, or septicemia. Generally, the administra-
tion of broad-spectrum antibiotic is the best choice, often for a long period; how-
ever, its use does not guarantee treatment success [23, 24].

We investigate PDT to treat three captive boid snakes with infectious stomatitis.
Mix infections were diagnosed by microbiological test. To perform PDT, the snakes
were kept open mouth with an anatomical tweezer, and caseous material was removed
followed by application of 1 mL of MB dye (0.01 %) direct to the lesions. After 5 min
of PIT, we irradiated the lesions with a red laser emitting at =660 nm, 100 mW of
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Fig. 12.16 Image of infected fracture in the carapace of green turtle (Chelonia mydas) treated by
PDT. (a, b) Initial fracture aspect located on third, fourth, and fifth vertebral shields, fourth costal
shield, and 11th marginal shield showing exudate and tissue necrosis. (¢) MB was applied using a
syringe and left in site for 5 min followed by red laser illumination. (d) Aspect of the lesion after
7 days (one PDT session) evidencing absence of infection and reduction of fractured area. (e)
Aspect of the lesion after 15 days (two PDT sessions); the fracture is almost consolidated without
inflammation signs
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Fig. 12.17 PDT procedure
on infected wound in
vulture wing (Coragyps
atratus) using a cluster of
red LEDs. LED devices are
useful for extensive lesions

Fig. 12.18 An infected
burn wound in a bush dog
(Speothos venaticus)
treated by PDT. (a) Initial
aspect of lesion presenting
extensive tissue loss,
inflammation, and
necrosis. (b) PDT with
0.01% MB in gel
formulation in site for

5 min and irradiation using
a cluster of red LEDs
(A=655 nm, P=105 mW,
8 J/point). (c) After 7 days
(one PDT session), the
lesion shows absence of
necrosis, good
reepithelialization, and
granulation tissue
formation
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Fig. 12.19 Image of a self-inflicted wound in a golden-headed lion tamarin (Leontopithecus
chrysomelas) treated by PDT. (a) Aspect of the lesion covered with 0.01 % MB gel-formulated. (b)
Irradiation procedure using a cluster of red LEDs (P=105 mW, 4=655 nm, 8 J/point). (¢, d)
Aspect of the lesion after 3 and 7 days, respectively. Note the absence of infection and good reepi-
thelialization rates in a short time
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Fig. 12.20 PDT to treat
infectious stomatitis in a
boid snake (Boa
constrictor). (a) Classical
stomatitis lesion.

(b) Irradiation procedure
after MB topically
applied. It is possible to
keep snakes” mouth open
with anatomical tweezers
to perform laser irradiation

output power and irradiance of 3.5 W/cm?, 80 s per point delivering a radiant expo-
sure of 280 J/cm?, and energy of 8 J. PDT proved to be an interesting alternative for
infectious stomatitis in snakes avoiding antibiotics for long periods (Fig. 12.20).

Sea turtle fibropapillomatosis is a disease marked by proliferation of benign but
debilitating cutaneous fibropapillomas and occasional visceral fibromas. Lackovich
et al. concluded that a chelonian herpesvirus is regularly associated with fibropapil-
lomatosis. It is not merely an incidental finding in affected turtles; it also was con-
cluded that herpesvirus was detectable only within or close to tumors [25].

Our team got success using PDT in five green turtles (Chelonia mydas) with multi-
ple fibropapillomatosis tumors [26]. The lesions were treated by two PDT applications
within a 15-day interval. PDT consisted of two injections of 0.5 mL intralesional
300 uM MB in the base of all tumors, followed by 5 min of PIT and then a red laser
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operating at 100 mW of output power, A=660 nm, and 160 s/point (energy of 16 J and
energy density of 560 J/cm? per point) was used. After 7 days, all lesions were dark blue
in color and swollen with firm consistency, followed by a soft consistency in the next
7 days with classical macroscopic characteristics of tissue necrosis. During the suc-
ceeding 14 days, lesions showed partial loss of adherence to the skin, became partially
or totally detached from the skin, and were easily removed using tweezers (Fig. 12.21).

This chapter addressed successful cases of antimicrobial PDT in veterinary med-
icine. We hope to encourage veterinarians to new clinical studies to promote PDT as
a feasible approach to manage infectious diseases with a good compliance by the
animals.

Fig. 12.21 Fibropapillomatosis in green turtle (Chelonia mydas) treated by PDT. (a) Aspect of
one tumor before treatment. (b) Tumor was treated by two PDT using 0.5 mL MB intralesional
around the base of the tumor and irradiation with a red laser. (¢) Aspect of the tumor after 1 week.
Observe that tumor is swollen due to intense inflammatory process. (d, e) Tumor after 2 and
3 weeks from first PDT. Note that the tumor shows macroscopic aspects of necrosis
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Fig. 12.21 (continued)
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Chapter 13
Other Practices in PDT

Fabio Parra Sellera, Fabio Celidonio Pogliani, and Caetano Padial Sabino

Abstract In addition to clinical PDT applications regarding antimicrobial and antineo-
plastic activity, photodynamic reactions have also been used in several other practices
such as for fish tank decontamination, water treatment, antiangiogenic therapy for age-
related macular degeneration, decontamination of surfaces, and even inactivation of
pathogens for blood transfusion. Nowadays, not all potentials of photodynamic reac-
tions are commercially available yet, but they definitely deserve to be highlighted in this
chapter as alternative applications of photodynamic reactions in veterinary medicine.

13.1 Introduction

In the previous chapters, we addressed the major uses applications of photodynamic
therapy (PDT), i.e., for cancer and infections. However, PDT has been used in many
other practices such as to kill fish parasites, water disinfection, age-related macular
degeneration, surface decontamination, atherosclerosis, and pathogen eradication
of blood for transfusion. Below we discuss some alternatives to use PDT in
Veterinary sciences.
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13.2 Vascular Shutdown for Ophthalmology

The macula of retina is a highly complex region that concentrates large amounts of
light-sensitive cells responsible for our high-definition central vision. Choroid is the
macular layer where blood vessels permeate to supply nutrients and oxygen for all
adjacent layers. Choroidal neovascularization (CNV) is the leading cause of blind-
ness in adult humans and can occur as a consequence of pathologic myopia, chronic
inflammation, and trauma but is most commonly associated with age-related macu-
lar degeneration (AMD). It is currently believed that a number of factors may be
associated with the etiology of AMD. Fair-skinned individuals with blue or green
eyes seem to be more susceptible. In addition, other factors such as excessive expo-
sure to sunlight, smoking, and high-fat diet can also contribute to its higher inci-
dence. As a common consequence, lipid deposits (drusen) build up in the cells of the
retinal-pigmented epithelium causing chronic inflammation that eventually leads to
atrophy and scarring of the retina. About 90 % of affected patients have a less severe
form referred to as dry or non-exudative. The exudative, or wet, AMD is primarily
responsible for the rapid devastation of central visual associated with macular
degeneration [1]. This is the most severe form characterized by the development of
abnormal blood vessels in the macula. These vessels are often leaky and bleed caus-
ing macular edema due to consequent inflammation. The macular edema causes
local hypoxia and induces proliferation of further abnormal blood vessels stimu-
lated by vascular endothelial growth factor (VEGF). Intravitreous administration of
anti- VEGF monoclonal antibodies can be effective against the less aggressive CNV
disorders. However, immunotherapy is less effective against more severe disorders,
such as those involving formation of polyps or malignant lesions [1].

In recent decades, PDT has become a robust ally to selectively destroy functional
blood vessels in diseases involving neovascularization (e.g., tumor and retinal angio-
genesis) [2]. In fact, the most financially successful application of PDT was dedi-
cated to the treatment of CNV disorders. The standard FDA-approved protocol
employs benzoporphyrin derivatives (verteporfin) encaged in liposomes as photosen-
sitizer [3]. After intravenous injection, the PS-loaded liposomes bind to low-density
lipoproteins (LDL) as it is transported through the blood stream. The pathologic
endothelial cells of CNV express up to tenfold increase in LDL-receptors and, there-
fore, uptake much greater amounts of LDL loaded with photosensitizers than healthy
endothelial cells. When photosensitized endothelial cells are illuminated using a
low-power laser, reactive oxygen species (ROS) are generated causing oxidative
damage to cytoskeleton. Oxidized amino acids alter protein folding and can induce
dramatic changes in three-dimensional structure of a protein complex. Hence, cyto-
skeletal changes caused by oxidation make the affected endothelial cells contract
disrupting intercellular junctions. This process exposes the vascular basal membrane
triggering the release of various clotting factors which lead to platelet activation.
Platelets then attach to the exposed collagen of basal membrane, induce formation of
fibrin clots and vasoconstriction, and finally obstruct blood flow through the targeted
vessel [3]. Figure 13.1 illustrates PDT for age-related macular degeneration.
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Fig. 13.1 Schematic illustration of a healthy retina (a) and a retina affected by age-related macu-
lar degeneration (b). How it is irradiated to perform PDT can be noticed in (c¢) [4]

The standard protocol used for most cases of CNV, including for AMD, recom-
mends illumination by 689 nm laser onto macular surface at 600 mW/cm? for 87 s
(i.e., total light dose of 50 J/cm?). Treatment can be repeated every 3 months for
periods beyond 2 years, if CN'V leakage is still observed. Nowadays, canine models
are being used to the understanding of retinal disease mechanisms for the
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development of new therapies in veterinary medicine [5, 6]. Beyond similarities in
ocular anatomy and the close genotype-phenotype correlation [5], the literature still
lacks on studies regarding PDT and macular dystrophy in dogs. Likewise, veterinar-
ians could use such positive outcomes obtained in humans to propose studies using
PDT for retinal degenerative disorders in similarly affected animals.

13.3 Blood Disinfection

The aim of PDT for blood disinfection is to avoid disease transmission through
blood transfusion [7]. Although the number of blood transfusions in animals is far
less than humans nowadays, the importance of this route in dissemination of several
diseases should always be highlighted. The sensibility of available techniques to
detect pathogens in blood samples is not always sufficient to guarantee transfusion
safety. Bacteria, viruses, protozoans, or yeasts can be present in small amounts that
are sufficient to avoid detection but yet capable to infect an acceptor. Therefore, the
development of broad-spectrum antimicrobial technologies capable to ensure trans-
fusion safety is extremely valuable [8]. In addition, the disinfection procedure must
offer minimal risk to host cells [7, 8].

Special attention should be given about photosensitizers (PS) that can be used for
blood disinfection. Due to the heterogeneous nature of blood tissue including all its
cellular and soluble components, photoinactivation must be exclusively directed to
pathogens. It is noteworthy that the PS and its photoproducts must be nontoxic and
nonimmunogenic to the acceptor [9]. In this context, methylene blue (MB) and crystal
violet or gentian violet (CV) are the most tested PS in blood decontamination proce-
dures. Whereas these PS compounds have a history of success against several human
pathogens present in transfusion blood and its products, there are only few studies in
veterinary medicine, and therefore, further investigations should be encouraged.

Over the past 40 years, MB-PDT has been extensively studied showing that it
can inactivate all sorts of human pathogens, i.e., bacteria, fungi, protozoa, and
viruses [7, 10-15]. MB is produced by several pharmaceutical companies and is
cost-effective and absorbs long-wavelength light (660 nm) that favors light trans-
mission in blood since hemoglobin poorly absorbs this wavelength. Due to all these
positive features, European transfusion centers routinely use MB to decontaminate
blood plasma since 1992 [7, 8]. However, MB-PDT is not suitable to decontaminate
whole cell blood because it causes extensive hemolysis due to membrane damage
and protein denaturation within cells [7, 9]. Another limitation of PDT-treated
plasma occurs due to degradation of factor VIII and fibrinogen [8] inhibiting coagu-
lation function.

CV was used for many years to inhibit Chagas’ disease (caused by protozoan
Trypanosoma cruzi) transmission via blood transfusion but was discontinued in the
beginning of this decade due to side effects [9]. It turns out that CV antiparasitary
activity was being achieved by intrinsic toxicity of CV when present in high
concentrations, but not due to photodynamic reactions. To avoid toxicity caused by
high-CV concentration and actually use its photodynamic potential, Ramirez and col-
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leagues [16] performed experiments to evaluate photoinactivation of 7. cruzi by com-
bining ascorbic acid (vitamin C) with low-CV concentrations and visible light.
Ascorbic acid is a well-known hydrophilic antioxidant that can protect soluble proteins
against oxidative damage. Interestingly, ascorbic acid significantly enhances the kill-
ing efficiency of CV-PDT activity against 7. cruzi in blood, when compared to CV-PDT
alone [10, 17, 18]. Moreover, the concentration of CV used was significantly lower
than previous recommendations, allowing further minimization of side effects [16].

13.4 Disinfection of Water and Prevention of Waterborne
Diseases

Water is considered a renewable natural resource, but despite the means of natural
recycling, its use in animal production and agriculture faces a major concern among
international organizations and governments. Concerns arise not only from increas-
ing prices but also because of losses of natural reservoirs due to dumping of
untreated residues. Massive administration of potent antimicrobial agents to animal
production is adopted worldwide to prevent epidemics in farms and to accelerate
weight gain. It is surely a comprehensive strategy to decrease the pool of infected
patients. However, this is a high-risk procedure when we consider environmental
risk of exposure to antimicrobial drugs. As a source of evolutive selection pressure,
this attitude facilitates the development and dissemination of drug-resistant patho-
gens [19, 20]. Therefore, production farm residues have already become a major
issue that needs to be addressed in a consistent way.

PDT has been recently cited as potential technology for the disinfection of pol-
luted water ponds of fish-farming and also to treat infections in fish and crustaceans
[21-25]. Conversely, PDT efficiency to decontaminate drinking water and wastewa-
ter was proved by laboratory tests of fecal coliforms detection [22, 26-30]. The
possibility to use sunlight as a natural and free source of light to treat water makes
this technology attractive in relation to its cost-effectiveness [22]. The assumption
that PDT could be an effective strategy to reduce the use of antibiotics in shrimp
hatchery systems was studied by Asok et al. [31]. Their experiment reported suc-
cessful use of rose bengal and white light to inactivate drug-resistant Vibrio harveyi.
In conclusion, they propose that PDT could be suitable to reduce the use of antibiot-
ics in shrimp larviculture systems and avoid hazards related to human health and the
ecosystem.

Fish parasites are among the most important infectious diseases that could heavily
damage fish aquaculture. Massive losses occur due to high mortality and morbidity
rates of adult animals and loss of fish eggs and young larvae [32, 33]. An effective
substance, malachite green, was successfully employed against the majority of fish
parasites, but because of carcinogenic potential, it is no longer permitted to treat fish
for human consumption [32-34]. As alternative, other substances were tested, such as
sodium chloride, peroxide, formaldehyde, cooper sulfate, and potassium permanga-
nate, but they are prohibitively expensive and did not exhibit very effective results
[33]. On the other hand, it was shown that porphyrins, when used as PS, do not exhibit
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significant toxicity for fish [21]. According to Rotomskis et al. and Alves et al., another
major advantage of this technique is that excessive accumulation of porphyrins in the
environment seems very unlikely due to its posterior degradation under the action of
sunlight [22, 29]. Magaraggia et al. investigated the photodynamic activity of porphy-
rin derivatives activated by white light against waterborne pathogens. The authors
evaluated twodifferent cationic porphyrins againstmethicillin-resistant Staphylococcus
aureus, Escherichia coli, and Saprolegnia spp. strains, as a model of contaminated
aquaculture water. They also studied the photodynamic treatment of spontaneously
and artificially Saprolegnia-infected rainbow trout (Oncorhynchus mykiss) as a model
for clinical treatment of saprolegniasis. The results showed a significant reduction of
bacterial and fungal populations after short-irradiation procedures, leading to success-
ful water disinfection and cure of infected animals [21]. In 2011, Arrojado et al. also
evaluated the capacity of PDT to inactivate nine species of fish pathogenic bacteria
often associated with aquaculture system contamination (e.g., Vibrio anguillarum,
Vibrio parahaemolyticus, Aeromonas salmonicida, Photobacterium damselae subsp.
damselae, Photobacterium damselae subsp. piscicida, E. coli, Pseudomonas spp.,
Enterococcus faecalis, and S. aureus). All tested strains could be inactivated by a tri-
cationic porphyrin derivative excited by white light [30].

Ichthyophthiriasis, known as white spot disease, occurs in many freshwater fish
species due to its low-host specificity and is caused by the protozoan Ichthyophthirius
multifiliis. In vitro and in vivo studies, respectively, performed by Wohllebe et al.
and Héder et al. have tested the photodynamic activity of chlorophyllin, a nontoxic
water-soluble chlorophyll derivative, to kill different life stages of the protozoan
[32, 33]. The same light source and irradiance were also used: a system with broad-
spectrum white light, which simulates solar emission (i.e., 400-700 nm, 149.66 mW/
cm?; UV-A, 32.67 mW/cm?; UV-B 0.77 mW/cm?). All experiments obtained prom-
ising results against the protozoans, reducing number and multiplication capacity of
the parasites. Following their noteworthy results, Hader et al. attempted to kill other
species of fish parasites. The authors employed the same PDT protocol for in vitro
assays against wild strains of Ichthyobodo necator, Dactylogyrus spp., Trichodina
spp., and Argulus spp. Once again, PDT was effective against all parasites except
for the crustacean Argulus spp. [34]. Thus, based on all abovementioned studies, we
propose PDT as a valid, eco-friendly, and feasible method to be employed against
several microbial contaminants in ponds and aquaculture.

13.5 Decontamination of Surfaces

The evolutive selection of bacterial strains resistant to virtually all commercially
available antibiotics has emerged as one of the great challenges of medicine in the
twenty-first century. A major concern on dissemination of drug resistance and other
virulence-related genes relies on the bacterial ability to conjugate plasmids. Due to
the massive use of antimicrobials combined to the presence of highly contaminated
individuals and waste, hospitals and production farms currently represent the most
fertile environments for microbial drug-resistant selection and dissemination.
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Therefore, insufficient surface decontamination in such environments can lead to
cross-contamination among individuals and, ultimately, the occurrence of epidem-
ics within the facilities.

Current methods for surface and air decontamination based on the use of chemi-
cals and gases are indeed effective for many situations, even though they are obvi-
ously not free of limitations. Problematic examples can be related to product or
material damage, development of microbial resistance, and exposure of people and
animals to potentially harmful residues. Yet, pathogens such as Mycobacteria are
intrinsically tolerant to chemical treatments due to their protective cell envelope that
restricts the uptake of many drugs and disinfectant chemicals. In order to overcome
the challenges of chemical decontamination of surfaces, the adoption of additional
or alternative approaches must be applied.

The use of UVC light may be addressed as highly effective strategy. However,
the limitations are still many: low penetration even into transparent materials, such
as glass and plastics; degradation of products and materials; and its ability to pro-
vide harm to animal health due to its direct damage or the photochemical formation
of ozone. As demonstrated by the Nobel Prize worthy observation made by Niels
Finsen over a century ago, blue light does not induce deleterious or inflammatory
effects in animals, as did UV radiation, but could still kill bacteria including those
from Mycobacterium gender (further details in Chap. 1). At the time, Finsen was not
aware of this fact, but several microbial species are naturally sensitive to blue light
because they accumulate intracellular stocks of photodynamically active porphyrins
such as uroporphyrin, coproporphyrin, and protoporphyrin. The inactivation kinet-
ics presented among different species and strains is dependent on porphyrin concen-
tration levels, porphyrin types, expression of antioxidant defense, and wavelength
of excitation [35].

With the advent of high-power LED technologies, dedicated devices have been
developed under optimized conditions to inactivate a broad spectrum of microor-
ganisms using high-intensity narrow-spectrum (HINS) light. This technology plat-
form represents a much safer and versatile approach when compared to UVC
irradiation. To illustrate its safety level, the same strategy has been used over the
past years to treat acne lesions leaving no side effects. Supporting data published by
Dai et al. yet indicates that P. aeruginosa is much more susceptible to blue light
inactivation than mammalian cells using well-controlled in vitro and in vivo assays
[35]. As a result, it can be assumed that there is a wide therapeutic window where
bacteria can be selectively inactivated by blue light, while the host tissue cells are
preserved. For surface decontamination, many studies have already demonstrated
positive results of HINS light against a broad spectrum of nosocomial and food
pathogens [36, 37]. Other important advantage of HINS irradiation is its capacity to
effectively inactivate microorganisms in the naturally resistant forms such as spores
and biofilms, which are very commonly present in contaminated surfaces [38, 39].
Biofilms can be up to 1,000-fold more resistant to chemical antimicrobials, including
exogenous PS, when compared to cells in planktonic suspension. This characteristic
is associated to several biofilm features: impermeability of extracellular matrix
layer, gradient of sub-minimum inhibitory concentration inside the biofilm, altera-
tion of metabolism, horizontal genetic transfer, elevated concentration of antibiotic
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degrading enzymes, etc. However, these resistance mechanisms impose none to
minor barriers for HINS since it does not depend on drug administration; thus, lim-
iting factors are basically light irradiance and concentrations of oxygen and endog-
enous photosensitizers. Microbial spores are also famous in respect to its resistance
to intense physical and chemical stress. Exposures to heat, ionizing (gamma and
ultraviolet) radiation, desiccation, iodine, and alkylating agents are a few examples
of disinfectants that spores can tolerate. For photoinactivation it is not very differ-
ent. According to Maclean et al., endospores of Bacillus cereus and Clostridium
difficile require tenfold higher HINS exposure time to be inactivated when com-
pared to vegetative phase cells [40]. However, since HINS light offers no harm to us
and current LED technology is very energy efficient, it is feasible to have a device
working full time over the most critical surfaces. The only evident disadvantage of
HINS decontamination is its inactivity against viral particles since they do not accu-
mulate cellular metabolites such as derivatives of porphyrins or flavins [41]. To
facilitate comparison between UV and 405 nm light, we reproduced in Table 13.1 a
summarized list of their most relevant characteristics.

Table 13.1 Comparison of the properties of ultraviolet C (UVC) and 405 nm light for

environmental disinfection applications

UVC light

405 nm light

Typical/potential use

Terminal clean of air- and
light-exposed surfaces

Continuous disinfection of air-
and light-exposed surfaces

Safety

Significant safety hazards
associated with human exposure
can cause DNA and tissue damage

Can be used safely in the
presence of people at
recommended irradiance levels

Mechanism of action

Indiscriminate DNA and protein
damage. Sublethally damaged
cells can repair DNA (e.g.,
UVR-system, photolyase enzyme)

Photo-excitation of intracellular
molecules induces oxidation of
microbial cells

Antimicrobial activity

Broad-spectrum action against
microorganisms including spores
and viruses

Effective against bacteria, fungi,
yeasts, and spores; antiviral
activity not yet established

Antimicrobial efficacy

Rapid inactivation rate within
treatment zone. Normally within
less than 60 min

Comparably slower inactivation
rate within treatment zone.
Normally within less than 3 h

Materials compatibility

UV-light-associated polymer
damage

Lower energy of 405 nm
photons do not damage polymers

Ease of use for
environmental
disinfection

Rooms/wards need to be vacated
during use; operator training
required

Can be safely used during room
occupation; no operator safety
training required

Microbial mutagenic
potential

Powerful mutagen

Multi-target oxidative action
mitigates against resistance
development

Penetrability

Does not penetrate through plastics
or glass and weakly penetrates into
water and fabrics. Very low
penetration into biologic tissue

Can penetrate through plastics,
glass, water, and fabrics. Low
penetration into biologic tissue

Reproduced from Maclean et al. [41]
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Abstract Nowadays, it is clear that the activity of different photosensitizers (PSs)
has a strong potential for moving photodynamic therapy (PDT) to clinical practice.
Present technologies as dedicated light sources, new PSs, and nanotechnology are
emerging strategies to promote PDT as a reliable, cost-effective, and safe approach
to veterinary medicine. This chapter addresses an overview of emerging clinical
applications and recent technologies to encourage veterinarians toward PDT.
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14.1 Introduction

In the previous chapters, we presented some aspects related to photodynamic ther-
apy (PDT) as its history, mechanisms, and applications that deserve special atten-
tion. In recent decades, the number of researches on PDT in veterinary medicine has
increased. New photosensitizers (PSs) or functionalized PSs are being developed to
optimize PDT (see Chap. 3) as well as dedicated light sources. In fact, innovative
light sources for light-based therapies have been widely explored. Recently, Chinese
researchers have developed a “3-D bright fabric,” composed of flexible polymer
optical fibers and LED at red emission to be used on the human body injuries in the
treatment of diseases of various origins [1].

Several studies have demonstrated a wide perspective in clinical treatment of
diseases, such as topical infections and cancer. Moreover, environmental applica-
tions, as water treatment in fish farming, are promising candidates to reduce anti-
microbial residues. As we mentioned above, the number of veterinary PDT studies
has increased; on the other hand, veterinary medicine still has difficulties to deter-
mine clinical protocols due to a wide variety of animal species with different
characteristics and particular diseases. Many well-established studies in other
areas indicate applications not yet explored in veterinary medicine. In this chap-
ter, we will discuss some relevant aspects regarding worthy PDT as new frontiers
of research.

14.2 Prospects for Clinical Applications

Technological advances in recent decades have improved the diagnosis and treat-
ment of diseases that used to be hardly managed in the past. In previous chapters,
we presented a series of PDT studies in veterinary medicine that proved that this
technique could be widely investigated in this field. Besides that, the growing con-
cern about the overuse of antibiotics, resulting in the appearance of multidrug-
resistant microorganisms, such as the absence of a 100% effective treatment
against the various types of cancer, makes PDT a promising candidate for
veterinarians.

As previously discussed elsewhere, antineoplastic PDT has been more studied
than antimicrobial PDT in dogs and cats. A lack on antimicrobial therapies is not an
excuse to slow enhancements in cancer studies which should be more explored by
veterinarians. New alternatives are being established by the development of new
photosensitizers and irradiation systems that could help on different types of cuta-
neous tumors treatments, becoming new strategies against this illness. Studies
already developed in human medicine stimulate employment in routine dermato-
logical practice, which certainly can be extrapolated for veterinary medicine in the
near future.
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14.2.1 Skin Diseases

Skin infections are commonly diagnosed in companion animals. Thus, PDT could
benefit Veterinary Dermatology. The direct and easy approach, with few physical
barriers, makes its application more suitable than for internal organs, given that they
are more difficult to be irradiated and accessible for dyes. Furthermore, studies on
pathogens from human diseases similar to those that affect animals have proved to
be susceptible to PDT, e.g., Staphylococcus aureus, Staphylococcus epidermidis,
Staphylococcus intermedius, Pseudomonas aeruginosa, Escherichia coli, Proteus
spp., Microsporum spp., Trichophyton spp., Sporothrix spp., and Malassezia spp.
These results motivate the development of clinical trials focusing attention on topi-
cal treatments and targeting antimicrobials to systemic therapies.

Localized and integumentary infections and skin cancer are among eligible dis-
eases that PDT can be useful for farm animals. Swapping the usual systemic for
topical treatment fulfills the reasons to develop future researches. For instance, hab-
ronemiasis (Habronema spp.) and pythiosis (Pythium insidiosum), a helminth and
an oomycete agent, respectively, are severe equine skin infectious diseases with
relative high occurrence in tropical countries. In addition, equine sarcoid is the most
commonly diagnosed tumor of the skin and soft tissues. These diseases combine
surgical and systemic drugs for treatment, but the rate of unsuccessful results is high
leading to euthanasia. PDT could be tested as substitute or adjuvant therapy.

Udder and ear helminthiases in cows, caused by Stephanofilaria spp. and
Rhabditis spp., respectively, still affect many animals worldwide. Protocols of resi-
due control avoid antimicrobial systemic drugs during milk and meat withdrawal
periods. In many cases, topical drugs are ineffective. Thus, PDT could be employed
as an alternative or combined therapy with topical agents.

Besides the ability to treat infections and cancer, there is indication of PDT to
treat macular degeneration in humans, as commented in Chap. 13. Animals also can
be affected by disorders involving neovascularization. Lucroy raised a very interest-
ing question not yet investigated [2]. In fact, he suggested that PDT could be applied
to combat formation of exuberant granulation tissue in horses. Horses have specific
dermal and subcutaneous precursors that predispose to a local exuberant granula-
tion tissue preventing the wound contraction and reepithelialization. A similar prin-
ciple of selectively destroying functional blood vessels, as described for macular
degeneration in humans, could be investigated for exuberant granulation tissue in
horses, using appropriate PSs as those reported in Chap. 3.

The wild animal medicine seems to open a huge range to develop researches
involving PDT, once the knowledge about different wild species, metabolism, dis-
eases, and their treatments is scarce.

Successful treatment of footpad dermatitis in penguins encourages us to expand
the list of species, which suffer from similar diseases as is the case of birds of prey,
waders, Galliformes, among others. Similarly, dermatitis caused by poor captive
conditions that affects many species, such as bedsores due to contact with urine and
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feces, moisture, and imprisonment in restricted areas, can be benefitted from this
broad-spectrum treatment against bacteria and fungi.

Until now, there are no reports of PDT in amphibians. Thus, we believe that chal-
lenging conditions, such as the chytridiomycosis (Batrachochytrium dendrobati-
dis), which threaten to extinguish several species of amphibians, deserve to be
studied as PDT application viability.

14.2.2 Oral Diseases

Veterinary dentistry is another potential area for PDT application. PDT has been
widely studied in human dentistry to treat dental, mucosal infections and cancer
presenting benefits in clinical practice.

Although dogs have been used as experimental model, PDT was successful to
treat induced periodontitis and periimplantitis (see Chap. 12). Nevertheless, veteri-
nary medicine still has not explored this practice, and other diseases could be also
treated based on human studies.

An interesting PDT approach may be to treat epulis. Epulis is considered the
most common tumor in dog’s mouth. In severe cases, it could lead to fracture due to
bone involvement. Although histologically benign and with favorable prognosis,
epulis must be surgically removed, and in some cases the association with radio-
therapy is recommended. Recently, Truschnegg et al. reported an epulis case in
human treated by methylene blue (MB)-mediated PDT and red laser [3]. No sign of
recurrence of any hyperplastic tissue was observed after 4-week follow-up and even
after 12 months. These results are motivating to extrapolate this condition to veteri-
nary’s use.

Stomatitis in reptiles is another interesting approach to be addressed in the near
future. Our preliminary results (see Chap. 12) suggest that PDT was effective to
treat this disease in snakes. Birds are also affected by oral infections, including oral
and beak infections. According to our previous experience, we encourage further
studies to perform PDT for this purpose.

14.2.3 Diseases Related to Other Organs

Nowadays, there has been growing public concern related to the persistence of drug
residues in milk products and their consumption by humans. Diseases like mastitis
are the main concern worldwide once the same drugs could be used by human medi-
cine. It is well known that continued or indiscriminate use of antibiotics for mastitis
treatment has been favoring the increase of multiresistant microorganisms (MOs)
and limiting effective strategies to eradicate this problem in milk farms. New PDT
appliances can be designed in order to overwhelm those challenges, and the antibi-
otic use becomes strict to indispensable medical cases.
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Mastitis is one of the most prevalent diseases in dairy cattle. Production losses
and early culling rates due unsuccessfully treatments are negative effects related to
economic losses. Because bacterial infections are considered the most prevalent
cause, antimicrobial therapy is always required.

An unusual type of mastitis caused by algae Prototheca zopfii, also a zoonosis,
remains with no effective treatment and cure [4]. Likewise the mastitis caused by S.
aureus, clinical presentation is severe and difficult to control. It is also potentially
infectious to other animals in the herd. For both P. zopfii and S. aureus, the recom-
mendation is culling the infected animals. Recently, we investigated PDT in vitro
against different mastitis pathogens, i.e., bacteria and P. zopfii. The results were
successful (see Chap. 11), but more realistic experiments as in milk samples have to
be conducted before clinical trials [5].

PDT is also well renowned in cancer treatment to treat dysplastic lesions and
malignant types of cancer by endoscopy. In these situations, diffusing fibers are
especially developed to irradiate cavities such as bladder, esophagus, lung, and
stomach. At this point, PDT could emerge as an alternative to treat different types
of internal cancer. This approach has not been explored, but there is a great perspec-
tive for its use.

Another interesting issue to be investigated is the use of PDT to treat osteomyeli-
tis in dogs and cats. Some studies conducted by Tardivo et al. presented successful
results in human patients [6, 7]. In those studies, PDT was able to prevent foot
amputation in diabetic patients. As is well known, various traumas (e.g., running
over) may lead to extensive damage of the skin providing a gateway to infection and
contributing to MO proliferation in osteomuscular tissues. Osteomyelitis in com-
panion animals, as in any other species, requires prolonged treatment based on
cocktail drugs including anti-inflammatories and systemic antibiotics [8]. Often
these drugs are not able to control the infection eventually leading to amputation or
euthanasia [9]. In this context, PDT may emerge, if not to replace, in association
with other clinical protocols routinely used.

Bacterial and fungal ulcerative keratitis, as well as non-ulcerative fungal keratitis
as stromal abscess, is frequent in horses. Environmental and behavioral factors are
the main cause to make horses more susceptible to corneal and conjunctival lesions
than other domestic animals, since these structures are frequently exposed to bacte-
ria and fungi, especially Aspergillus spp. and Fusarium spp. Recent study evaluated
clinical outcome in equine keratomycosis reporting that surgical intervention was
necessary for 54 % of the eyes, and 28 % of these eyes were enucleated [10].

PDT could be an alternative approach for those cases. Since the 1970s of the last
century, researchers use animal models to test PDT in virus-induced keratitis with
good outcome [11]. More recently, Shih and Huang used MB-mediated PDT com-
bined with amikacin to treat nontuberculous mycobacterial keratitis in rabbits [12].
The authors indicated PDT as a potential adjuvant treatment for intractable myco-
bacterial infection. In 2015, Zborovska and Dorokhova presented in the 15th
EURETINA Congress, held in Nice, France, data about PDT on fungal inflamma-
tory eye diseases from studies in vitro to human clinical practice. In vitro assays
determined the most effective parameters of MB-mediated PDT. Preclinical studies
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in rabbits revealed that control group, which received standard anti-inflammatory
(AI) therapy, had disease duration higher than PDT + AI group (about 7 days for
moderate and severe keratitis). Clinical outcome showed that after 3 months, a pro-
portion of patients with corneal infiltrate and erosion area in PDT group was lower
than that of control group.

14.2.4 Environmental Applications

Phototoxicity against pathogens could be enhanced by using sunlight (see Chap.
13). The idea of using compounds activated by sunlight is old, but seems to be an
interesting option to control parasites and fungal diseases, mainly in water. In fact,
Chap. 13 addressed recent works regarding this issue with encouraging results.

PDT could be investigated to inactivate other parasitic agents as monogenetic
trematodes (gill fluke, i.e., Dactylogyrus spp., Gyrodactylus spp., Cleidodiscus
spp.), microcrustaceans (Argulus spp., Ergasilus spp., Lernaea spp.), cestodes, and
nematodes.

Other fish parasitic diseases could be also explored by PDT as marine
(Cryptocaryon irritans) or freshwater protozoa (Ichthyophthirius multifiliis,
Epistylis spp., Ambiphrya spp., Trichodina spp., and Trichophrya spp.). Fungi
(Saprolegnia parasitica on aquatic invertebrates) and bacteria (Aeromonas hydroph-
ila, Pseudomonas fluorescens, Flexibacter columnaris, Streptococcus spp.) may be
sensitive to PDT as seen in Chap. 12. The main challenge is the technical adaptation
to the aquatic environment.

Similarly, sunlight-based PDT appears to be interesting alternative to reduce
parasites on pasture. The idea is based on the oral supplementation of animals with
nontoxic photosensitizers to break parasite cycle. When the animal eliminates para-
sites, the sun can inactivate them. The published studies regarding this topic were
detailed in Chap. 12.

14.2.5 Biotechnology Applied to Animal Reproduction

As we discussed in Chap. 11, another application that can be envisaged for PDT
involves biotechnology applied to animal reproduction. Due to many ethical ques-
tions, the investigation of PDT on human reproductive system to treat embryos and
semen infections seems to be more limited than veterinary. By the other hand, future
researches involving animals could promote an improvement of knowledge and
safety, which could be extrapolated for humans.

In poultry, semen samples are usually contaminated with feces and urine. PDT
can be performed to reduce microbial load improving the sperm motility and fertil-
ization rate. Furthermore, this application could be extended to conservation of
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endangered species, improving animal fertility rate in captivity and, consequently,
increasing the success rates in their conservation.

Endemic diseases in cattle are spread worldwide. Thus, artificial insemination
could be a high-risk potential vector to infect animals due to the large-scale com-
merce of cattle semen among countries. Following international recommendations
provided by the World Organization for Animal Health (OIE) to evaluate the health
status of bulls in artificial insemination stations, several tests are being made in
animals and their semen. However, diseases with slow transmission are more diffi-
cult to monitor due to their seroconversion [13], and diagnostic tests on semen pres-
ent some limitations [14, 15]. Therefore, the risk of pathogen transmission in
artificial insemination procedures remains and challenges new practices for its
containment.

Addition of antibiotics in the media is a satisfactory safety for bacterial diseases,
mainly campylobacteriosis [13]. However, other pathogens could lead to infections
due to the inefficacy of antimicrobials against them. The main relevant diseases that
could be transmitted by semen are viral (foot-and-mouth disease, enzootic bovine
leukosis, infectious bovine rhinotracheitis, infectious pustular vulvovaginitis, rin-
derpest, bluetongue, bovine diarrhea, malignant catarrhal fever, Akabane virus),
bacterial (contagious bovine pleuropneumonia, Johne’s disease, brucellosis, bovine
tuberculosis, leptospirosis, bovine genital campylobacteriosis, Query fever (hemor-
rhagic septicemia)), protozoan (bovine genital trichomoniasis), and even prion
(bovine spongiform encephalopathy). The PDT inactivation of these agents should
be evaluated in raw and collected semen from bulls.

In addition to the semen approach, the disinfection of embryos in farm animals
also appears to be an attractive strategy to control transmission of reproductive dis-
eases. Embryo technologies are constantly evolving; however, it is imperative to
contain the risk factors and assure the health status of the farm, herd, donor cow, and
embryo to achieve full success in livestock reproduction programs. Thus, the risk
assessment of potential pathogens, preventive measures, diagnosis, and disease con-
trol has become a true challenge nowadays.

Sutmoller and coworkers made simulations to evaluate the risks of transmission
of viral agents by embryos after following the recommendations for international
trade based on epidemiology and surveillance as well as the internationally approved
embryo processing protocols [16]. The authors concluded that the foot-and-mouth
disease virus, vesicular stomatitis virus, and bluetongue virus are with a very low
risk. In another research done by Wrathall and colleagues, they studied embryos
produced with infected semen for enzootic bovine leukosis, bovine herpesvirus-1,
bovine viral diarrhea virus, and bluetongue virus [17]. After embryo processing,
they concluded that even with an extremely low health risk, virus removal from
these embryos is difficult with the exception of enzootic bovine leukosis.

The majority of the studies focus on viral infections because viruses represent a
great risk of infection of the embryo due to their too small size [18]. Therefore,
more studies are necessary to evaluate different types of MOs that could be trans-
mitted by reproduction techniques and probably be prevented by PDT.
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Embryo transfer by in vivo and in vitro techniques is used in cattle, horses, sheep,
goats, and pigs. Scientific protocol available cannot be used for different species,
even when washing procedures in combination with trypsin treatment are performed
to avoid transmission of diseases, mainly those associated with virus that could be
attached in the embryo zona pellucida [18]. Therefore, the susceptibility of the dif-
ferent MOs should be addressed by PDT and further applied to semen and embryo
technologies.

14.3 Nanoparticle-Based PDT

Nanotechnology involves the creation of any material, system, or device through the
manipulation of matter at very small scale, measuring 1-100 nm. Nanomaterials are
defined as small objects that behave as a whole unit regarding to their transport and
properties. Moreover, nanomaterials have unique electronic, optical, magnetic, and
chemical properties distinct of larger particles of the same material.

Recent developments in nanotechnology allowed improving the use of the PDT
for both cancer and infections. In fact, mainly for cancer, the accomplishment of
PDT may be partial due to the difficulty in administering PS with low water solubil-
ity, which compromises the clinical use of several molecules. Nanotechnology is an
interesting approach for PDT mainly because nanoparticles (NPs) (organic and
inorganic) can be guided to increase PS concentration at the target and diminish
toxic effects to normal tissue and cells. In fact, various types of NP as metallic (sil-
ver and gold NP), crystalline (upconversion — rare earth doped), superparamagnetic
(superparamagnetic iron oxide nanoparticle, SPION), and semiconductor (quantum
dots (QD)) can be functionalized (marked with specific molecules) for use in PDT
[19]. Besides, particularly for cancer PDT, NP can accumulate at the tumor site due
to increased endocytic activity and leaky vasculature in the tumors. NP can also
enhance the solubility of hydrophobic PS.

Incorporation of PS in nanostructured delivery systems, such as polymeric
nanoparticles, solid lipid nanoparticles, nanostructured lipid carriers, gold nanopar-
ticles, hydrogels, liposomes, liquid crystals, dendrimers, and cyclodextrin, is an
emergent approach to surpass PDT limitations. Thus, the application of nanotech-
nology offers exciting possibilities to improve cancer and antimicrobial PDT for
humans and veterinary medicine.

Different NPs have been used in PDT with distinct interactions between NP and
PS. Some examples were presented in Chap. 3. Depending on interaction, NP can
be active (NP acts as PS) or passive. Four interactions are described by literature
[20] (Fig. 14.1):

1. The PS is embedded in a polymeric NP. In this case, nanoparticles are loaded with
PS and are used as carriers to deliver the PS into the target, incorporated on bio-
compatible and biodegradable matrixes such as liposomes or synthetic and natural
polymers (e.g., poly (lactic-co-glycolic acid) (PLGA), chitosan, and cellulose).
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Fig. 14.1 Schematic illustration of the interaction between nanoparticles and photosensitizers to
enhance PDT

2. The PS is bound to the NP surface. In this case, the new PS presents better prop-
erties compared to original PS.

3. The PS is accompanied by NP. In this case, nanoparticles are used to enhance
the photodynamic effect. Metallic NP (gold and silver) and quantum dots have
been reported to enhance PDT efficiency in both cancer and antimicrobial
PDT [21, 22].

4. The NP acts as the PS. In this case, NP is itself photoactive and able to generate
reactive oxygen species (ROS).

Here, we address some works that encompass nanotechnology-based PDT with
potential application to veterinary medicine. Our intention is not to provide the
peculiarities behind the NP development but to present some studies involving dif-
ferent NPs that were successfully combined to cancer and antimicrobial PDT.
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14.3.1 PS Encapsulated in or Immobilized to NP

As abovementioned, NPs can be used as a vehicle to improve the PS delivery at
specific sites. For cancer treatment, recently European researchers developed
poly-methylmethacrylate core-shell fluorescent nanoparticles (FNP) loaded with
the photosensitizer tetrasulfonated aluminum phthalocyanine (Ptl) and carried
in vitro and in vivo assays using a human prostate tumor model [23]. Their data
showed that PtI@FNP is internalized by tumor cells and intracellular accumulation
of Ptl is favored. Upon irradiation with A=680 nm, they observed ROS production,
which triggered cell death. In a murine model, the engineered NP was able to
reduce tumor growth with higher efficiency compared to bare Ptl. Thus, authors
conclude that the new system could be successfully used to photodynamic treat-
ment of solid tumors.

For topical PDT, NP-based delivery systems are also reported. MB-loaded PLGA
nanoparticles of positive charge and with a diameter of about 200 nm showed higher
photodynamic effect compared to anionic NP and free MB in suspensions of bacte-
ria isolated from human dental plaque. In biofilms, cationic NP, anionic NP, and free
MB showed similar photodynamic action. Authors conclude that cationic PLGA
nanoparticles have potential to be used as carriers to diffuse and release MB con-
ducting to photodestruction of bacteria and oral biofilms; however, preclinical
assays should be performed to guarantee microbial killing without damage to host
cells [24]. Posteriorly, Fontana and collaborators showed that MB-loaded PLGA
cationic NP may target oral biofilm safely and fast in rats without injuries to normal
tissue [25].

14.3.2 PS Bound to the NP Surface

PS has been bound to the NP surface to prepare new PSs with improved character-
istics compared to the former. In the Eshghi’s work, authors hypothesized that pro-
toporphyrin IX (PpIX)-conjugated gold NP could improve PS solubility and oxygen
singlet quantum yield [26]. PpIX-conjugated gold NP was synthesized, character-
ized, and used for the delivery of a hydrophobic PS to a cervical cancer cell line.
They reported that the PpIX—gold NP conjugate was an excellent carrier for the
delivery of surface bound PpIX into HeLa cells. Cellular viability reduction was
dependent on conjugate concentration and irradiation time.

Antimicrobial PDT using functionalized NP has also been explored. Tomas
et al. reported the functionalization in aqueous media of tiopronin (a thiolate to
protect the NP)-gold NPs and ortho-toluidine blue (TBO) to augment the PDT
effect on S. aureus [27]. TBO was covalently coupled to tiopronin-gold NPs and
showed that the minimum bactericidal concentration was at least four times lower
than that of free TBO.



14 Future Perspectives 219
14.3.3 PS Alongside NP

When PS accompanies the NP frequently is to enhance the photodynamic action
through physical/chemical interactions between PS and NP in the target surround-
ings. Here, we report localized surface plasmon resonance (LSPR) and Forster (or
fluorescence, when both molecules are fluorescent) resonance energy transfer
(FRET) to improve PDT.

LSPR is an optical phenomena produced by light when it interacts with noble
metal NPs (e.g., gold and silver) that are smaller than the incident wavelength. The
electric field of incident light excites the electrons of the conduction band generating
localized plasmon oscillations with a resonant frequency that depends on the com-
position, size, geometry, dielectric environment, and particle-particle separation dis-
tance of NPs [28].

Light interaction with PS can be improved by LSPR when LSPR frequency and
the PS absorption spectrum overlap. Thus, the field density can be perceived by PS
that is placed close to the metallic NP inducing luminescence enhancement to a bet-
ter excitation of the PS. In fact, gold NP was tested to enhance the antimicrobial
effectiveness on S. aureus of the PS ortho-toluidine blue (TBO) when irradiated
with broad-spectrum light by Narband and collaborators [29]. Bacterial suspension
was exposed to white light in the presence of either TBO or a combination of TBO
and gold NP (2 nm and 15 nm). Authors observed an increase in bacterial kills con-
cluding that 15 nm gold NPs augment the light-capturing ability of the TBO.

FRET comprises the energy transfer between two photosensitive molecules in close
proximity. The donor molecule may transfer energy to the acceptor molecule through
nonradiative dipole—dipole coupling (e.g., Coulomb interactions; see Chap. 2), i.e., the
donor does not emit a photon that is then absorbed by the acceptor, but instead, the
energy is coupled through the molecule dipoles that emit energy in the same manner
as a radio antenna [30]. For efficient FRET to occur, the distance and donor and recep-
tor must be too small (<10 nm) since the efficiency of this energy transfer is inversely
proportional to the sixth power of the distance between donor and acceptor.

Narband’s group also explored FRET to optimize PDT [21]. The authors investi-
gated if CdSe/ZnS quantum dots (QD) (emission maximum at =627 nm) could
enhance the antibacterial activity of TBO (absorption maximum at 1=630 nm)-
mediated PDT on S. aureus and Streptococcus pyogenes exposed to white light.
Bacterial killing depended on type of MO and TBO/QD ratio. However, authors
suggested that enhanced killing seemed to be not attributable to a FRET since QD
converted a part of the incident light to the absorption maximum for TBO, which in
turn absorbed more light to produce bactericidal radicals.

By the other hand, sulfonated aluminum phthalocyanines (AIPcS) were conju-
gated with amine-dihydrolipoic acid-coated QD by electrostatic binding [31]. The
AlPcS—QD conjugates easily penetrated into human nasopharyngeal carcinoma
cells and carried out the FRET in cells, with efficiency around 80 %. Authors used a
green laser emitting at 1=532 nm, which excited the QD but not the AIPcS, and the
cellular AIPcS—QD conjugates damaged most cancer cells via FRET-mediated PDT.
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14.3.4 NP as PS

Mostly NP acting as PS are inorganic that strongly absorb ultraviolet (UV) light.
However, the use of UV lamps in biomedical sciences could bring safety and health
risks. Some strategies to their use as PS encompass the use of sunlight or doped
them with other elements (e.g., Er** and Yb*") to shift their absorbance toward vis-
ible light.

Zinc oxide (ZnO) NP displays an excellent photooxidation activity but with low
photocatalytic decomposition. Metal ions (e.g., Ag) can be incorporated to ZnO NP
to improve its photocatalytic activity. Thus, Arooj et al. investigated the effects of
ZnO/Ag nanocomposites on human malignant melanoma (HT144) and normal
(HCEC) cells [32]. The ZnO/Ag nanocomposites killed cancer cells more efficiently
than normal cells under daylight exposure. Cytotoxicity was dependent on Ag con-
centration. Besides the incorporation of Ag into ZnO NP significantly improved
their photooxidation capabilities.

Functionalized fullerenes, i.e., fullerenes with attached side chains, are also
explored in PDT. The fullerenes are known for their photostability and experience
less photobleaching than other PS. As they are insoluble, they can be modified to
have a certain degree of lipophilicity. Other modifications can also be carried out to
make fullerenes suitable for PDT [33].

Grinholc and colleagues studied the effects in vitro of a C60 fullerene functional-
ized with one methylpyrrolidinium group (fulleropyrrolidine) on Gram-negative
and Gram-positive bacteria, as well as fungal cells under white light exposure. Due
to the high antimicrobial activity, authors tested its potential in vivo on S. aureus-
infected wounds in mice [34]. Fullerene-mediated PDT was efficient to eradicate
bacteria, and wounds remained clear up to the third day post-PDT. Incubation of
human dermal keratinocytes with fullerene up to 1 pM under illumination did not
significantly influence cell viability.

As reported in Chap. 7, light sources used in cancer PDT usually emit between
600 and 700 nm. Thus, cancer PDT still faces some limitation due to poor tissue
penetration of these wavelengths compared to near-infrared (NIR) wavelengths
(800-1000 nm) to activate PS molecules. Thus, NIR-excited upconversion nanopar-
ticles (UCNPs) emerge as a new strategy that could be used to activate PS molecules
in much deeper tissues. UCNPs are usually lanthanide-doped nanocrystals, which
emit high-energy photons (e.g., blue light) under excitation by low-energy photons
(NIR light). Loading of PS molecules on to UCNP can be by encapsulation, non-
covalently physical adsorption, or covalent conjugation [35].

Park et al. were the first to describe effective in vivo PDT through the systemic
administration of UCNP-chlorine6 (Ce6) followed by 980-nm irradiation [36].
UCNP-Ce6 was injected in nude mice bearing US7MG tumors through the tail.
Accumulated UCNP-Ce6 in tumor was visualized by luminescence and magnetic
resonance imaging. Following irradiation, tumor growth of mice was significantly
inhibited compared with other control groups. Authors concluded that UCNP-Ce6
presents great potential for multimodal imaging-guided PDT.
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Human trials using NP-based PDT are still scarce in literature. In fact, there is

one study which reported that MB-loaded poly(lactic-co-glycolic) (PLGA) nanopar-
ticles may be a promising adjunct to treat chronic periodontitis under 660 nm light
[37]. However, animal models as reported above demonstrate a promising future to
this emerging therapeutic platform.
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