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ABSTRACT
This review has two parts. The first one gives an approach to interdisciplinary studies against cancer carried
out by many scientists using porphyrin-type substrates as photosensitizers in PDT. Intensive studies were
performed for almost six decades. The successes really started in 1993 with the first formulation patented
under the trade name Photoftrin, which was immediately approved in several countries to treat certain types
of cancer. Photofrin is still used although certain negative features soon became well known. That has
motivated the search for better new photosensitizers. Several ones were developed, evaluated and a few
of them had clinical approval. This group includes porphyrin derivatives and pro-drugs (aminolevulinic
acid and its alkyl esters). Oncological, dermatological and ophthalmic applications are now taking place
for the benefit of mankind. The second part of this review is related with the work carried out in Aveiro at
the authors University on the synthesis and biological evaluation of several potential PDT photosensitizers.
Not only new synthetic methodologies mainly for porphyrins and chlorins were developed but also other
related macrocycles of the phthalocyanine and corrole types have entered in the same “pipeline”. /n vivo

and in vitro biological evaluations also took place under interdisciplinary studies.
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INTRODUCTION

Porphyrin-type compounds play in Nature vital
functions. How would be Life on Earth without
respiration, photosynthesis, drug detoxification,
etc? These and other biologically ruling phenomena

would not be possible without the intervention of
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porphyrin-like macrocycles. It has to be mentioned
at this moment that the literature data about the
development and applications of such type of
compounds is really impressive; however in this
publication only a few significant references are
chosen but with them the reader can have a clear
idea about the topic.

In the absence of such compounds our Life
would be different from the one we have. This vital
action certainly called the attention of scientists,
who along centuries, have been determined to
understand our World. The colors of blood and

green leaves might have also contributed for such
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interest (Drabkin 1978, Milgrom 1997). Special
and decisive moments from the past are: a) in 1747
Menghini was able to show that blood contains
iron; b) in 1841 Scherer reported the isolation
of the iron-free pigment from blood; ¢) in 1864
Hoppe-Seyler put forward the name hemoglobin
and in the following years the same scientist was
able to demonstrate that porphyrins isolated from
blood are pyrrolic pigments and also that heme
and chlorophyll are structurally similar. On the
synthetic approaches field, since the 1920s, several
methodologies leading to porphyrin derivatives
have been work targets of several scientists. Hans
Fischer and his Munich group in 1929 reported
the synthesis of protoporphyrin IX (Fig. 1) and
its Fe(IlI) chloride complex (hemin). This was a
landmark in the porphyrin area which demonstrated
the real tetrapyrrolic structure of porphyrins; mainly
due to such work the Nobel prize was awarded to
Fischer in the following year. In 1960 Kendrew
and Perutz reported the X-ray structures of the
hemoproteins responsible for our respiration, the
myoglobin and hemoglobin. Two years later they
were also awarded the Nobel prize (Sheldon 1994).

After the end of the 2™ World War scientists in
Europe, America and Japan were deeply concerned
not only with the discovery of new and efficient
synthetic routes but also with the mode of action,
biosynthesis and catabolism of porphyrins of
biological significance. The Cytochromes P450,
catalases and peroxidases became known, and
mimicsofsuchenzymesstartedtobeconsidered. This
has originated a great deal of work on the potential
applications of derivatives containing macrocycles
of the porphyrin, chlorin (dihydroporphyrin) and
bacteriochlorin (tetrahydroporphyrin) types (Fig.
2). It has been well established that porphyrin-type
compounds can have applications in several fields
and devices, like solar cells and electron transfer
processes, as oxidative catalysts, (Sheldon 1994,
Simoes et al. 2016) as sensors, (Paolesse et al.
2017) semiconductors and superconductors, (Jian
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et al. 1998) liquid crystals, (Kumar and Kumar
2017) biocides (fungicides and insecticides) (Carré
et al. 1999, Amor et al. 1998) but significantly
it is in Medicine, acting against cancer cells
(photodynamic therapy — PDT) and more recently
in the photo-inactivation of microorganisms
(photodynamic inactivation — PDI), that such
compounds can contribute for a better life to human
beings (Bonnett 2000, Almeida et al. 2011).

HISTORICAL FEATURES OF
PHOTODYNAMIC THERAPY

From ancient times that humans considered the
application of solar radiations (phototherapy)
for medicinal cures. Forty centuries ago Pharaoh
Akhnaton used to consider Sun as the only God and
all goodness was due to it. Akhnaton had successors
in such approach of life. Hippocrates Asclepiades, a
Greek physician of the Age of Pericles, considered
as one of the most outstanding figures in the history
of medicine, supported the use of sunlight to
recover from muscle atrophies (Emerson 1933).
Another slightly different approach was also
considered in ancient times to treat vitiligo (a skin
loss of pigmentation) via the oral administration
of extracts of Psoralea corylifolia, which contains
furocoumarins, followed by sunlight exposure; this
can be considered as a case of photochemotherapy
(Emerson 1933, Bonnett 1999, Roelandts 2002).
The use of visible light as a free agent
demonstrating therapeutic effects was looked with
apprehensive thoughts. But new phototherapy
developments came up in higher scientific ways
due to a Danish scientist, Niels Finsen (Nobel prize
in 1903), who treated lupus vulgaris, a cutaneous
tuberculosis skin lesion with nodular appearance,
with sunlight. There was a great enthusiasm for
phototherapy and Queen Alexandra (wife a King
Edward VII), who was also Danish and President
of the London Hospital, brought the technology to
London. A great Light Department with a carbon
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Figure 1 - Structure of
Protoporphyrin IX.

A B C

Figure 2 - Porphyrin (A), Chlorin (B) and Bacteriochlorin (C)
macrocycles.

arc as the light source was set up at the hospital.
Although with such high support phototherapy did
not have a big development. That presumably was
due to a prevailing skepticism and to a diminution
of lupus vulgaris that was being treated by this
phototherapy approach. However phototherapy
had significant revival with diseases like rickets,
psoriasis, neonatal hyperbilirubinemia and cancer
which contributed to the fantastic significance of
phototherapy.

Cancer diseases are recognized as being as
the second reason of death in the world. Because
of that, especially from the beginning of the XX
century, many scientists have been looking for
finding adequate solutions for such terrific diseases.
For the benefit of mankind certain landmarks of
such research became well known. To mention just
a few it can be said that in 1910 Hausmann using
mice exposed to light demonstrated the effect of
hematoporphyrin (Fig. 3) and light on red blood
cells; in 1913 Meyer-Betz brought the first report

of human photosensitization; he injected himself
with 200 mg of hematoporphyrin and subsequently
had pain and swelling in the light-exposed areas.
A few years later (1924) Policard reported his
studies on porphyrin fluorescence localization in
rat sarcoma with UV light illumination. The idea of
cancer detection could be envisaged already at that
time. Other scientists have continued to develop
such type of studies and Auler and Banzer, in 1942,
demonstrated the localization of exogenously
administrated porphyrins in malignant tumors
with also a certain degree of photonecrosis. Such
promising properties of porphyrins were again put
in evidence in vivo by Figge and collaborators in
1948 with studies with mice containing induced and
transplanted tumors; by fluorescence techniques
porphyrin localization was observed in each tumor.
Other studies from the same group were then
extended to patients; intravenous administration
of hematoporphyrin dihydrochloride to patients
with benign and malign lesions, under the action
of adequate radiation, allowed the cancer detection
by fluorescence observation. By the 1960s it was
clearly demonstrated the potential significance of
the use of porphyrin-type compounds to localize
and to fight cancer malignancies (Bonnett 1995,
Juarranz et al. 2008, Marcus 1992, Lipson et al.
1961, Denis and Hamblin 2013).
Itwasagaindemonstrated thathematoporphyrin
and hematoporphyrin derivatives could be used
in a tumor diagnostic way. Such phototherapy
is now known as photodynamic therapy (PDT)
since the destruction of living cells is due to the
simultaneous action of a radiation with adequate
wavelength, oxygen and administered compound.
Photodynamic therapy of cancer is then a way
to remove ill cells by the systemic or topical
administration of a photosensitizer (PS) which
should be specifically accumulated and retained
on neoplastic areas, followed by the adequate
irradiation. In such way it can be foreseen that PDT
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Figure 3 - Hematoporphyrin structure.

will be an easy treatment procedure taking place in
any clinic or hospital (Bonnett 2000).

The biological impact for human life of such
novel health avenue put scientists from several
areas, mainly chemists, biochemists, biologists,
physicists and clinicians, working together in order
to bring solutions to the life of mankind. A great
deal of work started to be performed not only on
the establishment of new synthetic methodologies
leading to new compounds, mainly porphyrin-type
derivatives, as potential new PSs but also on the
search of new procedures for their PDT evaluations.
The data available in literature at the present time,
using key words like e.g. PSs, photodynamic
therapy, PS synthesis and medicinal applications,
is really impressive.

MECHANISM OF ACTION IN A PDT
PROCESS AND REQUIREMENTS OF A PS

The mechanism taking place in a PDT process
has been well discussed. In a simple way it can be
stated that the procedure involves the PS topical
or intravenous administration and after a known
period of time that is followed by visible or near
infrared light irradiation at a specific wavelength
(Mang 2004). The other partner in the process is
the oxygen present in the cancer tissues.

Under the action of the used radiation the PS
in its singlet ground state is converted to its excited
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singlet state; the latter by intersystem crossing
gives rise to its long-lived excited triplet state. Such
triplet excited species can react with the substrate
and with oxygen molecules (in their ground triplet
state) present in tissues. Both types of reactions
generate reactive oxygen species; in the former
case O;, H,0,, HO' species are formed while in
the latter case other species like singlet oxygen
(IOZ) are formed. Such processes, respectively
known as type I and type II reactions, can occur
simultaneously; the action of the reactive oxygen
species on the cancer cells lead to cellular damage
and cancer death (by necrosis or apoptosis). It has
been claimed that the type Il reaction is the main
one taking place in vivo, and thus singlet oxygen is
the main reacting species.

It is then clear that any potential PDT PS
agent should fulfill certain requirements. One
of such compounds should: a) be a single, pure
compound obtained in high yield in a few steps
well established synthetic methodology; b) be
stable with adequate shelf-life and with polar or
amphiphilic features for the formulation to be
administered or otherwise being possible to have
such administration in phospholipid liposomes; c)
be a good singlet oxygen generator and also with
appreciable fluorescence quantum yield; d) have
absorbance at the red / far red region (A 620-850
nm) where the radiations have deeper penetrations;
e) have little or no dark toxicity (Macdonald and
Dougherty 2001).

DEVELOPMENT OF PHOTOSENSITIZERS

As already mentioned, many scientists have
considered the PDT field as a new area with
great biological significance for life. Since a few
decades their research programs have pointed to
the several aspects which could really put PDT as
a new target methodology against cancer. During
decades after the 1960s, reports from several
research groups have appeared in the literature
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data about that. Among many scientists who made
a great improvement on the search of new PSs
based on porphyrin-type derivatives there is one
who deserves a special mention. Dougherty using
hematoporphyrin derivatives during several years
did open the avenue leading to the first clinically
approved PS formulation (named Photofrin® in
some countries) (Fig. 4).

Development of PSs along the years was/is
carried out always aiming to reach the goal that
the new ones could be better than the old ones.
The first group, now designated as being the first
generation of PSs, are porphyrin macrocycles
based on hematoporphyrin and its derivatives
(HpD). These really have negative features,
since each formulation is a mixture of oligomers
which have week absorptions around 630 nm,
very low solubility in polar solvents and give rise
to prolonged patient photosensitivity (Allison
and Sibata 2010). As already mentioned, many
scientists have considered the PDT field as a new
area with great biological significance for life.
Since a few decades their research programs have
pointed to the several aspects which could really
put PDT as a new methodological target against
cancer. During decades after the 1960s, reports
from several research groups have appeared in the
literature data about that.

Porphyrin-type macrocycles allow structural
modifications at the peripheral pyrrolic positions
and changes in the synthetic methodologies can
lead to new macrocycles. The new compounds can
be substituted or expanded porphyrins, chlorins or
bacteriochlorins (Fig. 2) or related macrocycles
of the corrole (D) and phthalocyanine (E) types
(Fig. 5). Ideally such new derivatives would
fulfill the PDT requirements in terms of improved
physicochemical and therapeutic properties and are
included in the group of the PSs’ second generation.
The development of the third generation of PSs is
being considered since a few years ago. It takes into
consideration the improvement mainly related with

HO,C CO,H

Figure 4 - Generic structure of Photofrin".

PS transport and specificity for tumors (Josefsen
and Boyle 2008, Senge 2012). New or already
known PSs are conjugated, for example, with
antibodies (Kudarha and Sawant 2017, Hudson et
al. 2005, Pereira et al. 2014) or nanoparticles (Yang
etal. 2017, Abrahamse et al. 2017, Ma et al. 2017).
Targeting strategies have already shown that the PS
affinity for tumors increases in significant ways.
But this is still an area under development (Moser
1998).

APPROVED PORPHYRIN-TYPE PSs AND
OTHERS UNDER CLINICAL TRIALS

Having said that PSs can be highly significant to
human beings by their capacity to fight neoplastic
cases under the PDT procedure, it should be
considered the situation about the availability of
such compounds or their formulations. Some of
them are available from competing manufacturing
companies and others are still under clinical trials.
The most significant ones will then be mentioned
(Chilakamarthi and Lingamallu 2017, Abrahamse
and Hamblin 2016).

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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PHOTOFRIN

This PS formulation is mainly a mixture of
hematoporphyrin oligomers with linkages with
C—~C, ether and ester bonds. These were obtained
by treating hematoporphyrin with sulfuric acid
in acetic acid at room temperature (the so called
stage 1); the purple solid obtained was a mixture,
where hematoporphyrin diacetate was the main
component. The solid was taken in aqueous base
to reach neutrality for producing a solution for
injection. That originated a mixture of monomers
(hematoporphyrin, vinylated and other ones from
the elimination taking place at the acetoxyethyl
groups) accompanied by a mixture of higher
molecular weight derivatives (dimers and other
oligomers). The latter mixture showed to be more
biologically active than the monomers. Separation
of monomers from the oligomers by HPLC or gel
permeation gave a fraction called hematoporphyrin
derivative (HpD stage II). This HpD oligomeric
mixture gave rise in 1993 to a PS formulation
commercialized under the trade name Photofrin®
by QLT Photo Therapeutics, Vancouver. Photofrin
started to be used in several countries (e.g., Canada,
USA, UK, France and others). Commercial
variants (Photosan, Photogem, Photocarcinorin)
are available in other countries. The clinical
indications point mainly to oesophagus, cervical,
lung and superficial bladder cancers.

The mentioned formulations are still the first
generation of PSs. Their clinical use is still going
on although they do not fulfil the requirements
of an ideal PS. Each formulation is a mixture of
oligomers, the absorption band I at around 630 nm
is weak and there is appreciable phototoxicity for
skin. This has motivated scientists looking for new
generation of PSs.

FOSCAN

Foscan" is a brand name of temoporfin, a PS used in
the European Union since the year 2001 for head,

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 5 - Corrole (D) and Phthalocyanine (E)

macrocycles.

neck, lung and brain cancer types. Studies on its
use for other types of cancer are still being carried
out. The dosing and irradiation times on its use is
significantly smaller than in the Photofrin case.
This second generation PS is a chlorin derivative
[5,10,15,20-tetrakis(m-hydroxyphenyl)chlorin]
(Fig. 6).

The formulation contains a single active
compound; being a chlorin derivative it is
photoactivated at 652 nm, where it is a very good
singlet oxygen generator. Its synthesis was reported
by Bonnett and collaborators from the reduction of
the corresponding porphyrin with diimide (Bonnett
et al. 1989, Horlings et al. 2015).

ALA

5-Aminolevulinic acid is an intermediate in the
biosynthetic process leading to protoporhyrin IX
and then to heme (Battersby et al. 1980, Shemin
and Russell 1953). The conversion rate of that
enzymatic conversion is controlled. If ALA is
administered in excess there will be the formation
of protoporphyrin I1X, which accumulates in vivo
and can act as a PS. Neoplastic cells produce the
porphyrin in much higher amounts than the normal
cells in the situation with the excess of ALA. In
this way ALA is a pro-drug and can be formulated
for topical, oral or intravenous applications. The
ALA formulation (Levulan®) is being used by
dermatologists to treat several skin malignances
like squameous cell tumors and actinic keratosis
(Choudhary et al. 2009, Attia 2013). Head and neck
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Figure 6 - Temoporfin structure.

ALA:R=H
o Metvix: R = CH,
H2N WOR Hexvix: R = CgHq5

Benzvix: R = CgH5;CH,

Figure 7 - Structures of ALA, Metvix, Hexvix and Benzvix.

tumors, Barrett’s esophagus, bladder and prostate
cancers have also been approached with ALA
formulations.

ALA alkyl esters have higher lipophilicity and
as a result they demonstrate deeper penetration in
the tissues. Esterases acting at the target tissue will
perform the dealkylation. ALA methyl (MetvixR),
hexyl (Hexvix) and benzyl (Benzvix) esters have
demonstrated excellent results in several clinical
studies; in particular Hexvix can be used to enhance
the detection of bladder cancer and veterinary
doctors also use ALA or ALA esters to treat pets’
tumors (Fig. 7) (Plaetzer et al. 2009).

ALA and ALA esters are also being considered
inthe treatment of cases of acne, psoriasis, cutaneous
leishmaniasis and other skin malignancies (Keyal
etal. 2016, Choi et al. 2015, Sidoroff 2014).

VISUDYNE

Visudyne® is the brand name of Verteporphin, a
chlorin derivative formulated for injection as a
mixture of two isomers (Fig. 8).

These can be obtained from the Diels-Alder
mono-cycloaddition of protoporphyrin IX dimethyl
ester with dimethyl acetylenedicarboxylate

(Morgan et al. 1984). Visudyne can be activated at
690 nm but PDT studies with it did not demonstrate
promising applications in that area; however
Visudyne became a clinically approved PS with
ophthalmic significance. Visudyne is being used
against the age-related macular degeneration; this
is a disease which usually appears in people over 50
years of age and if not treated will bring blindness.

MACE

Mono-L-Aspartyl chlorin e6 is a chlorin derivative
(H) which is under clinical analysis (Fig. 9).

It is also commercialized under other names
like NPe6, Apoptsin, Laserphyrin, Talaporfin
sodium, LS11 and Litx™ (Allison and Sibata 2010,
Bonnett and Martinez 2001, Gomi et al. 1998). Itis
being assessed against liver, brain, colon and neck
tumors. Its irradiation takes place at 664 nm. It can
be obtained from the treatment of chlorin e6 (G)
with di-t-butyl aspartic acid and DCC, followed
by purification and hydrolysis. The precursor
chlorin e6 can be obtained from the oxidation of
chlorophyll a (F) (Kadish et al. 2010).

PHOTOCHLOR

This is a chlorin derivative [3-(1-hexyloxyethyl)-3-
devinlypyropheophorbide a] (Pandey et al. 1996)
(J) which can be obtained from pyropheophorbide a
(I), a product of chlorophyll @ degradation (Fig. 10).

It can be excited at 665 nm. It is under clinical
evaluation for Barrett’s esophagus and endobronchial
lung cancers. However there has been success in
treating tumors present in dogs and cats.

TOOKAD

Tookad is the trade name of Padoporfin (L) , a Pd
(IT) bacteriochlorophyll derivative (Fig. 11).

It is a PS which is activated at 763 nm and
has been considered in studies related with the
treatment of prostate cancer. However the results
obtained pointed to the possibility that such therapy

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 8 - Structures of Visudyne isomeric mixture.
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Figure 9 - Structures pf chlorophyll a (F), chlorin e6 (G) and
MACE (H).
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Figure 11 - Structures of bacteriochlorophyll a (K) and
Tookad (L).
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could be still premature. In such way a few Tookad
derivatives with lipophilic features are being
targets in prostate cancer studies (Brandis et al.
2005, Moore et al. 2015, Allison and Sibata 2010,
Azzouzi et al. 2015, Scherz and Salomon 2013).

The Tookad synthesis can be performed from
bacteriochlorophyll a (K) by acidic hydrolysis
followed by Pd(II) complexation.

The synthesis of other porphyrin derivatives
as potential PSs has been carried out by several
research groups and has given rise to several
scientific publications. In the following part of this
review it will be compiled the work on the synthesis
and in vivo and in vitro biological evaluations of
several potential PDT photosensitizers which were
developed at the Aveiro University since 1997.

POTENTIAL PSs DEVELOPED IN AVEIRO
AND THEIR BIOLOGICAL EVALUATIONS

15T AND 2™’ GENERATION PHOTOSENSITIZERS

Facing the phototherapeutic efficacy found for
certain oligomeric components of Photofrin,
namely dimers (Dougherty 1993) and also of
amide-substituted porphyrins (Woodburn et al.
1992, Boyle and Dolphin 1996) the Aveiro group
started a program in 1997 concerned with the
synthesis and biological evaluation of dimers Dim
1-4 linked with an amide bond (Fig. 12) (Faustino
et al. 1997, 2000).

The porphyrin—porphyrin dimers Dim 1, Dim
2 and Dim 3 and the porphyrin—chlorin dimer Dim
4 were synthesized by coupling the acid chloride
of porphyrin 5 with the adequate amino-substituted
compounds 6a-c (Fig. 13). These amino derivatives
were obtained by reduction of the adequate
nitroporphyrins with sodium borohydride. The
chlorin 7 was prepared by reducing one of the
pyrrolic units of the amino derivative 6¢ (R =
3-OMe) with p-toluenesulfonylhydrazine. The key
compounds for the synthesis of the monomeric units
or of their precursors were obtained by following
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the cross Rothemund approach using pyrrole and
the appropriate benzaldehydes at reflux in acetic
acid and nitrobenzene.

In these pioneer studies the pharmacokinetic
behavior of all dimers were examined in vivo
using Balb/c mice bearing MS-2 fibrosarcomas.
The treatments were performed by intravenous
injection after incorporation of the dimers into DL-
a-dipalmitoylphosphatidylcholine liposomes. In
all cases the maximal efficiency and selectivity of
PS accumulation in each tumor tissue took place at
24 h after drug administration and also an almost
complete clearance of the dimers from the serum
and skin were detected after 1 week. Compounds
Dim 2 and Dim 3 showed a higher selectivity for
tumor localization (tumor/peritumoral tissue dye
concentration ratios respectively of 62 and 136 at
24 h after drug administration) when compared with
Dim 1 (tumor/peritumoral ratio = 20), suggesting
that the presence of the methoxy substituents in
the meso-phenyl groups is a particularly favorable
feature. Additionally the decreased amount of dimer
Dim 4 bearing the chlorin unit in the intramuscular
MS-2 fibrosarcoma and an appreciably larger
uptake in the muscle (tumor/peritumoral ratio =
4) seemed to indicate that the reduction of one of
the pyrrolic units had a negative influence on the
affinity of this class of porphyrin derivatives for
neoplastic tissues. The phototherapeutic efficiency
of dimer Dim 3 was evaluated by following the
growth curves of fibrosarcoma irradiated with red
light (600-700 nm) with a total dose of 400 J cm™, at
24 h after intravenous injection; a significant delay
was observed in the tumor growth when compared
to the one of the untreated control mice.

Having in mind the potential use of porphyrins
in photodiagnosis and the medical applications of
"F NMR spectroscopy, the synthetic access and
the biological evaluation of chalcone-porphyrin
conjugates chalc-por 8, 10 and 11 were reported
(Figures 14 and 15) (Serra et al. 2009). For both
strategies it was selected the easily accessible

Ar

Ar
Dim 1 Ar = CgHs

Dim 2 Ar = 4-OCH;C¢Hs

Dim 3 Ar = 3-OCH3CgHs

Ar

Ar
Dim 4 Ar = 3-OCH;C¢Hs

Figure 12 - Structures of dimers Dim 1-4 linked by amide
bonds.

OMe

Figure 13 - Structures of precursors used to prepare dimers
Dim 1-4.

chalcone 9, with only one free hydroxyl group
to be conjugated to porphyrins m-CH,OTPP
[5,10,15,20-tetrakis(3-methoxyphenyl)porphyrin]
and TPPF,, [5,10,15,20-tetrakis(pentafluoroph
enyl)porphyrin]. The chalc-por 8 was obtained

in excellent yield (97%) from the reaction of

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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the activated ester 12 with chalcone 9 in DMSO
in the presence of potassium carbonate, at room
temperature (Fig. 14). The other two chale-por 10
and 11 were obtained from the reaction of porphyrin
TPPF,, with chalcone 9, in DMSO in the presence
of Na,CO, (Fig. 15). The nucleophilic substitution
of only one para fluorine atom or of the four para
fluorine atoms were controlled by playing with the
amount of porphyrin TPPF, and chalcone 9 and by
a careful selection of the temperature.

The biological evaluation was performed in
vitro in COS-7 cells and all the conjugates showed
to be highly photostable under light irradiation
giving good cellular fluorescence images. It was
found that the compounds localized mainly near
the nuclear area upon internalization and the
tetra-substituted chale-por 11 showed a higher
uptake than the mono-substituted chalc-por 10,
reflecting an advantageous replacement of the para
fluorine atoms by chalcone moieties. Contrary to
the chalcone free porphyrin m-CH,OTPP that
induced COS-7 cell toxicity in a concentration-

H,CO

ANA T.P.C. GOMES, MARIA G.P.M.S. NEVES and JOSE A.S. CAVALEIRO

dependent manner, all the chalcone-porphyrinic
derivatives showed similar non cytotoxic and non
photocytotoxic profiles. So it was concluded that
the chalcone moiety induces a protective effect
concerning the cytotoxic characteristics of the
precursor porphyrin m-CH,OTPP. Based on these
features, it was commented that these chalcone-
porphyrin conjugates could be considered as agents
for cancer diagnosis and the fluorinated derivatives
also for cancer diagnosis using '’F NMR imaging.

Photodynamic therapy (PDT) is being
considered as an efficient alternative to treat
basal and squamous cell carcinoma or pre-
cancerous states such as solar keratoses. In
order to overcome the problems associated
with the preparation of formulations containing
hydrophobic PSs required for the systemic or topic
administration, the photodynamic activity of the
tri-cationic 5-(4-carboxyphenyl)-10,15,20-tris(4-
methylpyridinium-4-yl)porphyrin tri-iodide 13 and
of'its conjugate poly-S-lysine 14 were evaluated in
NCTC 2544 human keratinocytes (Fig. 16) (Silva
et al. 2006). Previous studies showed that the

i. a) SOCI,, dry py, 30 min; b) N-hydroxysuccinimide, 3h, 50°C; ii. K,CO5 DMSO, 1.5h

Figure 14 - Synthesis of chalcone-porphyrin derivative 8.
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i. 9, DMSO, Na,CO3 3h, 50°C
ii. 9, (excess), Na,CO3 3h, 100°C

Figure 15 - Synthesis of chalcone-porphyrin derivatives 10 and 11.

conjugation of this polypeptide side-chain to the
tricationic meso-tetrasubstituted porphyrin 13 had
a positive impact in the photoinactivation of both
Gram-(+) and Gram-(—) bacteria (Tome et al. 2004,
Soncin et al. 2004, Gad et al. 2004).

Thebiological studies withderivatives 13and 14
showed that PS 14 has the highest photocytotoxicity
when compared with its precursor 13; this behavior
was probably related with its highest uptake and
with the intracellular localization and not with its
photodynamic effectiveness. With both PSs little or
no staining of the nucleus was observed.

As an extension of the previous studies the
photocytotoxicity of other tricationic porphyrin
conjugates 15a-d (Fig. 17) bearing (a) methyl, (b)
N,N’-dicyclohexylureidooxycarbonyl, (¢) di-O-
isopropylidene-(-D-galactopyranosyl) or (d) a/B-
D-galactopyranosyl chains was also evaluated and
compared with the tricationic acid precursor 13
(Silva et al. 2010).

The studies have shown that the conjugate
chains were efficiently taken up by proliferating
NCTC 2544 keratinocytes and derivatives
15a, 15b and 15c¢ exhibit a much larger
photocytotoxicity than derivatives 13 or 15d at an

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 16 - Chemical structures of the poly-S-lysine conjugate 14 and of its tricationic

acid precursor 13.

incubation concentration of 5 uM. In fact, lower
concentrations of 15a, 15b and 15¢ are sufficient
to achieve high photocytotoxicity. The intracellular
phototoxic concentration (IPC, ), which represents
the intracellular concentration which produces a
50% decrease in neutral red uptake after a 30 min
irradiation was also evaluated. Low IPC, values
of = 50 pmol per mg of protein were obtained with
derivatives 15a (IPC, = 55 pmol/mg protein), 15b
(IPC,, = 55 pmol/mg protein) or 15¢ (IPC, = 50
pmol/mg protein) with a relative efficiency of 15¢ >
P15b = 15a >>15d (IPC,, > 50 pmol/mg protein) >
13 (IPC_,>> 35 pmol/mg protein). It was remarked
that the photocytotoxic potential of 15a, 15b and
15c is similar to that of endogenous protoporphyrin
IX induced by the pro-drugs currently used for
PDT of skin lesions, the 8-aminolevulinic acid or
its esters. The microfluorometry results allowed
to conclude that 15a, 15b, and 15c¢ are localized
in endocytotic or pinocytotic vesicles but not in
mitochondria or nuclei. The determination of the
molecular mechanisms acting in the cell death due
to 15¢ suggested the most significant contributions
are related with necrosis and autophagy events and
not with apoptosis (Silva et al. 2010).

Knowing that the major limitation of topical
PDT is the poor penetration of PSs through

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 17 - Structures of tricationic porphyrin conjugates 15a-
d.

biological barriers, like in normal skin, the
penetration efficacy of nanoparticles of lyotropic
liquid crystals loaded with chlorin derivatives 16a
and 16b (Fig. 18) was evaluated in vitro and in vivo
(Petrilli et al. 2013, de Oliveira et al. 2008). The
synthetic strategy to obtain the natural-type chlorins
was based on the reactivity of the substituent double
bonds of protoporphyrin IX dimethyl ester as diene
in Diels—Alder reaction (Calvete 2009, Abrahamse
and Hamblin 2016, Cerqueira et al. 2017). The
cycloaddition reaction was performed between
protoporphyrin IX dimethyl ester and maleic
anhydride affording the chlorin intermediates 17
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(Fig. 18). Then, the regioselective ring-opening in
the presence of methanol afforded the amphiphilic
chlorins 16a,b.

The nanoparticles of lyotropic liquid crystals
(prepared from monoolein, oleic acid and the
copolymer poloxamer 407) loaded with the
chlorin derivatives 16a,b showed particles’ size
of 161 + 4 nm. Cell viability studies revealed that
the nanodispersion is not harmful for L929 mice
fibroblasts and the formulation did not harm the
integrity of the skin cells. The in vitro (using skin
from excised porcine ears) and in vivo (using
hairless mice) penetration studies confirmed that
the nanodispersions enabled a higher drug skin
uptake when compared with the used control
formulation (chlorins 16a,b in polyethylene glycol)
with retention rates in the skin equal to 2.72 +
0.21% of applied dose/cm” (p<0.05). The obtained
results suggested that this type of nanodispersion
has efficacy to deliver PSs into the skin, a crucial
feature for topical PDT.

Still related with the high efficiency of cationic
porphyrin derivatives like 5,10,15,20-tetrakis(1-

S
/
o
i [‘ﬁo
o

dry toluene,
reflux, 18 h
CO,Me CO,Me

Protoporphyrin-IX
dimethyl ester

1005

methylpyridinium-4yl)porphyrin (18) against
tumor cells and also bacterial strains (Alves et
al. 2009, Oliveira et al. 2009), the therapeutic
efficiency of the tricationic porphyrin derivatives
19, 20a, 20b and 21 (Fig. 19) was evaluated. A
comparison was also made with the results obtained
with the well-known tetracationic porphyrin 18
(McCormick et al. 2014). The phototoxic action
of these derivatives was assessed in human colon
adenocarcinoma cells by cell viability, intracellular
localization and nuclear morphology analysis; the
results showed that porphyrins 19 (Ar = C H,),
20b (Ar = 4-MeO,CCH,) and 21 (Ar = CF)),
caused a more significant decline of cell viability
(80-90% of cell destruction) when compared
with the tetracationic derivative 18 and with 20a
(Ar = 4-HO,CCH,). It was commented that the
extent of cell photodamage is more related with
the hydrophobic degree given by the peripheral
substituent than with the ability to generate singlet
oxygen. The porphyrins were clearly localized as
a punctuated pattern in the cytoplasm of the cells,

CO,Me CO,Me CO,Me CO,Me |
17a 17b
\ ii) CH5OH
meooc, ~ £OM
-
+
002'\/Ie COZMe COZMG COZMe

16a

16b

Figure 18 - Synthetic strategy to amphiphilic chlorin derivatives 16a,b.
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and the PDT treatment resulted in apoptotic cell
death (McCormick et al. 2014).

3"" GENERATION PHOTOSENSITIZERS

The 3" generation PSs came to overcome the
drawbacks of the 1% and 2™ PSs generation
(Josefsen and Boyle 2008, Wohrle et al. 1998).
These PSs were created from targeting strategies in
order to increase the affinity of the PS for the tumor
tissue (Josefsen and Boyle 2008). Thus, these
molecules should have properties providing the
selective delivery of the PS to the tumor tissue, as
for example, through conjugation to biomolecules
or by the association of these PS molecules with
drug delivery systems (Josefsen and Boyle 2008,
Wohrle et al. 1998, Senge 2012). In fact, there are
several reports of selectively targeting subcellular
compartments, including the mitochondria (Morgan
and Oseroff 2001, Hilf 2007, Aniogo et al. 2017,
Battogtokh and Ko 2017).

The targeting strategy to increase the affinity
of the PSs for tumors was also used by Cavaleiro’
s group. In 2010, new porphyrin amino acid
conjugates 22a-d were efficiently prepared by
the condensation of several amino acids (glycine,
serine, tyrosine and methionine residues) with a
porphyrin 23 in the presence of K,CO, (Fig. 20)
(Serra et al. 2010). All compounds showed high
photostability and were able to generate singlet
oxygen. It is known that porphyrins coupled with
amino acids have been reported to have interesting
characteristics for PDT since they have good
solubility in aqueous solutions (Raphael etal. 2006);
also they can intercalate DNA sequences with high
specificity (Biron and Voyer 2005) and have high
cellular uptake in tumors (Sutton et al. 2002). With
that in mind, the photodynamic effect of liposome
formulations of porphyrin amino acid conjugates
22a-d was evaluated on tumoral (HeLa) and on non
tumoral (HaCaT) human cell lines. This in vitro
study have shown that the liposome formulations

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)

of these PSs were able to penetrate efficiently in
the cytoplasm of cultured cancer and normal cells
and no dark cytotoxicity was observed at the same
concentration used for PDT cell treatment and
during long incubation time (24 h). After the PDT
treatment with visible light, the tested compounds
showed higher photocytotoxicity in tumoral HeLa
cells than in non tumoral HaCaT cells, confirming
the high potential of these amino acid porphyrin
conjugates as PSs for PDT (Serra et al. 2010). For
example, a high HaCaT cell survival percentage of
82.69 + 0.01% and 76.87 + 5.58% can be reached
with compounds 22a and 22d at concentrations of
2.5 107 and 3.0 107 M, respectively, after 5 min
of irradiation. Furthermore, no photocytotoxicity
on HaCaT cells is observed with compound 22d at
6.1 107 M and after 20 min of irradiation with red
light. It is interesting to note that compounds 22¢
and 22d at concentrations of 2.5x 107 and 1.2x10°
M, respectively, show significant phototoxicity in
HeLa cells upon 5 min of irradiation; only surviving
cells fractions of 3.74 + 3.40% (compound 22a)
and 8.00 £ 3.90% (compound 22b) are observed.
A less pronounced phototoxic effect (56.87 + 3.81)
is detected for compound 6 at 3.0x 10”7 M and after
5 min.

Using a similar synthetic approach, novel
porphyrin conjugates with serum albumins PS
Alb (BSA and HAS proteins) and monoclonal
antibodies PS mAb (anti-CD104 and anti-Caf)
were prepared (Fig. 21) (Pereira et al. 2014a). In
fact, porphyrins and their derivatives conjugated
with human and bovine serum albumin (HSA
and BSA, respectively) have been successfully
prepared and have demonstrated remarkable cell
type specificity towards tumoral macrophage-like
cells when compared to cancer cells (Hamblin
and Newman 1994, Sutton et al. 2002, Hudson
et al. 2005, Pereira et al. 2015). This fact, was
justified by the high accumulation of albumin in
tumor tissues due to the EPR effect (enhanced
permeability and retention of macromolecules in



CANCER, PDT AND PORPHYRIN-TYPE DERIVATIVES 1007
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Figure 19 - Structures of cationic porphyrin derivatives 18,
19, 20a,b and 21.

tumor tissues) (Kratz 2008, Maeda et al. 2000).
Such EPR feature is the result of two effects: firstly,
blood vessels of tumor tissues have an enhanced
vascular permeability for circulating albumin and,
secondly, it was demonstrated that macromolecules
having a molecular weight higher than 40 kDa have
a reduced clearance from the tumor tissue (Kratz
2008, Maeda et al. 2000). On the other hand, the
conjugation of PSs with target-specific antibodies
allows the efficient delivery of the PS to the target
cell type (Hudson et al. 2005, Bullous et al. 2011).
Monoclonal antibodies (mAbs) are attractive due
to their features as markers with clinical success,
since several therapeutic mAbs have been already
approved by the US Food and Drug Administration
(Waldmann 2003). In particular, mAb anti-CD104
recognizes the human antigen CD104, which has
a key role in tumorgenicity; its overexpression
in colorectal and bladder carcinomas has been
reported (Falcioni et al. 1988, Simon-Assmann et
al. 1994).

The photodynamic effect studies in human
bladder cancer cell line UM-UC-3 have shown that
porphyrin conjugated with an anti-CD104 mAb
derivative (PS mAb-anti-CD104) showed higher
efficiency against that cancer cell line with lower
concentrations when compared with the results
obtained with porphyrin conjugated with HSA or

Ar 9 ) Ar. Ar
H,N-CHC-0R,

N
K,CO3, DMSO, 40°C

Ar O Ar O

=0 22a-d c=0

a: Ry=H; Ry=CH,
b: R4=CH,0H; R,= CH3
OCH c: Ry= CH,CgH,40H; Ry=H
3 d: R{=CH,CH,SOCH3;; R,= CHj3

HN/\ o
.
OR.

Figure 20 - Synthetic strategy to porphyrin amino acid
conjugates 22a-d.

BSA derivatives (PS Alb-HAS and PS Alb-BSA)
(Fig. 22) (Pereira et al. 2014a). The antibody’s
immunoreactivity was unaffected and the ability
of this PS to generate phototoxicity mediated by
ROS production was improved. These results
demonstrated the high potential of albumin and
mADb anti-CD104 as vehicles for targeted delivery
of porphyrin to bladder cancer cells (Pereira et al.
2014a).

One of the major challenges in the use of
porphyrins and its derivatives in PDT is the delivery
of a hydrophobic drug. These compounds have low
solubility in aqueous media, which difficult their
biodistribution (Zhou et al. 2016). So, it’s factual
that the development of drug delivery strategies that
can carry these PSs to cancer cells is a research area
of enormous importance. In fact, the development of
PS drug delivery systems based on nanotechnology
is an emerging approach to PDT. Liposomes,
cyclodextrins (CDs) dendrimers, polymeric and
metallic nanoparticles, porphyssomes, quantum
dots and carbon nanotubes are examples of
formulations that can be used as multifunctional
platforms for in cancer photodynamic therapy (Bae
et al. 2014, Zhou et al. 2016). CD is a macrocyclic
oligo sugar with wide commercial availability and
easy modification. It can interact with many guests
with suitable sizes and are considered as good

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 22 - Phototoxicity Ps Alb conjugates and PS mAb - anti-CD104 immunoconjugate in UM-UC-3 cells. This cell line
was incubated in the dark with the compounds at different concentrations or with PBS (control) for 4 h and irradiated for 40 min.
The cell survival fractions were determined 24 h after treatment by the MTT colorimetric assay. There is no significant reduction
of MTT in UM-UC-3 cells treated with non-conjugated Por 1-PDT (p < 0.05) in relation to the control. There are significant
differences in the MTT reduction of Por 1-albumins/-mAb anti-CD104 when compared with the control. The MTT reduction
produced by Por 1-BSA at 1 uM is statistically different when compared with the one for Por 1-HSA. **Significantly different
from Por 1-BSA at 0 uM (p < 0.05), **Significantly different from Por 1-HSA at 0 uM (p < 0.05), “significantly different from
Por 1-HSA at the same concentration. " Significantly different from Por 1-mAb anti-CD104 at 0 pM (p < 0.05). The values are
presented as mean + standard deviation of 3 independent experiments (n=3), using the control as a reference value for cellular
viability (100%). Reproduced from Pereira et al. 2014a with permission of The Royal Society of Chemistry.
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Figure 21 - Synthetic approach to porphyrin conjugates with serum
albumins PS Alb (BSA and HAS proteins) and monoclonal antibodies PS
mAD (anti-CD104 and anti-Caf).
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choices for the applications in drug delivery systems
due to their adjustable water solubility, good
biocompatibility, and nontoxicity toward biological
systems. Moreover, CDs can reduce the toxicity
of the drug molecules and of the grafted polymers
and to bring additional benefits such as membrane
absorption enhancement, molecular stabilization,
and improvement of water solubility as well as the
availability of drugs in biological systems (Peng
et al. 2017). Actually, the conjugation of PSs with
these non-toxic molecules showed improvement
on their amphiphilicity, biocompatibility and
availability at the surface of cancer cell membranes
(Mazzaglia et al. 2003, Sortino et al. 2006).

Phthalocyanines are a group of synthetic
macrocycles with structural relationship with
porphyrins and with promising photophysical
features to be considered as PS for PDT (a highly
intense absorption band in the near infrared
leading to efficient singlet oxygen generation).
Having this in mind and in order to overcome
the aggregation usually associated to these
highly hydrophobic molecules, Lourenco et al.
reported in 2014 the synthesis of amphiphilic
phatalocyanines (PCs) conjugated with a-, B-
and y- cyclodextrins as potential PSs for PDT
(Lourencgo et al. 2014). Thus, Pc-a-CD 24, Pc-
B-CD 25 and Pc-y-CD 26 were synthesized by
nucleophilic substitution of two fluorine atoms
of PcF,  (hexadecafluorophthalocyanine), a
single substitution of a B-fluoro atom in one of
the isoindole units followed by a second attack in
another one of the adjacent isoindole unit, using,
respectively, cyclo-maltohexaose (a-CD), cyclo-
maltoheptaose (B-CD) and cyclo-maltooctaose (y-
CD) (Fig. 23) (Lourengo et al. 2014).

The Pc-a-CD 24 and Pc-y-CD 26 derivatives
exhibited higher water solubility, 1O2 production
and intracellular ROS generation in UM-UC-3
bladder cancer cell line than Pc-B-CD 25. The
photodynamic effect studies revealed also that the
a- and y-derivatives were more effective against

UM-UC-3 bladder cancer cells line, producing
higher phototoxicity than the Pc-B-CD 25 analogue.
These results were sustained by the intracellular
localization study that revealed that Pc-B-CD 25 is
poorly taken up by the cells, while Pc-a-CD 24 and
Pc-y-CD 26 derivatives are accumulated inside the
cells to a much higher extent (Fig. 24). All these
results suggest that the higher phototoxicity of these
compounds can be attributed to their higher cellular
uptake and efficiency in generating intracellular
ROS (Lourengo et al. 2014).

Corroles are also a group of tetrapyrrolic
derivatives strongly related with porphyrins which
are also playing a special role in PDT medicinal
applications (Barata et al. 2017). In such way,
the strategy of conjugation of a CD to a corrole
derivative in order to increase the PS solubility,
contributing to an efficient delivery of the drug
to the tumoral cell, was also reported by the
same research group. In this work, new corrole
B-cyclodextrin conjugates Corr-f-CD 27 (one unit
of CD) and Corr--CD 28 (two units of CD) were
prepared from 5,10,15-tris(pentafluorophenyl)
corrole (TPFC) based on the substitution of the
para fluorine atoms of this tetrapyrrolic macrocycle
(Fig. 25) (Barata et al. 2015).

The prepared corrole P-cyclodextrin
conjugates have shown high photostability and
capacity to generate '02 and to be photocytotoxic
towards HelLa cancer cell line. In fact, the cell
survival after the PDT treatment with visible light
was dependent on the light exposure level and
compound concentration. Corr-B-CD 27 derivative
was able to penetrate efficiently in the cytoplasm
of the HeLa cells and by fluorescence microscopy
it was possible to see that this compound as well
as the starting corrole TPFC accumulate in the
lysosomes and in the Golgi complexes of HelLa
cells, respectively. In fact, TPFC and Corr-f-CD
27 caused photocytotoxicity in tumoral HeLa cells
and induced a rapid metaphase blockage of cells
that also showed clearly altered configurations

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 23 - Synthesis of amphiphilic phthalocyanines (PCs) conjugated with a-, - and y- cyclodextrins.
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Figure 24 - Representative fluorescence images of UM-UC-3 bladder cancer cells incubated with Pc—CDs 4-6 (red) in darkness
and the cell nucleus stained with DAPI (blue). Scale bars 20 mm. Reproduced from Lourenco et al. 2014 with permission of The

Royal Society of Chemistry.

of the mitotic spindle. Surprisingly, the MTT
cytotoxicity studies indicated that TPFC had the
highest efficacy at the lower concentration, with
a decrease in the cell viability of 38.5 + 1.4 after
a total light dose of 12 J/cm®. This PS also affects
the mitotic spindle. These facts, associated with
the easy access to these corrole conjugates, provide
valuable tools in PDT for the treatment of several
diseases (Barata et al. 2015).

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)

The use of polyethylene glycol (PEG) is also a
popular approach to enhance the biocompatibility
of hydrophobic drugs. In fact, there are several
examples in literature on the functionalization
of tetrapyrrolic macrocycles with different PEG
chains for being used as PSs for PDT (Frederic
and Lucienne 2012, Mariusz et al. 2012, Flavio
et al. 2014). The introduction of PEG chains
in a macrocycle has many advantages; besides
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Figure 25 - Synthesis of corrole B-cyclodextrin conjugates Corr--CD 27 and Corr-f-CD 28.

improving the hydrophilicity of the drug it leads
to a prolonged blood circulating life-time, it
allows the minimization of non-specific uptake
and it favors the enhanced permeability and
retention (EPR) effect. These features combined
together result in a higher cellular uptake of the
drug at the tumor site (van Vlerken et al. 2007).
A recent publication from Aveiro is related with
the synthesis and in vitro evaluation of PEG-
containing ruthenium phthalocyanines (RuL,PCs)
as PSs for PDT (Ferreira et al. 2017). The synthetic
procedure to achieve these functional PSs was
started by the synthesis of the ligands L1, L2 and
L3 by convenient esterification of pyridine-3,5-
carboxylic acid according to figure 26.

The synthesis of the RuL,PCs involved the
metalation of free base phthalocyanine H,P¢ with
Ru,(CO),, in benzonitrile affording the complex
Ru(PhCN),Pc bearing two benzonitrile ligands at
the axial positions (Fig. 27); the presence of these
ligands improved the macrocycle solubility in
organic solvents and enabled its ready purification
by standard column chromatography. Subsequent

substitution of the axial nitrile ligands with the
pyridine based ligands L1-3, bearing stronger
affinity for the Ru ion, afforded the target
bispyridylphthalocyanines RuL,Pcs.

Photophysical studies have shown that
RuL,Pcs containing 4-12 PEG chains with
hydroxy, amino and ether terminal groups at
their axial positions display high singlet oxygen
generation quantum yields in DMSO (¢, = 0.76)
and in neat water (¢, = 0.48).

The efficacy of RuL,Pcs as PSs for PDT was
evaluated against HT-1376 bladder cancer cells.
Bladder cancer is especially suited for PDT studies
since bladder is a round shaped transparent organ,
easily accessible using an endoscope (Shackley
et al. 2001). The results have shown that all
RuL,Pcs exhibited cellular uptake. Ru(L)),Pe
and Ru(L,),Pc showed similar cellular uptake in
HT-1376 cells, for the incubation with 5 uM PS
solutions, but Ru(L,),Pc showed a considerably
lower cellular uptake. This fact suggests that the
presence of a higher number of PEG chains is
responsible for a decrease in the cellular uptake

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 26 - Synthesis of ligands L1-3.

by HT-1376 cells. This may be a consequence of
the higher hydrophilic character that hampers the
crossing of the hydrophobic cellular membrane,
if the process occurs by simple diffusion (Sun et
al. 2014). Their phototoxic effects were evaluated
24 h after the irradiation of HT-1376 cells with
red light. Ru(L,),Pc and Ru(L,),Pc showed
similar phototoxic effects, with a decrease in cell
viability at the maximum concentration tested
(5 uM). Surprisingly Ru(L,),Pc produced a
higher phototoxic effect despite its lower cellular
uptake and so it was concluded that some other
factor might play a role in the phototoxic effect
of this compound. For instance, its improved
hydrophilicity might result in higher solubility in
the intracellular environment, with consequent
improved generation of reactive oxygen species
(ROS) (Ferreira et al. 2017).

Targeting DNA strategies has been also used to
produce novel PSs with high affinity to cancer cells.
It is known that drugs that target DNA and interfere
with transcription and DNA replication, a major
step in cell growth and division, might give rise
to more efficient antitumor strategies (Aviv-Harel
and Gross 2011). Cisplatin is a chemotherapeutic
agent that is used in the treatment of solid tumors,
being capable to interact non-covalently with
nucleic acids. Its use in clinical cancer settings
has been limited by unwanted toxic effects, low
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water-solubility and acquired resistance of cancer
cells (Arnesano et al. 2013, Gomez-Ruiz et al.
2012). Nowadays, there are several organometallic
compounds based on platinum units (e.g. cisplatin
and its structural congeners), which have a key
role in several cancer treatment protocols (Ho et
al. 2003).

Porphyrin—platinum(II) conjugates have been
synthesized, aiming to have on the same molecule
the combination of the cytostatic activity promoted
by the platinum moiety and the photodynamic
activity conferred by porphyrin (Naue et al. 2009,
Xu and Swavey 2011, Iengo et al. 2000).

Having this fact in mind, tetra-platinum(II)-
thiopyridylporphyrins 31 (Pt(II)-Por) and 32
(Pt(II)-Zn(I)Por 32 ) were synthetized respectively
by coordination of the peripheral thiopyridyl units
of the adequate free-base porphyrin 29 and of the
corresponding zinc complex 30 with chloro(2,2’-
bipyridine)platinum(IT) [Pt(bpy)Cl,] (Fig. 28)
(Lourengo et al. 2015).

Spectroscopic studies of both platinum
derivatives reveal their ability to interact with
DNA from calf thymus and DNA of low molecular
weight from salmon sperms, and also with the
most abundant protein in human blood plasma,
the human serum albumin (HSA). Herein, both
tetra-platinum(Il)-thiopyridylporphyrins 31
and 32 exhibit electrostatic surface binding
with the negative phosphate groups of DNA.
Similar to cationic—anionic binding with DNA,
Pt(I1)-Zn(II)Por 32 demonstrates a particular
binding intercalation mode with DNA (Fig. 29).
Photophysical studies demonstrated that both
porphyrins are photostable and able to generate 1O2
after light irradiation. Exposure of pMT123 plasmid
DNA to tetra-platinum(II)-thiopyridylporphyrins
31 and 32 and irradiation with light lead to single-
strand breakage as determined by the conversion of
the supercoiled form of the plasmid (form I) into the
nicked circular form (form II). The Pt(Il)-Zn(II)Por
32 demonstrates a particular intercalation binding
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Figure 28 - Synthesis of tetra-platinum(Il)-thiopyridylporphyrins 31 and 32.

mode with DNA and an ability to cleave DNA after
photo-excitation. The strong pattern of interactions
between DNA and the this porphyrin derivative
could be a potential methodology to treat cancer
cells mediated by PDT (Lourengo et al. 2015).

A similar methodology gave access to the
bipyridyl platinum(II) corrole complexes Pt(II)-

Py-Corr 33 and 34 via coordination of the
peripheral pyridyl moiety of corroles Py-Corr 35
and 36 with [Pt(bipy)CL,] (Fig. 30). These new
positional isomers were fully characterized and
spectroscopic studies demonstrated the ability of
Pt(IT)-Py-Corr 33 and 34 to establish non-covalent

An Acad Bras Cienc (2018) 90 (1 Suppl. 2)
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Figure 29 - Proposed possible binding modes of Pt(II)-Por 31 and Pt(II)-Zn(IT)Por 32 with DNA. Reproduced from
Lourengo et al. 2015 with permission of The Royal Society of Chemistry.

interactions with calf-thymus DNA (ct-DNA) and
human serum albumin (HSA) (Iglesias et al. 2015).

Additionally, gel electrophoresis experiments
demonstrated that Pt(II)-Py-Corr 33 and 34 are
able to bind plasmid pMT123 DNA (pDNA), by
inducing alterations on its secondary structure.
These results seem to indicate that these corroles
have potential as bio-supramolecular compounds
for DNA-interaction applications, as, for example,
PS in PDT of cancer (Iglesias et al. 2015).

In last decade, several groups have been
pursuing an optimization of PDT applications by
modification ofthe macrocycle core structure aiming
to obtain compounds with adequate photophysical
and hydrophobic/hydrophilic properties required
for an ideal PS, increasing the tumor-specificity by
developing target PS (Bonnett 2000, Zheng and
Pandey 2008, Lange and Bednarski 2016). One of
the approaches to reach selectivity to malignant
cells is based on the synthesis of porphyrins
bearing targeting moieties, like carbohydrate
moieties (Zheng and Pandey 2008, Aksenova
et al. 2003, Abrahamse and Hamblin 2016). The
preparation of porphyrin-carbohydrate conjugates
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and the investigation of their ability to target
carbohydrate - recognized proteins, which are
known for their high expression in certain tumors,
might be of great significance (Zhou et al. 2016,
Hilf 2007, Wohrle et al. 1998, Zheng and Pandey
2008). In fact, the conjugation of carbohydrates
to porphyrin derivatives can increase their water
solubility and bring better hydrophilic/hydrophobic
ratios. Moreover, despite the better solubility in
physiological media, glycoporphyrins interact with
specific membrane receptors that can affect the
cells’ plasmatic life (Zheng and Pandey 2008).

In 2012, Soares et al. reported the
photodynamic efficiency of the symmetric and
asymmetric phthalocyanines Gal-Pht 37, Gal-
Pht 38 and Gal-Pht 39, bearing four or eight
D-galactose units on HeLa carcinoma cells (Fig.
31) (Soares et al. 2012). The synthetic access to
these phthalocyanines involved the tetramerization
of the adequate glycophthalonitrile or
glycophthalonitrile and phthalonitrile previously
prepared, in N,N-dimethylaminoethanol (DMAE)
at 140 °C, in the presence of ZnCl, (Soares et al.
2009, Ribeiro et al. 2006).
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Photophysical properties (namely electronic
absorption spectra in DMEM with 10% of FBS
and DMSO) and in vitro photodynamic activities
of galacto-phtalocyanines prepared revealed that
the asymmetric substitution of the sugars on the
macrocycle Gal-Pht 39 is crucial to prevent the
aggregation tendency of the molecules, when
compared with symmetric Gal-Pht 37 and Gal-Pht
38. Gal-Pht 39 has a better cellular uptake, probably
due to its amphiphilic character and, probably for
these reason, Gal-Pht 39 showed to be very efficient
and selective, producing higher photocytotoxicity
on cancer cells than in non malignant HaCaT cells
(Soares et al. 2012). The cell toxiticy after PDT
treatment was dependent upon the light exposure
level and Gal-Pht 39 concentration. For example,
a high HaCaT surviving percentage of 69.2 +
7.5% could be reached with 5 x 10—7 M, whereas
in HeLa cells, the induced toxicity was of 23.4 +
5.2%. These results, pointed out that Gal-Pht 39
provide a good photodynamic effect in HeLa cells
with minimal photocytotoxicity to nontumoral cells
at the concentrations of Gal-Pht 39 evaluated. It
was also shown that this conjugate causes cell cycle

arrest at the metaphase stage leading to multiple
spindle poles, mitotic catastrophe, followed by
apoptosis in cancer cells (Fig. 32). It is undeniable,
that these results clearly indicate that Gal-Pht 39
is an excellent candidate drug for PDT, being able
to induce selective tumor cell death (Soares et al.
2012).

In the same year, the synthesis and the
photodynamic effect on Jurkat cells of the
pentafluorophenylcorrole-D-galactose conjugates
Gal-Corr 40 and 41 were reported. These
conjugates were synthesized from the reaction of
5,10,15-tris(pentafluorophenyl)corrole TPFC and
1,2:3,4-di-O-isopropylidene-a-D-galactopyranose,
according to Figure 33. The conjugate Gal-Corr
40 was obtained in higher yield (Cardote et al.
2012). The photophysical properties revealed that
Gal-Corr 40 is a good fluorophore and it is able to
generate singlet oxygen (Cardote et al. 2012).

The toxicity of TPFC and Gal-Corr 40 was
studied by incubation of Jurkat cells with 10 uM
of each PS during periods of 1 h, 5 h and 24 h in
the absence of light. Both corroles derivatives did
not show any dark toxicity and the results obtained
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at the studied concentration were comparable to
the controls. However, when irradiated, the two
corrole derivatives promote almost the same total
cell killing and there was an increase of about
10% of the apoptotic and necrotic processes when
the period of incubation was 24 h. These studies
have unlocked the way to further investigation on
glycocorroles to be tested in PDT or fluorescence
diagnosis (Cardote et al. 2012).

HeLa carcinoma cells were also selected by
Gomes et al. to evaluate the photodynamic effect
of the glycochlorin conjugates 42a-d (Gomes et al.
2015). These conjugates were prepared previously
by the cyclopropanation reaction of meso-
tetrakis(pentafluorophenyl)porphyrinatozinc(II)
(TPPF,)) with the adequate carbohydrate-
substituted a-diazoacetates in the presence of CuCl
(Fig. 34) (Gomes et al. 2009). The cell viability
study after PDT demonstrated that the glucose- and
fructose-chlorin42a and 42¢ have no cell selectivity,
inactivating equally the non-tumoral HaCaT cells
and the tumoral HeLa cells. On the other hand, the
galactose-chlorin 42d proved to be selective for the
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tumor cell line, inhibiting the growth of HeLa cells
without affecting significantly the normal cell line
(HaCaT).

In this study, it was also shown that galactose—
chlorin 42d is not toxic in the absence of light
confirming that the main mechanism of action is
related to the 1O2 production and that this compound
induces strongly cytoplasmic vacuolization and
pronounced retraction on HelLa cells, whereas in
HaCaT cells the damage observed is scarce (Fig.
35). These results strongly corroborate the high
selectivity of galactose—chlorin 42d for the tumoral
cells (Gomes et al. 2015).

In 2012 it was reported the synthetic access
to water soluble porphyrin and phthalocyanine
derivatives with, respectively, eight (Por-Gal,
44) and sixteen (Pc-Gal,, 45) D-galactopyranose
units (Fig. 36) (Silva et al. 2012). The key step on
the synthetic access to these dendrimers involved
the nucleophilic substitution of fluoride atoms of
TPPF,, and of ZnPcF by the thiol groups of the
protected galacto-dendritic unit 43. The presence
of deprotected carbohydrate moieties in the
porphyrin or phthalocyanine periphery, embodies
hydrophilicity to these compounds, an important
issue concerning drug administration. In addition,
it was also shown that Por-Gal, 44 and Pc-Gal,
45 interact strongly with tryptophan residues of
human albumin serum (HAS) and were able to
produce with high efficiency singlet oxygen (Silva
et al. 2012).

The in vitro photodynamic effect of Pc-Gal,
45 in bladder cancer cells (HT-1376 and UM-
UC-3) as well the role of PS-protein interactions
was posteriorly reported (Pereira et al. 2014b).
The study showed that Pc-Gal ; 45 is a nontoxic
compound per se but has high photocytotoxic
efficiency in the two bladder cancer cell lines,
related with its high ability to produce reactive
oxygen species (ROS) and to induce oxidative
stress (Fig. 37). Treatment with ROS quenchers
demonstrated that cell death in bladder cancer cells
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is mediated by the production of ROS after PDT.
Immediately after PDT with Pc -Gal  , 45 there was
an increase on the activity of antioxidant enzymes
(SOD, CAT and GR antioxidant enzymes).
Although a similar Pc-Gal 45 uptake was observed
in the two bladder cancer cell lines, both GLUT1

s
=}

Amount of cells (%)

. Control " 18h ' 24h ' |{_48h
Figure 32 - Microtubule damage induced by Gal-Pht 39. (A)
Control HeLa cells showing a well-developed network of
MTs determined by tubulin immunolabeled and observed by
fluorescence microscopy. Three hours after phototreatment
(5 x 107 M of Gal-Pht 39 for 4 h and 15 min of red light
irradiation) retraction and disorganization of MTs of cells in
interphase could be observed (B). At 24 h after phototreatment
(C) cells in metaphase showed abnormal mitotic spindles
(arrow) as well as cells in apoptosis (arrowhead). At 48 h
after phototreatment (D), giant polyploid and multinucleated
(asterisks) cells appeared. (E—G) Details of a control (E)
and abnormal mitotic spindles of HeLa cells 24 h after
phototreatment (F,G). (E'—G’) The chromosomes stained with
H-33258 perfectly aligned in the control (E’) or dispersed in
the treated metaphase cells (F’,G’). Scale bar: 20 um. (H)
Cell blockage at 18, 24, and 48 h induced after photodynamic
treatment with Gal-Pht 39. MI, mitotic index; TM, total
metaphases; AM, abnormal metaphases; data correspond to
mean values + standard deviation from three independent
experiments (*p < 0.05). Reproduced from Soares et al. 2012
with permission of The American Chemical Society.

and galectin-1 may contribute for its specificity
modulating the intracellular uptake. Knockdown of
galectin-1 and GLUT1 in UM-UC-3 and HT-1376
cells, respectively, was associated with a marked
decrease of Pc-Gal 45 uptake and phototoxicity.
Pc-Gal,, 45 co-localization with galectin-1 and
GLUTI1 and/or generation of oxidative stress
after Pc-Gal 45 photoactivation induces changes
in the levels of these proteins. Together, these
data demonstrated that galectin-1 and GLUT1
contribute for the efficacy of PDT mediated by Pc-
Gal ( 45. Although PDT with Pc-Gal,, 45 induced
an increase on the activity of antioxidant enzymes
immediately after PDT, bladder cancer cells were
unable to recover from the PDT-induced damage
effects for at least 72 h after treatment. The results
reported in this work showed that Pc-Gal,, 45 is a
promising therapeutic agent for the treatment of
bladder cancer, which is the fifth most common
type of cancer with the highest rate of recurrence of
any cancer (Pereira et al. 2014b).

Assuming that Por-Gal, 44 also can target
the galactose-binding protein, galectin-1,
overexpressed in many tumors tissues, in vitro
and in vivo studies have been reported to prove the
effectiveness of this PS in PDT of bladder cancer
(Pereira et al. 2016b). As in the previous case, Por-
Gal, 44 had shown a specific uptake and induction
of apoptotic cell death by generating oxidative
stress and critical alterations in the cytoskeleton
of bladder cancer cells overexpressing galectin-1,
inducing alterations of F-actin organization.
Moreover, the in vivo studies performed in a
xenograft tumour model, which includes mice
with UM-UC-3luc’ cells (containing high levels of
galectin-1) in the dorsum, had validated the ability
of Por-Gal, 44 to be accumulated in the tumor
tissue. PDT with Por-Gal, 44 led to successful
shrinkage of subcutaneously xenografted tumors
after only a single administration of PS followed
by a single exposure of light. This therapeutic
approach was also able to induce in vivo changes
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Figure 34 - Synthetic strategy for glycochlorin conjugates 42a-d.

in the distribution pattern of the cell adhesion
protein E-cadherin, which is responsible to mediate
cell-cell adhesion in epithelia and is its function is
dependent on the actin cytoskeleton via proteins
called catenins (Fig. 38) (Pereira et al. 2016b, van
Roy and Berx 2008). So, it was demonstrated that
the potential of PDT with Por-Gal, 44 seems to
depend on the expression of galectin-1 and then on
ROS formation and alterations on the cytoskeleton

of cancer cells (Pereira et al. 2016b).
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Considering these promising works, in 2016 it
was reported the synthesis of the chlorin derivative
Chl-Gal, 46 also conjugated with galactodendritic
units (Figure 36) (Pereiraetal. 2016a). The synthetic
approach was also based on the nucleophilic
substitution by the galacto-dendridic unit 43 of the

p-fluorine atoms of the chlorin ChIF, ; this chlorin

20°
was obtained from TPPF, through a 1,3-dipolar
cycloaddition process as it was previously described
by Cavaleiro’s group (Silva et al. 1999, 2005).

The results showed that this chlorin has excellent
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Figure 35 - Morphological changes induced by chlorin 42d
on HaCaT and HeLa cell lines after being incubated for 4 h
with a concentration of 1.0 x 107 M and subject to different
irradiation times. After 24 h of light exposure, cells were fixed
in cold methanol and stained with toluidine blue. Photographs
are representative images of three different experiments for
each condition. Scale bar: 10 um. Reproduced from Gomes et
al. 2015 with permission of The Royal Society of Chemistry.

photostability, high ability to generate singlet
oxygen and to interact with the proteins galectin-1
and human serum albumin (HSA) (Pereira et al.
2016a). Besides the Chl-Gal, 46 exhibits high
absorption in the red region of the electromagnetic
spectrum where tissue light penetration is rather
high, which is an important requirement for PDT
(Senge and Brandt 2011, Lu et al. 2015, Agostinis
et al. 2011). The PDT efficiency of this derivative
was tested in two bladder cancer cell lines derived
from transitional cell carcinoma (HT-1376- and
UM-UC-3). These in vitro studies revealed that
once this PS is taken up by UM-UC-3 bladder
cancer cells, it induces high cytotoxicity after only
a single dose of light irradiation. Whereas, HT-
1376 bladder cancer cells revealed to be resistant
to this therapeutic approach and for this reason a
second light irradiation treatment was applied. The
results had shown that the repeated PDT treatment
enhanced in vitro photodynamic efficacy. This
effect was also observed when PDT was applied
in subcutaneous xenograft HT-1376 tumors (Fig.
39). The subcellular localization studies revealed
that the enhanced phototoxicity in HT-1376 cancer
cells seems to be due to the ability of Chl-Gal, 46
to accumulate in the mitochondria, via glucose
transporter 1 (GLUTI), in the period between

single and repeated irradiation. A PDT treatment
using an extra dose of light irradiation and Chl-Gal,
46 as PS represents a promising strategy in treating
resistant cancers in a clinical setting (Pereira et al.
2016a).

FINAL REMARKS

A few centuries ago scientists inquired themselves
about the reason for blood being red and grass
being green. In the last century that query was
explained with the synthesis of the involved
compounds. Since then researchers started looking
for potential applications in several areas for the
involved natural compounds or their synthetic
analogues. Certainly the applications in Medicine
are the most promising ones. Clinical approvals
in a few cases took place and formulations are
already available for treating neoplastic diseases
and for the inactivation of microorganisms. This
has been involving interdisciplinary studies from
scientists from several working areas and in the end
with the interest of clinical doctors from oncology,
dermatology, ophthalmology and dentistry areas.
The ideal compound in any case is not yet available.
New working targets will be continued. And many
scientists will be looking for that in future. Chemists
will have a key position in the process of designing
and synthesizing new derivatives. Certainly the
situation tomorrow will be better than today’s one.
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20 um. Reproduced from Pereira et al. 2016b with permission of Elsevier.
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