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ABSTRACT 
 

Photodynamic therapy (PDT) is a cancer treatment based on activation of a drug by 
light. The drug, called photosensitizer, absorbs the energy of light of the proper 
wavelength and transfers it to surrounding molecules, mainly oxygen, forming reactive 
oxygen forms like radicals and singlet oxygen. These highly reactive species are 
responsible for destruction of targeted cells. Besides the direct effect on the cells, 
vascular shutdown develops as well and immune response is activated, both being 
important for long-term control over the tumor. Most of the photosensitizers are recruited 
from the group of porphyrins and related compounds like chlorins, bacteriochlorins, 
porphycenes, texaphyrins, and phthalocyanines. However, other dyes also entered the 
trials for photodynamic evaluation, e.g. some tricyclic dyes or hypericine. We discuss in 
this chapter, the history, photophysical and photochemical principles of PDT, as well as 
the biological effects of the photosensitizers. The main structural groups of 
photosensitizers are discussed and the most important drugs, either approved or in trials 
are described. Also, other approaches closely connected with PDT (catalytic therapy, 
sonodynamic therapy, photothermal therapy, and photochemical internalisation) are 
mentioned in this chapter. 
 

 
HISTORY OF PDT 

 
The sun’s radiation is one of the essential prerequisites for existence of life on Earth, the 

visible light being the most important part of the sun’s radiation spectrum. Photosynthesis, 
realized by chlorophyll, an essential natural dye built on a tetrapyrrolic porphyrin molecule, 
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employs the visible light to transfer the sun’s light energy into the energy of organic bonds 
thus building basic conditions for the actual terrestrial life existence. However, the porphyrin 
skeleton is a nature´s patent, enabling more than just the transfer of energy for life.  

Human beings, since the ancient civilizations including the Egyptian, Indian and Chinese 
cultures, realized the potential of light for treatment of some skin disorders like vitiligo, 
psoriasis, and also saw its importance for mental health [1]. The ancient Mediterranean 
civilizations extended this knowledge: the heliotherapy was introduced by ancient Greeks 
(Herodotus) for health renovation, and they used the light for treatment of many diseases [2]. 
However, people always realized both positive effects of the sun’s radiation and its damaging 
potential. It was probably one of the reasons for light skin to be considered a sign of higher 
society and therefore people protected their skin against radiation [3-5]. 

There are two basic ways people have used light therapeutically: 
Phototherapy, which usually does not require oxygen or any drug, could be defined as an 

exposure to non-ionizing radiation to treat a disease. It may be realized by an exposure to 
visible light, UVB or UVA radiation, or their combination [6, 7]. It was widely practiced 
hundreds of years B.C. in Ayurvedic medicine. Today it is employed in several medical areas, 
particularly in dermatology and psychiatry for the treatment of internal depressions, sleeping 
changes, the circadian rhythm, regulation and some other disorders. 

Photochemotherapy is a therapeutic technique employing a photosensitizing chemical 
substance that is subsequently activated by a non-ionizing radiation [6]. Also, this type of 
treatment we could observe in ancient civilizations where naturally occurring plant 
ingredients psoralens were used by Egyptians to treat a wide spectrum of skin diseases [8]. 
Also, in the Indian Ayurvedic medicine system the psoralen/light combination was being used 
already around 1400 B.C. [9], and it was rediscovered again about 30 years ago [10]. 

Photodynamic therapy is usually considered as a type of photochemotherapy, which 
requires oxygen as the third component, along with a photosensitizer and light, necessary to 
be effective. 

In the course of the 19th century, a lot of important work for the future development of 
PDT was done on exploring the structure, function and properties of the blood-red dye hem, a 
structural base of future clinically important photosensitizers. Among others, several German 
scientists [11-13] reported the removal of iron from hem and the resulting changes of such a 
modified molecule, which was called hematoporphyrin. The onset of fluorescence was also 
noted, but still not appreciated. An important step in phototherapy development was the 
treatment of smallpox using red light and of cutaneous tuberculosis with ultraviolet light, 
reported in 1901 by Danish physician Niels Finsen [14], who was awarded the Nobel Prize in 
1903 for this discovery. 

The milestone of photodynamic therapy was the concept of cell death induced by the 
interaction of chemicals and light, formulated by Oscar Raab, a medical student at Hermann 
von Tappeiner in Germany. More than 100 years ago, in 1900, he reported the lethal effect of 
acridine red and light simultaneously acting on the paramecium Infusoria  [15], while both 
agents alone were harmless. This accidental famous discovery happened thanks to a flash 
during a thunderstorm, when the ambient lighting was very low. Around the same time as 
Raab’s discovery, a French neurologist, Prime, reported photosensibilisation in sun-exposed 
areas in an epileptic patient treated with parental eosin [16].  

Employing the above findings, von Tappeiner and the dermatologist Jesionek, at Munich 
Dermatological Clinic in 1903, performed a topical treatment of skin tumors by eosin and 
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white light [17]. Subsequently (1904), von Tappeiner and Jodlbauer evidenced the oxygen as 
an integral part in photosensitization reactions. They also established the term 
‘‘photodynamic action’’ (1907) [18, 19]. 

Concurrently with this crucial improvement in the understanding of the photodynamic 
action mechanisms, scientists recalled the fluorescence of heme derivatives described almost 
half a century ago and started a period of exploration of photodynamic properties and 
potential clinical use of hematoporphyrin derivatives. In 1908-1911 Hausmann reported on 
fluorescence and photosensitized cell destruction with hematoporphyrin [20, 21]. The 
consideration of porphyrins as photodynamic agents arose from an explanation of porphyria, 
an inborn error of heme synthesis and metabolism in the 1900s. This type of disease is 
accompanied by considerable photosensitivity. The patients with porphyria were found to 
produce various porphyrins in abundance, among them some behaving as endogenous 
photosensitizers which accumulate in many tissues, particularly in the skin. This results in an 
unintended PDT when exposed to light. In the early to mid 1900s, Fisher did much of the 
work in the field of porphyrin metabolism [22] and treatment of porphyrias for which he was 
awarded the Nobel Prize in 1943. He revealed the potency of porphyrins for PDT, however, 
he did not use them for clinical PDT. This step was done by Meyer-Betz in 1913, when he 
intentionally applied himself a potential effective dose of hematoporphyrin and after light 
exposure  experienced the first intentional porphyrin-based PDT reaction [23]. Unfortunately, 
the clinical significance of this risky experiment was not appreciated for several decades. 

In 1924, French physician Policard noted enhanced tumor fluorescence when exposed to 
a Woods lamp, which indicated possible selective localization of endogenous porphyrins to 
tumor tissue [24]. After more than 20 years, Figge et al. [25] and Rasmussen-Taxdal et al. 
[26] paid attention to the selectivity of porphyrin tumor localization, and they could confirm 
the observations of Policard. In the 1950s, Schwartz and Lipson continued in the work of 
Fisher and Meyer-Betz to develop more refined and more active forms of hematoporphyrin, 
which was called Hematoporphyrin Derivative (HpD), and employed it at first only for 
fluorescent diagnosis of human tumors [27-29].  

Experimental studies performed in the 1970s confirmed the hypothesis of von Tappeiner 
and Jodlbauer that singlet oxygen is the main cytotoxic agent in the photodynamic treatment 
[30]. Utilizing the above knowledge and experience, Dougherty appreciated the relatively 
high singlet oxygen quantum yield of HpD after absorption in the Q-band region of spectrum 
and he used the HpD/red light combination for treatment of 25 patients suffering from several 
types of both primary and secondary skin tumors with considerable effects [31]. In this key 
study, of the 113 cancer lesions 98 were cured completely, 13 responded partially, and only 
two were resistant to the PDT. The success of Dougherty was followed by more clinical 
studies of PDT treatment, performed mainly with HpD, e.g. for treatment of lung [32], 
esophageal [33], colon [34] cancer, cerebral glioma [35], and other brain tumors [36].  

Their discoveries and experience started an era of modern PDT development realized by 
the introduction of HpD as standard medicinal preparation Photofrin® into clinical use by 
QLT PhotoTherapeutics in 1993, even if it still was not a structurally uniform and defined 
product. 
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PHOTOPHYSICS AND PHOTOCHEMISTRY IN PDT 
 
Actually, the mechanism of action of PDT is nothing else than transfer of absorbed 

energy from photosensitizer to various substrates, oxygen being the most important, with 
subsequent formation of highly reactive cytotoxic species. The energy absorbed after 
illumination with light of appropriate wavelength excites the sensitizer from ground singlet 
state (S0) to excited singlet state (S1). Excited singlet state is only short-lived with lifetimes in 
nanosecond range and that is why it does not cause any PDT-important interactions with 
surrounding molecules. The deactivation (Figure 1) of singlet excited state is done via either 
radiative emission (fluorescence) or non-radiative decay (internal conversion). The energy 
dissipates also through non-radiative intersystem crossing to excited triplet state (T1) with 
somewhat lower energy than S1. This process is accompanied by change of the spin of one of 
the outermost electrons. 

 

 

Figure 1. Modified Jablonski diagram. 

Excitation of PS 
1PS + hν → 1PS* → 3PS*   (1) 

 
Photoprocess type II 

3PS* + 3O2 → 1PS + 1O2  (2) 
 

Photoprocess type I 
3PS* + 1PS → PS-• + PS+•  (3) 
3PS* + D → PS-• + D+  (4) 
PS-• + O2 → 1PS + O2

-•  (5) 
3PS* + O2 → PS+• + O2

-•  (6) 
 

2O2
-• + 2H+ → O2 + H2O2 (7) 

Fe3+ + O2
-• → Fe2+ + O2  (8) 

Fe2+ + H2O2 → O2 + OH- + OH•  (9) 

Figure 2. Basic reactions occurring during PDT. 

The emission of photon in the form of fluorescence can be utilized for detection 
purposes. It helps to observe the distribution of photosensitizer both in vitro and in vivo and 
enables monitoring of its pharmacokinetic after in vivo application. The emitted fluorescence 
can be also useful diagnostic tool in approach called photodetection or photodiagnosis [37, 
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38]. The final effect of the photosensitizer is not to kill the cancer cells but to visualize them 
only and therefore high fluorescence quantum yields (ΦF) are advantageous in this 
application. On the other hand, the fluorescence and intersystem crossing are competitive 
ways of excited singlet state relaxation. Very strong fluorescence of photosensitizer decreases 
its feasibility to be transformed to the excited triplet state which is the most important for 
production of cytotoxic species and consequently for photodynamic action. That is why some 
strong fluorescent dyes were structurally modified to improve their photodynamic properties 
and they were introduced to PDT trials. An addition of heavy atoms such as bromine to 
rhodamines [39], dyes with high ΦF, serves as typical example. The “heavy atom effect” 
increased their singlet oxygen quantum yield (ΦΔ) on the account of ΦF. 

The collisions of photosensitizer with solvent molecules result in deactivation of the 
excited singlet state and the energy is lost in the form of heat (internal conversion). As it is 
also a competitive process to intersystem crossing, it decreases the photodynamic effect. This 
relaxation way was, however, also studied as a cancer treatment possibility and termed 
photothermal therapy [40]. The temperature in local environment of the sensitized cells can 
reach very high values for short time causing disruption and death of targeted cells. 

Despite the fact that the intersystem crossing to T1 state is a spin-forbidden pathway, the 
efficient photosensitizers undergo this process with high probability. Energy from this state 
can be released through a triplet-singlet emission of the photon known as phosphorescence or 
through energy transfer to surrounding molecules in triplet state. Once the photosensitizer 
gets into the triplet state, its deactivation is relatively long, again due to spin-forbidden 
transitions T1 → S0 with lifetimes in the micro- to millisecond range. A long time of triplet 
state relaxation enables interaction of excited photosensitizer with other molecules in the 
triplet state and allows energy transfer to them. The quenching of triplet excited state can be 
distinguished to be photoprocess type I or photoprocess type II (Figure 1). A type I 
mechanism involves hydrogen atom extraction or electron transfer between excited state of 
photosensitizer and some surrounding molecules leading to production of radicals. The 
energy transfer between triplet states of photosensitizer and oxygen results in the type II 
mechanism and formation of singlet oxygen. Both photoprocesses occur usually 
simultaneously and it depends on oxygen concentration, type of PS and polarity of the 
environment which of them prevails in the photooxidative damage of the cells. However, the 
photoprocess type II that produces highly reactive singlet oxygen is generally accepted to be 
the main reason for cells destruction.  

 
 

Photoprocess Type II 
 
Singlet oxygen produced by photoprocess type II (Figure 2, Eq. 2) is highly reactive 

species and most of the effects of PDT are related to oxidative damage caused by this active 
molecule. Good overview of its properties and characteristic can be found e.g. in the work of 
Lang et al.  [41]. Ground state oxygen is in the triplet state (3O2)(Figure 3). This is not very 
common feature for molecules and that is why only limited number of them (e.g. also vitamin 
A and nitric oxide) can also react in type II photoreactions [42] because the energy transfer 
proceeds only between species of the same multiplicity. Excitation of ground state triplet 
oxygen leads to change of the spin of one of the outermost electrons and thus to singlet 
oxygen (1O2)(Figure 3). One of the important characteristics of photosensitizers is therefore 
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their singlet oxygen quantum yield (ΦΔ) that can be defined as number of singlet oxygen 
molecules formed per absorbed energy quantum. Typical values for PS range from 0.2 to 0.8, 
the higher the better. 

Singlet oxygen is short-lived species with lifetime in water 3-4 µs  [43, 44] which even 
decreases to approximately 0.2 µs in cells due to its high reactivity with biological substrates 
[45]. However, the observed low lifetimes in biological media may be more or less caused by 
problems with detection of 1O2 in this environment. Recently, a lifetime 3 µs which is very 
close to 1O2 lifetime in water was measured in viable cells [46]. The singlet oxygen lifetime 
increases in organic solvents and reaches value e.g. 19 µs in octanol [44] or 50-100 µs in 
lipids [47]. As a consequence of its general short lifetime it can diffuse to distance only about 
10 nm  [47] (or according to other authors to 45 nm [48]). For comparison, plasma membrane 
thickness is 7-10 nm, human cells diameter ranges from 10 to 100 µm. It is therefore obvious 
that the effect of singlet oxygen is strictly limited to the place of origin and shall not affect 
any surrounding cells.  

 
 

Photoprocess Type I 
 
Photoprocess type I (Figure 2) is based on electron transfer to excited photosensitizer and 

involves production of reactive oxygen species (ROS) including mainly superoxide anion (O2
-

•), hydrogen peroxide (H2O2) and hydroxyl radical (OH•). The excited photosensitizer (3PS*) 
can react with photosensitizer in the ground state (1PS) producing reduced anion (PS-•) and 
oxidized cation (PS+•) radicals (Eq. 3). Many surrounding electron-donating molecules (D) 
(e.g. NADH, vitamin C, cysteine, guanine) can also reduce 3PS* leading to PS-• and oxidized 
substrate (D+) (Eq. 4). Photosensitizer anion radical (PS-•) undergoes electron-exchange 
reaction with oxygen (Eq. 5) to produce superoxide anion (O2

-•). Though the excited 
photosensitizer (3PS*) can also theoretically yield superoxide anion directly through electron 
transfer (Eq. 6), it has been shown that competitive energy transfer leading to singlet oxygen 
(Eq. 2) is more favorable [49]. Superoxide anion is reactive species and can inactivate several 
enzymes but its most important role is in production of hydrogen peroxide (Eq. 7), reduction 
of Fe3+ (Eq. 8) and subsequent formation of hydroxyl radical in Fenton reaction (Eq. 9). This 
highly reactive radical can add to an organic substrate (e.g. fatty acids, phenylalanine, nucleic 
acids) disturbing thus its biological functions.  

Despite the predominant influence of type II reaction in the photodynamic action, both 
reactions usually occur at the same time. Photoprocess type II is favored in oxygenated 
tissues and due to longer singlet oxygen lifetimes also in more lipophilic environment. On the 
other hand, the balance shifts toward the type I reactions under hypoxic conditions and these 
reactions substantially contribute to the photodamage of the membrane components in tissues 
with low oxygen concentration. They are also preferred in more polar environment where the 
radicals should be stabilized.  



Photodynamic Therapy 7

 

Figure 3. Molecular orbital diagrams of singlet (1O2) and triplet (3O2) state of oxygen. 

Although some photoreactions can occur under hypoxic conditions, the presence of 
oxygen is an absolute requirement for successful photodynamic activity. The photodynamic 
effect is directly proportional to the concentration of oxygen in tissues and no cancer cells are 
killed under anoxic conditions [50]. The possible oxygen depletion from human tissues may 
occur due to two main reasons. The first one is a fast consumption of oxygen in 
photoreactions after illumination of targeted area. It means that the photodynamic effect may 
limit itself in further cell killing. This problem can be bypassed using lower light fluence rates 
when the oxygen is not consumed so rapidly. As a consequence, much better clinical results 
are obtained for the same fluence but lower fluence rates [51]. The second reason arises from 
low oxygen level in the target tissue. Tumor cells generally are poorly supplied with blood 
leading to local hypoxia. Moreover, the photodynamic effect causes vascular damage leading 
to even lower supply. This effect limits the use of PDT in solid tumors where hypoxia must 
be considered. On the other hand, PDT-induced vascular shutdown is one of the important 
effects leading to final control over tumor. 

 
 

BIOLOGICAL RESPONSE  
 
The death of each cell that accumulated enough of the photosensitizer and was 

illuminated is not the sole effect responsible for regression of the tumor. Three main 
mechanisms by which PDT mediates the tumor destruction were described. The direct lethal 
effect of singlet oxygen and other ROS on cells is the first one. PDT-mediated vascular 
shutdown leading to low nourishment supply and tumor infarction is also very important 
pathway. Finally, PDT can activate immune response against tumor cells. 
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Direct Effect  
 
Since the active radius of toxic species produced by PDT is limited, the cell death is a 

consequence of the damage of subcellular structures. The absorbed photosensitizers are 
located inside the cell mainly in lysosomes [52-54] and also in mitochondria [55-57]. Some 
examples are described for photosensitizers (especially temoporfine) present also in 
endoplasmic reticulum or Golgi apparatus [57-59]. Plasma membrane is a relatively 
uncommon target in PDT  [60]and photosensitizers are localized within it usually only during 
first minutes of incubation [61]. The fragmentation of DNA after PDT treatment is suggested 
to be rather a consequence of induced apoptotic response than a contribution of direct PDT 
effect on cell nucleus [42]. 

However, it is sometimes impossible to appoint only one target organelle responsible for 
cell death. The photosensitizer localization can change over time of incubation [61, 62], some 
of them allocate in various organelles [63], they can redistribute after illumination and thus 
affect more intracellular targets [64, 65], or they can be found diffused in cytoplasm 
indicating no distinct subcellular localization [66, 67]. Generally, photosensitizers which are 
hydrophobic and have two or less negative charges can diffuse across plasma membrane and 
then relocate to other intracellular membranes. Those which are less hydrophobic and have 
more than two negative charges tend to be too polar to cross the membrane by passive 
diffusion and therefore are taken up by endocytosis and they are found in lysosomes [68]. 
Endocytosis is also important uptake mechanism for aggregated photosensitizers. The 
cationic dyes are known to accumulate in mitochondria [55, 69, 70] and belong to the most 
phototoxic ones. Mitochondria are the source of ATP production therefore their injury will 
lead to energy imbalance. The membrane-bound mitochondrial proteins were found to be 
more susceptible to photodamage than those located in their matrix or in cytosol [71] due to 
longer singlet oxygen lifetime in hydrophobic environment. Moreover, mitochondrial way is 
believed to be the most important in induction of apoptosis after PDT  [42, 72, 73].  

 
 

Vascular Effects 
 
Damage of vasculature of targeted area strongly contributes to final control over the 

tumor. The viability of tumor depends on the supply of oxygen and other nutrients by blood 
vessels. The destruction of delivery ways will lead to local hypoxia, anoxia and lack of 
available nutrients. The basic mechanism of action depends on the photosensitizer used. 
Porfimer sodium and hydrophobic phthalocyanines induces vessel constriction  [74-76], 
trombus formation was observed after treatment with talaporfin [77] and disulfonated 
phthalocyanines caused only vascular leakage [74]. The vessel constriction is connected with 
release of eicosanoids and can be inhibited using indomethacin (inhibitor of cyclooxygenase) 
[78]. The mechanism may have also a biphasic character as shown for indium pyropheorbide  
[79]. The acute vascular effects were characteristic of vasoconstriction; however, the long-
term vascular shutdown was mediated by thrombus formation.  

The highest vascular effect of PDT occurs usually when activation is performed shortly 
after photosensitizer injection, while direct effect becomes more important when delayed 
times are used. Vascular targeting of PDT may be of higher effectiveness or even higher 
selectivity than direct effect and that is why this regimen is currently used for age-related 
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macular degeneration (AMD) treatment in clinic [80] and experimentally for tumor 
destruction [81, 82]. Especially for drugs with low selectivity to tumor cells or which are 
rapidly excreted from the body, this approach may be the primary effect responsible for the 
cure  [77, 83, 84].  

 
 

Immune Response 
 
Activation of immune response in the targeted area after PDT is perhaps not the primary 

reason leading to cells death but it may help in long-term control over the tumor. In 
experiments with normal and immunodeficient mice, the long-term control has been observed 
only for normal mice although the short-term effects were comparable [85]. The mechanism 
of activation comprises release of cytokines, inflammatory and chemotactic signals from 
treated tissues followed by invasions of neutrophiles, mast cells, monocytes and macrophages 
[86]. Several other studies confirmed that tumor-specific response may be developed [42, 87] 
and on this ground the pretreatment with immunostimulants seems to bring benefits for PDT 
[88]. Suggestion that tumor-specific immunity is developed after PDT can be considered in 
development of vaccination using PDT-influenced tumor cell lysates [89].  

 
 

PHOTOSENSITIZERS’ PROPERTIES 
 
Photosensitizers (PS) are the main components of PDT treatment. Their structure 

determines the photophysical as well as pharmacokinetic properties and as a consequence 
leads to different efficacy, tumor selectivity, application methods, irradiation schemes and 
side effects (especially long-term phototoxicity). 

UV-vis absorption spectrum of each photosensitizer is perhaps the most important 
photophysical property. The transmittance of biological tissues is relatively low at lower 
wavelengths and increases at longer wavelengths. Endogenous chromophores in human body 
(hemoglobin, oxyhemoglobin and melanin) are responsible for light absorption up to 
approximately 630 nm and light penetration through tissues in range of only millimeters. 
Melanin absorption is important even at wavelengths around 700 nm and that is why 
especially highly melanotic tumors require photosensitizers with absorption at longer 
wavelengths. The IR radiation at wavelengths higher than 1000 nm is absorbed by water. The 
optical window of tissues opens therefore between 630 and 1000 nm. Nevertheless, 
absorption above 800 nm may not be suitable for singlet oxygen production. The energy 
difference between 1O2 and 3O2 (ΔEΔ) is 94 kJ mol-1 so the energy of the photosensitizers 
excited triplet state (ΔEt) must be larger. As ΔEt decreases with increasing wavelength it may 
not be sufficient for excitation of 3O2 to 1O2. The optimal range of absorption for ideal 
photosensitizer is therefore 680-800 nm.  

Similarly to all dyes, the photosensitizers undergo also a photobleaching. This is a 
process when the macrocycle loses its absorption as a result of self-destruction after 
illumination. The stability of photosensitizer on light decreases generally with absorption at 
higher wavelengths. Such low stability may be a limitation during use in therapy but also an 
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advantage, since the photosensitizer is then excreted from the body faster and it may reduce 
long-term photosensitivity. 

The ideal photosensitizer for PDT would have the following characteristics: 
 
• Be chemically pure and of known composition. The porfimer sodium (a 

hematoporphyrin derivative), which was the first compound approved in clinical 
practice, consists of a number of different dimers, trimers and other oligomers. Also 
sulfonated aluminium phthalocyanine (known as Photosens) is a mixture of several 
phthalocyanine macrocycles with different degree of sulfonation and position of 
sulfo group. 

• Have low dark toxicity of both photosensitizer and its degradation products. 
• Be preferentially retained in target tissues. High tumor-to-healthy tissues ratio is 

advantage and decreases the systemic toxicity. However, the low selectivity can be 
bypassed by special irradiation schemes as in the case of talaporfin. 

• Be rapidly excreted from the body. As the photosensitizer tends to cumulate in skin, 
it causes prolonged photosensitivity (almost 2 months for porfimer) and patients 
must avoid the contact with direct sunlight for several weeks. Therefore the use of 
hydrophilic, rapidly eliminated PS seems to be more advantageous even at the 
expense of lower selectivity.  

• Have the high singlet oxygen quantum yields. Since the production of singlet oxygen 
is crucial for PDT, the quantum yields should be as high as possible. For PS in 
clinical practice or in trials it ranges from 0.2 to 0.8. 

• Absorb strongly at longer wavelengths. As mentioned above, the optimal 
wavelengths for absorption ranges from 680 nm to 800 nm. Moreover, high 
extinction coefficients (ε) at illumination wavelength allow reduction of PS dose 
while preserving the amount of produced toxic species. 

• Be available. 
 

According to above mentioned criteria, the available photosensitizers can be divided into 
three generations. Compounds involved in the first generation absorb usually at low 
wavelengths (about 630 nm) with low extinction coefficient (ε~3000 M-1 cm-1), have low 
tumor/skin ratio and are retained in cutaneous tissues for several months. Actually, the only 
representatives of this generation are porfimer sodium and similar hematoporphyrin 
derivatives.  

The second generation of PS is excited using light at longer wavelengths, mainly from 
670 to 800 nm, which penetrates up to 2-3 cm. Also their absorption is much stronger (ε~ 
50000-300000 M-1 cm-1) which allows reduction of PS amount required for certain 
therapeutic effect. The interpretations of dose-response relationships are easier because they 
are not mixtures of compounds as in the case of porfimer. The selectivity of tumor targeting 
is, however, still not fully satisfying. That is why, the combination of the second generation 
PS with targeting moieties (monoclonal antibodies, steroids, nucleotides etc.) is under 
development and sometimes called the third generation of PS. 
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STRUCTURES OF PHOTOSENSITIZERS 
 
Tetrapyrrolic compounds based on [18]annulene structure are among the most useful PS 

for PDT. The basic structure of porphyrin consists of four pyrrol units linked by methine 
bridges to make a ring. The porphyrin ring is an aromatic system containing 22 π-electrons, 
but only 18 of them are involved in delocalization (Figure 4). It obeys Huckel’s rule of 
aromaticity 4n+2 π-electrons. The pyrrol rings in porphyrin are named A, B, C and D, the 
carbons forming methine bridges (position 5, 10, 15 and 20) are called meso carbons. 
Reduction of one double bond not involved in [18]annulene ring leads to chlorins, reduction 
of another double bond gives rise to bacteriochlorins. Pheophorbides and 
bacteriopheophorbides can be considered as members of chlorin or bacteriochlorin family, 
respectively, with ethylene bridge between meso carbon and adjacent pyrrol unit. 
[18]annulene ring can be found also in the structure of compounds derived from porphyrin – 
texaphyrins and porphycenes. Isosteric replacement of meso carbons in porphyrin with 
nitrogens and condensation of benzene rings to each of pyrrol units leads to well known 
group of synthetic dyes phthalocyanines.  

All porphyrin-like compounds have two important absorption bands – Soret band (known 
as B-band) around 400 nm and a Q-band in area 600-800 nm. The Q-band is important for 
PDT since it lays in area used for excitation. Porphyrins absorb at λmax~630 nm with only 
weak extinction coefficient. Reduction of double bonds in porphyrin’s pyrrol rings causes 
bathochromic shift and strengthens the absorption at Q-band. Thus, chlorins absorb at 
λmax~650-690 nm with ε~40000 M-1 cm-1 and bacteriochlorins at λmax~740-800 nm with 
ε~50000 M-1 cm-1 depending on the substitution of the ring (see Figure 51 for comparison 
[90]). 

 

 

Figure 4. Basic structures of porphyrinoid photosensitizers.  

                                                        
1 Reprinted with permission from ref [90]. Copyright (2006) American Chemical Society. 
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Figure 5. UV-vis absorption spectra of porphyrin (thin line), chlorin (dotted line) and bacteriochlorin 
(thick line) of the same peripheral substitution and at the same concentration. 

Whole macrocyclic system of phthalocyanines is aromatic and conjugated and this 
substantially changes photophysical properties especially in the Q-band area. The band is 
shifted to higher wavelengths (λmax=650-700 nm) and is very strong (ε up to 200000 M-1 cm-

1). B-band absorption, on the other hand, is only weak. Enlargement of phthalocyanine ring 
for next benzene rings lead to naphthalocyanines (Nc) with even more red-shifted Q-band 
(λmax=760-810 nm) and ε over 250000 M-1 cm-1. 

In following paragraphs, we will concentrate on the photosensitizers which have been 
already approved in clinical practice, are undergoing clinical trials or are prospective in future 
PDT treatment. The compounds are divided according to their structures into porphyrins, 
chlorins and bacteriochlorins, phthalocyanines, tricyclic dyes and other photosensitizers. 
Since the compounds were developed or investigated often by different research groups, they 
received a lot of names including several abbreviations. For instance, mono-L-aspartyl chlorin 
e6 is also known as talaporfin, Npe6, LS11, MACE or Laserphyrin® and can be also 
mentioned as a part of Litx™ technology. Where possible, we will prefer use of the 
international nonproprietary names (INN) which are recommended by WHO for drugs.  

 
 

PORPHYRINS 
 

Porfimer Sodium 
 
Other names used: hematoporphyrin derivative, HpD, Photofrin, Photogem, Photosan.  
Porfimer sodium is an INN name for mix of compounds which are named 

hematoporphyrin derivative (HpD). In fact, this is not a single compound but a mixture of 
monomers, dimers and oligomers with not exactly defined proportions of the constituents. 
Hematoporphyrin (Hp) itself is a potent photosensitizers but it is lack of selectivity to tumor 
tissues. It was found that oligomeric fractions that arise during isolation of Hp from blood 
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[91] are responsible for the selective accumulation and therefore these fractions were 
synthetically enriched to form HpD and later concentrated using gel permeation 
chromatography. 

Heme is a red blood dye responsible for oxygen transport in vivo and is photodynamically 
inactive. It is demetallated using HBr in acetic acid (Scheme 1), the vinyl groups are 
hydrobrominated at the same time and subsequently hydrolyzed in water medium to yield Hp 
[92]. Treatment of Hp with sulphuric acid in acetic acid leads to acetylation of free hydroxy 
groups. Their subsequent hydrolysis with NaOH and neutralization gives a mixture known as 
HpD. During this process a lot of linkages either ether, ester or direct C-C bonds arises and 
oligomer fraction is enriched. The removal of acetyl group by NaOH may lead also to 
elimination and some vinyl groups on periphery may be restored  [93]. An example of 
tetramer combining some of the possible connections and peripheral substitutions in HpD is 
shown on (Figure 6). The crude mixture was purified by HPLC or gel permeation 
chromatography to enrich the oligomeric fractions which are responsible for increased tumor 
uptake and such HpD was used in clinical tests and later introduced to clinical practice as 
porfimer sodium. 

The maximum wavelength of HpD absorption is at 630 nm, its ε at this wavelength 
reaches only 3000 M-1 cm-1 and as a consequence large doses of photosensitizer and light are 
needed for therapeutic effect. Porfimer sodium is water soluble and applied in the form of i.v. 
injections at the dose 2 mg/kg. Its half-life ranges from 17-22 days. The best tumor uptake is 
reached after 45-50 hours when the targeted area is irradiated. Next irradiation can be done 
after 90-120 hours. If necessary, second PDT-cycle (including drug administration) can be 
performed after 30 days. Porfimer is retained in skin for at least 6-8 weeks causing long-term 
phototoxicity.  

The HpD enriched for its oligomeric fractions is approved as porfimer sodium. However, 
a lot of other HpD of different origin were prepared and the composition may vary. For 
example, three different HpD forms from a various manufacturers are investigated in China 
(BeijingHpD, YangzhouHpD, Photocarcinorin) and they have been shown to be of different 
composition [94]. HpD developed by different technology has been investigated also in 
Russia and approved for clinical use under the name Photogem® in 1996  [95]. The clinical 
results obtained for such preparations are therefore very hard to correlate correctly.  

 

 

Scheme 1. Preparation of HpD. 
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Figure 6. Example of one of porfimer oligomers and structure of hematoporphyrin monomethylether. 

Porfimer sodium was developed by QLT, Inc. and as the first photosensitizer approved in 
clinical practice for PDT in Canada (Photofrin®) in 1993 for the treatment of superficial 
bladder cancer. A lot of other approvals have been received since that time also in other 
countries for treatment of advanced stage esophageal cancer, advanced non-small-cell lung 
cancer, early-stage lung cancer, cervical cancer, gastric cancer and Barret’s esophagus [96]. 
However, since the porfimer sodium is the first and the best known photosensitizer, a lot of 
other clinical trials for new cancer treatment are under run [97]. For instance, head and neck 
cancers [98] brain and central nervous system tumors [99, 100] and cholangiocarcinoma [101, 
102] have been shown to respond to the porfimer sodium-PDT treatment. The worldwide 
rights to Photofrin® were sold to Axcan Pharma, Inc. in 2000.  

 
 

Hematoporphyrin Monomethylether 
 
Other names: HMME, Herimether, PsD-044. 
Hematoporphyrin monomethyl ether (Figure 6) is a name for two positional isomers – 3- 

or 8-methoxyethyl-8- or 3-hydroxyethyldeuteroporphyrin IX. It was synthesized in China and 
clinical studies have demonstrated that, compared to HpD, it has advantages of stronger 
photodynamic effect, higher tumor selectivity, lower toxicity and shorter skin photosensitivity 
[94]. It has been successfully used for treatment of port-wine stains, cancer of gastrointestinal 
tract and gliomas  [103]. 

 
 

5-aminolevulinic Acid 
 
Chemical name: 5-amino-4-oxo-pentanoic acid 
Other names: δ-aminolevulinic acid, 5-aminolaevulinic acid, ALA, 5-ALA 
5-aminolevulinic acid (5-ALA) is the first compound in the porphyrin synthesis pathway 

(Scheme 2), leading in the end to hemoglobin in mammals. In eukaryotic cells it is produced 
by the enzyme ALA synthetase from glycine and succinyl CoA. 5-ALA biosynthesis in 
plants, algae and most of bacteria starts from glutamic acid and glutamate-1-semialdehyde.  
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There are two rate-limiting steps in the heme biosynthesis in eukaryotic cells: synthesis 
of 5-ALA and conversion of PpIX to heme by the enzyme ferrochelatase [104]. 

As a PDT tool, 5-ALA is a prodrug in the sense of Albert´s [105] concept. The 5-ALA 
molecule itself is non-active. If produced naturally in cells, it is fluently converted to 
porphobilinogen (PBG), and then up to heme through several biosynthetic steps. The 
concentration of heme works as a feedback control mechanism, inhibiting the endogenous 5-
ALA formation, so no biosynthesis intermediate is accumulated under physiological 
conditions. When exogenous 5-ALA is supplied, the biosynthesis runs relatively quickly to 
the protoporphyrin IX (PpIX), the last intermediate, which normally incorporates an iron ion 
to form the heme molecule. However, since this step is a bottleneck of the heme biosynthesis, 
in the case of exogenous 5-ALA supply the PpIX is accumulated in cells in high 
concentration depending on the 5-ALA availability, because of limited capacity of the 
ferrochelatase  [106, 107]. In contrast to heme, which is not photoactive, the PpIX oxygen 
quantum yield is about 0.56, which is quite sufficient for effective PDT [108].  

 

 

Scheme 2. Pathway of heme biosythesis. 
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The fundamentals for employment of 5-ALA in photodynamic therapy were put in 1987 
by Malik and Lugaci [109], who first used 5-ALA induced PpIX and light for in vitro cells 
inactivation, and by Peng et al. [110, 111], who described endogenous porphyrin synthesis 24 
hr after intra-peritoneal injection of 5-ALA in tumor-bearing mice. However, for these 
successful 5-ALA applications, previous improvements in knowledge about porphyrin 
biosynthesis and metabolism were necessary. Research of porphyria brought important new 
information in this field in 1980s, when e.g. Sandberg and Romslo found the phototoxic 
efficacy of protoporphyrin IX was much higher than that of coproporphyrin and uroporphyrin 
[112]. In another important finding the same authors revealed the efficiency of PpIX was 
strongly dependent on subcellular localization of the porphyrins. While PpIX was localized 
and exerted its damaging power mainly in the mitochondria, uroporphyrin was concentrated 
in lysosomes and after irradiation it caused release and inactivation of lysosomal enzymes. 
The higher efficacy of PpIX localized in mitochondria corresponded with the previously 
described importance of oxygen in the PDT [113, 114]. 

5-ALA was introduced into human PDT by Kennedy and Pottier in 1990-1992 [115, 
116]. They described photosensitivity at patients with superficial skin disorders after 
exogenous administration of 5-ALA in an aqueous solution and they confirmed that the 
photosensitivity was caused by PpIX. 

Considering the routine human applications of PDT, 5-ALA and its derivatives perform 
majority of the clinical cases nowadays. Of them, vast majority is realized in dermatology as 
topical PDT. Beyond the officially approved applications (Bowen´s disease, actinic keratosis 
and basal cell carcinoma) [117, 118], both 5-ALA and its ester derivatives are examined in 
many other experimental topical therapeutic and diagnostic applications, e.g. superficial 
fungal infections [119, 120], acne [121-123], psoriasis [124, 125], warts [126] and other skin 
viral infections [127, 128]. For these applications, 5-ALA possesses both excellent 
advantages but also some drawbacks.  

The main advantages of the 5-ALA PDT include: 
 
1. The natural character of both the (pro)drug and active metabolite is a good premise 

for low toxicity of this photodynamic therapeutic system. 
2. Relatively short and low skin photosensitization, since the PpIX is not too much 

accumulated in the skin and the tissue levels are at the standard value in about 24 to 
48 hrs [129]. 

3. The relative selectivity caused by various reasons, e.g.: 
• more expressed porphobilinogen deaminase at some types of tumors enhances 

the PpIX biosynthesis in tumor cells compared to the normal cells [130-132] 
• lower ferrochelatase activity at some cancer cells [131-134] decreases the PpIX 

to heme conversion and increases the PpIX accumulation 
• limited availability of iron atoms in rapidly proliferating cancer tissues also 

contributes to slowered PpIX to heme conversion [135]. 
 
The main drawbacks of the 5-ALA mediated PDT are: 
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1. The strong hydrophilicity of the 5-ALA, which considerably limits its penetration 
especially through the upper layer of skin, stratum corneum, and through cell 
membranes. Therefore, only very superficial changes can be treated [136, 137]. 

2. The instability of 5-ALA, especially in solutions buffered to the physiological pH 
value.  

3. Absorption maximum of the highest PpIX Q-band at approx. 630 nm, which also 
limits the use of 5-ALA mediated PDT to superficial skin disorders only and disables 
it from use on pigmented skin defects, because of the endogenous porphyrins and 
melanins absorption, reaching up to approx. 700 nm. 

 
Despite of these problems, 5-ALA itself is used relatively frequently in human PDT. 

Officially it is approved for topical treatment of actinic keratoses of head and scalp since 
1999 (USA, Levulan® Kerastick®, DUSA Pharmaceuticals). Since 2000 it is also registered as 
the medicinal preparation Alasens [138] in Russia, as the hydrochloride in powder form for 
dissolution before application. 

A big effort exists in the scientific community to resolve the above mentioned 5-ALA 
drawbacks, and in some cases this effort was at least partially successful. The 5-ALA 
hydrophilicity can be overwhelmed to some extent by either chemical modifications or 
technological formulation methods. 

Chemical modifications intended to enhance the 5-ALA penetration through skin and 
membranes should consider the mechanism of its action, i.e. the amino and carbonyl groups 
of its molecule are included in the subsequent steps of the hem biosynthesis cycle. Therefore, 
to maintain its biological activity, these moieties usually should stay free and available for 
enzymatic condensation. Several studies described formation of N-derivatives of 5-ALA, 
mainly of simple amide or peptide type. Simple amide derivatives were usually not active, 
probably because of low ability of cells to cleave the amide bond [139-143]. Some peptide 
derivatives were more successful  [141, 142], however, the doses of such compounds to 
achieve equivalent PpIX biosynthesis compared to 5-ALA were high.  

Even if the carboxy group is not directly included in the metabolic bio-condensation, only 
carboxylic acid precursors are usually considered to be suitable for PDT. Of the chemical 
modifications described until now, the esterification has shown to be the most successful in 
enhancing the lipophilicity and penetration while maintaining the activity [137, 144]. A 
number of 5-ALA esters was synthesized, including both non-branched and branched 
aliphatic esters [139, 145], alicyclic and aromatic esters (all of them including halogenated 
derivatives [146]), ethylene glycol esters, nitrophenyl esters, thioesters [147], dendron and 
dendrimer esters. Despite of the number of compounds, only two ester derivatives were 
introduced into clinical use until now. The methyl ester (Metvix®, Photocure ASA, Oslo, 
Norway) is officially approved for treatment of actinic keratoses and hexyl ester (Hexvix®, 
Photocure ASA, Oslo, Norway) for photodiagnostic use. 

Even if the esterification of 5-ALA has shown to enhance penetration through cell 
membranes and the influx into the cells, the positive effect on the PpIX formation in cells 
compared to free 5-ALA occurs only in low concentrations. Another factors, especially the 
rate of the ester hydrolysis and the porphobilinogen deaminase and uroporphyrinogen II 
cosynthase activity seem to be the limiting for PpIX synthesis [135, 140, 148, 149] in the 
concentrations above approx. 3-5 mM. Since the concentrations currently used in the 
dermatologic therapeutic applications are in the range of 16-20 per cent (w/w) (about 1M or 
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more), the formation of 5-ALA esters as pro-prodrugs with enhanced penetration is probably 
not the main advantage of this modification. Nevertheless, until now there seems to be no 
clear evidence that 5-ALA esters are biologically active only after the hydrolysis, since in 
some cases formation of PpIX esters and diesters was observed and they shown spectral 
properties analogous to the ones of PpIX itself [150-152]. Taylor et al. also showed that 
exposition of 5-ALA and its ethyl ester mixture to the 5-ALA dehydratase, the second 
enzyme in the hem biosynthesis pathway, resulted in a mixture of porphobilinogen as the 
main product and its ester as the by-product [153].  

Unlike the topical use, the concentrations of 5-ALA and its derivatives in body fluids and 
tissues after systemic administration are much lower and enhanced cell influx enabled by 
esterification may play an important role. For example, the porphyrin synthesis from 5-ALA 
hexyl ester was found to be several times higher than that from 5-ALA at 0.05 mM 
concentration in experiments performed at the murine mammary adenocarcinoma M3 derived 
LM3 cell line [154]. The low plasmatic concentrations sufficient for high PpIX fluorescence 
localized with relatively high selectivity in cancer tissue favor the 5-ALA hexylester as the 
photodiagnostic tool (Hexvix®, Photocure ASA, Oslo, Norway), actually approved for 
detection of bladder cancer.  

For the topical applications, the advantage of ester derivatives seems to be more 
important as a factor influencing the selectivity of subsequent photodynamic treatment. It was 
shown that the porphyrin synthesis from 5-ALA esters is much more localized in the cancer 
tissue than in the surrounding normal cells [155-157]. The reason could be the higher activity 
of esterases in some cancer or another abnormal cells, as already noted above. The differences 
in PpIX ratio in normal skin and actinic keratoses were observed by Fritsch et al. [158] also in 
isolated human skin. Another condition contributing to the higher ratio of PpIX 
concentrations between the place of application and surrounding tissue at 5-ALA esters could 
be the higher partitioning and subsequent sequestration of the esters within the stratum 
corneum, while the free 5-ALA can diffuse to surrounding tissues trough vascular networks 
more easily thanks to its hydrophilicity [159].  

Another advantage of 5-ALA methyl ester mediated topical PDT over the 5-ALA 
treatment is less pain accompanying the treatment procedure. This phenomenon is probably 
attributable to different cell uptake mechanisms of these two 5-ALA application forms. While 
5-ALA cellular uptake very probably at least partly employs a Na+ and Cl- dependent active 
transport mechanism [160, 161], the uptake mechanism of its methyl ester is independent on 
the Cl-. On the other hand, it can be inhibited by amino acids of low polarity (e.g. alanine, 
methionine, tryptophan) [162]. 

The second main shortage of the 5-ALA mediated PDT is the drug isufficient stability. It 
depends strongly on the pH value, on the drug concentration, and temperature of the solution. 
The main reaction causing the decrease of free 5-ALA molecules number available for PDT is 
dimerization. 5- ALA belongs among the α-amino ketones which under neutral and alkaline 
condition readily dimerize and subsequently cyclize to dihydropyrazine derivatives 
[163](Scheme 3). In the case of 5-ALA, the formation of mainly 2,5-dicarboxyethyl-3,6-
dihydropyrazine [164-166] via an open-chain ketimine 5-ALA dimer was observed. 
Porphobilinogen [167] and pseudoporphobilinogen [165, 167] were described to arise as 
minor side-products. Similarly to biosynthetic steps to subsequent hem intermediates, the 
amino and carbonyl groups are included in the dimerization reaction [167]. In the presence of 
oxygen, the dihydropyrazine derivative is further oxidized to the 2,5-dicarboxyethylpyrazine 
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[165, 168]. The speed of dimerization reaction depends mainly on the pH value. While 
solutions of 5-ALA with pH under 2 are stable, at pH 7.4 almost complete degradation could 
occur in several hours. Similarly, at 0.3 g/ml solution the decrease of concentration is more 
than four times higher during 45 min test period than at a 0.1 g/ml solution at pH 5.5 [167].  

Since the 5-ALA instability is caused by similar mechanism, as are the ones which 5-
ALA undergoes in the first steps of hem biosynthesis, it is not easy to stabilize the molecule 
against these undesirable changes. Some attempts to protect the amino moiety via formation 
of amides were performed, however, they usually resulted in biologically inactive derivatives, 
as already mentioned above. As a result, a theoretically possible way to stabilize the 5-ALA 
solutions is to keep the pH at very low value, which is unfortunately unsuitable for clinical 
human application. The other way is to prepare the solution in-situ just before application. 
This approach is employed at the both the clinically used preparations Levulan® Kerastick® 
(DUSA Pharmaceuticals, Inc.) and Alasens. Another possible approach is a development of 
formulations avoiding direct contact of 5-ALA or its derivatives with water. The literature 
concerning such formulations is outside the scope of this review. 

 

 

Scheme 3. Reaction mechanism of 5-ALA instability. 

 
CHLORINS 

 
Verteporfin 

 
Other names: benzoporphyrin derivative mono acid ring A, BPD-MA, Visudyne® 
In spite of its name benzoporphyrin, verteporfin (developed by QLT, Inc.) is a member of 

chlorin family. It is a derivative obtained semisynthetically from protoporphyrin (Scheme 4). 
Protoporphyrin dimethyl ester undergoes a Diels-Alder reaction with dimethyl 
acetylenedicarboxylate. The adduct double bonds are then rearranged by treatment with base 
to obtain the benzoporphyrin derivative modified on both A and B rings. Chromatographic 
separation and partial hydrolysis gives desired benzoporphyrin derivative mono acid ring A  
[93]. 

Being a chlorin, the photophysical properties of verteporfin are improved – it absorbs at 
690 nm with ε~35000 M-1 cm-1. Verteporfin is only sparingly water soluble, so it must be 
administered in the form of liposomal formulations at dose 6 mg/m2. It is rapidly cleared from 
body, its plasma half-life ranges from 5 to 6 hours. The irradiation is performed 15 minutes 
after start of infusion. The skin photosensitivity is usually developed only for 48 hours.  
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Scheme 4. Synthesis of verteporfin. 

Though verteporfin has been tested also for cancer treatment, it received the highest 
attention in ophthalmic applications for the treatment of age-related macular degeneration 
(AMD). AMD is the leading cause of severe vision loss among the elderly in western world. 
It appears in two forms: wet and dry. The wet one is developed from dry one and is 
characterized by abnormal, leaky blood vessels in the macula, which may create scar tissue, 
causing permanent blind spots [169]. Verteporfin causes usually vascular shutdown so it is 
optimal for treatment of neovasculature. It is approved in several countries for treatment of 
chorioidal neovascularization caused by AMD but also due to other macular disease 
(pathologic myopia, ocular histoplasmosis). Verteporfin is effective in therapy solely  [170], 
but it is investigated also in combination therapy with other drugs used for treatment of 
chorioidal neovascularization. It may be administered together with antiangiogenic drugs 
(ranibizumab, pegaptinib or bevacizumab) or steroids (dexamethasone, triamcinolone 
acetonide or anecortave acetonide). Although several clinical trials are still running  [97] the 
first results suggest a possible synergistic effect of combination therapy  [171, 172]. 
Verteporfin showed benefit also in dermatology for treatment of non-melanoma skin cancers 
[173] and port-wine stains  [174]. 

 
 

Lemuteporfin 
 
Other names: QLT0074, diethylene glycol benzoporphyrin derivative. 
Lemuteporfin, another photosensitizing drug developed by QLT, Inc., can be considered 

as a derivative of verteporfin. It is prepared by esterification of benzoporphyrin derivative 
diacid ring A with ethylene glycol (Scheme 5). Its photophysical properties are close to parent 
molecule of verteporfin (λmax 690 nm) but its pharmacokinetic is much faster. In tests on 
DBA/2 mice lemuteporfin showed good uptake within first 15-20 minutes, very rapid 
clearance from whole body and lack of accumulation in skin [175, 176]. It did not show any 
prolonged photosensitivity. 
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Scheme 5. Synthesis of lemuteporfin. 

In test on cells, lemuteporfin showed possibility of immunomodulatory answer. Sublethal 
doses may result in the modification of cell surface receptor expression levels and cytokine 
release and consequently influence cell behavior [177]. It seems to affect mainly activated T-
lymphocytes [178]. Several studies, including clinical trials phase I/II [97, 179], have been 
performed also for treatment of benign prostate hyperplasia [180].  

 
 

Temoporfin 
 
Other names: m-tetrahydroxyphenylchlorin, mTHPC, Foscan®. 
Temoporfin is a completely synthetic chlorin prepared by diimide reduction of double 

bond in 5,10,15,20-tetrakis(m-hydroxyphenyl)porphyrin (mTHPP) which is fully built up 
from pyrrol and protected 3-hydroxybenzaldehyde  [93] (Scheme 6). In a series of positional 
isomers, ortho substituted THPP caused skin photosensitization  [181]and that is why it was 
not even introduced to studies with chlorins. Comparing meta and para substituted 
hydroxyphenylchlorins, the meta isomer showed much better cost/benefit ratio (expressed as 
damage to normal and tumor tissue, respectively)  [182]. That is why 5,10,15,20-tetrakis(m-
hydroxyphenyl)chlorin was chosen as the most suitable for clinical evaluation.  

Temoporfin absorption is shifted to only 652 nm with ε~30000 M-1 cm-1. Its solubility in 
water is not excellent, so it is administered in a mixture of water, ethanol and PEG. The best 
selectivity to tumor is achieved after 4 days and that is why it takes a long time between 
administration and irradiation protocol. However, recently a liposomal formulation of 
temoporfin showed the same efficacy  [183] and high tumor/muscle or tumor/skin ratio were 
observed within few hours after administration [184]. It is very efficient photosensitizer, 
which enables administration in dose of only 0.15 mg/kg. Temoporfin has a low clearance 
with terminal plasma half-life 65 hours. Skin photosensitivity lasts for at least 15 days.  

Biolitec Pharma has received the first approval for temoporfin in 2001 for treatment of 
head and neck cancer and it is still the only PDT-drug approved for this kind of cancer [185]. 
Good cosmetic results were obtained using this drug also for basal cell carcinoma (BCC) in 
clinical trials [186, 187]. The advantage of temoporfin over ALA-mediated PDT treatment of 
BCC is deeper penetration of activating light. Several other clinical trials were performed 
using this photosensitizer with satisfying results, including photodetection of brain tumors  
[188] and prostate cancer [189, 190].  
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Scheme 6. Synthesis of temoporfin. 

 
Talaporfin 

 
Other names: mono-L-aspartyl chlorin e6, Npe6, LS11, MACE or Laserphyrin®, Litx™. 
Talaporfin is a semisynthetic derivative of chlorin e6. Chlorin e6 is available directly 

from chlorophyll a (isolated from certain Spirulina species) under vigorous basic conditions 
[93]. Coupling of chlorin e6 with aspartic acid gives rise to mono-L-aspartyl chlorin e6 [191] 
(Scheme 7). However, three possible carboxy groups can be substituted during the reaction. 
In the beginning, the structure was attributed to 173-aspartyl derivative mainly based on 
theoretical predictions of reactivity and sterical hindrance. Later, 2D NMR studies  [192] and 
more recently also single crystal X-ray diffraction  [193] confirmed unequivocally that the 
structure corresponds to 152-aspartyl derivative. It was also accepted by WHO and INN name 
for talaporfin is attributed to 152-regioisomer. 

Q-band position of talaporfin occurs at 664 nm with ε~40000 M-1 cm-1. Talaporfin in the 
form of tetra sodium salt is well water-soluble and can be administered at dose 40 mg/m2 by 
i.v. injection without the need for any special solubilizing agent. Irradiation of tumors starts in 
15-60 minutes after application of the drug because animal models have shown that the 
response corresponds rather to plasma levels of photosensitizer than to accumulation in tumor 
tissue [194]. It shows two compartment pharmacokinetic with alpha, beta and terminal half-
lives to be 9 h, 106-136 h and 168 h, respectively [195, 196]. It causes only minimal skin 
photosensitivity, usually within 3-7 days  [195, 197] with complete disappearance after 2 
weeks [198].  

 

 

Scheme 7. Synthesis of talaporfin. 
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Talaporfin sodium, under the name Laserphyrin®, has been approved in Japan for 
treatment of early-stage bronchopulmonary cancer and is sold for that indication by Meiji 
Seika Kaisha, Ltd. It is also investigated by Light Sciences Oncology using Litx™ 
technology for the treatment of liver cancer – both hepatoma (primary liver cancer) and liver 
metastasis of colorectal carcinoma [199]. They perform also clinical trials on treatment of 
glioma (brain tumor). Other performed clinical trials involve cutaneous diseases of various 
cancers  [200], superficial squamous cell carcinoma of the lung  [198] and showed future 
promise for the use of talaporfin as efficient and safe photosensitizer. Recent in vitro tests 
with HL-60 cells were performed using this drug in combination with ultrasound 
(sonodynamic therapy). These results suggest that it sonochemically induces apoptosis as well 
as necrosis in HL-60 cells [201].  

 
 

Rostaporfin 
 
Other names: tin etiopurpurin, SnEt2, Purlytin™, Photrex®. 
The purpurins are semisythetic derivatives obtained by intramolecular cyclization of 

porphyrins meso-substituted with derivatives of acrylic acid [93]. Tin etiopurpurin has been 
prepared in 1988 by insertion of metal into corresponding purpurin derivative using SnCl2 in 
acetic acid (Scheme 8)  [202]. Although insertion of metal into purpurin macrocycle shifts its 
absorption hypsochromically for almost 30 nm, their tumoricidal activity was significantly 
greater  [202] and that is why they were more suitable for PDT applications. From Ag, Ni, Sn 
and Zn, the most suitable metals were found to be Zn and Sn  [202] and in following study on 
mice tin etiopurpurin showed the best results [203]. 

Rostaporfin absorbs at 659 nm with ε~30000 M-1 cm-1. The compound is hydrophobic 
and has to be administered in emulsifying agent. The dose is usually 1.2 mg/kg, irradiation 
starts 24 h after administration. 

The drug was developed by Miravant for treatment of AMD (wet form). The drug 
finished the phase III clinical trials and approval to FDA has been submitted. However, FDA 
required more trials to confirm efficacy and safety. Miravant has started the confirmation 
studies in late 2005  [97] but no information have been available since that time. Positive 
results were obtained with rostaporfin also for treatment of cutaneous metastatic cancers of 
various origin  [204, 205] and treatment of canine prostate  [206]. 

 

 

Scheme 8. Synthesis of rostaporfin. 
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Scheme 9. Preparation of indium methyl pyropheophorbide a. 

 
Indium Methyl Pyropheophorbide A 

 
Other names: MV6401, InCh 
Indium methyl pyropheophorbide a is another lipophilic photosensitizer developed by 

Miravant. Methyl pyropheophorbide a is prepared using standard conditions. Chlorophyll a is 
isolated from Spirulina and demetalated using sulfuric acid in methanol. Thus prepared 
methyl pheophorbide a is thermally decarboxalated in collidine to yield methyl 
pyropheophorbide a and subsequently converted in benzene under basic conditions (sodium 
acetate or potassium carbonate) in the presence of InCl3 to desired indium methyl 
pyropheophorbide a (Scheme 9)  [207]. Due to low solubility in water it must be administered 
using delivery systems, in this case based on liposomes of egg yolk phosphatidylcholines. It 
absorbs at 664 nm, usual dosage in animal models is only about 0.1 mg/kg and it has plasma 
half-life about 20 min [208]. It has been tested for chorioidal neovascularization on animal 
models with positive results. The best selectivity for this application was achieved when the 
drug was activated short times after administration (from 10 min to 90 min)  [209, 210] 
indicating importance of vascular targeting. On the other hand, tumor treatment responds 
better using new approach of fractionated photosensitizer dosing when both tumor tissue and 
tumor vasculature are affected [208]. 

 
 

2-(1-hexyloxyethyl)-2-devinyl Pyropheophorbide a 
 
Other names: HPPH, Photochlor. 
This photosensitizer is example of semisynthetic improvement of naturally occurring 

porphyrinoids developed in Roswell Park Cancer Institute [211]. HPPH is an extremely 
hydrophobic compound that was found, in a quantitative structure-activity relationship study 
that addressed the general property of lipophilicity, to be the most effective photosensitizer 
against murine tumors amongst a series of homologues with different numbers of methylene 

groups on the ether function [212]. The original 5-step method of synthesis starts from 
precursor methyl pheophorbide a which is isolated from Spirulina maxima and converted to 
methyl pyropheophorbide a by refluxing in collidine. Its vinyl group is hydrobrominated in 
next step and immediately reacted with hexanol. The methyl ester is then hydrolyzed using 
LiOH (Scheme 10-A)  [213]. The older method was recently replaced using much simpler 
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and faster procedure (Scheme 10-B)  [214]. It involves Dieckmann condesation and 
subsequent thermal decarboxylation of easily obtainable trimethylester chlorin e6 and allows 
preparation of this promising photosensitizer in large scale. 

This second generation photosensitizer absorbs at 665 nm with ε~47000 M-1 cm-1. Low 
solubility in water requires presence of solubilizers and therefore the drug is formulated in 5% 
dextrose in sterile water containing 2% ethanol and 1% polyoxyethylene sorbitan monooleate 
(Tween 80). However, a new nanocrystal suspension of HPPH without the need of any 
stabilizers was successfully tested recently and its in vitro and in vivo efficacy was 
comparable with above mentioned application form [215]. The tests of HPPH on patients are 
performed usually at doses 2-6 mg/m2. Due to its high hydrophobicity, its pharmacokinetic is 
slow with plasma half-lives 7.7 h and 596 h and the drug can be detected in plasma even 
several month after single infusion  [216]. In spite of such slow excretion, no or only minimal 
skin photosensitivity appears  [217].  

HPPH has been entered into phase I trials at Roswell Park Cancer Institute for early and 
late stage lung cancer [218]. Clinical trials for treatment of esophageal, head and neck and 
nonmelanomatous skin cancers are also under run [97].  

 

 

Scheme 10. Methods of preparation of HPPH. 

 
Padoporfin 

 
Other names: WST09, palladium bacteriopheophorbide a, Pd-BPheid, Tookad®. 
Padoporfin is example of semisynthetic modification of naturally occuring 

photosensitizers of bacteriochlorin family. In the first step, bacteriochlorophyll a is isolated 
from lyophilized bacteria Rhodovolum sulfidophilum. Transformation to 
bacteriopheophorbide a can be done either by direct treatment in trifluoroacetic acid (provides 
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both hydrolysis of phytyl esters and demetallation) or phytyls are hydrolyzed using enzyme 
chlorophyllase with subsequent acidic demetallation. Palladium is usually inserted using 
palladium acetate in the presence of ascorbic acid (Scheme 11) [219]. 

As padoporfin is a member of bacteriochlorin family, both double bonds out of the 
[18]annulene ring are reduced and its absorption is red-shifted to 763 nm and also 
strengthened (ε~88000 M-1 cm-1). Padoporfin is not water soluble, so that it must be 
administered in a Cremophor-based vehicle, in which a fraction of the drug is aggregated 
upon administration but disaggregates rapidly in vivo. Typical dose in human and animal 
models is 2 mg/kg. It is rapidly excreted from the body with no important accumulation. 
Plasma half-life in humans is about 20 minutes. Using mouse models, it was not detected in 
skin or muscles at all and plasma was cleared from the drug within 3 hours [220]. As a 
probable consequence of no skin accumulation, no photosensitivity was observed on patients 
in phase I clinical trials  [221]. Due to fast clearance from the body, the irradiation usually 
starts during administration and the effects are contributed almost exclusively to vascular 
targeted PDT [84].  

Padoporfin is tested as possible PDT-drug for prostate cancer and clinical trials phase 
II/III are under run  [97]. Its efficacy and safety have been already confirmed both on human 
[84] and dogs [222, 223]. Based on vascular effects, it has also high potential to treat 
chorioidal neovascularization [224]. 

 

 

Scheme 11. Synthesis of padoporfin. 

 
 

PHTHALOCYANINES 
 
Phthalocyanines (Pc) are synthetic dyes used in many industrial applications [225]. They 

are structurally related to tetraazaporphyrins, with the four bridging carbon atoms at the meso-
positions replaced by nitrogen atoms. Moreover, Pcs have benzene rings fused to the β-
positions of each of the four pyrrolic subunits. This benzene ring addition strengthens the 
absorption of the chromophore in the near infrared region and shifts the maximum more to 
the red region [226]. Their high extinction coefficients and appearance of the absorption 
spectra Q-bands in 670–700 nm region suggest them as potentially suitable molecules for 
PDT [227]. Unlike of the HpD and some other porphyrin-type dyes, the presence of a suitable 
chelated metal atom (preferentially Zn, Al, Si) is essential for their photodynamic activity 
[226]. Comparative advantage of the Pcs considering the PDT is their high singlet oxygen 
quantum yield. However, they have also some unfavorable properties, which limit their 
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photodynamic applications. Owing to the extended π-electron system, they exhibit a strong 
tendency to aggregation resulting in dimeric and oligomeric species formation in solutions 
[228]. It has been shown that such association of the Pc molecules greatly influences their 
spectroscopic [229], photophysical [230], electrochemical [231], and conducting properties 
[232], and it decreases solubility in both water and organic solvents. The aggregation makes 
the purification and characterization of the Pc problematic and shortens their triplet-state 
lifetime so reducing the singlet oxygen quantum yield.  

Apart from the considerable influence of the solvent and concentration of the Pc in 
solution [233], the aggregation can be suppressed by several structure modifications: 
chelatation of central atoms with more coordinating sites with following central atom 
substitution [234], introduction of aliphatic bulky substituents to the periphery of the Pc 
macrocycle [235-237], introduction of eight anionic [238] or eight cationic [239] ionized 
moieties or eight quarternary ammonium substituents [240] on the periphery, which causes a 
complete monomerization especially in water environment. The use of less than four cationic 
[241, 242] or anionic [243] peripheral substituents suppresses the aggregation only partially. 
There are three Pcs in clinical trials or clinical PDT (Figure 7). 

 
 

Zinc Phthalocyanine CGP55847 
 
Other names: ZnPc 
It is the simplest Pc in clinical trials. Because of its very low solubility a liposomal 

formulation has been developed by QLT Phototherapeutics (Vancouver, Canada) and it has 
undergone clinical trials phase I/II in Switzerland (sponsored by Ciba Geigy, Novartis, Basel, 
Switzerland) for treatment of squamous cell carcinomas of the upper aerodigestive tract [244, 
245]. 

 
 

Photosens 
 
Other names: Aluminium tetrasulfophthalocyanine, Al-PcTs, AlPcS4, Aluminium 

phthalocyanine tetrasulfonate 
Considerable attention has been paid to the sulfonated phthalocyanines. This type of 

peripheral substitution both decreases the aggregation and increases the water solubility of Pc. 
The sodium salts of a mixture of peripherally di- to tetrasulfonated chloro aluminium 
phthalocyanines (absorption maximum of Q-band in water at 676 nm) is used in Russia since 
2001 for human PDT as Photosens [246]. It is approved and used for treatment of cancer of 
stomach, skin [247], lips, oral cavity, tongue [248, 249], and multidrug resistant skin and 
subcutaneous metastases of breast cancer [250]. The drug is administered as a 0.2% solution 
in the isotonic sodium chloride/water solution, in doses of 0.5-0.8 mg/kg of body weight in 
the case of a systemic administration. Because of relatively long term photosensitization, the 
patient should avoid intense day light exposition for a period of 4 to 6 weeks. 

Another sulfonated phthalocyanine, zinc phthalocyanine tetrasulfonate, finished in 2007 
Phase I clinical trial of the use as a photosensitizer for photodynamic therapy in dogs [251]. 
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Pc4 
 
Other names: SiPc IV. 
The third Pc on the way to clinical PDT is a silicon complex Pc4. Its ability to kill HIV 

viruses in red blood cells concentrates was examined by V.I. Technologies, Melville, NY, 
USA. Currently, the Pc4 starts two Phase I clinical trials for the topical treatment of 
malignant and pre-malignant skin conditions [97, 252]. 

Naphthalocyanines (Ncs) are Pc derivatives with additional benzene rings attached to 
each isoindole subunit on the periphery of the Pc structure. Thanks to the extended 
chromophore system, the Ncs exhibit strong absorption maxima at wavelengths of approx. 
740-800 nm, which predisposes them as good potential PS with two outstanding advantages: 
possibility of employment of high wavelength light with deeper tissue penetration and 
especially application on highly pigmented skin lesions [253-255], since they absorb above 
the absorption region of the melanins, reaching only slightly over 700 nm. They have been 
investigated also for effectiveness against other types of cancer [256-260]. However, there are 
some problems to be resolved at the Nc as photosensitizers: comparatively low both chemical 
and photochemical stability, even higher tendency to aggregation than Pcs and consequently 
also even worse solubility [226]. Relatively big molecule can also limits their ability to cross 
biological membranes. 

 

 

Figure 7. Phthalocyanines that entered clinical trials. 

 
 

TRICYCLIC DYES 
 
Although vast majority of examined and used photosensitizers is of the porphyrin 

structure, there are some additional chromophores exhibiting photodynamic activity after 
irradiation by red light. Among the most important belong the phenothiazinium dyes  [261] 
and xanthenes. Their use as photosensitizers is supported by several reasons, including good 
water solubility, satisfactory singlet oxygen production at the best of them, main absorption 
peak in the “phototherapeutic window” and relatively low price and good availability. 

The main drawback of the phenothiazinum structure is its metabolic instability. It 
undergoes relatively quick enzymatic reduction to its leuco-form, which is photodynamically 
inactive. Therefore, their use in PDT is limited mainly to topical application in dermatology 
or local treatment after intratumoral injection. The strongly polar character caused by ionic 
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structure of their molecules also limits ability of the phenothiazinum salts to cross the cell 
membranes and other lipophilic biological barriers. Considerable dark toxicity of the main 
commercially available phenothiazinium dyes found at some cell lines could be also a 
disadvantage for systemic clinical use [262]. 

Some attempts to improve the phototherapeutic properties of phenothiazinium salts and 
their analogues were done in effort to obtain compound absorbing at higher wavelengths, 
compounds with increased singlet oxygen production, or with moderately enhanced 
lipophilicity [263, 264]. These targets could be achieved by some ring system substitutions, 
e.g. halogenation, which is known to enhance the singlet oxygen quantum yield [261]. Even 
better results can be achieved by isosteric replacement of heteroatom in basic structure by an 
another one with extended electron system (O→S→Se) [261, 265, 266]. On the other hand, 
the expanded aromatic system of benzo [a]phenothiazinium salts or their benzo 
[a]phenoxazinium analogues with red-shifted absorption maxima usually resulted in 
decreased singlet oxygen production [265, 267]. Although some of the newly prepared 
compound exhibited improved some of the photodynamic properties, until now the well-
known dyes stay the only used in human clinical treatment. 

As already mentioned above, the phenothiazinum photosensitizers could be successfully 
used especially in external topical or internal local application. In such cases they can 
considerably spread the scope of photodynamic therapy to involve antimicrobial [268] and 
antifungal  [269] PDT and melanoma [270]. Methylene blue and toluidine blue O have been 
the most frequently explored, even if also some other dyes have been tested for their 
photodynamic activity. 

 
 

Methylene Blue  
 
Chemical name and synonyma: 3,7-bis(dimethylamino)phenothiazinylium chloride, 

methylthioninium chloride. 
Methylene blue (MB) (Figure 8) is the most common phenothiazinium dye, primarily 

used in histology for staining. It shows a strong absorption band in range of 550-700 nm with 
maximum at 664 nm. In high concentrated solutions and in acidic environment, the arising 
dimers show shift of the absorption maximum to 590 nm. 

A comprehensive review of photophysical, photochemical, and biological properties as 
well as of the experimental clinical use of MB was done by Tardivo et al. The authors 
describe the main human clinical applications including basal cell carcinoma, Kaposi´s 
sarcoma, melanoma, and some non-cancerous skin conditions like onychomycosis, skin HSV 
infections and warts [271]. MB mediated PDT of melanoma seems to be more effective than 
in the case of 5-ALA or HpD. The latter compounds shown low efficiency [272], while MB 
treatment exhibited complete response of the tumor in more than 60% [270, 271]. Important 
photodynamic application of MB is the photodynamic inactivation of pathogens in blood ex 
vivo [273, 274]. 
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Figure 8. Structures of methylene blue and toluidine blue. 

 

Figure 9. Structures of rose bengal and brominated rhodamin TH9402. 

 
Toluidine Blue  

 
Chemical name and synonyma: 3-amino-7-dimethylamino-2-methylphenothiazinylium 

chloride, tolonium chloride. 
Toluidine blue (TB) (Figure 8) is a second important phenothiazinium dye in PDT. Its 

absorption maximum is only about 625 nm and the singlet oxygen quantum yield is also 
somewhat lower than in the case of methylene blue [261, 275, 276]. TB has been also tested 
for various photodynamic application, e.g. for treatment of cystic fibrosis [277] and in a 
mucoadhesive patch formulation in topical photodynamic treatment of fungal infections of 
the mouth [278]. However, the best results were achieved in inactivation of human mouth 
plaque bacteria [279-284] or in animal model of peridontitis [285]. This was the reason for 
introduction the dye as photosensitizer in photoactivated oral disinfection technique. It is used 
by the PerioWave™ system [286], which finished phase III clinical study in December 2006 
[97] and approached clinical praxis. It is marketed by Ondine Biopharma Corporation 
(Canada) [287]. Another photoactivated oral disinfection technique system was introduced by 
Denfotex Ltd (UK) [288]. 

 
 

Rose Bengal 
 
Another tricyclic dyes known to have photodynamic properties are xanthene structure 

based photosensitizers. While the non-substituted xanthene dye fluoresceine shows excellent 
fluorescence but negligible singlet oxygen production, the halogenation of the xanthenes 
structure results in good singlet oxygen quantum yields. The photodynamic potential of rose 
bengal (RB) (Figure 9) was confirmed in both physico-chemical  [289] and cell culture 
experiments  [290, 291] as well as against viruses  [292]. Since the relatively selective uptake 
of the RB by tumor cells unlike of normal cells, the dye was selected by the Provectus 



Photodynamic Therapy 31

Pharmaceuticals Inc. (USA) as promising candidate for treatment of some cancer and other 
lesions [293]. Currently it is in the phase I study for treatment of recurrent breast carcinoma, 
phase II study for treatment of metastatic melanoma and phase II study in form of topical 
aqueous gel for photodynamic therapy of psoriasis [97]. 

 
 

Rhodamines 
 
Properly substituted iminoxanthene dyes – rhodamines – also exhibited potential for 

PDT. Rhodamine dyes frequently used in microbiology and molecular biology for staining 
and as fluorescent tools showed highly selective uptake into neoplastic unlike normal 
hematopoetic progenitor cells [294]. This phenomenon suggested possibility of selective 
neoplastic cells photoeradication via ex-vivo photodynamic treatment [295]. 

Since the basic rhodamine derivatives exhibit only low singlet oxygen production, 
halogenation of their molecule analogously to fluoresceine was performed, because it was 
described to increase the efficiency of the intersystem crossing to the triplet state and 
consequently to increase the singlet oxygen quantum yield  [39]. The 4,5-dibromorhodamine 
methyl ester (TH9402, Theratechnologies, Montreal, QC, Canada) (Figure 9) was selected as 
the most promising, with low dark toxicity and satisfactory stability. Its absorption maximum 
in water solution is 504 nm. Preparations with this brominated rhodamine are under 
development by Kiadis Pharma (The Netherlands) [97, 296]. TH9402 under name Reviroc™ 
starts phase II clinical trial on autologous stem cells transplantation at patients with blood 
cancer  [97]. The same dye has finished phase II clinical trial for prevention (as ATIR™) and 
treatment (as Rhitol™) of Graft Versus Host Disease (GVHD). 

 
 

OTHER PHOTOSENSITIZERS 
 

Motexafin Lutetium 
 
Other names: Lu-Tex, Optrin, Antrin, Lutrin, PCI-0123. 
Motexafin lutetium is a member of texaphyrin group, a Texas shape macrocycles with 

pentaaza core [297]. Texaphyrins are completely synthetic dyes prepared for the first time in 
1987  [298]. The core is built by condensation reaction of substituted o-phenylendiamine with 
diformyltripyrrane, which is obtained using condensation of three suitably substituted pyrrol 
rings. The macrocyclic ligand is then oxidatively metallated using lutetium(III) acetate and 
triethylamine in air-saturated methanol (Scheme 12)  [299]. 

Thanks to presence of polar peripheral groups, motexafin lutetium is a water soluble 
photosensitizer. It absorbs at 732 nm with ε~42000 M-1 cm-1. Dose is approximately 2-3 
mg/kg, however, the optimal times of illumination vary with the treatment target. For 
example, the prostate cancer is illuminated 3 h postinjection, while coronary artery disease 
and breast cancer treatment use 18-24 h illumination delay. The drug is retained in neoplastic 
tissues and neovascularization. It binds well to lipoproteins so it may have activity against 
atherosclerotic plaques  [300]. The drug is rapidly excreted from the body with half-life in 
tens of hours (13-39 h) [300].  
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Scheme 12. Synthesis of motexafin lutetium. 

Motexafin lutetium is a prospective treatment for human prostate adenocarcinoma. 
However, the observed variation in PDT dose distribution translates into uncertain therapeutic 
reproducibility [301] and suggests the use of individualized treatment planning for prostate 
PDT [302]. Other neoplastic conditions treated with motexafin lutetium include recurrent 
breast cancer  [303] and due to absorption at higher wavelengths it allows also treatment of 
melanoma [304]. As the drug specifically localizes also within atheromatous plaque, it may be 
used in a novel therapeutic approach for atherosclerosis – photoangioplasty [300, 305].  

The motexafin ligand can bind also other lanthanide metals, the most important being 
gadolinium. Complexation with gadolinium does not form a photosensitizer for PDT but the 
drug can be used for cancer treatment based on different mechanism of action. It accumulates 
selectively in cancer cells due to their increased rates of metabolism. Once inside the cell, it 
induces apoptosis (programmed cell death) by disrupting redox-dependent pathways. 
Motexafin gadolinium inhibits the enzyme thioredoxin reductase, which is a tumor growth 
promoter. This mechanism provides the opportunity to use the drug in a wide range of 
cancers. Gadolinium is paramagnetic, and therefore is detectable by magnetic resonance 
imaging (MRI), allowing the visualization of the drug in tumors [306]. 

Porphycenes are fully synthetic constitutional isomers of porphyrins  [307]. Porphycene 
derivatives show higher absorption than porphyrins in the red spectral region (λ> 600 nm, ε> 
50000 M-1 cm-1) owing to the lower molecular symmetry. Photophysical and photobiological 
properties of porphycenes make them suitable candidates as photosensitizers, showing fast 
uptake and diverse subcellular localizations (mainly membranous organelles) [308]. The most 
studied porphycene for PDT application is perhaps acetoxy-2,7,12,17-tetrakis-(β-
methoxyethyl)-porphycene (ATMPn) absorbing at 640 nm which has been evaluated for PDT 
application both in vitro [309, 310] and in vivo [311]. 

Hypericin, an aromatic dianthraquinone originating from the herb Hypericum perforatum, 
exhibits photodynamic action too [312]. It absorbs at 590 nm with ε~44000 M-1 cm-1. Several 
in vitro and in vivo tests have evaluated this photosensitizer for treatment of various cancers 
using PDT [313]. Clinical trials were performed on patients with squamous cell carcinoma 
and basal cell carcinoma [314].  
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Also mixtures of different photosensitizers isolated from natural sources are used in 
therapy. Thus, Radachlorin® developed in Russia is a Spirulina extract containing purpurin 5, 
chlorin e6 and purpurin 18 as alkali metal salts  [315]. On the other hand, its manufacturer 
states slightly different composition: chlorin e6 (90-95 %), chlorin p6 (5-7%) and the third 
chlorin which is not preferred to be disclosed (1-5%) [316]. It is administered at dose from 
0.2 to 1 mg/kg and irradiated using light of wavelength 662 nm, irradiation starts usually 2-5 
hours after administration. Photosensitivity is very short; patient should avoid direct sunlight 
for about 24 hours. 

 
 

NEW APPROACHES CONNECTED WITH PDT 
 
PDT is not the only one new approach to treat cancer. Several new techniques took some 

advantages of PDT to find new mechanisms of better selectivity to tumors, simpler 
administration, higher efficiency or they are trying to remove some limitations concerned 
with PDT. They include e.g. catalytic therapy, photothermal therapy, photochemical 
internalization and sonodynamic therapy. 

 
 

Catalytic Therapy (CT) 
 
Catalytic therapy (CT) is a cancer treatment modality based on the generation of reactive 

oxygen species (ROS) using a combination of substrate molecules and a catalyst. Contrary to 
PDT, it does not require activation by light that limits the PDT treatment only to tissues and 
areas accessible to light or light-producing devices. The radicals are formed after the 
oxidation of substrate (most often ascorbic acid) with oxygen catalyzed by phthalocyanine 
metal (cobalt or iron) complexes (Figure 10). Recently, also porphyrins were found to be 
effective in CT [317]. 

The mechanism involves formation of the superoxide anion in the first step which is 
followed by the production of hydrogen peroxide and hydroxyl radical [318, 319]. The most 
promising compound for CT is a sodium salt of cobalt(II)-2,3,9,10,16,17,23,24-
octacarboxyphthalocyanine, developed under the name Theraphthal® (Figure 10).  

 

 

Figure 10. Mechanism of hydrogen peroxide formation in catalytic therapy and structure of the most 
studied compound Theraphthal® (CoPc). 
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Figure 11. Structure of Ni(II)-5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine used in 
photothermal therapy. 

 
Photothermal Therapy (PTT)  

 
This new approach is based on the promotion of photothermally sensitized processes in 

tumor cells or tissues. Photothermal processes reflect the tendency of a light-absorbing 
species to dissipate electronic excitation energy through heating the local environment [320]. 
The temperature rise can reach 130 °C above the basal value [320]. The consequent sudden 
expansion of the proximate water shell generates a shock wave which leads to extensive 
mechanical (e.g. ultrasonic shock) and chemical (e.g. bond cleavage) damage. This method 
does not require presence of oxygen and efficiently works in its absence [321]. Similar 
compounds (phthalocyanines, porphyrins) as in the PDT can be used for therapy and the 
effect of both methods is considered to be synergistic. The aggregation of sensitizers which is 
often a problem in PDT, because it strongly decreases singlet oxygen production, is on the 
other hand an advantage in PTT since the energy is then released preferentially in the form of 
heat. Therefore, PTT allows the use of sensitizers with enlarged hydrophobic macrocycles 
(e.g. naphthalocyanines) which often tend to strong aggregation in biological media. Also 
their absorption at wavelength far behind 800 nm cannot be used for efficient production of 
singlet oxygen due to possible low energy of triplet state. Irradiation of the targets is 
performed by strong laser pulses. 

Several in vitro [40] and in vivo  [320, 322] tests confirmed efficiency of this approach 
which is oxygen independent and uses wavelength which penetrates deeper through human 
tissues. The most studied sensitizer in PTT is Ni(II)-5,9,14,18,23,27,32,36-octabutoxy-2,3-
naphthalocyanine (Figure 11) absorbing at wavelength 850 nm with ε~280000 M-1 cm-1. 

 
 

Photochemical Internalization (PCI) 
 
Photochemical internalization (PCI) is a technology for light-directed drug delivery and 

was developed to introduce therapeutic molecules in a biologically active form specifically 
into diseased cells [323]. In this case, photosensitizers do not serve as therapeutic agents but 
only as delivery enhancers.  

It is widely acknowledged that macromolecules have great potential as therapeutic agents. 
However, their use is often limited because they do not leave the endosomes within cells after 
endocytosis. Adjacently substituted photosensitizers (e.g. disulfonated phthalocyanines and 
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meso-phenylporphyrins (Figure 12)) localize primarily into membranes of lysosomes and 
endosomes of cells. After irradiation, these subcellular structures rupture and release their 
content. So, the PCI principle is based on common administration of photosensitizer and the 
macromolecule drug into blood stream. They are both taken up into endosomes of targeted 
cells and macromolecules are released into cytosol after irradiation  [324, 325] (Figure 12). 
This approach showed in vitro increased uptake for several types of molecules, e.g. protein 
toxins [326], oligonucleotides [327], nanoparticles [328] and many others. It also proved to be 
efficient in vivo in improvement of tumor therapy using protein toxins [329], gene therapy 
[330] and delivery of bleomycin [331]. The most studied photosensitizers are disulfonated 
aluminium phthalocyanine and disulfonated tetraphenylporphyrin where sulfonation takes 
place on adjacent benzene (or phenyl) rings. Clinical trials on patients treated with 
bleomycine-PCI shall start soon  [325]. 

 
 

Sonodynamic Therapy 
 
Sonodynamic therapy (SDT) is a treatment employing combination of ultrasound in 

doses which are normally non-destructive to tissues and a chemical called sonosensitizer, 
which is non-toxic without the exposition to the ultrasound. The idea is similar to the one of 
photodynamic therapy, replacing the light by ultrasound, which brings an advantage of much 
deeper penetration of the activating agent into the tissues. Often similar types of sensitizers 
are used. Also in some studies an improved effectiveness was observed using the PDT and 
SDT in combination.  

Ultrasound is a mechanical wave realized by vibrations of particles of medium, where the 
ultrasound is spread, at frequencies equal to or higher than 20 kHz. It is generally considered 
as safe and used commonly in medical diagnostic methods. However, it can interact with 
biological media and the interactions can be amplified in presence of the sonosensitizers. 
Unlike of the photosensitizers, the mechanism of ultrasound enhanced cytotoxicity is 
probably different at various types of molecules tested as sonosensitizers [332].  

 

 

Figure 12. Mechanism of action of photochemical internalization and structures of two most studied 
photosensitizers in this application. 
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Among suggested mechanisms of sonodynamic therapy belong: 
 
(1)  hydrodynamic stress caused by fast moving bubbles in the tissue, where 

sonosensitizers work probably as membrane destabilizing molecules physically 
reducing the strength of the cell membrane, as described e.g. at extracellular 
localized porphyrins [333, 334];  

(2)  generation of sonosensitizer derived peroxyl, alkoxyl and/or other free radicals 
resulting in peroxidation of membrane lipids chains or similar radical damage of cells 
[335];  

(3)  the sonosensitizer attributed physical destabilization of the cell membrane rendering 
the cell more susceptible to shear forces or ultrasound enhanced drug transport across 
the cell membrane (sonoporation) [336];  

(4)  singlet oxygen formation as a result of sonoluminiscence caused by the ultrasound in 
tissue, which was observed e.g. at hematoporphyrin  [337, 338], porfimer  [339, 340], 
gallium-porphyrin complex  [341], pheophorbide a  [342], rose bengal  [343], and 
some other compounds.  

 
The mechanism of mutual potentiation of PDT and SDT when used in combination can 

be attributed to a combination of different mechanisms of action and also to the ability of the 
ultrasound to monomerize aggregated photosensitizers [344].  

Until now, various types of compounds have been tested in combination with ultrasound 
in order to find possible increased toxicity of the combined treatment unlike of the sole 
components. We would like to concentrate more on the compounds possessing both the 
photo- and sonosensitizing activities, while the “pure” sonosensitizers we mention only 
marginally, since their mechanisms of action usually does not include photodynamic 
components. Among sonosensitizing compounds without photodynamic activity or with 
potential of singlet oxygen formation, but not absorbing in the “phototerapeutic window” 
belong some alkylating anticancer drugs  [345-347], anthracycline anticancer antibiotics, 
especially to adriamycin or its derivatives [348-352], oxicam-type non-steroidal anti-
inflammatory drugs piroxicam and tenoxicam  [353, 354] and some azo-dyes [355, 356]. 

Unlike the alkylating agents and anthracyclines the porphyrins are non-toxic when 
administered without additional treatment. The combined use of the hematoporphyrin and 
ultrasound was tested in several studies. In most of the cases, the enhanced cell killing was 
observed. The results of the studies suggest that the cell damage enhancement is probably 
mediated via singlet oxygen generated by ultrasonically activated hematoporphyrin  [357-
360].  

On the other hand, no significant ultrasound mediated cytotoxicity of hematoporphyrin 
was observed in the cases when extracellular fraction of the sensitizer was removed or 
missing [333, 334]. Therefore it seems to be probable that only the extracellular porphyrin 
sensitizer participates in the ultrasound-induced interactions. Similar findings were described 
also at some other porphyrins tested for their sonodynamic activity  [332]. The 
sonodynamically induced antitumor effect was also confirmed at porfimer sodium against 
mammary tumor grow in rats  [361], at protoporphyrin IX against sarcoma 180 cells grow  
[362, 363] and at Photofrin II in several various studies. The effect were dose dependent  
[339, 364-366]. Another porphyrin derivative tested for its sonodynamic activity is 7,12-
bis(1-decyloxyethyl)-Ga(III)-3,8,13,17-tetramethylporphyrin-2,18-dipropionyl-diaspartic acid 
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(ATX-70). Similarly to Photofrin II, a dose dependent ultrasound mediated cytotoxicity was 
observed  [333, 334, 367-369]. 

A chlorin derivative 4-formyloxymethylidene-3-hydroxy-2-vinyl-deuterioporphynyl 
(IX)-6,7-diaspartic acid (ATX-S10) was successfully tested on both cells and animal model 
for its sonodynamic activity, with more than two-fold increase of cytotoxicity after combined 
application compared to ultrasound alone [370]. Sonodynamically induced apoptosis, 
caspase-3 activation and nitroxide generation were observed after application of ultrasound in 
the presence of talaporfin on HL-60 cells [201]. Up to a twice enhanced sonodynamically 
induced antitumor effect of pheophorbide-a was observed both in vitro and in vivo on 
sarcoma 180 cells or tumors [342]. 

A second-generation photosensitizer, chloroaluminium phthalocyanine tetrasulfonate 
(Photosens) was subjected to activation by ultrasound 24 hr after intravenous application to 
mice bearing subcutaneously localized colon 26 carcinoma. The combined treatment showed 
significant effect, although total eradication of the tumor was not achieved [371]. Simple zinc 
and chloroaluminum phthalocyanines were effective as potential sonosensitizers as well 
[372]. 

The xanthene structure based photosensitizing compounds rose bengal and erythrosine B 
has been successfully tested for its sonosensitizing effectiveness on sarcoma 180 cells. The 
application of ultrasound increased the dye cytotoxicity up to three times and five times, 
respectively [343, 373]. 

 
 

CONCLUSION 
 
PDT generally is a very effective treatment, almost without any developed resistance to 

drugs and perfectly targets the diseased tissues. The great advantage of PDT in targeting the 
chosen area is, at the same time, the major drawback. PDT is a localized therapy; it means 
you treat only what you see, the metastases disseminated through the whole body, 
unfortunately, are not treatable.  

Since the times of Raab and von Tappeiner, the photodynamic therapy has come a long 
way. Scientists have uncovered the mechanisms of this procedure, developed several 
compounds accepted in clinical practice for treatment of various diseases and still are 
searching for more suitable photosensitizers. Similarly to development of every new group of 
drugs, the first accepted compound (porfimer, 1993, Canada) is of course not lacking side 
effects. However, the newest compounds seem to get very close to the “optimal” 
photosensitizer for therapy. Their photophysical, photochemical, and sometimes also 
pharmacokinetic properties were optimized for chosen treatments, although there is still a 
long way to go before they will be accepted in practice. 
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ABSTRACT 
 

Phthalocyanine analogues containing alkyl-substituted benzenoid rings and pyridine 
rings are interesting compounds, because quaternation of the pyridine nitrogen is 
expected to form cationic amphiphilic compounds. 

Non peripheral long alkyl substituted zinc phthalocyanine derivatives, zinc bis(1,4-
didecylbenzo)-bis(3,4-pyrido)porphyrazine and zinc bis(1,4-didecylbenzo)-bis(2,3-
pyrido)porphyrazine were reacted with dimethyl sulfate and monochloroacetic acid to 
give their quaternary products. Also the zinc phthalocyanine derivatives reacted with 
diethyl sulfate to afford the sufo-substituted products. All reacted compounds showed 
amphiphilic character. 

Regio isomers of zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine were also 
quaternized with dimethyl sulfate.  

Identical peaks in cyclic voltammograms appeared for these products before and 
after quaternization. 

Zinc bis(1,4-didecylbenzo)-bis(2,3-pyrido)porphyrazine was evaluated the the 
photodynamic therapy of cancer efficacy by cancer cell culture. 

The light exposed dimethyl sulfate quaternized zinc bis(1,4-didecylbenzo)-bis(2,3-
pyrido) porphyrazines in IU-002 cells produces cell disruption that can be detected as a 
decrease as fluorescence.  
 

                                                        
* Correspondence should be addressed to Keiici Sakamoto, k5saka@cit.nihon-u.ac.jp 
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INTRODUCTION 
 
Phthalocyanine was accidentally discovered as a blue colored by-product of the o-

cyanobenzamide from phthalimide in 1907. The blue colored by-product was named 
“phthalocynine”. Phthalocynine and metal containing derivatives have established as blue and 
green dystuffs, and are an important industrial commodity since 1942 [1].  

Phthalocyanine derivatives have a similar structure to porphyrin. In general, porphyrins 
consist of four pyrrole units, while phthalocyanine derivatives construct four isoindole and 
nitrogen atoms at meso positions. The central cavity of phthalocyanine derivatives can place 
63 different elemental ions include hydrogens (metal-free phthalocyanine). One or two metal 
ions containing phthalocyanine is called metal phthalocyanine. 

Over the last decade, phthalocyanine derivatives have attracted attention as functional 
chromophores for applications [1–3], especially organic charge carriers in photocopiers [2], 
as laser light absorbers in data storage systems [4, 5], as photoconductors in photovoltaic cells 
[6], and in electrochromic displays [7].  

Moreover, phthalocyanine derivatives known to have the potential as second-generation 
photosensitizers for the photodynamic therapy of cancer (PDT) [2], because they show strong 
absorption of far-red region between 600 and 850 nm wavelength, which has a greater 
penetration of tissue [3], and photo-sensitization of singlet oxygen [4].  

It is well known that aluminum and zinc phthalocyanine derivatives expected to be used 
as the photosensitizer for PDT [8]. In these days, porphyrin derivatives such as 
hematoporphyrin derivatives and Photofrin™ have been used as photosensitizers for PDT at 
medical institutions [9, 10].  

In general, the sensitizer for PDT requires a high photostability, high selectivity to 
tumors, no cytotoxity when no light is irradiated, strong absorption in the region between 600 
and 800 nm where penetration of tissue is good, and a long triplet state lifetime [11]. 
However porphyrin derivatives including hematoporphyrin derivatives and Photofrin™ are 
known to have a main absorption of around 400 nm where tissue penetration is low and a 
weak absorption. On the other hand, phthalocyanine derivatives exhibit the maximum 
absorption in the far-red range between 600 and 850 nm, and have a greater penetration of 
tissue [12] and a long triplet lifetime, and high singlet oxygen quantum yields [13]. The 
aggregation properties of phthalocyanine derivatives are a strong influence on the 
bioavailability, the in vivo distribution and the oxygen production efficiency [14].  

Unsubstituted phthalocyanine derivatives are known to insoluble or lower soluble in 
common organic solvents. Insolubility or lower solubility of unsubstituted phthalocyanine 
derivatives has problems to utilize in many fields including PDT. Insolubility or lower 
solubility in common organic solvents is improved to introduce substituents such as alkyl 
groups onto the ring system. Alkyl group substituted phthalocyanine derivatives become 
soluble in common organic solvents, and have lipophilic property. Lipophilic phthalocyanine 
derivatives are reported to have a higher tumor affinity [15]. 

Whereas, introduction of hydrophilic groups into substituted phthalocyanine derivatives 
were performed in order to soluble in aqueous media. Water solubility of phthalocyanine 
derivatives has a strong influence on the bioavailability and in vivo distribution. Synthesized 
water-soluble phthalocyanine derivatives possess sulfo-, carboxy- and phosphono-
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substituents, which used to compound have been synthesized to use tumor treatment [11, 14, 
16-22].  

Phthalocyanine analogues in which one or more of benzenoid rings are replaced by 
pyridine rings are interesting compound because quaternation of the pyridine nitrogen is 
expected to confer solubility in aqueous media [23]. Tetrapyridoporphyrazines containing 
four pyridinoid rings in place of four benzenoid ones were first synthesized by Linstead and 
his co-workers [24]. Tetramethylated tetrapyridoporphyrazines by quaternation were reported 
to become soluble in water [25, 26], and then these compounds were studied for PDT [27]. 

The authors reported a fundamental study on PDT by measuring for the triplet state 
lifetime of non-peripheral substituted phthalocyanine derivatives [27]. We synthesized to use 
non-peripheral substituted phthalocyanine derivative, zinc bis(1,4-didecylbenzo)-bis(3,4-
pyrido)porphyrazine (5c), which possesses two didecylbenzenoid and two pyridinoid moieties 
in the molecule (Scheme 1) [23].  

The compound 5c exhibits solubility in organic solvents and is expected to have a higher 
tumor affinity than water soluble phthalocyanines such as tetrasulfophthalocyanines. Then, 
quaternation of the pyridine nitrogen in 5c is expected to confer solubility in an aqueous 
media [25, 26], and to have bioavailability and in vivo distribution. The amphiphilic 
phthalocyanine derivatives are considered the best compound for a new generation of 
photosensitizers for PDT [13, 14, 15, 23]. Thus, the quaternation of 5c will provide to be 
amphiphilic phthalocyanine derivatives.  

Another type novel non-peripheral substituted phthalocyanine derivative, zinc bis(1,4-
didecylbenzo)-bis(2,3-pyrido)porphyrazine (6) was synthesized (Scheme 2).  
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Figure 1. Molecular structures of zinc tetrapyridoporphyrazine 5a, zinc 1,4-didecylenzo-tris(3,4-
pyrido)porphyrazine 5b, zinc bis(1,4-didecylbenzo)-bis(3,4-pyrido)porphyrazine 5c, zinc tris(1,4-
didecylbenzo)-3,4-pyridoporphyrazine 5d, and zinc octadcylphthalocyanine 5e. 

In the case of related compounds, 2,3-pyridoporphyrazines are known to have not longer 
wavelength but stronger absorption intensity than corresponding phthalocyanines and 3,4-
pyridoporphyrazines [27]. In accordance with the literature [27], it is expected that 6 and its 
quaternation compounds have stronger absorption intensities than that of before reported 5c 
[28-35]. Therefore, novel compound, 6 and its quaternation compounds are expected 
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excellent photosensitizer for PDT. Electron transfer ability of 6 is estimated with cyclic 
voltammetry (CV) technique. 

The 6 was evaluated the PDT efficacy by cancer cell culture. 
 
 

SYNTHESIS 
 
Phthalocyanines can be prepared from cyclization of the appropriate phthalic acid 

derivatives such as the anhydride, imide or dinitrile. 
Zinc non-peripheral substituted phthalocyanine derivatives 5 and 6 were synthesized by 

cross cyclotetramerization. Synthesized zinc non-peripheral substituted phthalocyanine 
derivatives 5 have different numbers of pyridine rings in the molecule (Figure 1). 

The intermediates 1 - 3 and 4 were analysed by infrared (IR), proton nuclear magnetic 
resonance (1H-NMR), mass (MS) spectra and elemental analysis, and the results are shown in 
Table 1. The analytical data for all compounds were in good agreement with the proposed 
structures. 

The compound 5a was also obtained by condensation of 4 with zinc chloride in the 
presence of 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU). As a non-pyridinoide phthalocyanine 
derivative, non-peripheral substituted 5e of which the substituents were 1, 4, 8, 11, 15, 18, 22, 
25 region was synthesized from 3 and zinc chloride in the presence of DBU in accordance 
with the literature [29, 30]. The preparation of the alkylbenzopyridoporphyrazines was carried 
out by statistical condensation of zinc chloride, a catalytic amount of DBU, and mixtures of 3 
and 4, 3:1, 1:1 and 1:3 mol ratio, respectively.  

A typical synthetic procedure of 5c is described as following; a mixture of 3 and 4 for 1 
(0.12 g, 0.29 mmol):1 (0.04 g, 0.29 mmol) mol ratio was dissolved in pentanol (7 cm3) and 
anhydrous zinc (II) chloride (0.05 g) was added. The mixture was heated at 137 °C for 4 h in 
the presence of DBU as a catalyst. After cooling, the reaction mixture was dissolved in 
toluene (50 cm3) and the solution filtered. The solvent was removed by evaporation. The 
products were separated and purified by thin layer chromatography (TLC) (Merk Silica gel 60 
F254 on aluminium sheet, eluent: toluene). Blue solid (0.18 g; yield 84%). 1H-NMR (δ 400 
MHz, benzene-d6 (C6H6-d6)/ppm) 0,9 (m, 12H, CH3), 1.61-2.61 (m, 64H, CH2), 4.18-4.36 (m, 
8H, α-CH2), 7.45 (m, 4H, arom), 8.26 (m, 6H, Py); IR(ν KBr/cm-1) 2970 (νC-H), 1600 (νC-C), 
1500 (νC-C), 1470 (νC-C), 1450 (νC-C), 1210 (δC-H), 1090 (δC-H), 720 (δC-H); UV-Vis [λmax 

toluene/nm (log εmax)] 686 (4.814), 636, 617; Anal Calcd. for C70H94N10Zn: C. 73.68: H. 8.30: 
N.12.28. Found: C.73.67: H. 8.30: N. 12.28. 

The compounds 5b - 5d and octadecylphthalocyanine 5e were characterized by IR, 
ultraviolet-visible (UV-Vis) spectroscopy and elemental analysis. 

The compounds 5a and 5e are composed of only one constituent. Whereas it is expected 
that the alkylbenzopyridoporphyrazines synthesized from mixed raw materials are prepared as 
a mixture of products, which have different numbers of pyridine rings in the molecule [26, 
36]. Therefore, the alkylbenzopyridoporphyrazines can be separated into more than three 
blue-colored constituents. Then, each alkylbenzopyridoporphyrazine synthesized from mixed 
raw materials has the desired molecular structure for its main constituents [26, 36].  



 

Table 1. Synthetic data of intermediates 1-4 of 5 
 

δ (1H 90MHz )/ppm CHCl3-d

0.88(t,6H), 1.26(m,32H),
2.72(t,4H), 6.52(s,2H)

0.88(t,6H), 1.26(m,32H), 
2.47(t,4H), 6.25(s,2H)

0.88(t,6H), 1.26(m,32H), 
2.85(t,4H), 7.46(s,2H)

ν max KBr/cm-1

 1

 2

 3

Compound

  4

Yield 
(%)

1460(ν C-C), 1370 (ν C-C),1230(δC-H),

1440(ν C-C),1370(ν C-C), 1290 (ν S=O),

1460(ν C-C),1410(ν C-C), 1230 (δC-H),

2960 (ν C-H),1610(ν C-C), 1490(ν C-C),

730(δC-H),680(ν C-S)

2970 (ν C-H),1650(ν C-C), 1480(ν C-C),

1220(δC-H),1140 (ν S=O),730(δC-H),
680(ν C-S)

2960 (ν C-H),2240(ν C-N), 1560(ν C-C),

730(δC-H),

Found (calculation)

C H N

79.06 (79.04) 12.06 (12.06) -

72.66 (72.67) 11.18 (11.18) -

82.26 (82.29) 10.84 (10.85) 6.84 (6.86)

65.12 (65.11)   2.34(2.34) 32.56(32.55)

MS[M]+
m/z

365

397

409

129

71

39

26

17

Formula

C24H44S

C24H44SO2

C28H44N2

C7H3N33090 (ν C-H),2240(ν C-N), 1600(ν C-C),
1550(ν C-C),1470(ν C-C), 1220 (δC-H),
750(δC-H),

7.26(s,1H), 7.75(s,1H), 
9.09(s,1H)

 
 
 
 
 
 
 



 

Table 2. Characterization of 5 after purification by TLC 
 

Compound Yield (%) Formula
Found (calculation)

C H N
ν max KBr/cm-1

Q-band

λmax toluene/nm

 5a

 5b

 5c

 5d

 5e

C28H12N12Zn

C49H53N11Zn

C70H94N10Zn

C91H135 N9Zn

C112H176N8Zn

57.81(57.79) 2.11(2.08) 28.90(28.89)

68.31(68.32) 6.22(6.20) 17.90(17.89)

73.67(73.68) 8.30(8.30) 12.28(12.28)

76.94(76.94) 9.57(9.58) 8.86(8.88)

79.12(79.13) 10.41(10.43) 6.61(6.59)

675*, 664*, 603*

686, 635, 617

686, 636, 617

686, 635, 617

703, 

29

65

84

84

96

2960 (ν C-H),1500(ν C-C), 1470(ν C-C),

790(δC-H)
1450 (ν C-C),1210(δC-H), 1090(δC-H),

2960 (ν C-H),1600(ν C-C), 1460(ν C-C),

720(δC-H)
1440 (ν C-C),1210(δC-H), 1080(δC-H),

2970 (ν C-H),1600(ν C-C), 1500(ν C-C),

 1090(δC-H),720(δC-H)
1470 (ν C-C),1450 (ν C-C), 1210(δC-H),

2970 (ν C-H),1600(ν C-C), 1500(ν C-C),

720(δC-H)
1470 (ν C-C),1210(δC-H), 1100(δC-H),

2960 (ν C-H),1600(ν C-C), 1500(ν C-C),

730(δC-H)
1460 (ν C-C),1210(δC-H), 1100(δC-H),

 
* In pyridine under line; main peak. 
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Table 3. The relative number of each types of hydrogen atoms determined on 90MHz 
1H-NMR spetra 5 after purification by TLC 

 

Compound
Number of hydrogen atom (calculation)

0.9 ppm 1.3 ppm 2.8 ppm 7.4 ppm

 5b

 5c

 5d

 5e

6.7  (6) 33.4 (32) 4.2  (4) 11.0 (11)

12.3 (12) 63.8 (64) 8.4  (8) 10.0 (10)

18.8 (18) 95.9 (96) 12.3 (12) 9.0  (9)

24.1 (24) 128.0 (128) 16.0 (16) 8.0 (8)
 

 
The analytical data of 5 are summarized in Table 2. These elemental analyses data agree 

with the desired molecular structure. It is concluded that compounds 5 synthesized from 
mixed raw materials are compounds 5b - 5d, respectively.  

The compounds 5b - 5d and octadecylphthalocyanine 5e exhibited solubility in common 
organic solvents such as benzene (C6H6), toluene, dichloromethane (CH2Cl2), chloroform 
(CHCl3), N,N -dimethylformamide (DMF) and dimethylsulfoxide (DMSO), etc. 

Each synthesized product was purified by TLC (eluent: toluene). After purification, each 
product had only one blue-colored constituent together with colorless raw materials. The each 
constituent of the synthesized compounds was recovered from each TLC plate.  

The compounds 5 displayed strong absorption peaks around 680 nm as the Q-band which 
could be attributed to the allowed π - π* transition [25, 29, 30, 34-42]. The Q-band absorption 
of 5 was shifted by 50 - 80 nm to a longer wavelength in comparison with unsubstituted 
phthalocyanines. 

Table 3 shows the 1H-NMR spectral data (90 MHz in CHCl3-d) of 5b - 5d synthesized 
from mixed raw materials, and 5e. Each constituent of 5b - 5d obtained after purification by 
TLC gave satisfactory analytical data by proposed molecular structures. 

It was confirmed that each product synthesized from the mixed raw materials of 3 and 4 
was not included in the mixture of phthalocyanine analogous having a different pyridine ring 
number. Then, each product was obtained as the stoichometric compound in accordance with 
the mole ratio of mixed raw materials, and contained their regio isomers except for 5d. 

The target compound 5c synthesized from a 1:1 mol ratio raw material of 3 and 4 has five 
regio isomers (Figure 2). 

Compound 5c has two non-peripheral substituted benzenoid and pyridinoid rings, which 
are different locations. In the molecule, the pyridinoid rings are adjacent and opposite to each 
other. In the case of adjacent to the pyridinoido rings, three types of isomer exist in 
accordance with the orientation of the ring. Meanwhile, two types of isomers exist in the case 
of opposite to the pyridinoid rings. 

Compound 6 was synthesized as following; 3 (0.12 g, 0.29 mmol) and 2,3-
dicyanopyridine (0.04 g, 0.29 mmol) were dissolved in pentanol (7 cm3) and zinc chloride 
(0.05 g) was added; the ensuing mixture was heated for 4 h in the presence of DBU as 



Phthlocyanine to Use Photosensitizer for Photodynamic Therapy of Cancer 71

catalyst. After cooling, the reaction mixture was dissolved in toluene (50 cm3) and filtered; 
the solvent was removed by evaporation. The product was purified by TLC (eluent : toluene) 
yielding a blue solid (0.13 g; yield 80%). 1H-NMR (δ 400 MHz, C6H6-d6/ ppm) 0.9 (m, 12H, 
CH3), 1.61-2.61 (m, 64H, CH2), 4.18-4.36 (m, 8H, α-CH2), 7.45 (m, 4H, arom), 8.26 (m, 6H, 
Py); IR(ν KBr / cm-1) 2960 (νC-H), 1600 (νC-C), 1500 (νC-C), 1420 (νC-C), 1200 (δC-H), 1100 
(δC-H), 750 (δC-H); UV-Vis [λmaxtoluene / nm (log εmax)] 665 (5.494); Anal Calcd. for 
C70H94N10Zn: C. 73.68: H. 8.30: N.12.28. Found: C.73.67: H. 8.30: N. 12.28. 
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Figure 2. Molecular structures of resio isomers in 5c. 
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CHARACTERIZATION OF REGIO ISOMERS 
 
We attempted to separate the regio isomers of the compound, 5c using TLC (eluent: 

toluene - pyridine, 7:3). The compound 5c was separated into four green- to blue-colored 
fractions by TLC. These fractions were numbered from 1, 2, 3 and 4, according to the Rf 
values, and the Rf values were 0.95, 0.91, 0.75 and 0.65, respectively. Each fraction was 
recovered by scraping from the TLC plate, dissolved in pyridine, the solution filtered, and the 
solvent removed. The four fractions have different 1H-NMR, UV-Vis and fluorescent spectra. 
The four fractions separated by TLC have been attributed to four of five possible regio 
isomers of the 5c. The total amounts of fractions 1 - 4 are 26.1, 17.4, 17.4 and 39.1%, 
respectively. 

The 1H-NMR spectra (400 MHz, in C6H6-d6) of the four fractions are shown in Table 4. 
In this table, the assignment of hydrogens is the following; around 0.9 ppm is methyl 

protons; around 1.2 - 1.8 ppm is methylene protons γ or further removed from aromatic rings; 
1.8 - 2.7 ppm is methylene protons β to aromatic rings; peaks around 4 and 4.3 ppm are 
metylene protons α to aromatic rings; peaks at 7.4 - 8.0 ppm are aromatic protons; more than 
8.0 ppm are pyridyl protons.  

The peaks of fractions in C6H6-d6 around 8.3 ppm are separated after the addition of 
pyridine-d5 [43-45]. The pyridyl protons of fractions appear as follows; the fraction 1: δ = 
9.32 (d, 2H), 9.47 (d, 2H), 11.19 (s, 2H); the fraction 2: δ = 9.23 (d, 2H), 9.47 (d, 2H), 11.10 
(s, 2H); the fraction 3: δ = 9.11 (d, 1H), 9.16 (d, 1H), 9.34 (d, 1H), 9.40 (d, 1H), 10.98 (s, 
1H), 11.06 (s, 1H); fraction 4: δ = 9.04 (d, 1H), 9.11 (d, 1H), 9.38 (d, 1H), 9.44 (d, 1H), 10.97 
(s, 1H), 11.05 (s, 1H).  

The UV-Vis spectra of the four fractions are shown in Figure 3. 
The UV-Vis spectra of four fractions show the typical pattern for phthalocyanine 

derivatives and analogous, mainly the π−π* transition with the heteroaromatic 18 π electron 
system. The Q bands around 700 nm are accompanied by characteristic weak satellite bands. 
In the UV-Vis spectra, the Q band is split into two bands (Q1 and Q2), except fraction 3.  

 
Table 4. Spectral data (400 MHz 1H-NMR in benzene-d6) of fractions of 5c 

 

Compound Chemical shift δ / ppm

0.93  (t,12H)1.21-1.88 (m,48H) 1.88-2.23 (m, 8H)

0.92(t,12H) 1.24-1.80 (m, 48H) 1.82-2.29 (m, 8H)

0.92 (t, 12H)1.16-1.95 (m, 48H)1.95-2.20(m, 4H)2.20-2.36 (m, 4H)

Fraction 1

Fraction 2

Fraction 3 2.36-2.70 (m, 8H)3.99 (t, 4H)

2.24-2.69 (m, 8H)4.13 (t, 4H) 4.32 (t, 4H)7.35 (d, 2H)7.49 (d, 2H)8.30 (m, 6H)

2.32-2.62 (m, 8H)4.12 (t, 4H) 4.30 (t, 4H) 7.36 (d, 2H)7.49 (d, 2H) 8.31 (m, 6H)

4.23 (t, 4H) 7.36 (d, 2H)7.49 (d, 2H

8.30 (m, 6H)

0.92 (t, 12H)1.27-1.83 (m, 48H)1.83-2.26(m, 8H)2.30-2.68 (m, 8H)Fraction 4 4.07 (t, 4H) 4.29 (t, 4H) 7.35 (d, 2H) 7.48 (d, 2H) 8.31 (m, 6H)
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Figure 3.  

The fluorescent spectra of the four fractions have different maxima at 703.6, 705.8, 694.8 
and 701.0 nm for fraction 1, 2, 3 and 4, respectively (Figure 4). The fluorescence maxima 
were almost the same values for the four fractions. Similar phenomena were observed in the 
UV-Vis spectra of the four fractions. 

It is known that fluorescence is expected in the molecules, which are aromatic and/or 
conjugation double bond with a high degree of resonance stability. The difference in the 
fluorescence maxima of the four fractions means dependence on the π electron environment 
of molecular structure. 

The symmetry of the regio isomers of 5c was decreased in the orders C2h, D2h, C2v, Cs. 
The assignment of the spectra obtained from each fraction has been based on the theory of the 
relationship between symmetry and Q band [37-42], and consideration of the most probable 
formed isomer. Of the highest isomer symmetry, the Q band splits into two peaks, the 
splitting Q band is decreased with decreasing symmetry [23]. The Q band appearing at a 
higher wavelength corresponds to an electron transition from HOMO to LUMO, while the 
other is based on the one from HOMO to NLUMO. 
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Figure 4. 

The Q band absorption for fraction 2 is split into two peaks at λmax 708 and 673 nm, the 
observation attributes to the highest symmetry isomer C2h. The lowest symmetrical isomer 
Cs probably corresponds to the single absorption peak shown in fraction 3. The Q band 
absorption of fraction 1 is split into two peaks at λmax 705 and 690 nm, and that of fraction 4 
is at λmax 688 and 671 nm. Fractions 1 and 4 are associated with C2v or D2h isomers. 
However, the confirmation between C2v or D2h is difficult since the difference of Q band has 
almost same, and two C2v isomers cannot be isolated and identified. 

The molecular orbital calculation of the isomers was achieved in order to obtain their 
theoretical Q band absorptions with the ZINDO/S semi-empirical CI configurations which 
were performed using HyperChem 5.1Pro software. The theoretical data of Q band regions 
and splits are as follows; C2h : λmax, 717.0 nm, 685.6 nm; δQ1-Q2, 31.4 nm; D2h : λmax, 702.6 
nm, 684.6 nm; δQ1-Q2, 18.0 nm; C2v : λmax, 703.3 nm, 691.7 nm; δQ1-Q2, 11.6 nm; C2v : λmax, 
702.5 nm, 694.3 nm; δQ1-Q2, 8.2 nm; Cs : λmax, 700.4 nm, 697.3 nm; δQ1-Q2, 3.1 nm. The 
theoretical Q band splits in the isomers are decreased in the orders C2h, D2h, C2v, Cs, and 
are in good agreement with the experimental data. 
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CV can be used to make an estimation of the electrochemical difference for regio 
isomers. CV was carried out with a BAS CV-50W voltammetric analyzer at room 
temperature in acetonitrile containing a 0.01 mol dm-3 solution of tert-butylammonium 
perchlorate (TBAP). CVs were recorded by scanning the potential at the rate of 50 mV s-1. 
The working and counter electrodes were platinum wires, and the reference electrode was a 
silver/silver chloride (Ag/AgCl) saturated sodium chloride electrode. The area of the working 
electrode was 2.0 x 10-2 cm2.  

The important parameters of a CV are the reduction and oxidation potentials for 
irreversible peaks, and the mid-point potential for a reversible couple, Emid (Table 5).  

Before separation of regio isomers, the reduction and oxidation potentials of 5c are sorted 
into six irreversible peaks.  

After separation, fractions 1 - 3 have one pair of reversible oxidation potential and four 
irreversible peaks. Fraction 4 has one pair of reversible oxidation and three irreversible 
reduction waves. The reduction and oxidation of metal phthalocyanine derivatives are due to 
the interaction between the phthalocyanine ring and the central metal [43-50]. 

The porphyrazine ring in the molecules of metal phthalocyanine derivatives or analogous 
is influenced by the π electrons about the closed system [49-53]. Although the π electron 
system of 5c and fractions 1 - 4 consist of one porphyrazine, two pyridinoido and two didecyl 
substituted phenylene rings, the locations of these rings except for porphyrazine are different 
from each regio isomer. 

 
Table 5. Reduction and oxidation potential of 5c and dits position isomers (fractions 1-4) 

 

Materials
Potential (V vs. Ag/AgCl)

Reduction Oxidation

Fraction 4                                      -0.87*   -0.63*   -0.21*         0.34

Fraction 3                                       -0.96*   -0.65*   -0.22*    0.37   0.89* 

-0.97*  -0.71*  -0.45*  - 0.15*                     0.37*  0.93*  

 Fraction 1                                                

Fraction 2                                     

-1.00*  -0.58*  -0.24*　　　

-1.05*   -0.60*   -0.19*           

0.44   0.93*

0.37   0.90*  

5c, before separation of position isomers                                                                               

0.17ΔE**

0.10

0.13

0.01

ΔE**

ΔE**

ΔE**

 
Potentials of reversible wave are midpoint potential of anodic and cathodic peaks for each couple, Emid  
* Irreversible peak. 
** The anodic peak to cathodic peak separation for reversible couple. 
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The irreversible peaks are attributed to the oxidation of the central metal and the 
reversible couples represent the redox of the phthalocyanine ring [54]. 

Substituents and pyridinoid rings influenced the π electron environment in the 5c and 
fractions 1 - 4. It is thought that the effect of pyridinoid rings gives rise to changes of the 
electron density of the metal phthalocyanine derivative. The difference of reduction and 
oxidation peaks between fractions 1 - 4 is attributed to the effect of the variation of the 
interaction between the central metal and the alkylbenzoporphyrazine. And then, the 
difference of cyclic voltammogram between the 5c and fractions 1 - 4 is also the effect of the 
interaction, since 5c is a mixture of its regio isomers.  

The ΔE values are the anodic peak to cathodic peak separation located in the oxidation 
potential region. The ΔE values are around 100 mV and the redox processes are the same for 
regio isomers, except for fraction 4. This means that the electron process of regio isomers 
between fractions 1 - 3 involve approximately one electron transfer. The ΔE values of fraction 
4 show different behaviour in comparison to the others. It is thought that the different 
behavior for fraction 4 is attributable to the mixture of two types of C2v regio isomers. In 
other words, the reduction and oxidation potentials of fraction 4 are based on the interaction 
between two types of C2v regio isomers. No observation on the reversible couple in 5c 
resulted in the interaction between the regio isomers. 

The potential difference between the reduction and oxidation is expressed in the HOMO - 
LUMO energy gap [55]. The values of λmax in the Q band correlated with the potential 
difference between the reduction and oxidation. 

The compound 6 fluoresced on exposure to ultraviolet light. Although fluorescence 
spectra generally were known to be mirror images of UV-Vis spectra at the longer 
wavelengths, the Q bands nearly overlapped with the wavelengths at which fluorescence 
occurs in the case of 6, thus, the differences between λmax of UV-Vis and the Fmax of 
fluorescence spectra, called the Storks shift, were very small. These observations are similar 
to that seen with the 6.  

 
 

LASER-FLASH PHOTOLYSIS OF ALKYLBENZOPYRIDOPORPHYRAZINES 
 
The absorption maxima of the compounds appeared around 660 – 710 nm in the 

solutions. The UV-Vis spectra of 5a, 5c and 5e show the typical shape for phthalocyanine 
derivatives. The strongest peaks are assigned as the Q band, which could be attributed to the 
allowed π – π* transition of a phthalocyanine ring. The 5c had the strongest absorption 
intensity of the products. The λmax and log εmax of products are summarized in the Table 6. 

Laser flash photolysis in film was performed using a total reflection sapphire cell (10 x 
30 mm, 1 mm thick, and both of the short side were cut at a 45° angle), which was spin-
coated with a 1.2 μm thick photopolymer film. An excitation light pulse (20 ms, 355 nm and 
10 mJ per pulse) from a YAG laser was expanded and exposed over the entire sample cell. A 
monitoring light from a xenon lamp passed through the multireflection cell which was 
connected to the head of an optical fiber attached to a monochrometer equipped with a 
photomultiplier or to a spectral multichannel analyzer system[57-65]. 
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Table 6. UV-Vis spectral data of 5a-5c in toluene atat 5.0 X 10-5 M, and 5e in pyridine at 
2.6 X 10-5 mol dm-3 

 

Compounds λmax / nm log emax

5a* 675 4.243

5b 

5c 

5d 

5e 

686

687

686

707

4.472

4.814

4.661

4.720

 
* Pyridine solution. 
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Figure 5. Decay trace of 5c in PMMA film on 560 nm. 
Wxcitation wavelength Is 355 nm in the presence and absence of PVA coatings. 

The films were prepared as follows: A 10 wt% poly(methyl methacrylate) (PMMA) 
solution was made up in cyclohexanone, allylbenzopyridoporphyrazines were added to this 
solution by dissolving to a thickness of 1.2 μm thick by spin-coating a solution onto a 
sapphire cell. After that the films were covered with a poly(vinyl alcohol) (PVA) solution. 

Figure 5 shows the time profiles of the triplet state for one of the 
alkylbenzopyridoporphyrazines, 5c in PMMA was observed using laser-flash photolysis. 

The triplet state lifetime of alkylbenzopyridoporphyarazines, 5b – 5d and 5e were also 
summarized in Table 7.  

In each alkylbenzopyridoporphyrazine 5, it is shown that 5b and 5c have longer triplet 
lifetimes than 5d and 5e. The length of the triplet lifetime for alkylbenzopyridoporphyrazine 
depends upon its molecular structure. The triplet lifetime of alkylbenzopyridoporphyrazines 
increased with increasing pyridine numbers in the molecule. It seems that if 
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tetrapyridoporphyrazine 5a can be soluble in common solvents and measured for laser-flash 
photolysis, its triplet lifetime will be shown the longest value. 

The photoexcited triplet state lifetimes of 5b and 5c in PMMA without a PVA coating 
were estimation to be 11.4 and 10.1 μs, respectively. While covered with a PVA coating, the 
photoexcited triplet state lifetimes of 5b and 5c were estimated as 51.8 and 46.9 μs, 
respectively. Compared with each compound, the triplet state lifetime in PMMA covered with 
PVA was longer than without the PVA coating.  

The Q-band absorption of 5 in PMMA films was similar to that in solution, but the 
profile of Q-band in PMMA film became wider than that in solution and moved to a longer 
wavelength, except for 5e. 

Non-transition metal phthalocyanine derivatives were known to be excellent 
photosensitizers because of their chemical stability and high absorbance in the 650 – 700 nm 
region [56]. In the presence of a photosensitizer, photooxidation progresses via singlet state 
oxygen [57–66]. Phthalocyanine derivatives in the excited triplet state react with ground 
triplet state dioxygen. The triplet state dioxygen generated singlet excited state oxygen. The 
singlet excited oxygen reacts with a substrate to produce oxide, Equations. (1) – (3) [23, 35]. 

Both, covered with a coating and without PVA, the photooxidation proceeded as the 
same mechanism. However, in the case of being covered with PVA, the photoexited triplet 
state lifetimes of alkylbenzopyridoporphyrazines, 5b – 5d and 5e, were longer than in the case 
of non-overcoating with PVA. In the case of non-coated with PVA the shorter decay time was 
considered due to M-PC quenching by oxygen existing in an air atmosphere. While under the 
coated state with PVA, they suppressed the oxygen-permeation from the air atmosphere into 
the photopolymer layer. As a result, grand triplet state dioxigen was not furnished from the 
surrounding to the system.  

Compounds 5 in the case of being covered with PVA behaved as a model for a practical 
photosensitizer in tumors or cancer cells.  

 
Table 7. Triplet lifetime of 5b-5e 

 

Compound 

5e                     

5b
                                                                                 5c

5d   

Lifetime/μ s

over coatnon over coat

11.4 51.8

10.1

5.7

46.9

18.2
17.92.6

   Q-band/nm
in PMMA film

703.9                  

675.2                                                                                 

717.6

670.0   
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In comparison with 5b and 5c, the photoexcited triplet lifetime of 5b was slightly longer 
than 5c, the absorption intensities for 5c were stronger than 5b. So that in these aspects, there 
is little to choose as a sensitizer for PDT between the two. As pyridine rings in the molecule 
of 5 increased, the water-solubility is expected to increase. In the case of the 
N,N’,N”,N’’’,N’’’’-tetramethylated quaternized forms of tetrapyridoporphyrazines, it was 
reported that the complexes do not form an aggregation in an aqueous solution [35, 67, 69]. 
Although the long alkyl-chain substituents in 5b and 5c will occur in aggregation, 5b and 5c 
are expected to undergo rapidly photodecomposition after the photooxidation process, similar 
to alkyl phthalocyanine derivatives [15].  

Consequently, since 5b and 5c have the most intense absorption and a longer triplet state 
lifetime, we think 5b and 5c will become a useful sensitizer for PDT. The photosensitizer 
should be made in isomerically pure form [15]. Isomers of 5b have not been reported yet, but 
5c has been separated and identified [23]. Thereupon, isomers of 5c were examined by laser- 
flash photolysis, and 5b will be reported next time. 

 
 

LASER- FLASH PHOTOLYSIS OF REGIO ISOMERS 
 
The regio isomers of the compound, 5c were separated into four green- to blue-colored 

fractions by TLC [24]. The four fractions have a different 1H NMR, UV-Vis and fluorescent 
spectra. The four fractions separated by TLC have been attributed to four of the five possible 
regio isomers of 5c. 

Figure 6 shows the fluorescence and excitation spectra of 5c. The excitation spectra of 5c 
and its fractions have almost the same profile. No significant change on the fluorescence 
spectra was observed for 5c and its fractions.  

Table 8 shows the Q-band and fluorescent maximum of fractions of 5c. The assignment 
of the Q-band from each fraction was carried out on the theory of the relationship between 
symmetry and the Q-band [37, 38, 40, 41]. The Q-band splits into two peaks of the highest 
isomer symmetry, the splitting Q-band is decreased with a decreasing symmetry [41]. The 
symmetry of the position isomer of 5c was decreased in orders of C2h, D2h, C2v, Cs [21]. 

The position isomers of 5c were the symmetry of molecular structures as D2h, C2h, Cs 
and C2v for fractions 1, 2, 3 and 4, respectively [23]. Two types of C2v isomers were not able 
to be isolated [23].  

Table 9 shows the photoexcited triplet lifetime of fractions separated from 5c. In spite of 
the presence or absence of PVA coatings, the triplet lifetime was increased with a decreasing 
symmetry of position isomers, which were ordered as C2h, D2h, C2v and Cs for fractions 2, 
1, 4 and 3, respectively. The photoexcited triplet state lifetimes of fraction 3 in PMMA 
absence and presence of a PVA coating were estimated to be 14.29 and 25.97 μs, 
respectively. Of each fraction except for fraction 3, the length of the lifetime was shorter than 
5c, and the sensitivities of triplet-triplet (T-T) absorptions were observed as very low. 
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Figure 6. Fluorescence and excitation spectra of 5c in DMF. A: Excitation spectrum, B: fluorescence 
spectrum. 

Table 8. Absorption and fluorescence maxima for each fraction of 5c in solution 
 

Compound 

Fraction 4

Fraction 1                                                                                 

Fraction 2

Fraction 3

  D2h

C2h

Cs

    C2v610,  638,  671,  688                 

627,  690,  705                                                                                 

609,  673,  708

619,  689   

Absorption 

Q band / nm
Fluorescence / nm Symmetry

 704                                                   

 706                                                  

 695                                                 

 701                                                 

:  Most intense peak 

 :  Next intense peak  
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Although the length of the triplet lifetime of 5c was observed by approximately 4 times 
that of the absence of a PVA over coating, the fractions of 5c were only about 1.5 times as 
long as triplet lifetimes in comparison with the absence and presence of PVA coatings.  

Unfortunately, a precise solution to the cause cannot be obtained. However, it seems to 
be the followings. Phthalocyanine derivatives were well known to aggregate in water and 
non-coordinating solvents. Zinc non-peripheral phthalocyanine derivatives having long side 
chains formed an aggregation at least 10-5

 mol dm-3 in cyclohexane [18, 64]. It is enough 
thought that the samples in this study for laser-flash photolysis were formed in aggregation in 
the experimental condition. The aggregation degree for 5c and its isomers is different from 
each other. And then, the ability of aggregation for 5c and each of its isomers is a difference 
and complication. Since compounds 5b and 5c were consisted mixtures of their isomers, the 
aggregation and relationships of the energy levels between samples and the triplet state of 
dioxygen became a complication. For this reason, compounds 5b and 5c could measure 
relatively long lifetimes. The molecular structure of fraction 3 is suitable to occur in the T-T 
absorption in the system. 

In order to estimate the photoexcitation mechanism, the triplet lifetime of each fraction 
was measured, containing N,N’-tetramethyl-4,4’-diaminobenzophenon (Michler’s keton) as 
an additional quencher. As using Micher’s keton, the lifetimes without PVA coatings were 
estimated as 21.19 and 14.03 μs for fractions 3 and 4, respectively (Table 10). These values 
of lifetime were longer than in the absence of Micher’s keton. In the case of fractions 1 and 2, 
no T-T absorption occurred. The results were thought to be that each fraction has different 
energy levels of grand and excited states. The T-T absorption took place via the interactions 
between the energy levels of grand or excited states of fractions and the triplet of dioxygen or 
Michler’s keton.  

 
Table 9. Triplet lifetime of each fraction of 5c 

 

Compound 

Fraction 4

Fraction 1                                                                                 

Fraction 2

Fraction 3

Lifetime/μ s

over coatnon over coat

 11.3

  0.9

14.29

  1.6

 25.97

  9.26.4

   Q-band/nm
in PMMA film

665.5                  

728.2, 681.6, 
653.5                                                                                 

670.0

696.4   

7.0
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Table 10. Triplet lifetime of each fraction of 5c using Micher's keton as a quencher 
 

Compound 

Fraction 4

Fraction 1                                                                                 

Fraction 2

Fraction 3

Lifetime/μ s

over coatnon over coat

  - -

  -

21.19

  -

 72.72

  47.3214.03  
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QUATERNATION OF ALKYLBENZOPYRIDOPORPHYRAZINE 
 
Compound 5c and 6 were reacted with quaternizing agents such as monochloroacetic acid 

(MCAA), diethyl sulfate (DES) and dimethyl sulfate (DMS) (Scheme 3 & 4).  
Quaternized 5c is performed as followings: 5c (0.17 g, 0.15 mmol) was reacted with 

quaternizing agents such as MCAA(0.57 g, 6 mmol), DES (0.1 g, 0.6 mmol) and DMS (0.2 g, 
1.5 mmol), respectively, in DMF as solvent at 140 °C for 2h. The reaction mixture was 
dissolved in acetone (20 cm3), cooled to room temperature and the solution filtered. The 
solvent was removed. The products were purified by TLC (eluent: THF-toluene, 8 : 2). Each 
product was recovered by scraping from the TLC plate, dissolved in pyridine, the solution 
filtered, and the solvent removed.  

Yields of products were 23%, 17% and 28% for MCAA, DES and DMS as quaternizing 
agents, respectively. After reaction with quaternizing agents, 5c were identified through 
spectroscopic techniques such as 1H-NMR, IR and UV-Vis spectra.  

 
(a) Product with MCAA: dark blue solid (32 mg; yield 23%). 1H-NMR (δ 400 MHz, 

DMSO-d6/ppm) 0.85 (m, 12H, CH3), 1.19-1.71 (m, 48H, γ-CH2), 1.79-2.12 (m, 8H, 
β-CH2), 2.27-2.68 (m, 8H, β-CH2), 4.15 (m, 4H, α-CH2), 4.39 (m, 4H, α-CH2), 6.19 
(s, 2H, CH2), 7.37 (m, 4H, arm), 8.32 (m, 6H, Py); IR (ν KBr/cm-1) 3050 (νC-H), 2980 
(νC-H), 1730 (νC-O), 1620 (νC-C), 1400 (νC-C), 1210 (δC-H), 1080 (δC-H), 790 (δC-H), 690 
(δC-H); UV-Vis (λmax toluene/nm) 686: (λmax pyridine/nm) 690: (λmax water/nm) 681; 
Anal Calcd. for C74H100N10O4Zn: C. 45.05: H. 2.52: N.17.50. Found: C.45.02: H. 
2.49: N. 17.48; 

(b) Product with DES: blue solid (37 mg, yield 17%). 1H-NMR (δ 400 MHz, DMSO-
d6/ppm) 0.86 (m, 12H, CH3), 1.02-1.70 (m, 48H, γ-CH2), 1.88-2.11 (m, 8H, β-CH2), 
2.30-2.68 (m, 8H, β-CH3), 4.11 (m, 4H, α-CH2), 4.25 (m, 4H, α-CH2), 7.38 (m, 4H, 
arom), 8.18 (m, 4H, Py); IR(ν KBr/cm-1) 3050 (νC-H), 2960 (νC-H), 1500 (νC-C), 1450 
(νC-C), 1400 (νC-C), 1340 (νS-O), 1180 (νS-O), 1250 (δC-H), 920 (δC-H), 760 (δC-H), 590 
(δC-S); UV-Vis (λmax toluene/nm) 687: (λmax pyridine/nm) 731: (λmax water/nm) 679; 
Anal Calcd. for C70H98N10S2O6Zn: C. 37.11: H. 1.78: N.18.54. Found: C.37.10: H. 
1.78: N. 18.49;  

(c) Product with DMS: dark blue solid (53 mg, yield 28%). 1H-NMR (δ 400 MHz, 
DMSO-d6/ppm) 0.88 (m, 12H, CH3), 1.14-1.72 (m, 48H, γ-CH2), 1.82-2.17 (m, 8H, 
β-CH2), 2.29-2.62 (m, 8H, β-CH2), 4.06 (s, 6H, CH3), 4.27 (m, 4H, α-CH2), 4.51 (m, 
4H, α-CH2), 7.34 (m, 4H, arom), 8.23 (m, 6H, Py); IR (ν KBr/cm-1) 3060 (νC-H), 
2980 (νC-H), 1500 (νC-C), 1450 (νC-C), 1400 (νC-C), 1250 (δC-H), 1100 (δC-H), 950 (δC-

H), 830 (δC-H), 660 (δC-H); UV-Vis (λmax toluene/nm) 739: (λmax pyridine/nm) 739: 
(λmax water/nm) 684; Anal Calcd. for C72H100N10Zn: C. 49.03: H. 3.09: N.21.43. 
Found: C.49.03: H. 3.08: N. 21.40. 
 Compound 6 (0.17 g, 0.15 mmol) was also reacted with MCAA (0.57 g, 6 
mmol), DES (0.1 g, 0.6 mmol) and DMS (0.2 g, 1.5 mmol), respectively, in N, N-
dimetylformamide (DMF) 140 °C for 2h. The reaction mixture was dissolved in 
acetone (20 cm3), cooled to room temperature and the resulting solution was filtered. 
The solvent was removed and the product was purified by TLC (eluent: THF-
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toluene, 8:2); the product was recovered from the TLC plate, via dissolution in 
pyridine followed by filtration and solvent removal.  

(d) Product with MCAA: dark blue solid (yield 25%). 1H-NMR (� 400 MHz, C6H6-d6/ 
ppm) 0.87(m, 12H, CH3), 1.13-1.70(m, 56H, γ-CH2), 1.82-2.61(m, 8H, β-CH2),4.11-
4.38(m, 4H, α-CH2), 6.20(s, 2H, CH2), 7.14-7.27(m, 4H, Arom), 8.73-.16(m, 6H, 
Py): IR(� KBr / cm-1) 3480(νO-H ), 3050, 2970(νC-H ), 1740(νC=O ), 1600, 1500, 
1400(νC=C ), 1210, 1100, 940, 790, 690(δC-H );  

(e) Product with DES: blue solid (yield 21%). 1H-NMR (� 400 MHz, C6H6-d6/ ppm) 
0.86(m, 12H, CH3), 1.02-1.63(m, 56H, γ-CH2), 1.88-2.61(m, 8H, β-CH2), 4.26- 
4.50(m, 4H, α-CH2), 7.37(m, 4H, Arom), 8.22(m, 4H, Py): IR(ν KBr / cm-1) 3480(νO-

H ), 3050, 2960(νC-H ), 1600, 1460, 1400(νC=C ), 1350, 1150(νS=O )1250, 920, 770(δC-H 
), 580(δC-S );  

(f) Product with DMS: dark blue solid (yield 25%). 1H-NMR (� 400 MHz, C6H6-d6/ 
ppm) 0.90(m, 12H, CH3), 0.95-1.45(m, 56H, γ-CH2), 1.60-2.41(m, 8H, β-
CH2),4.05(s, 6H, CH3), 4.25-4.42(m, 4H, α-CH2),7.45(m, 4H, Arom), 8.02(m, 6H, 
Py): IR(ν KBr / cm-1) 3070, 2980(νC-H ), 1500, 1400(νC=C ), 1250, 1100, 950, 810, 
660(δC-H ).  

 
When MCAA or DMS was employed as the quaternizing agent, it is confirmed that N-

CH2COOH or N-CH3 bond was obtained on the pyridinoide rings in 5c and 6, while as DES 
was used, we verified quaternation was not achieved but sulfonation occurred [18]. The 
shapes of UV-Vis spectra of pyridine solution changed after quaternation. It is thought that 
interactions between molecules are complicated, when DES and DMS were used as 
quaternizing agents. Then the quaternized products give rise to easy aggregation in aqueous 
media.  

After reaction with quaternizing agents, all compounds gave the water solubility, and got 
amphiphilic property (Table 11). 

 
Table 11. Solubilities of 5c, 6 and quaternized compounds with MCAA, DES and  

DMS in solvents 
 

Compound          

5c or 6 
   
                     

Quaternized with MCAA

Quaternized with DES

Quaternized with DMS
      

Toluene PyridineChloroform Water

○　　　　○　　　　○　　　　×

○　　　　○　　　　○　　　　○

○　　　　○　　　　○　　　　○

○　　　   ○　　　　○　　　　○

○  : Soluble,  × : insoluble
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      Wavelength / nm

 Quaternized with MCAA

    Wavelength / nm

Quaternized with DES

   Wavelength / nm

Quaternized with DMS

500                  600                     700                  800500                     600                    700                800 500                  600                    700         

690

619

731

679652

647

739

701

647

732

679

747

684
681 715

in pyridine

in water

A b s o r b a n c e  /  a . u .

 
 
Compounds 5c and 6 are readily soluble in pyridine with strongest absorption at 687 nm 

(log εmax 4.81). The Q band absorption of the compound quaternized with DMS showed 739 
nm and shifted by 56 nm to longer wavelength in comparison with compounds reacted with 
MCAA and DES. After react with MCAA, DES and DMS, all compounds are very soluble in 
water, they show strongest absorptions in the Q band at 715, 731 and 747 nm for 5c, and 676, 
687 and 687 nm for 6 , respectively (Figure 7 & Table ). 

 
Table 12. Uv-vis and fluorescence spectral data of quaternized 6. 

 

       λmax water/nm  Fmax water/nm

                                                   
    DMS

     DES

    MCAA 

681

691

688

723, 676, 646

708, 687, 652

687, 647

Quaternizing agent
λmax pyridine/nm Fmax pridine/nm

683

698

692

746, 673, 649, 606
a738, a668, a641, a600

693, 658, 628, 597
a673, a645, a605

679, 650
a677, a620

  Q-band  Fluorescence

 
underline; main peak. 
a in toluene. 
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Table 13. Redox potentials of 5c and its quaternized compound with MCAA, DES and 
DMS in DMF solution containing with TBAP 

 

Compound          
Potential (V vs. Ag/AgCl)          

Reduction           Oxdation          

5c

 Quaternized with MCAA

Quaternized with DES
Δ E ＊＊

  Quaternized with DMS
Δ E ＊＊         

-0.97＊   -0.71＊   -0.45＊   -0.15＊

-0.95＊   -0.45＊   -0.14＊

-0.95＊  -0.89  -0.65＊  -0.19＊

0.13

-0.78  -0.58＊  -0.14＊  

0.10

0.37＊  0.93＊

0.45＊  0.97＊

0.50＊  1.01＊

0.31＊  0.50＊  1.13＊ 

 
Potentials of reversible wave are midpoint potential of anodic and cathodic peaks for each couple, Emid  
* Irreversible peak. 
** The anodic peak to cathodic peak separation for reversible couple. 

 
Table 14. Potentials of quaternized 6 in DMF with TBAP 

 

6

Quaternized with DMS
Δ E＊＊

Quaternized with DES
Δ E＊＊

Quaternized with MCAA
Δ E＊＊

         

Compound
Potential (V vs Ag/AgCl)          

Reduction           Oxydation        

-0.94＊  -0.62＊  -0.29＊  -0.03＊

-0.75＊  -0.52＊  -0.12＊ 

-0.83  -0.51＊  -0.05＊ 
0.14

-1.15＊  -0.77  -0.14＊  -0.05＊    
0.11

0.32＊  0.48＊  0.97＊

0.96＊  1.28＊ 

0.25＊  1.05＊ 

0.50＊  

 
Potentials of reversible wave are midpoint potential of anodic and cathodic peaks for each couple. 
* Irreversible peak. 
** The anodic peak to cathodic peak separation for reversible couple. 

 
The important parameters of a CV are the reduction and oxidation potentials for 

irreversible peaks, and the mid-point potential for a reversible couple, Emid (Tables 13 & 14). 
The reduction and oxidation potentials of 5c are sorted into six irreversible peaks. The 
irreversible peaks are attributed to the oxidation of the central metal and the reversible 
couples represent the redox of the phthalocyanine ring. 
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Figure 8. CVs of 6 and its quaternized compounds with MCAA, DES and DMS. 

Shapes of CVs were changed between before and after reaction. The redox potential of 5c 
have six irreversible peaks. The redox potentials of quaternized compound were different 
from each other. The CVs of compounds quaternized with MCAA, DMS showed three anodic 
peaks and two cathodic peaks, while DES had four anodic peaks and two cathodic peaks. It is 
thought that no effect on quaternation takes place for redox properties of phthalocyanione 
analogous, because redox potentials were not changed. 

The reduction and oxidation potentials of 6 comprise seven irreversible peaks which 
consist of three anodic and four cathodic peaks (Figure 8). The irreversible peaks can be 
attributed to oxidation of the central metal and the reversible couples represent the reduction 
and oxidation of the phthalocyanine ring [1-3, 51, 52]. 

The potential difference in CVs between the reduction and oxidation correspond to the 
HOMO-LUMO energy gaps of the compound [58]. Just as chemical reactions occur during 
the electron transfer between HOMO and LUMO energy levels, photochemical reactions are 
also based on similar phenomena of energy transfer. Before and after the quaternization, the 
HOMO-LUMO energy gap of 6 was unchanged.  

 
 

QUATERNATION OF REGIO ISOMERS 
 
The separated regioisomers of 5c were quaternized with DMS.  
Quaternized regio isomers 5c: Regio isomers of 5c (0.4 mg, 0.35 μmol) was reacted with 

quaternizing agent as DMS (0.5 mg, 3.5 μmol) in DMF as solvent at 140 °C for 2h. The 
products were purified with TLC (eluent: THF-toluene, 8: 2). Each product was recovered by 
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scraping from the TLC plate, dissolved in pyridine, the solution filtered, and the solvent 
removed.  

Yields of products were 11%, 9%, 15% and 11% for fractions 1, 2, 3 and 4, respectively. 
Quaternized regio isomers were also identified through spectroscopic techniques such as 1H-
NMR, IR, UV-Vis and fluorescence spectra. 

(a) Fraction 1 with DMS: dark blue solid (0.053 mg, yield 13 %). 1H-NMR (δ 400 MHz, 
DMSO-d6/ppm) 0.86 (t, 12H, CH3), 1.15-1.70 (m, 48H, γ-CH2), 1.82-2.12 (m, 8H, β-CH2), 
2.19-2.49 (m, 8H, β-CH2), 3.67 (s, 6H, CH3), 3.92 (t, 4H, α-CH2), 4.19 (t, 4H, α-CH2), 7.37 
(m, 4H, arom), 8.20 (m, 6H, Py); IR (ν KBr/cm-1) 3070 (νC-H), 2980 (νC-H), 1500 (νC-C), 1400 
(νC-C), 1250 (δC-H), 1100 (δC-H), 950 (δC-H), 820 (δC-H), 660 (δC-H); UV-Vis (λmax toluene/nm) 
680: (λmax pyridine/nm) 703: (λmax water/nm) 690; Fluorescence (Fmax pyridine/nm) 687: (Fmax 
water/nm) 695; Anal Calcd. for C72H100N10Zn: C. 49.03: H. 3.09: N.21.43. Found: C.49.00: 
H. 3.01: N. 21.33;  

(b) Fraction 2 with DMS: dark blue solid (0.065 mg, yield 15 %). 1H-NMR (δ 400 MHz, 
DMSO-d6/ppm) 0.87 (t, 12H, CH3), 1.16-1.73 (m, 48H, γ-CH2), 1.73-2.10 (m, 8H, β-CH2), 
2.10-2.55 (m, 8H, β-CH2), 3.90 (s, 6H, CH3), 3.99 (t, 4H, α-CH2), 4.17 (t, 4H, α-CH2), 7.23 
(m, 4H, arom), 8.25 (m, 6H, Py); IR (ν KBr/cm-1) 3070 (νC-H), 2980 (νC-H), 1500 (νC-C), 1400 
(νC-C), 1250 (δC-H), 1100 (δC-H), 980 (δC-H), 830 (δC-H), 660 (δC-H); UV-Vis (λmax toluene/nm) 
689: (λmax pyridine/nm) 675: (λmax water/nm) 686; Fluorescence (Fmax pyridine/nm) 684: (Fmax 
water/nm) 690; Anal Calcd. for C72H100N10Zn: C. 49.03: H. 3.09: N.21.43. Found: C.48.99: 
H. 2.98: N. 21.22;  

(c) Fraction 3 with DMS: dark blue solid (0.055 mg, yield 11 %). 1H-NMR (δ 400 MHz, 
DMSO-d6/ppm) 0.85 (m, 12H, CH3), 1.09-1.63 (m, 48H, γ-CH2), 1.70-2.11 (m, 8H, β-CH2), 
2.11-2.42 (m, 8H, β-CH2), 3.86 (s, 6H, CH3), 3.97 (t, 4H, α-CH2), 4.21 (t, 4H, α-CH2), 7.23-
7.33 (m, 4H, arom), 8.21 (m, 6H, Py); IR (ν KBr/cm-1) 3080 (νC-H), 2970 (νC-H), 1500 (νC-C), 
1400 (νC-C), 1250 (δC-H), 1100 (δC-H), 950 (δC-H), 830 (δC-H), 660 (δC-H); UV-Vis (λmax 

toluene/nm) 681: (λmax pyridine/nm) 689: (λmax water/nm) 689; Fluorescence (Fmax 
pyridine/nm) 690: (Fmax water/nm) 698; Anal Calcd. for C72H100N10Zn: C. 49.03: H. 3.09: 
N.21.43. Found: C.49.03: H. 3.03: N. 21.40;  

(d) Fraction 4 with DMS: dark blue solid (0.078 mg, yield 19 %). 1H-NMR (δ 400 MHz, 
DMSO-d6/ppm) 0.87 (t, 12H, CH3), 1.20-1.63 (m, 48H, γ-CH2), 1.71-2.17 (m, 8H, β-CH2), 
2.17-2.47 (m, 8H, β-CH2), 3.85 (s, 6H, CH3), 4.09 (t, 4H, α-CH2), 4.27 (t, 4H, α-CH2), 7.21-
7.36 (m, 4H, arom), 8.22 (m, 6H, Py); IR (ν KBr/cm-1) 3070 (νC-H), 2980 (νC-H), 1500 (νC-C), 
1400 (νC-C), 1250 (δC-H), 1100 (δC-H), 950 (δC-H), 830 (δC-H), 660 (δC-H); UV-Vis (λmax 

toluene/nm) 677: (λmax pyridine/nm) 730: (λmax water/nm) 673; Fluorescence (Fmax 
pyridine/nm) 686: (Fmax water/nm) 687; Anal Calcd. for C72H100N10Zn: C. 49.03: H. 3.09: 
N.21.43. Found: C.49.02: H. 3.08: N. 21.43. 

In comparison with UV-Vis spectra of before and after the quaternation of regio isomers 
with DMS, the Q band absorption of quaternized regio isomer were split into two or more. 
Then after quaternation, the Q band absorptions were moved to longer wavelength (Figure 9). 

In general, fluorescence spectra are measured as mirror image of excitation spectra. 
Excitation spectra show the same profile of absorption bands. Fluorescence spectra show 
longer wavelength than absorption and excitation spectra. 
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Figure 9. UV-Vis spectra of each regioisomer in 5c quaternized with DMS. The UV-Vis spectra of each 
quaternized isomer was measured in pyridiene. 

For quaternized products except for fractions 1and 4, fluorescence spectra showed longer 
wavelength than their own absorption spectra.  

In fraction 1 and 4, the degree of overlaps between absorption and fluorescence spectra 
was determined. These phenomena result from re-absorption or re-emission of fluorescence. 

Accordingly, fluorescence spectra of fractions 1 and 4 showed shorter wavelength than 
the longest wavelength of absorption bands. 

The CVs of fractions 1-3 have one pair of reversible oxidation potential and four 
irreversible peaks. Fraction 4 has one pair of reversible oxidation and three irreversible 
reduction waves. The reduction and oxidation of metal phthalocyanine derivatives are due to 
the interaction between the phthalocyanine ring and the central metal. 

The porphyrazine ring in the molecules of metal phthalocyanine derivatives or analogous 
is influenced by the π electrons about the closed system. Although the π electron system of 5c 
and fractions 1-4 consist of one porphyrazine, two pyridinoido and two didecyl substituted 
phenylene rings, the locations of these rings except for porphyrazine are different from each 
regio isomer. 

The irreversible peaks are attributed to the oxidation of the central metal and the 
reversible couples represent the redox of the phthalocyanine ring. 
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Figure 10. Cyclic voltammograms of each regioisomer in 5c quaternized with DMS. Black line; After 
quaternation with DMS, Gray line; before quaternation. 

Substituents and pyridinoid rings influenced the π electron environment in the fractions 
1–4 of 5c. It is thought that the effect of pyridinoid rings gives rise to changes of the electron 
density of the metal phthalocyanine derivative. The difference of reduction and oxidation 
peaks between fractions 1-4 is attributed to the effect of the variation of the interaction 
between the central metal and the alkylbenzoporphyrazine. And then, the difference of CV 
between 5c and fractions 1-4 is also the effect of the interaction, since 5c is a mixture of its 
resio isomers (Figure 10).  

The ΔΕ values are the anodic peak to cathodic peak separation located in the oxidation 
potential region. The ΔΕ values are around 100 mV and the redox processes are the same for 
regio isomers, except for fraction 4. This means that the electron process of regio isomers 
between fractions 1-3 involve approximately one electron transfer. The ΔΕ values of fraction 
4 show different behaviour in comparison to the others. It is thought that the different 
behaviour for fraction 4 is attributable to the mixture of two types of C2v isomers. The redox 
potentials of fraction 4 are based on the interaction between two types of C2v regio isomers. 
No observation on the reversible couple in 5c resulted in the interaction between the regio 
isomers. 
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The redox potential of quaternized regio isomer were varied. After quaternation of regio 
isomers, the shapes of CVs appeared clearly. It is thought that electron transfer ability of 
regio isomers have been increased remarkably by the acquisition of cation groups. The CVs 
showed two anodic and two cathodic peaks, two anodic and three cathodic peaks, two anodic 
and two cathodic peaks, and one anodic and five cathodic peaks for fractions 1, 2, 3 and 4, 
respectively. Fractions 1 and 4 have a reversible couple in a reduction potential region at –
0.24 and –0.57 V vs. Ag/AgCl, respectively. For quaternized regio isomers, some of redox 
potentials are recognized before the reaction.  

Consequently, it suggested that the photoelectron transfer ability is kept unchanged 
regardless of the quaternation. 

 
 

CELL CULTURE 
 
IU-002 cells were maintained in MEM medium supplemented 5% fetal calf serum. 
Cells seeded into 96-well tissue culture plates and incubated to allow attachment to the 

plates. The sensitizer was. Cells were incubated for 3h. The medium was removed, the cells 
were washed with phosphate-buffered saline (PBS), and fresh medium was added. Cells were 
exposed halogen light for 10 minutes. Appearance of cells was observed used a fluorescence 
microscope. 

The uptake of DMS quaternized 6 was done in IU-002 cells. IU-002 cells were incubated 
at 37°C. After incubation for 3h, Cellular quaternized 6 was observed with a fluorescence 
microscope. 

A fluorescent substance was noted when the uptake of DMS quaternized 6 in IU-002 
cells was carried out. 

Cell rupture can be detected. Intact cells selectively concentrated fluorescence. After 
exposed halogen light for 10 minutes showed damage and loss of fluorescence, although 
fluorescence in cells occurred in perinuclear area (Figure 11).  

Consequently, the light exposed DMS quaternized 6 in cells produces cell disruption that 
can be detected as a decrease as fluorescence.  

 

 
(a)    

Figure 11. Fluorescence image of IU-002 cells. (a) Control, (b) Incubated with DMS quaternized 6 and 
irradiated with halogen light for 10 minutes. 
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CONCLUSION 
 
The compound 5c and 6 were synthesized from an equimolar mixture of 3 and 4 or 2,3-

pyridine carbonitrile in the presence of basic catlist as DBU.  
The triplet state of 5 was measured using laser-flash photolysis in PMMA film.  
The triplet life times of 5 increased with an increasing pyridine number in the molecule. 

One of the zinc non-peripheral substituted alkylbenzopyridoporphyrazines, 5c in the PMMA 
layer showed the most intense absorption and a longer triplet state lifetime. The photoexcited 
triplet state lifetimes of 5b and 5c in PMMA without a PVA coating were estimated to be 
11.4 and 10.1 μs, respectively. While covered with a PVA coating, the photoexcited triplet 
state lifetimes of 5b and 5c were estimated as 51.8 and 46.9 μs, respectively. The compound 
5c was suitable for use of the sensitizer for PDT, since 5c has the most intense absorption and 
a longer triplet state lifetime.  

The triplet lifetime for position isomers in 5c was increased with the decreasing 
symmetry of position isomers, which were ordered as C2h, D2h, C2v and Cs for fractions 2, 
1, 4 and 3, respectively. The photoexcited triplet state lifetime of fraction 3 in PMMA in the 
absence and presence of PVA coatings were estimation to be 14.29 and 25.97 μs, 
respectively.  

The compound 5c and 6 having two pyridine and two alkyl-substituted benzene rings 
were reacted with DMS, DES and MCAA as quaternizing agents.  

When MCAA or DMS was employed as quatenization agents, 5c and 6 were change to 
quatrenized compounds, while as DES was used, we verified quaternation was not achieved 
but sulfonation occurred. All compounds showed amphiphilic property.  

After quaternation, the shapes of CVs appeared clearly. It is thought that electron transfer 
ability have been increased remarkably by the acquisition of cation groups. It suggested that 
the photoelectron transfer ability is kept unchanged regardless of the quaternation. 

The uptake of DMS quaternized 6 was done in IU-002 cells. 
The light exposed DMS quaternized 6 in cells produces cell disruption that can be 

detected as a decrease as fluorescence.  
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