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Metal chelates of porphyrin derivatives as sensitizers 
in photooxidation processes of sulfur compounds 

and in photodynamic therapy of cancer 
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A number of porphyrin derivatives based on hematoporphyrin, 5,10,15,20-tetrasubstituted 
porpbyrins, phthalocyanines, and naphthalocyanines were prepared either as low-molecular 
compounds or bonded with methoxypoly(ethylene glycol) or attached to silica of low surface 
area. The low-molecular weight and the polymer-bonded porphyrins exhibit comparable triplet 
lifetimes and activities in the photosensitized formation of singlet oxygen. For photon- 
induced processes, the monomeric state of sensitizers is fundamentally important. The 
porphyrins have been investigated as sensitizers for photooxidation of thiolates and sulfides, 
which occurs via singlet oxygen, and, therefore, is much more efficient than the corresponding 
catalytic dark oxidation. Polymer-bonded porphyrins and long-wavelength absorbing 
naphthalocyanines incorporated in liposomes exhibit in vivo high accumulation in tumor 
tissues. Under irradiation, singlet oxygen is produced, and efficient phototherapeutic effects 
are observed, which may be used for photodynamic cancer therapy. 

Key words: metal chelates of porphyrin derivatives; photodynamic therapy of cancer. 

Low-molecular-weight ,  polymeric, and polymer-em- 
bedded porphyr ins ,  such as hematoporphyr in  (1), 
5,10,15,20-tetraphenylporphyrin (2), phthalocyanine (3), 
and naphthalocyanine (4) 1,2 are being intensively inves- 
tigated because of  their role in a number  of  visible 
light-driven processes, for example, in organic solar 
cells, 3,4 organic pho toconduc t ing  devices, s pho to -  
electrochemical cells, 6-1~ and in photochemical  reac- 
tions ill solutions, 1,11-13 and also because of  their use in 
the photodynamic  therapy of  cancer. 1A4-17 Basic inves- 
tigations of  reactions occurring ill solutions under the 
action of  visible light photons are of  great importance 
for the analysis of  various processes involving the con- 
version of  matter  and energy, for environmental protec- 
tion, and for medicine. 

This paper summarizes some results of  our recent 
studies on employing porphyrin derivatives as sensitiz- 
ers in photochemical  reactions occurring in solutions 
under the action of  photons of  visible light in the 
presence of  oxygen. Porphyrins 1--4 absorb visible light 
in the region of  either the Soret band (320--450 nm) or 
the Q-band (600--800 nm) with high extinction coeffi- 
cients (~ - l0 s L mol -I  cm - l )  (Fig. 1). 1,2 

These compounds  can be converted into excited 
states either by irradiation with sunlight or by using an 
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Fig. 1. The VIS spectra of Zn lI complexes of 5,10,15,20- 
tetraphenylporphyrin 2 (1), phthalocyanine 3 (2), and 
naphthalocyanine 4 (3) in DMF. 
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artificial light source. The proportion of  visible light in 
the solar radiation falling on earth (AM t) is about 50 %, 
and it is three thousand times greater than the world 
energy consumption.  Therefore, it is very reasonable to 
use excited states obtained by the action of  solar radia- 
tion, as is done on an industrial scale in inorganic 
pho tochemica l  current  sources (excitation: valence 
band --+ conduct ion band) and in pilot plants for detoxi- 
fication of  water (using TiO2). In addition, increasing 
interest is attracted by the chemical  conversion of  
energy (cleavage of  water) and by the chemical synthesis 
of  compounds  through the action of  solar radiation. On 
the other hand, artificial sources of  visible light like 
halogen or Xenon arc lamps and monochromat ic  laser 

systems have been applied to study photochemical  re- 
actions on a laboratory scale and find increasing appli- 
cation for the photodynamic therapy of  cancer. Chem-  
ists engaged in basic research can use both solar radia- 
tion and artificial light sources for the optimization of  
the structure of  sensitizers and the efficiency of  visible- 
light-driven reactions and conditions of  their use for 
medical treatment. 

Porphyrins such as phthalocyanines 3 incorporating 
a metal ion with a closed-shell electron c o n f g u r a t i o n  
(e.g., Zn II, A1 m) exhibit great lifetimes and high quan- 
tum yields of  the triplet excited state (e.g. 3, M = Zn II, 
ZT300 K ~ 250 gsec, qb T - 0.6). 11-13'18'19 Therefore, after 
excitation in solution (reaction (1)), these compounds  
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R 1 = H (a,9); NHCOMe (b); NH 2 (13); OMe (d); $08H17 (e,f) 

R 2 = H (a - -e ,g) ;  SC8H17 (f) 

R 3 = H (a-- f ) ;  SC8H17 (g) 

can act as photocatalysts (sensitizers) of reactions in- 
volving electron transfer  11-13,2~ or energy trans- 
fer. 18,21-26 Ill the presence of oxygen, the transfer of an 
electron from the sensitizer in the triplet excited state to 
the acceptor, viz. a molecule of 02, may afford reactive 
intermediates, which oxidize the substrate (reactions (2), 
(3)), and energy transfer may convert triplet oxygen 
(302, 3Zg) into singlet oxygen ([02, IA~), which then 
oxidizes the substrate (reactions (4), (5)~. 

Excitation 

Sens + h v - +  ISens*--~3Sens * (1) 

Type I mechanism: electron transfer 

3Sens* + 02 ~ Sens +" ~ 02- '  (2) 

S e n s + ' a n d / o r  02-" + substrate -~ products 
of the substrate 
oxidation 

(3) 

Type [I mechanism: energy transfer 

3Sens* + 302 ~ Sens + IO 2 (4) 

lO 2 + substrate --> products of the substrate (5) 
oxidation 

It will be shown below that in the presence of 
oxygen, the type II energy transfer is more important 

than the type I electron transfer, because of the high 
quantum yield in the formation of tO 2. Reactions of the 
photooxidation of amino acids (cysteine, tryptophan, 
and histidine), 27,28 unsaturated fatty acids, 29 and hy- 
droxylamines 3~ in the presence of porphyrins and 
other sensitizers have been investigated. Some papers 32,33 
are devoted to the ability of thiols to quench IO 2 in 
D20. The reactions involving 10 2 are of interest be- 
cause of its reactivity with respect to biological mo- 
lecules in the photodynamic therapy of malignancies. 

We have studied the photooxidation of thiols and 
sulfides in detail. 34-36 These reactions are important, 
on the one hand, as a method for purification of waste 
water by solar radiation and, on the other hand, since 
they simulate photooxidation of peptides containing 
mercapto groups. The photooxidation of thiols and 
sulfides in the presence of porphyrins such as phthalo- 
cyanines 3 readily occurs to give sulfonic acids and 
sulfates, according to reactions (6) and (7) (the Roman 
numerals correspond to the oxidation states of  sulfur). 

2 (RS-II) - + 3 02 h.~v 2RS+iV03 - (and s+V[042-) (6) 

(HS-II) - + 2 02 4- OH- ~hv s+VI042- + H20 (7) 

Photodynamic therapy (PDT) is a method of cancer 
treatment based on the combined action of a sensitizer, 
light, and oxygen. 15-17 Relatively nontoxic compounds 
accumulate in a tumor after their intravenous injection 
(i.v.). Irradiation in the region of the absorption of the 
sensitizer results in the appearance of phototoxicity, 
which causes irreversible loss of vital functions of cells 
and, consequently,  heavy necrosis. At present ,  a 
hematoporphyrin derivative, Photofrin, is used as the 
sensitizer in clinical practice. Several types of cancer 
have been treated. 17 However,  the derivatives of 
hematoporphyrin used are not ideal drugs, because they 
are complex mixtures of porphyrins and have low selec- 
tivity toward tumor tissues, and because of the low 
efficiency of absorption of red light. Much wider appli- 
cation of PDT may be achieved (1) by the use of long- 
wavelength absorbing sensitizers (X ~ 680--800 nm) for 
deeper penetration of light, (2) by combining a sensi- 
tizer with a carrier for its better accumulation in tumor 
tissues, and (3) by using cheaper semiconductor laser 
systems in combination with long-wavelength absorbing 
sensitizers in clinical practice. We investigated on the 
laboratory level porphyrins 1--4 either covalently bound 
to a polymeric carrier or incorporated into liposomes. 

Experimental 

Hematoporphyrin la from Fluka (No. 257566) was used. 
Compound lb was prepared by the reaction of la with 
methoxypoly(ethylene glycol) (moL weight 2000, 5000), 37 
5,10,15,20-tetrakis(4-sulfophenyl)porphyrin 2a was prepared by 
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sulfonation of 5,10,15,20-tetraphenylporphyrin. 38 The synthe- 
sis of 2e (mol. weight 2000, 5000) 37 was carried out by the 
covalent bonding of 5,10,15,20-tetrakis(4-carboxyphenyl)- 
porphyrin 2b (see Refs. 39, 40) with methoxypoly(ethylene 
glycol) (tool. weight 2000, 5000). The uncharged porphyrin 2e 
(2000, 5000) and positively charged 2e (2000, 5000), both 
metal-free and as zinc(n) complexes, were obtained by the 
reaction of the metal-free or Zn-containing 5,10,15,20-tetrakis(4- 
pyridylporphyrin) (2d or 2dZn, respectively) with activated 
methoxypoly(ethylene glycol). 37 The complexes of 2,9,16,23- 
tetrasulfophthalocyanine and -tetracarboxyphthalocyanine with 
zinc(n) (3bZn and 3eZn) and aluminum(II0 (3hA1 and 3cA1) 
were obtained from the corresponding substituted phthalic an- 
hydride derivatives. 35 Compound 3eZn was covalently bonded 
to methoxypoly(ethylene glycol) (compounds 3dZn (2000, 5000)) 
or various 3-aminopropyl substituted silica carriers, such as 
monosphere silica of grain size 500 nm with a surface area of 
6.9 m 2 g-1 (sample 3eZn (MPA-500)) or Lichrosphere of grain 
size 500 nm with a surface area of 40 m 2 g-1 (sample 3eZn 
(LPA-500)). 35 The zinc(n) complex of 2,9,16,23-tetrakis(3- 
methylpyridiniumoxy)phthalocyanine 3g and positively charged 
phthalocyanines (metal-free compound 3h (2000, 5000) and Zn 
complex 3hZn (2000, 5000)) were prepared by the reaction of 
metal-free or zinc(n)-containing 2,9,16,23-tetrakis(3-pyridyl- 
oxy)phthalocyanine 3f or 3fZn with methyl iodide or activated 
methoxypoly(ethylene glycol). 37'41 Compounds 3iSi and 3jSi 
(5000) are silV-containing phthalocyanines with 2-methoxy- 
ethanol or methoxypoly(ethylene glycol) residues at the silicon 
atom .42 

The zinc(ix) complexes of 2,3-naphthalocyanine, 4aZn, 43 
2,11,20,29-tet raacetamino-2,3-naphthalocyanine,  4hZn, 
2,11,20,29-tetramethoxy-2,3-naphthalocyanine 4dZn, 44-46 
2,11,20,29-tetra(octylthio)-  2,3-naphthalocyanine 4eZn, 
2,3,11,12,20,21,29,30-octa(octylthio)- 2,3 - naphthalocyanine 
4fZn, and 5,9,14,18,23,27,32,36-octa(octyIthio)-2,3-naphthalo- 
cyanine 4gZn 47-49 were prepared according to known proce- 
dures. The purity and stability of all of the compounds were 
checked by UV/VIS electronic spectroscopy (reflectance spec- 
troscopy for compound 3e), IR spectroscopy, elemental analy- 
sis, and, where possible, by mass spectroscopy (e.g., using the 
MALDI technique) and thin layer chromatography. 
Methoxypoly(ethylene glycol) of molecular weight equal to 
2000 and 5000 was used. The degree of substitution by the 
polymer was 37 1.7--1.9 for lb and 3.2--3.5 for 2e, 2e, 3d, and 
3h. Samples of 3e contained ~1 gmol of the chelate per 1 g of the 
carrier. 35 

Determination of 10 2. The activity of the porphyrins with 
respect to the formation of singlet oxygen was studied using 
1,3-diphenylisobenzofuran (DPBF) as an 10 2 quencher (see 
Refs. 35, 46). 

The activity with respect to the electron transfer was inves- 
tigated in a photochemical redox system consisting of the 
methylviologen dication as the acceptor and 2-mercaptoethanol 
as a donor. 35,46 

Photooxidation of 2-mereaptoethanol and hydrogen sulfide. 
The activities in photooxidation were determined by the volu- 
metric method, from the consumption of oxygen under irradia- 
tion with 180 mW cm -2 of visible light (see Refs. 35, 50). The 
turnover frequencies (TOF) were calculated from the initial 
consumption of O 2 in moles per mole of photocatalyst per rain. 

Pharmaeokinetie and phototherapeutie studies. Sensitizers 
incorporated into DL-c~-dipalmitoylphosphatidylcholine (DPPC) 
liposomal vesicles were studied with experimental tumor 
models.46, 51 

Results and Discussion 

Solubility and absorption spectra 

A crucial factor for the pho tochemica l  activity of  
porphyrins  is that  they should exist in the monomer ic  
state ei ther  in appropr ia te  solvents or immobi l ized  on 
carrier  systems. The samples of  porphyrins  prepared 
possess dissimilar  solubilities: 

(a) water  soluble (pH > 7 is preferred) low-molecu-  
lar-weight  negatively charged porphyrins ,  l a ,  2a, 2b, 
3b, and 3c; 

(b) water  soluble low-molecu la r -weigh t  posit ively 
charged porphyrin  3g; 

(c) wate r  so luble  neu t ra l  po rphyr in s  b o u n d  to 
methoxypoly(e thylene  glycol): lb ,  2c, 3d; 

(d) water soluble positively charged porphyrins bound 
to methoxypoly(e thylene  glycol): 2e, 3h; 

(e) all of  the porphyrins ment ioned  in (a ) - - (d )  are 
also soluble in D M F ;  

(f) porphyrins 2d, 3a, 3e, 3f, 3i, and 4 a - - g  are 
insoluble in water  but soluble in some organic solvents. 

The water- insoluble  compounds  listed in (f) can be 
converted to a water-soluble  state by incorpora t ion  into 
se l f -organiz ing mic rohe te rogeneous  systems such as 
micelles and liposomes. 35,46,51 Solubil i ty in water  has 
also been achieved by covalent  bonding with a hydro-  
philic po lymer  of  ei ther the ligand (compounds  lb ,  2c, 
3d) or the central metal  ion (compound  3j). The cova- 
lent bonding of  porphyrins with the side chains of  
positively or negatively charged or uncharged hydro-  
phil ic polymers  also affords water-soluble  compounds .  52 
By covalent  binding to silica with a low surface area, 
porphyrins are immobi l ized  on chemical ly ,  mechani -  
cally, and thermal ly  stable carrier  systems. 35,53 Another  
example of  immobi l iza t ion  is the monomer i c  encapsu-  
lation of  porphyrins ,  such as phthalocyanines ,  in the 
l a t t i ce  of  m o l e c u l a r  sieves,  such as zeo l i t e s  and  
AIPO4-5 (see Ref. 54). 

The porphyrins absorb the visible light in a broad 
region: the Soret band -390- -430  (1, 2), - 330 - -370  (3), 
and ~340--360 (4) nm; the  Q band -590 - -650  (1, 2); 
-670- -700  (3), and -750- -820  (4) nm. The association 
of  the molecules  of  porphyrins  is very important ,  n,12 
The monomer ic  state of  molecules  is fundamenta l ly  
impor tant  for photo induced  processes, since in the case 
of  associates, the decay of  the tr iplet  state under  irra- 
diat ion occurs as a b imolecular  process,  viz. the  t r ip-  
l e t - t r i p l e t  annihi lat ion.  In the general  case, associa- 
t ion of  molecules  in an aqueous solut ion is more  pro-  
nounced  for more  extended aromat ic  systems (1, 2 < 
3 < 4). All  of  these compounds  are soluble in D M F  and 
exist in solutions in the monomer i c  state. For  example ,  
Fig. 2 shows that  3bZn is strongly associated in aqueous 
solutions. The absorpt ion band at 630 nm is character -  
istic of  associates, and the band of  a lower intensity at 
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Fig. 2. The VIS spectra of 3bZn (~10 .3 M) in an aqueous 
solution: at pH 7 (1); in the presence of 0.1 MCTAC (2); in the 
presence of 0.1 M of SDS (3). 
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Fig. 3. The VIS spectrum of 4aZn (1.6 " 10 -s M) in an aqueous 
dispersion of small unilamellar DPPC liposomes. 

672 nm corresponds to the remaining monomers .  11,12,55 
Add i t ion  o f  the  oppos i t e ly  charged  ce ty l t r ime thy l -  
a m m o n i u m  chlor ide  (CTAC)  results in decomposi t ion  
of  the associates,  whereas a combina t ion  of  s imilar  
charges, e.g., 3b and sodium dodecyl  sulfate (SDS),  
yields associated complexes  (see Fig. 2). In the case of  
the  pos i t i ve ly  cha rged  3g, on  the  c o n t r a r y ,  
monomer iza t ion  occurs as SDS is added,  and the addi-  
t ion of  CTAC favors association.  For  Aln iX complexes 
the s i tuat ion is different. 3bA1 remains  most ly  mono-  
meric  in aqueous solutions in the absence of  CTAC 56 
because the X subst i tuent  (X = CI or OH)  may part ly 
separate the macrocycles .  The comple te  monomer iza t ion  
and solubil i ty in water  is also realized when hydropho-  
bic porphyr ins  are incorpora ted  in l iposomes.  57 Even 
the strongly associat ing naphtha locyanines  are mono-  
meric  46,51 in an aqueous l iposomal  D P P C  solution,  as 
shown in Fig. 3 for 4aZn.  The comple te  monomer iza t ion  
in water  is achieved due to an axial addi t ion of  po lymer  
chains,  ensuring the solubil i ty in water,  to the tetrava- 
lent sil icon a tom (compound  3j) (Fig. 4). 42 At the same 
t ime ,  the  p e r i p h e r a l  a d d i t i o n  of  four  h y d r o p h i l i c  
methoxypoly(e thy lene  glycol) chains to the l igand only 
results in a low decrease in the degree of  associat ion 
(see Fig. 4, curve 1). This is probably caused by the 
interact ion o f  po lymer  coils in the solution,  which is 
addi t ional ly  favored by the rt--n in terac t ion  in the  
aromat ic  systems. Immobi l i za t ion  of  porphyr ins  on silica 
with a low surface area is most ly  monomer i c  (Fig. 5). 

Absorbance 2 

"k 

\ // \ 

/1 , 

300 400 500 600 

\\ 

700 
~/nm 

Fig. 4. The VIS spectrum of 3flZn (1) and 3jSi (2) (-10 -6 M o f  
porphyrin units) in an aqueous solution at pH 7. 

Thus, it can be concluded  that  all of  the samples 
studied dissolve in D M F  as monomers .  The  incorpora-  
t ion of  these compounds  into mice l l e s / l iposomes  and 
axial subst i tut ion are the most  efficient methods  used 
to inhibit  the i r  associat ion in aqueous solutions.  In Fig. 
6, the  energy levels of  porphyrins  are compared  with 
the energy of  302/ IO 2 . 
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Fig. 5. The VIS reflectance spectrum of 3eZn (MPA-500) after 
preparation (1); after photocatalytic oxidation of 2-mereapto- 
ethanol at pH 10 (2); the same at pH 12 (3). 
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F i g .  6 .  Comparison of triplet energy levels of zinc(u)tetra- 
phenylporphyrin, zinc01)phthalocyanine, and silicon(lv)- 
naphthalocyanine with the ringlet energy of O 2 (see Refs. 11, 58). 

P h o t o p h y s i c a l  a n d  p h o t o c h e m i c a l  p r o p e r t i e s  

Closed-shell metal porphyrins exhibit great lifetimes 
and good quantum yields of the triplet state, whereas 
the triplet lifetimes of the compounds containing para- 
magnetic transition metal ions are normally low: 11,12 
for example, for 3bZn, XT 3~176 K ~ 245 gsec, ~T ~ 0.6; for 
3bCo, ZT 3~176 K ~ 0.06 gsec, �9 T = 0.92. Of the porphyrins 
containing closed-shell metal ions, those with Zn 11, 
AI m, and Si TM exhibit the best combination of lifetime 
and quantum yield of the triplet state and, therefore, 
they are the best photosensitizers. 18'19,zl The sensitizers 
which are most often employed in the clinical practice 
are mixtures of metal-free hematoporphyrins,  for 
example, of a hematoporphyrin derivative (HPD) with 
Photofrin (PII). In this case, the Q-transition at -620 nm 
is used for excitation in vivo. 14'15'17 The second genera- 
tion of sensitizers will be based on compounds absorb- 
ing in the longer-wavelength region, such as phthalo- 
cyanines and naphthalocyanines containing A1 m, Zn n 
and perhaps also Si TM as the central ion surrounded by 
ligands. Several papers, which are not considered here 
in detail, describe the photophysical properties of these 
compounds (see selected Refs. 11, 12, 18, 19, 21). 

It can be seen from Table 1 that under an inert gas, 
all of the porphyrins synthesized exhibit triplet lifetimes 
of ~1--0.1 gsec depending on the solvent. The covalent 
bonding with methoxypoly(ethylene glycol) does not 
lead to significant changes in the lifetimes of the triplet 
states. In the presence of oxygen (302), all of the 
porphyrins are efficient in the energy transfer giving 
singlet oxygen (102). The quantum yield of the forma- 
tion of 10 2 was measured on the basis of luminescence 

at 1270 nm or was determined in the presence of physi- 
cal quenchers, such as sodium azide, or chemical 
quenchers, for example, DBPF. 3s,s8 In the case of 
associated phthalocyanines, the yield of lO 2 is negligi- 
bly low. 22,2s For monomeric phthalocyanines, the quan- 
tum yields of 102, according to the literature data, are 
0.1--0.7 (see selected Refs. 22, 25, 26, 55, 58). As can be 
seen from Table 1, all of the porphyrins studied call 
sensitize the formation of IO 2 in quantum yields of 
0.06--0.67. For comparison, a typical sensitizer of the 
formation of 102, Rose Bengale, provides ~b ~ 0.2. The 
covalent binding of a porphyrin to methoxypoly(ethylene 
glycol) slightly decreases or increases the amount of 
IO 2 formed. Even naphthalocyanines absorbing in the 
long-wavelength region (X = 760 to 810 nm) are efficient 
in the photoinduced energy transfer. Naphthalocyanines 
in the triplet state reversibly interact with 302, accord- 
ing to reaction (8). s9 

3Nc* 4- O2(3Zg- ) ,~ " Nc(S0) 4- O2(IAg ) (8) 

The interaction of 3bZn or 3cZn with detergents 
results in a decrease in the quantum yield of IO2: it is 
~ 0.35 in DMF and - 0.06 in an aqueous solution con- 
taining CTAC. As discussed above, the porphyrins are 
monomerized in micellar (also liposomal) solutions. 
The hydrophobic quencher DBPF may be located in 
the hydrophobic center of the micellar phase. In the 
presence of the cationic CTAC, the locus of the nega- 
tively charged 3b and 3c may be at the interface be- 
tween the micellar and aqueous phases, due to electro- 
static interactions, ss;s8 Despite the fact that during 
their lifetimes (~1 gsec), the lO 2 molecules pass several 
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Table 1. Absorption wavelengths, triplet lifetimes, and quantum yields in the photooxidation of DPBF sensitized by 
compounds 1--4 35,46,47,51 

Compound Main absorption Triplet lifetime 
bands in /~tsec 
DMF, k/nm 

q) of the 10 2 formation a 

la 398, 567, 620 (03 (DMSO) 0.30 (DMF) 
lb(2000, 5000) 398, 567,620 1000, 3100 (Triton/H20) 0.43, 0.56 (DMF) 
2a 419, 590, 647 300 (DMSO) 0.28 (DMF) 
2aZn 425, 559, 599 980 (DMSO) 0.49 (DMF) 
2b 419, 590, 647 100 (DMSO) 0.60 (DMF) 
2e(2000, 5000) 419, 592, 648 1800, 1900 (Triton/H20),670 , 710 (H20) 0.37, 0.34 (DMF) 
2d 0.47 (DMF) 
2e(2000, 5000) 415, 508,581,637 0.28, 0.24 (DMF) 
2dZn 423,556, 595 0.67 (DMF) 
2eZn(2000, 5000) 450, 574, 621 0.23, 0.15 (DMF) 
3aZn 345, 678 -250 (DMF) 1 0.25 (DMSO) 
3bZn 328, 672 245 (DMF) II 0.36 (DMF) 
3bZn 100 (H20/CTAC) 0.064 (H20/CTAC) 
3eZn 342, 686 140 (DMSO) 0.32 (DMF) 
3eZn 0.061 (H20/CTAC) 
3dZn(2000, 5000) 344, 687 122, 140 (DMSO) 0.27, 0.25 (DMF) 
3f 342, 606,670, 694 0.2 (DMF) 
3h(2000, 5000) 342, 607, 668, 691 0.1, 0.15 (DMF) 
3tZn 352, 607, 674 0.58 (DMF) 
3hZn(2000, 3000)  345,607, 674 0.29, 0.42 (DMF) 
3iSi 351,601,669 
3jSi 354, 604, 67l 
4a--dZn 764--777 100--300 0.14--0. ! 6 (DMSO) 
4eZn 350, 767 0.24 (DMF) 
4fZn 346,779 0.20 (DMF 
4gZn 338, 814 0.15 (DMF) 

Note. The solvents employed are given in parentheses. 
a Values measured for comparison: q) = 0.16 to 0.24 (Rose Bengale); 0.26 (HPD); 0.39 (Photofrin in DMF); 0.31 (PII). 

micelles (-3 nm in diameter), the rate of the reaction 
depends on the partition and localization of the react- 
ing IO 2 and DBPF molecules, as has been shown for 
other substrates. 58 

Under an inert gas in the presence of a donor 
(2-mercaptoethanol, cysteine, EDTA), and an acceptor 
(methylviologen dication, MV2+), a photoinduced elec- 
tron transfer can occur according to the equations 
which are given below for zinc phthalocyanines (reac- 
tions (9) and (10)). 

SZnPc + RS- --~ ZnPc- '+  RS'(2 RS'-~ RSSR) (9) 

ZnPc-" + MV2+--~ ZnPc + MV +" (lO) 

Taking into account the redox potentials, these re- 
actions are thermodynamical ly  possible:ll,35,44, 52 
E~ - ' )  = +0.48 V, E~ - )  = 
-0.30 V (at pH 11), E~ - ' )  = -0.65 V, 

E~ ) = -0.45 V (with respect to NHE). The 
process of the formation of the blue-colored MV +' has 
been studied in a large number of papers, 11 and it was 

shown that the photoinduced electron transfer can occur 
even for the covalently bonded porphyrins having great 
triplet lifetimes.44, 52 In the presence of oxygen, the 
photochemical reduction product, MV + ' ,  can reduce 
oxygen (E ~ (02/02-")  = -0.33 V) (reaction (11)). 

MV+'+ 02 ~ MV2+ + 02-" (11) 

Analysis of the redox potentials allows one to infer 
that in a donor (for example, thiol)/sensitizer (porphy- 
rin)/acceptor (02) system, along with the photoinduced 
energy transfer yielding 102, a photoinduced electron 
transfer giving O2-" is also thermodynamically pos- 
sible. However, the quantum yield of 02-"  in the 
electron transfer occurring in the presence of sulfonated 
phthalocyanines is one or two orders of magnitude 
lower than the quantum yield of IO 2 in the energy 
transfer. 22 The triplet lifetime of 3bZn, which is equal 
to 100 gsec in an aqueous solution in the presence of 
CTAC under an inert gas, decreases to 3.4 ~tsec when 
oxygen is introduced and decreases only to 94 lasec as a 
result of the addition of 2-mercaptoethanol. 35 There- 
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fore, quenching with 0 2 to give 102, as has been noted 
previously, is the predominant  process. ] 0  2 efficiently 
oxidizes such substrates as thiolates or sulfides, and, as 
will be shown below, cell constituents in vivo. 

Photooxidation of 2-mereaptoethanol and sulfide 

In the R S -  (or SH-) /sensi t izer  (porphyrin)/O 2 sys- 
tem, photooxidat ion of  the sulfur compound  occurs 
efficiently, according to the type II mechanism (reac- 
tions (4), (5)), rather than according to the type I 
mechanism (reactions (2), (3)). 35,36 The photooxida- 
tion is described by reactions (6) and (7). 

Figures 7 and 8 present some of  the results obtained 
in the s tudy of  the  o x i d a t i o n / p h o t o o x i d a t i o n  o f  
2-mercaptoethanol  or sulfide. 35,36 In the presence of  a 
porphyrin incorporating a paramagnetic metal ion, for 
example, cobalt(II), the amount  of  0 2 consumed in the 
dark and under  irradiation corresponds to the formation 
of  the disulfide (from sulfide) and the thiosulfate (from 
thiol) (see Fig. 7, curves 1, 2; Fig. 8, curves 1, 2; reac- 
tions (12), (13)). These catalytic processes are widely 
applied in the desulfuration of  gasoline fractions (the 
M E R O X  process). 53 

Cat., clark reaction 
4RS-+02+2 H20 

, 2 R S S R + 4 O H -  (12) 

2 HS- + 2 02 Cat., clark reaction �9 S2032- + H20 (13) 

Under  irradiation at pH 13, a deeper oxidation can 
occur (compare the oxidation states of  sulfur in the 
compounds  participating in reactions (6), (7), (12), and 
(13).) When the negatively charged Zn II and A1 m com-  
plexes o f  3b and 3e are used for the dark reaction, no 
real catalytic effect is seen (see, for example, Fig. 7, 
curve 3). However,  under  irradiation, the photocatalytic 
effect is manifested and the reaction yields the sulfonic 
acid (reaction (6)) or sulfate (reaction (7)) (see Fig. 7, 
curve 4; Fig. 8, curves 4 and 5). When ZnII-containing 
chelates of  3b,c are used, addition of  the oppositely 
charged detergent, CTAC, is necessary, whereas addi- 
tion of  SDS results only in a slight increase in the 0 2 
consumption (see Ref. 35). AlnI-containing chelates 
exhibit high photocatalytic activity even without a deter- 
gent (see Fig. 8, curve 3); and the reaction rate slightly 
increases after the addition of  CTAC (see Fig. 8, curve 
7). The positively charged complex 3gZn shows a com-  
parable activity in the photooxidation in the presence of  
SDS, but not  with CTAC. Figure 9 presents the activity 
at pH 10 of  a ZnII-containing chelate covalently bonded 
to silica with low surface area (compound 3eZn). In the 
dark, the catalytic activity is low (curve 2); it also 
increases under  the action of  irradiation without addi- 
tion of  CTAC (curve 3). The low-molecular-weight  
3bZn provides a higher T O F  but a lower consumption 
of  0 2 in the presence of  CTAC. 
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Fig. 7. Catalytic and photocatalytic oxidation of 2-mercapto- 
ethanol in an aqueous solution at pH 13: with 1.4 mmol ofthiol 
and 0.5 I-tmol of 2bCo (the molar ratio is 2800 : 1) under 
irradiation in the dark (1); with 1.4 mmol of thiol and 0.5 ~mol 
of 2bCo (the molar ratio is 2800 : 1) and 0.1 Mof  CTAC under 
irradiation in the dark (2); with 0.7 mmol of thiol and 0.5 gmol 
of 2bZn (the molar ratio is t400 : 1) and 0.1 Mof  CTAC in the 
dark (3); with 0.7 mmol of thiol and 0.5 gmol of 2bZn 
(the molar ratio is 1400 : 1) and 0.1 M of CTAC under 
irradiation (4). 

It is very important to consider the stability of  the 
photocatalysts, since 10 2 can also decompose phthalo- 
cyanines. 6~ Chelates 3bZn and 3cZn are decomposed by 
50 to 70 % in one run, while 3hA1 and 3cA1 are decom- 
posed in one run by only 4 %, therefore the latter can be 
employed several times. 3s The stability of  the chelates 
can also be increased by their deposition onto a silica 
carrier (samples 3eZn; see Fig. 5). 

The photocatalytic activities of  phthalocyanines 3 
(similarly to porphyrins 2) change in the following se- 
quences: 

(a) metal-free chelates < Zn II or A1 In chelates; 
(b) in the absence of  a detergent < in the presence of  

detergents or on a silica carrier without a detergent; 
(c) ZnII-containing chelates in the absence of  deter- 

gents << a l  III chelates in the absence of  detergents. 
The mechanism of the photocatalytic oxidation has 

been discussed in detail previously: 35,36 
(1). The photoactivation spectrum corresponds to 

the absorption spectrum. 
(2). The quantum yields in the thiolate/porphyrin/  

0 2 (detergent) system are ~ 0.25. For the DPBF/po r -  
phyrin/O 2 (detergent) system, the quantum yields are 
only - 0.06. This results in the molecules of  compound  
3bZn, along with R S -  or H S -  anions, being accumu-  
lated at the outer hydrophilic part of  the positively 
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Fig. 8. Catalytic and photocatalytic oxidation of hydrogen sul- 
fide (0.7 mmol) in an aqueous solution in the presence of a 
catalyst/photocatalyst (0.5 ~tmol) and CTAC (0.1 lamol): with 
3bCo at pH 9 without irradiation (1); with 3bCo at pH 9 under 
irradiation (2); with 3bAl at pH 9 without CTAC under irradia- 
tion (3); with 3eZn at pH 9 under irradiation (4); with 3bZn at 
pH 9 under irradiation (5); with Rose Bengale at pH 9 under 
irradiation for comparison (6); with 3bAl at pH 13 under irra- 
diation (7). 
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Fig. 9. Catalytic and photocatalytic oxidation of 0.7 mmol of 
2-mercaptoethanol in an aqueous solution at pH 10 in the 
presence of 0.5 ~tmol ofa phthalocyanine: 3bZn in the presence 
of 0. l M of CTAC without irradiation (1); 3eZn (MPA-500) or 
(LPA-500) in the dark (2); 3eZn (MDA-500) or LPAC (500) 
under irradiation (3). 

charged CTAC and efficiently reacting with IO 2 (Fig. 
I0). 

7 (3). The experiments on quenching with D P B F  or 
6 sodium azide, measurements in D20  , and detection of  
5 such intermediates as H202 suggest the following mecha-  
4 nism of  the photooxidation (the type II  mechanism):  

ZnPcR4 hv ~. SZnPcR4. __> TZnPcR4. 

TZnPcR4* + 02 ~ ZnPcR 4 + 102 

RS- + 102--~ RS" + 02-' 

(14) 

(15) 

(16) 

Basic studies on the photodynamic therapy of cancer 

Some of  the compounds  under consideration have 
been studied from the viewpoint of  their potential appli- 
cation in PDT. 

The in vitro experiments with various malignant cell 
lines have shown that positively charged phthalocya- 
nines like 3gZn exhibit a higher photodynamic  activity 
than Photofrin. 41 The photodynamic  activity increases 
as the length (and, correspondingly, the hydrophobic 
character) of  the alkyl chain, the substituent in the 
pyridine ring, increases. 

The distribution and photodynamic  activity in vivo of  
porphyrins 1, 2 and phthalocyanines 3 covalently bonded 
to m e t h o x y p o l y ( e t h y l e n e  glycol)  (for example ,  
structures lb, 2c, 3d) have been determined scinti- 
graphically (the tissues were labeled with 131I) at the 
German Cancer  Institute (Heidelberg). 61,6z As can be 

R s  @ 

ZnPc(SO~) 4 
02 

, . (~  
| , . 

/ o2 i | 

@ 2 2 

02 02 DPBF ~ ' ~  

D 

Fig. 10. The scheme of the localization of various compounds in 
an aqueous solution containing CTAC. 
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Fig. 11. The distribution of a hematoporphyrin covalently bonded 
with methoxypoly(ethylene glycol) in BD.IX rat with ovarian 
carcinoma (an i.v. injection of 0.5 mg kg -1 porphyrine in the left 
hind leg; 100 % corresponds to the total amount of the 
sensitizer in the entire rat): the tumor (1); the liver (2); the 
heart (3); muscles (4). 

seen from Fig. 11, accumula t ion  in t umor  tissues of  
p o l y m e r - b o n d e d  porphyr ins  is 12 t imes higher  than that  
of  Photofrin.  I r radia t ion  of  a t umor  on the left hind leg 
of  a rat results in a heavy necrosis and the comple te  
t umor  regression two weeks later. 61,6z In general ,  t umor  
vessels have wide in terendothel ia l  junct ions ,  and a large 
number  of  fenestrae and t ransendothel ia l  channels;  in 
addit ion,  they  are character ized by discont inuous base-  
ment  membranes  or  even by thei r  absence.  This may 
explain the high accumula t ion  of  p o l y m e r - b o n d e d  sen- 
sitizers. 

Naph tha locyan ines  4 absorb light in the  long-wave-  
length region and cause the format ion  of  10 2 under  
i rradiat ion (see Fig. 6; Table 1). Their  disadvantages 
compared  with the  o ther  compounds  are substantial  
associat ion,  the  low stabili ty during prepara t ion  and 
p u r i f i c a t i o n ,  and  a m o r e  d i f f icu l t  synthes is .  The  
monomer i za t i on  of  these compounds  in aqueous solu- 
t ions has been  achieved by thei r  incorpora t ion  in l ipo-  
somes. 46,st The  incorpora t ion  of  Zn  1z naphthalocyanines  
in l iposomes makes  it possible to use derivatives that  are 
more  easily prepared ,  such as 4a- -d .  The pharmacok i -  
net ic  and pho to the rapeu t i c  effects of  the compounds  
4 a - - d Z n  in D P P C  l iposomes has been s tudied in ham-  
sters and b lack  mice  bearing different t u m o r  models  (the 
prepara t ion  was injected in t ra -per i tonea l ly  (i.p.), 0 .15--  
0.3 mg kg-~). 46,sl The  quan tum yields of  10 2 for all of  
compounds  4 a - - d Z n  are near ly  identical ,  irrespective of  
the  subst i tuent  in the  molecule .  However ,  their  in vivo 
activities are different.  This may  be due to  the fact that  
they  are differently accumula ted ,  distr ibuted,  or re ta ined 
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Fig. 12. The distribution of 4aZn (column 1), 4dZn (2), 4bZn 
(3), 4eZn (4) among the tissues of male C57 black mice bearing 
Lewis lung carcinoma, within 20 h after administration. 
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Fig. 13. Percentage of surviving male C57 black mice with 
Lewis lung carcinoma on the 17th day after PDT with 4a--dZn 
(control means animals not treated). 

in tissues. Figure 12 illustrates the contents  of  4 a - - d Z n  
in various tissues within 20 h after their  i.p. adminis t ra-  
t ion,  i.e., at the instant when the accumula t ion  of  the 
preparat ions  in tissues is the highest. A nearly total  
cleaning of  skin is achieved within 72 h after the  i.p. 
administrat ion.  Phototherapeut ic  studies have shown that  
the  highest survival percent  within 17 days after PDT is 
achieved with 4aZn  and 4bZn (Fig. 13). These com-  
pounds can act as efficient pho to therapeu t ic  agents even 
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when only 0.2 mg per 1 kg of body weight is used (whereas 
HPD are used in amounts of 5 mg kg-1). 

It is important to study the localization and the 
mechanism of the action of the sensitizers in tumor 
tissues. 12,14,15,51 A morphological analysis has shown 
that compounds 4a--flZn delivered in liposomes cause 
direct photocytotoxic changes in neoplastic cells sub- 
jected to irradiation (i.e., membranes, mitochondria, 
rough endoplasmatic reticulum). A similar effect has 
been observed for phthalocyanines in liposomes. 57 It 
was pointed out that lipophilic anionic sensitizers ge- 
nerally accumulate in the membrane structure (includ- 
ing plasma, mitochondria, endoplasmatic reticulum, 
nuclear membranes), hydrophilic anionic sensitizers ac- 
cumulate in lysosomes, and certain cationic sensitizers 
accumulate in mitochondria. Photooxidation of the mem- 
brane cholesterol and other unsaturated phospholipids, 
aminolipids, and polypeptides as well as DNA damages 
resulting in disturbance of various cell functions OC- 
cLir.14,15 

A series of low-molecular-weight porphyrins 1--4 
having various charges and also porphyrins covalently 
bonded to organic polymers or to the surface of inor- 
ganic polymers were prepared. It was found that the 
lifetimes of the triplet states and the photosensitized 
formation of singlet oxygen depend slightly on whether 
the porphyrins are low-molecular-weight or polymer- 
bonded. Even the sensitizers absorbing at ~810 nm can 
convert 30 2 into IO 2 under irradiation. 

The monomeric state of porphyrins is an essential 
factor as regards their photophysical and photochemical 
activity. The sensitized photooxidation of thiolates and 
snlfides occurs more efficiently than the corresponding 
dark catalytic transformations. The photooxidation reac- 
tions involve singlet oxygen. The photooxidation reac- 
tions occurring in tumor tissues during PTD of cancer 
resulting in their heavy necrosis also mostly involve IO 2. 
In addition, it was shown that the covalently bonded 
porphyrins and  long-wavelength absorbing naphthalo- 
cyanines incorporated in liposomes exhibit high tumor 
accumulation and phototherapeutic effect. 

In the future, it will be expedient to pay attention to 
the reactions occurring under the action of sunlight and 
to use long-wavelength absorbing sensitizers with a spe- 
cific tumor accumulation in clinical practice. 
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