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Abstract 

Optical absorplion and fluorescence spectruscopies were employed in the study of the interaction between 

synthetic I.-dopa (dihydroxyphenylalanine) melanin and the cationic porphyrins tetrakis(4WmethyIpyridyl) 

porphyrin (TMPyP), tetrakis(4-N-benzylpyridyl)porphyrin (TBzPy?), zinc tetrakis(4-iV-methylpyridyl)porphyrin 

(ZnTMPyP) and zinc tetrakis (4-N-benzylpyridyl)porphyrin (ZnTBzPyP). Optical absorption and fluorescence 

properties of the porphyrins were dependent on the symmetry ol tbc central ring. No evidence was found for 

dimerization of the porphyrins in phosphate buffer, pH 7, in the concentration r;u~yc: bct+.vccn 4 S lO-H to 

5 x 10ms Ad. Addition of I_-dopa melanin red shifted the optical absorption spectra of porphyrins, concomil:lW 

to broadening and reduction in intensity of the bands. r.-Dopa melanin also strongly quenched the fluores- 

cence of the porphyrins. Time resolution of the fluorescence decay of porphyrins showed at least two lifetimes 

that were only slightly modified in the presence of melanin. The interaction between mti!tinin anu porphyrin 

resulted in the formation of non-fluorescent ground state complexes. It was found that there are two different 

classes of binding sites in melanin for complexation with cationic porphyrins and the values of dissociation 

constants arc of the order of 10 -H M. These values and the number of binding sites arc dependent on the 

nature of the porphyrins. It was shown that the binding has electrostatic origin, but it is also affected by metal 

coordination and hydrophobic interaction. 

Key~or& Melanin pigment; Cationic porphyrin; Ground state non-fluorescent complexes; Fluorescence lifetime; Optical spec- 

troscopy 

1. Introduction 

Melanin5 are widespread polymers originating 
from redox conversion of precursors including 

Correspondcncc to: Dr. A.S. Ito, lnstituto de Fisica da Univer- 

sidade de S5o Paula. C. Postal 20516,01498 Sso Paula, Brasil. 

tyrosiue, dik:~droxyphenylalanine and dopamine. 
Present in illuminated (skin, hair, eyes) and non- 
Numinated organs (brain, inner ear>, the physio- 
logical role of the polymer should be dependent 
on intrinsic properties of the polymer (e.g. the 
stabilization of free radicals), as well as on the 
interaction with other molecules. It is believed 
that the main biological function of the melanins 
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is the cell photoprotection but even in the ah- 
sence of Iight melanin takes part in processes of 
electron transfer [l-3] and it was verified that in 
the brain, melanin binds to the neurotoxic 
metabolite MPP+ (methylphcnylpyridine), with 
relevant consequences as the Parkinsonism [4]. It 
is also important the interaction of melanin with 
0,, Ieading to superoxidc 151 formation and, un- 
der illumination, originating hydrogen peroxide 
and hydroxyl radicals [G]. In melanin photochem- 
istry the interaction between melanin and dyes 
like Rose Bengal [7,8] leads to significant photo- 
sensitization effects such as increase in the num- 
ber of free radicals induced by light and enhance- 
ment of oxygen consumption. 

The binding of melanin to dyes can modify 
their photophysical properties, the extent of the 
changes being dependent on the nature (of the 
binding. It was suggested that the formation of 
complexes between melanins and flavins occurs 
through hydrophobic interaction and that the sin- 
glet excited state of the fIavins is not quenched by 
melanin [9]. On the other hand, it was shown that 
synthetic cationic porphyrins may bind to 
melanins ‘through ionic type interaction, and that 
the exciled states of tetra(4-N,N, N, N-trimeihyi- 
anilinium)porphyrin arc quenched after binding 
to melanin [lo]. 

MeIanin interaction with sensitizers can he 
important in phototherapy. Natural porphyrins 
have been wiciely studied and used as sensitizers 
in photodynamic therapy, particularly protopor- 
phyrin IX [ll] and the haematoporphyrin dcriva- 
Live HPD [12] that actually is a complex where 
the active fraction is a haematoporphyrin dimcr 
called protofrin II [13]. Less attention is given to 
the utilization of synthetic porphyrin derivatives. 
The studies with synthetic derivatives may be 
useful due to the fact that one can handle with 
structural cliversity, re!atcd to parameters such as 
hydrophobic&, giobal cha:rge and incorporation 
of coordinated metal. 

In this work we studied the binding of syn- 
thetic melanin, obtained from autooxidation of 
r--3,4-dihydroxyphenylalanine (L-dopa), to syn- 
thetic cationic porphyrins, and how the binding 
was affected by electronic charge, metal coordi- 
nation and hydrophobicity. The porphyrins stud- 
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Tetrabenzylpyridyl 

R = c-CH2a 
Tetramethylpyridyl 

R= 3 

Fig. 1. Chemical structures of cationic porphyrins. 

ied were the novel synthesized tetrakis(4-N-ben- 
zylpyridyl)porphyrin (TBzPyP), the tetrakis(6hr- 
methylpyridyl)porphyrin (TMPyP), and their zinc 
complexes, zirlc tetra!(isf4-N-benzylpyridyl) 
porphyrin (ZnTBzPyP) and zinc tctrakis(4#- 
methylpyridyljporphyrin (ZnTMPyP). Chemical 
structures of the porphyrins are shown in Fig. 1. 
OpticaI absorption, steady-state fluorescence and 
time-resolved fluorescence spcctroscopies were 
employed in the study of the nature and the 
character of the interaction between melanin and 
porphyrins. The changes induced by melanin on 
the electronic structure of the porphyrins were 
investigated, as well as the action of the pigment 
as quencher of the porphyrin fluorescence. It was 
evidenced the high efficiency of melanin as a 
promoter of non-radiative pathways for the decay 
of electronic excited states of porphyrins. 

2. Material and methods 

2. I Ma teria Is 

Melanin has been synthesized by autooxida.- 
tion of I_-3,4-dihydroxyphenylalanine (hereafter 
called r_-dopa). Fifty milligram of t-dopa were 
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1564U-03 microchannel plate photomultiplier. 
Deconvolution of the experimental curve and ad- 
justment to a muiti-exponential decay process 
was done by non-linear least-square method. Ad- 
equacy of the exponential decay fitting was judged 
by inspection of the plots of weighted residuals 
and by the statistical parameters reduced chi- 
square and serial variance ratio. 

added to 100 ml of bidistiiied water and the pH 
of the solution was set at 9.0 by addition of 
NaOH. After 5 days under oxygen flux the resuit- 
ing black solution was dialysed to eliminate 
molecules with molecular weight lower than 5000. 
The final sohrtion was evaporated at 4O”C, result- 
ing in a black powder soluble in water at pH 
Irighcr than 6.0. 

Tetrakis(4-N-methyipyridyi)porphyrin (TM- 
PyP) and zinc tetrakis(4-N-methylpyridyl) 
porphyrin (ZnTMPyP) were prepared according 
to the method of Fleischcr [14]. Tetrakis(4-fV- 
benzylpyridyl)porphyrin (TBzPyP) was prepared 
by alkylation of tetra pyridyl porphyrin (TPyP, 
obtained from condensation of 4 pyridine car- 
boxyaidehyde and pyrrole in propionic acid) with 
benzyl chloride in dimethyiformamide or chioro- 
form : ethanol mixtures. Zinc tetrakis(4-N-benzyl- 
pyridyi1porphyrir-r (ZnTBzPyP) was obtained from 
aikyiation of ZnTPyP with benzyl chloride in a 
chloroform : ethanol mixture. The anionic por- 
phyrin tetra suIfonatepyridyiporphyrin (TSPP) 
was purchased from Aldrich (Mihvaukee) and 
sodium dodecyl sulfate (SDS) from Sigma Chem. 
Co. (St. Louis, MO). 

The experiments were carried out in solutions 
at pH 7.0, in phosphate buffer 0.01 M or 0.1 M. 

2.2 Experimen fal apparatus 

Optical absorption measurements were per- 
formed in Varian DMS 200 or Beckman DU 70 
spectrometers. To observe the effect of melanin 
addition on the porphyrin spectra, melanin was 
used as blank in the same concentration as added 
to the porphyrins. 

Steady-state fluorescence was measured with a 
SLM Aminco 8000 fhrorimeter. When necessary, 
corrections were made due to light absorption by 
melanin. 

Time-resolved fluorescence experiments were 
performed using an appara:r;s based on the single 
photon counting method, described in detail eise- 
where [lS]. Basically, the excitation source was a 
cavity dumped dye laser synchronously pumped 
by a mode-locked argon laser (Spectra Physics) 
operating at 8.2s kHz and giving a pulse width of 
15 ps. Emission was detected on a Hamamatsu 

3. Results 

Optical absor;>tion spectra of TMPyP and its 
zinc complex ZnTMPyP in phosphate buffer 0.01 
M, pH 7.0, were similar to previous reports [16], 
showing the Soret band at 420 and 430 nm, 
respectively. A major difference between the free 
base and the zinc porphyrin appeared in the 
Q-bands, reflecting the symmetry of the central 
ring: the zinc porphyrin has D4,, symmetry and 
bresented two bands, Q(O,O) at 607 nm and Q<O,l) 
at 565 nm, while the free base porphyrin has the 
symmetry lowered to Dzh, showing the splitting of 
Q-bands to QJO,O), Q,(O,l), Q,,(O,O) and Q,(O,l) 
that appeared at 643, 586, 557 and 519 nm, re- 
spectively. The tetrabenzyi pyridyiporphyrins pre- 
sented the same general behaviour, as seen in 
Table 1, that gives the spectral position of max- 
ima of absorption bands and their relative inten- 
sities for all the porphyrins studied. 

3.2 Porphyrins fluorescence 

3.2. I Steady state fluorescence 
The porphyrin derivatives studied showed flu- 

orescence in phosphate buffer pH 7.0. As the 
porhyrin$ studied were free-base or c!osed shell 
metal porphyrin complexes, the fluorescent emis- 
sion is rtttributed to the radiative deactivation of 
the eicctronic excited state associated with the 
porphyrin macrocycle. The emission of free-base 
porphyrins, like the optical absorption spectra, 
differ from metallic porphyrin emission due to 
the differences in their symmetries, the former 
being significantly red shifted. In Figs. 2(a) and 
Z(b) fluorescence emission spectra are shown, 
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Table I 

Absorption properties of porphyrins measured in phosphate buffer 0.01 M, pH 7.0. Numbers in parentheses :rt relative intensities 

Porphyrin Peak positions (nm) 

B(O,O) P,(O.l) Q&0,0) Q,(O,l; Q!,(O,O> 

TMPyP 422(16) 519(l) 557CO.37) 586 (0.43) 643(0.10) 
TBzPyP 427( 14) 521(l) 558tO.46) 587 (0.46) 643 (0.19) 

t. 

Porphyrin B(O.0) Q(O,l) QKW) 

ZnTMPyP 437(12) 565(l) 607tO.32) 
ZnTBzPyP 440(11) 566(l) 609(0.40) 

Porphyrin Extinction coefficients at B(O,O) (IO5 M cm-‘1 

TMPyP 2.4 
TBzPyP 1.9 
ZnTMPyP 2.1 
ZnTBzPyP 1.7 

corrected for photomultiplier response as well as 
for the dependence of !zmp emission on wave- 
kngth. The lineshape of emission bands for all 
thi: porpliyrins investigated remained practically 
constant over the entire range of porphyrin con- 
centrations studied, which covered the interval 
behveen 4 X lo-’ to 5 X 10D5 M. Excitation was 
performed at wavelengths in which the optical 
density (OD) of the porphyrins were lower than 
0.1 for strong inner filter effects were observed 
when the OD in excitation wavelength was higher 
than 0.15. The values of quantum yields of por- 
phyrins fluorescence, estimated using the quan- 
tum yield for TPP as reference, were Iow, as can 
be seen in Table 2. 

3.2.2 Time-resolved fluorescence 
Time-resolved fluorescence measurements 

were performed using excitation at 586 nm for 
the free-base porphyrins and 580 nm for the zinc 
porphyrins. Porphyrin concentrations were cho- 
sen so ‘&at the OD in these wave!engths were 
approximately 0.1, case in which the concentra- 
tion values were near to 1 X lo-’ M. The decay 
parameters for each derivative are listed in Table 
2 and resulted from global analysis of time-re- 
solved fluorescence data obtained at several 
emission wavelengths in the range between 610 
and 730 nm. In the case of TMP-P and TBzPyP 
the fluorescence decay was best fit by three com- 
ponents at shorter wavelengths and the very short 
component was not present at longer wave- 

Table 2 

Fluorescence properties of porphyrins (concentration IO-’ M) measured in phosphate buffer 10 rr?M, pH 7.0. Time-resolved 
results from global analysis over a set of emission wavelengths from 610 to 730 nm 

Porphyrin Quantum 
yield 

Lifetime (ns) 

Tl TZ T3 

Fract. contr. (or01 

Fl F2 5 

Emission 
wavelength 
(nm) 

TMPyP 0.024 5.06 1.56 0.026 94.7 4.4 0.7 640 
97.6 2.4 - 7cXJ 

TBzPyP 0.040 4.32 1.94 0.039 90.4 8.6 1.0 640 
90.5 11.6 - 700 

ZnTMPyP O.C22 1.29 0.33 - 98.5 1.5 - 640 
ZnTBzPyP 0.031 1.17 0.026 99.0 1.0 - 640 
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lengths. The Zn derivatives had only two expo- 
nential decay components. In all cases, the long 
decay time component had more than 90% frac- 
tional contribution to the total fluorescence. As 
can be seen in Table 2, the decay times for the 
zinc porphyrins were significantly shorter than 
the corresponding vaIues for the parent por- 
phyrin compounds. The ratio of the values of the 
long decay time component folr TMPyP and 
ZnTMPyP was 3.85, and that for TBzPyP and 
ZnTBzPyP was 3.46. These values are not in 
agreement with the quantum yield ratios, indicat- 
ing that the radiative lifetimes of the zinc deriva- 
tives are different from the corresponding free- 
base porphyrins. 

3.3 Porphyrin aggregation 

The shape of the fluorescence spectra of 
TMPyP and TBzPyP did not change over the 
concentration range between 4 x 10mg to 2 x 

10ms M. The fluorescence intensity varied Iin- 
early with concentration over the entire range 
studied. Figure 3 shows the data for TMPyP 
measured at pH 7.0 in phosphate buffer 0.01 M, 
with excitation at 420 nm. At concentrations 
higher than those presented in Fig. 3 the Iinearity 
is maintained, but the measurements had to be 
done with excitation at 580 or 520 nm (Q-bands) 

04 

o- 
GVELENYTH (n 

“- 
WAVELENGTH (nm) 

Fig. 2. Corrected fluorescence spectra of porphyrins. Concen- 
trntion 6 X lo- ’ M. Excitation wavelength 520 nm for TMPyP 

and TBzPyP and 565 nm for zinc derivatives. 

CONCENTRATION (IO-‘Ml 
Fig. 3. Dependence of fluorescence intensity on TMPyP con- 
centration. Excitation at 420 nm, in phosphate huffer 0.01 M, 

pH 7.0. 

in order to avoid inner filter effects that were 
present when the OD exceeded 0.15 in the Soret 
band region. These results clearly indicate that 
aggregation of the porphyrin derivatives studied 
did not occur under the conditions of the experi- 
ment. This is not in agreement with previous 
reports, with suggested the occurrence of dimer- 
ization of TMPyP at concentrations as low as 
lO+j M [17,18]. 

3.4 Effect of melanin optical absorption 

The optical absorption spectrum of autooxi- 
dized L-dopa melanin showed the usual large and 
structureless feature, extending through the visi- 
ble region and with increasing absorption inten- 
sity towards the UV region. Extinction coefficient 
values for L-dopa melanin, expressed in (cm 
pg/ml)- ’ are, typically, 0.017 at 430 nm and 
0.0072 at 580 nm. These vaiues remained con- 
stant in the meianin concentration range used 
(lower than 10 pg/ml), leading to a linear depen- 
dence between the optical density and the con- 
centration of melanin in solution. 

The interaction between melanin and por- 
phyrins changed the optical absorption spectra of 
the porphyrins. Addition of melanin caused red 
shift in the absorption spectrum of TBzPyP, re- 
duction in absclmtion intensity and broadening of 
the bands (Fig. G!. The behavior observed in the 
Soret band is similar to that verified in the Q- 
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Fit:. 4. Optical absorption spectra of TBzPyP in !hc presence 

of melanin. Porphyrin concentration 0. 6% IO-” Ih’, phosphate 

bufier 0.01 M. pi-l 7.0. 

Fig. 5. Fluorescence spectra of TBzPyP in the presence of 

melanin. Porphyrin concentration 0.6 x lo-” M, phosphate 

buffer 0.01 Mr pH 7.0. Excitation wavelength 425 nm. 

bands. A rise in the base line also was obscrged, 
which might be attributed to an increase in scat- 
tering due to the formation of complexes between 
melanin and porphyrin. The same effect was ob- 
served when melanin was added to TMPyP and 
to the zinc porphyrins. No changes in optical 
absorption spectra were verified when melanin 
was added to tetrasulfonatophenylporphyrin 
(TPPS), an anionic porphyrin. 

3.5 Effect of melmin fluorescence 

Fluorescence due to melanin was negligible. 
The addition of melanin resulted in strcng 
quenching of porphyrin fluorescence. This behav- 
ior is illustrated in Fig. 5, that shows the cor- 
rected fluorescence emission spectra of TBzPyP 
at several concentrations of melanin. Similar re- 
sults were obtained for the other porphyrins, but 
the extent of quenching by a given amount of 
melanin is not the same (Fig. 6). In Fig. 5 the 
relative decrease in the intensity of fluorescence, 
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calculated as the area under the emission spec- 
‘trum, was plotted as a function of the concentra- 
tion of melanin added to the solution. The values 
were corrected for melanin absorption in the few 
cases when this was rclcvant and it can be ob- 
served that the quenching effect is more pro- 
nounced for TBzPyP. 

The time-resolved fluorescence of porphyrins 
in the presence of melanin also was investigated. 
For each porphyrin, a set of time-resolved fluo- 
rescence data obtained at several melanin con- 
centrations was submitted to global analysis. The 
results are presented in Table 3 and the quality 
of the adjustments was based on the analysis of 
the plots of weighted residuals and of the statisti- 
cal parameters reduced chi-square and serial 
variance ratio. From this analysis it may be said 
that the lifetimes for decay of fhrorescence of 
porphyrins remained constant, independent of the 
concentration of melanin. Comparison between 
Tables 2 and 3 shows that the decay times of 
porpfrjri:* fluorescence were not significantly 

Table 3 

Time-resolved fluorescence parameters of porphyrins (IO -5 M) after addSon of melanin. Results from global analysis over a set of 

melanin concentrations between 0 to the maximum [M] indicated in the Table 

Complex - [MI,, Emission Lifetime fns) Fract. contr. (%I 

(/Ag/rnl) wavelength 
=I T2 T3 Fl F2 F3 

- TMPyP 6.0 675 5.00 1.33 0.008 90.1 9.3 0.6 

TBZPyP 7.2 675 4.10 1.44 0.005 90.2 9.4 0.4 

ZnTMPyP 7.2 640 1.30 0.62 0.008 94.9 4.1 1.0 

ZnTBzPyP 6.0 640 1.20 0.72 0.003 92.3 6.1 1.6 
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0 -ZnTMPyP 
a - ZnTBzPvP 
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Fig. 6. Quenching of porphyrin fluorcscencc by melanin. Por- 
phyrin cowentralions 6X IQ-” M, phosphate buffer (1.1 M, 

ptl 7.0. Excitation wavelength 520 nm for free hrrsc por- 

phyrins and 565 :lm for zinc derivatives. 

changed after addition of melanin, even at 
melanin concentrations in which the intensity of 
emission was strongly diminished. Some small 
changes in the relative population, with increase 
of the short lifetime contribution may be at-. 
tributed to an increase in the scattering, associ-~ 
ated to the formation of a less soluble compound. 
There was some evidence of melanin-porphyrin 
sedimentation after a period of time. 

4. Discussion 

The occurrence of interaction between the 
porphyrins and melanin synthesized from L-dopa 
autooxidation was demonstrated by the changes 
in the optical absorption spectra of porphyrins 
after addition of melanin. Independent of tk:e 
meso group attached to the central ring or of the 
presence of metal, addition of melanin caused 
red shift of the spectrum, broadened the absorp- 
tion bands and decreased their intensities. These 
effects were verified in Soret as well as in Q- 
bands. Such spectral alterations are simill;r to the 
observed in the formation of ci.mplexes between 
TMPyP and aromatic compoilnds like PF!,+ 
(proflavin 3,6_dimetirylacridinium cation) x;ld 
AQS- (9,lO-anthraquinone-2-sulfunate) [ 181. The 
spectra! modifications observed, according to the 
Goutelman’s mode! [2Oj, can be attributed to a 
greater ci::locaiization of rr-orbitals and to a rela- 
tive intensification of vibrational components of 

Q-bands, indicating a larger coupling bctwcen S, 
and S, states. A raise of the base line upon 
addition of melanin is also verified, due to a 
larger scattering in the solution. The change in 
the baseline due to scattering introduced a diffi- 
culty in the separation of the contributions from 
free porphyrins and complexed porphyrins to the 
total spectrum, specially in the region of Q-bands. 
We were then directed to fluorescence results to 
investigate the interaction between melanin and 
poiphyr;... ‘n 

Steady state fluorescent emission of the 
cationic porphyrins were strongly quenched by 
melanin. On the other hand we qqcrified that ttie 
emission from the anionic porphyrin tetrasul- 
fonatophenylporphyrin (TPPS) was only slightly 
affected by melanin. Compared to the quantity of 
melanin added to the cationic porphyrin TMPyP, 
an amount ten times higher of melanin must be 
added to the anionic TPPS, in order to achieve 
the same reduction in fluorescence emission. The 
suggestion of the involvement of’ charges in the 
interaction is further supported by the decrease 
of quenciling by melanin in the presence of SDS 
micelles. When SDS was present at concentra- 
tions above its critical micellar concerltralion 
there was only very small effect of quenching of 
porphyrin fluorescence due to melimin. The 
amount of melanin that reduced the TIMPyP fluo- 
rescence to 50% of its initial value was 40 times 
higher in the presence of SDS compared to the 
situation without the micelles. The value for the 
quenching of ZnTBzPyP fluorescence was 96. The 
origin of these effects are electrostatic, for the 
SDS micelle acts as a negative!y charged cage 
around the porphyrins, as discussed by Kano et 
al. [18], decreasing the extent of interaction be- 
tween porphyrin and melanin. 

Additional evidence for the involvement of 
charges in the interaction came from experiments 
with different ionic strength. Fluorescence 
quenching experiments were performed at pM 7.0 
with phosphate buffer 0.1 M and 0.01 M and it 
was seen that the extent of quenching of TMF’yP 
by melanin was greatly enhanced when the buffer 
was at 0.01 M concentration (Fig. 7). Similar 
results were obtained wit11 the other cationic por- 
phyrins. Thus it may be said that the interaction 
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Fig. 7. TMPyP fluorcsccnce quenching by mcianin. Eibi :!f 

ionic strength. Phosphate buffer pH 7.0. Porphyrin conccntra- 
tion 0.6X IO-” Id, exciiation wavelength 420 nm. 

between melanin and the porphyrins studied is 
predominantly of ionic nature, as obselrved in the 
binding of tetra(4-N-trimcthylanilinium)porphyrin 
to melanin [IO]. However: the extent of the inter- 
action with melanin is not the same for Ihc differ- 
ent cationic porphyrins we studied. In order to 
analyse the differences between the porphyrins 
when interacting with melanin, we dctermincd 
the dissociation constants for the binding equilib- 
rium. 

4. I Dissociation constants of melanitt po@lyrin 
complexes 

As pointed before, optica! absorption spectra 
of porphyrins were drasticah? changed in the 
presence of melanin, simultaneous to a quench- 
ing in the fluorescence of the dye. On the other 
hand, time-resolved fluorescence showed that the 
lifetimes of the emitting spccics remained practi- 
cally constant in the presence or absence of 
melanin. The results may IX interpreted as a 
consequence of the formation of a non-fluo- 
rescent complex in a ground state reaction. This 
reaction in the ground state produces a 
melanin-porphyrin complex with electronic 
structure distinct from either porphyrin or 
melanin. As this complex is noI+fluorescent, the 
emission is due only to free porphyrin in sohrtion, 
resulting in fluorescent spectrum with decreased 
intensity and without modification both in the 
shape of the spectrum as in the lifetimes of the 

tluoresccncc decay. The process may be repre- 
scnted by the relation 

M-t-P+MP (1) 

where M is melanin, P is porphyrin and MP is the 
complex melanin-porphyrin. 

Melanin is an heterogeneous polymer, in which 
negative charges may be stabilized, either as a 
result of phenol or carboxylic groups present in 
the final molecule [21] or, alternatively, due to 
the existence of trapping levels for electrons in 
iigand states as shown by molecular orbital calcu- 
lations 1221. It is possible then to make the as- 
sumption that more than one binding site is pre- 
sent in the melanin for complexation with por- 
phyrin. Furthermore, there is a strong positive 
deviation of the Stern-Volmer plot for static 
quenching, suggesting that the complex formation 
occurs at a ratio higher than 1: 1 porphyrin to 
melanin. In this way, the complex formation 
should obey the relation 

M+tzP+MP,, (2) 

Within tliis model, assuming n independent bind- 
ing sites, it is possible to determine a dissociation 
constant for the process, by using a Scatchard 
plot. In this case we have 

r/[ C,] = n/K, - r/K,, (3) 
where [C,] is the free melanin concentration, Ki, 
is the dissociation constant, n the number of 
binding sites and the parameter Y is the ratio 
between the concentration of porphyrin hound 

and the total melanin conccntraticlt: : :ci.. %.f:r;i: 

fluorescence was cmploycrl lin the clt.l(21 rrttil;~licm 
of these values, as follows. 

Known aliqcots of poiphyrilt W:I~ :IIIIII,~ i fdt 11 

given quantity of melanin (f?c +“‘i‘c‘ri i! IO 1.4s 

pg/ml in phosphate buffer 0.: L 
sent in excess in reiatinr! 1:) 1 i: ! -~ii~il. ’ i i! 

trations. Assumin!?, J: i : s 4 i: 

cussion, that the c’{‘:!~~ i, 
not fluoresce, iLlI !ifl-;!‘-.l!: 

fro& fr~br- t.,r>t.!~/“. 
ii 

cence intensity ilirii ! :i;: 

obtained for the cmi%siun 
porphyrin conccn t i’ : ’ ;I ): 
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way we could determine the concentration of free 
porph+n present in the solution containing 
melanin and the amount of bound porphyrin 
complexed with melanin. 

The Scatchard plot for the binding of meianin 
to ZnTMPyP is non-linear, suggesting the exis- 
tence of more than one class of independent 
binding sites in meIanin for interaction with the 
porphyrins (Fig. 8). Numerical simulation to a 
model of two classes of independent sites gave 
good fit to experimental data (continuous line in 
Fig. 8). Similar results were obtained for the 
other porphyrins studied and the valut;s of the 
dissociation constants obtained from the numeri- 
cal simulations are shown in Table 4, with the 
corresponding values of the parameter ~ti. This 
parameter means the concentration of porphyrin 
bound to a concentration of melanin equal to 1 
pg/ml at the ith class of binding sites. In the 
studies of interaction between melanin and flavins 
the existence of two different classes of binding 
sites for the complex formation also was ob- 
served. As the interaction of porphyrins with 
melanin is primarily ionic, the values for dissocia- 
tion constants tire in the range of IO-” 1M, sub- 
stantially lower than those obtained for 

r= C,/[M] (~MM~/ml)-’ 

I$. 8. Scatchard plot for melanin-ZnTMPyP comp!exation. 

Parameter r stands fog cowentration of bound porphyrin(lO-” 

kfj her unit concentration of melanin (~g/ml). Cr is the 

concentration of free porphyrin (PM). Data from fluores- 
cence spectra of ZnTMFyP in phosphate buffer 0.1 M pH 7.0, 
cxcitotlon wavelength 420 run. Melanin concentration 1.0 
pg/ml, range of porphyrin concentration, 0.1 to 0.6 PM. 
Solid line results from numerical simulation for two classes of 

independent binding sites model. 

Table 4 

Dissociation constants (K,;) and concentration 01;) of bound 

porphyrin per unit concentration (kg/ml) of melanin 

Complexes K,, rL& 

(lO-HM) (10-H M) ;I:M) 
“2 

(HAM) 

TMPyP 0.34 f CL01 3.5 rlr 0.1 0.17f0.01 0.241tO.l 
TBzPyP 0.68 f 0.03 4.6f 0.2 0.24 f 0.01 0.44 f 0.2 
ZnTMPyP 0.15&0.01 2.4-4 0.2 0.13f0.01 0.21 fO.1 
ZnTBzPyP 0.24 f 0.02 2.7 rt 0.2 0.22 f 0.01 0.30 f 0. I 

melanin-flavin complexation that are of hy- 
drophobic nature [9]. 

The values in Table 4 allow the comparison 
between different porphyrins. It can be obscrvcd 
that the affinity of porphyrins to melanin is higher 
for the zinc porphyrins. Ii is known that melanin 
binds different di- and trivalent metal ions such 
as Mg2+, Zn2+, A13+, with the formation of 
chelates through carboxyl or semiquinonc 
residues [21]. Although zinc atoms arc already 
coordinated to the porphyrin ring through a te- 
tradentated stable linkage, it is still possible to 
obtain pentacoordination with basic groups in 
melanin acting as axial ligands perpendicular to 
the porphyrin plane. This structural arrangement 
leads to lower dissociation constants for zinc por- 
phyrins compared to free base ones, but imposes 
some limitations on the number of sites in melanin 
accessibie to interaction via zinc coordinvltion. A 
consequence would be that the parameter ni is 
lower for the zinc porphyrins compared to the 
free base porphyrins. 

On the other hand, the results of Tabic 4 also 
show a dependence on the substituent present in 
the porphyrin. Lower affinities and higher values 
for ni were obtained when bcnzyl groups were 
the substituents, both for free base porphyrins as 
for zinc porphyrins. Even if the melanin polymer 
presents many ionized groups responsible for the 
strong electrostatic interaction with positively 
charged porphyrins, their distribution within the 
polymer is heterogeneous. Indeed, in addition to 
many experimental evidences for this heterogene- 
ity, molecular orbital calculations [22] suggested 
that the negative charges on melanin should be 
located p:cferentially at the extremes of the poly- 
mer. Then we may consider that the distribution 
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of tbc ch:!rged groups within melanin can origi- 
nate regions with hydrophobic character in the 
polymer, making available a higher number of 
binding sites for interaction with the more hy- 
drophobic porphyrins. Therefore, higher values 
of ni are obtained for benzylporphyrins, either 
free base or zinc porphyrin. At the same time, 
higher values for dissociation constants, due to 
the weaker hydrophobic interaction, are obtained 
for these porphyrins. 

5. Comclcding rmm%s 

It was shown that the interaction between 
melanin and cationic porphyrin has an strong 
electrostatic character, leading to dissociation 
conslants of the order of lo-’ ,&?. Some other 
aspects related to the properties of the mctanin 
polymer are relevant: the possibiiily of coordina.- 
tion wiih metal results in tower dissociation con- 
stants for ccmplexation with the zinc porphyrins, 
and hydrophobic interaction alloLvs for a higher 
number of binding sites available within the poly- 
mer for the benzylporphyrins. 

The formation of complexes with melanin sig- 
nificantly modifies the dcexciiaticn processe:; of 
electronically escited porphyrins. There is strorig 
quenching of porphyrin fluorescence and radia- 
tion absorbed by the compiexed porphyrin turns 
out to be dissipated through non-radiative path- 
ways, a typical property of the meianin polymer. 
These pathways could include the direct coupling 
between absorbed photons and molecular vibra- 
tions extended over the whole Polq’~ncr-porphyrin 
complex, as observed recently by photoacoustic 
spectroscopy on pure melanin [23]. Another pos- 
sibility could be the pr’oda~tj~ur ~tl’ nl?c~ic) induced 
free radical products as verif’icd 1’ !:i. I ;uin pho- 
tosensitization induced by moi;..:. ;rics such its Rose 
Bengal. In this case, deexcitation processes may 
include electron transfer or charge transfer and 
studies are currently being performed to test these 
possibilities. In any case it may be said that the 
photoprotective action of melanin progresses 
through the quenching of the excited state of the 
dye. On the other hand, radical species produced 
through the mediation of melanin could become 

AS. ,% c: crl. /l?iop!rys. Clrctrr. 45 (1992) 79-89 

physiologically impartant. Due to the interaction 
with the porphyrins, this indirect photoinduction 
of free radicats in melanius may be occurring at 
wavelengths where the light absorption due to 
me!snin itself is low. 
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