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Abstract 

The interaction of two metal-free water soluble porphyrins (PPh) : meso-tetrakis (p-sulfo-natophenyl)porphyrin (TPPS4) and meso- 
tetrakis(4-N-methyl-pyridiniumyl)porphyrin (TMPyP), with bovine serum albumin (BSA) was investigated in the pH range from 4.0 to 8.5 
using the flash-photolysis technique in comparison with results obtained by optical absorption, fluorescence and resonance light scattering. It 
was found that in the presence of BSA, TPPS4 can exist in aqueous solutions as free monomers, aggregates and/or monomers bound to a 
single BSA molecule and monomers inside the BSA aggregates, while TMPyP does not form aggregates at binding. Binding to BSA transforms 
the profile of the triplet decay curve from monoexponential to biexponential form with the component lifetimes and relative amplitudes 
depending on binding characteristics. The triplet lifetime of a bound porphyrin monomer is longer than that of a free one. The aggregation of 
TPPS4 observed at [TPPS.d / [BSA] > I reduces the T-T absorption since the lifetimes of the aggregate excited states are very short and/or 
quantum yield of the aggregate triplet state is very low. The porphyrin binding to BSA reduces the quenching constants of the porphyrin 
triplet states by molecular oxygen due to obstacles produced by binding. This effect is especially pronounced for the porphyrin molecules 
located inside BSA aggregates formed around the porphyrin molecules in excess BSA. © 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduct ion 

The application of  porphyrins and porphyrin-like com- 
pounds (termed below as porphyrins) in medicine has 
increased significantly over the last decade due to the inter- 
esting properties of  natural and synthetic porphyrins and their 
derivatives, especially due to their efficacy in photodynamic 
therapy (PDT) of  cancer [1,2], psoriasis, atheromatous 
plaque, viral and bacterial infections including HIV [3,41, 
and blood substitutes (see review on Ref. [ 5 ] and references 
therein). 

The porphyrin efficacy in PDT is attributed to singlet oxy- 
gen production due to energy transfer from the porphyrin 
triplet state to the oxygen ground triplet state, and thus 
depends on porphyrin triplet state characteristics such as life- 
time and quantum yield [ 1,2]. The interaction of porphyrin 
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molecules with biological structures, such as membranes, 
macromolecules, etc., can change the characteristics of  their 
excited states [ 6 -8] .  

The phenomenon of  aggregation plays a significant role in 
photophysical behavior of  porphyrins. In particular, the for- 
mation of aggregates changes their absorption spectra [ 9 -  
12], quantum yield, lifetimes of singlet and triplet states and 
hence the production of the singlet molecular oxygen [ 13- 
16]. On the other hand, many biological structures either 
exist as self-assembling forms or are able to form aggregates 
and superaggregates, albumins in particular [ 17l. Thus, it 
seems to be reasonable to study the influence of aggregation 
on the interaction of biological structures with porphyrins. 

In our previous studies using the optical absorption, fluo- 
rescence and resonance light scattering (RLS) spectrosco- 
pies, we have demonstrated the influence of aggregation on 
spectral and fluorescence properties of metal-free water sol- 
uble meso-tetrakis(p-sulfonatophenyl)porphyrin (TPPS4) 
and meso-tetrakis( 4-N-methyl-pyridiniumyl )porphyrin 
(TMPyP) (PPh, Fig. 1 ) upon their binding to bovine serum 
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albumin (BSA)  [ 18,19]. In the present paper, we report on 
the studies of  the TPPS4 and TMPyP interaction with BSA 
using the flasb-photolysis technique keeping in mind its pos- 
sible influence on their triplet state characteristics. The data 
presented are compared with the optical absorption, fluores- 
cence and RLS results. 

2. M a t e r i a l s  a n d  m e t h o d s  

TPPS4 and TMPyP were obtained from Midcentury Chem- 
icals, and bovine serum albumin (BSA)  from Sigma. All 
solutions were prepared in Mill i-Q quality water. In all exper- 
iments we used a fresh BSA stock solution in water. Exper- 
iments were made at 24 + 1 °C. 

The BSA and PPh concentrations were controlled spectro- 
photometrically using ~'28°=4.55X104 M ~ cm t, ~425 
= 2 . 2 6 × 1 0 5 M  Icm t a n d e 4 2 5 = 2 . 2 6 X I 0 5 M  tcm ~for 

BSA, TMPyP and TPPS4, respectively. The absorbance was 
measured on a Hitachi U-2000 spectrophotometer. The 
absorbance of  solutions at 532 nm was always less than 0.3. 

The titration of PPh solutions in function of the BSA con- 
centration was performed at fixed pHs: at pH 4.0 and 8.5 for 
TPPS4, and at pH 5.0 and 8.5 for TMPyP. Measurements 
were made in 0.02 M phosphate buffer, pH values were con- 
trolled by a Coming- 130 pH-meter with an Ingold glass Ag /  
AgCI semimicro combination electrode. 

The triplet state was produced by short light pulses of the 
second harmonics (532 nm) of  Nd:YAG laser SL400 Spec- 
tron Laser System (pulse duration 10 ns) or by the xenon 
pulse lamp on the flash-photolysis equipment described in 
Ref. [20].  The triplet state decay profiles were monitored by 
the tr iplet-tr iplet  (q',,,---T~) absorption. The experiments 
were made in a l-cm quartz cuvette (laser excitation ) or in 
a 20-cm quartz cuvette (pulse lamp excitation) using a stan- 
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Fig. 1. (a) Normalized decay profiles of the TPPS4 triplet state in deoxy- 
genated solutions at pH 4.0 monitored at 470 nm; [BSA] =0 (. ".) and 
1 #M ( o o o ), i TPPS4I = 50 p,M. Residuals of these decay profiles at 
[ BSA I = 0 (b) and I /xM (c) h)r a single-exponential fits and at [ BSA ] = 
1 /xM for a dual-exponential fit (d), 

dard registration system connected with a PC-compatible 
computer. 

The samples were deoxygenated by bubbling nitrogen 
through the solution, and for comparison, some samples were 
deoxygenated by subjecting to a vacuum pump. The satura- 
tion of  solutions by oxygen was made by bubbling oxygen 
through the solution at the atmospheric pressure for 20 min. 
The intermediate oxygen concentrations were obtained by 
mixing deoxygenated solutions at intermediate oxygen 
pressures. 

3. R e s u l t s  

The light pulse induces the transition of  porphyrin mole- 
cules in solution into the triplet state. This changes the optical 
absorption of solution due to the difference between the sin- 
glet-singlet  and triplet-triplet  molar absorption coefficients 
(es_s and ev_v, respectively) 

A A = ( e T  v - e s  s ) [PPh(TI )* ]  

where [PPh(T~)*] is the concentration of  the porphyrin in 
the triplet state. 

The addition of  BSA changes the absorption spectra of  PPh 
solutions; hence, the excitation effect should also vary due to 
different absorbance at the excitation wavelength. Therefore, 
we have to correct the AA according to the expression 

AA =AA exp*ABsA/A  0 ( 1 ) 

where AAex p is an experimental value, Ao and ABSA are the 
absorbance values at the excitation wavelength (532 nm) in 
the absence of BSA and at a certain BSA concentration, 
respectively. 

The AA can also differ due to changes of  e-r v due to the 
BSA addition. Therefore, we compare the dependence of AA 
on [BSA] at two different wavelengths: at 700 nm, where 
the eT-T is practically independent of [BSA] ,  and at 470 nm, 
where eT V is much higher than that at 700 rim. 

3.1. Homogeneous aqueous solutions 

The decay profiles of triplet states (TDP) for both porphy- 
tins in the absence of  BSA appears pure monoexponential 
under any experimental conditions (oxygen presence or 
absence and different pHs) 

AA = AA o X e x p ( -  t/'r) 

where AA is the current tr iplet-tr iplet  absorbance, AAo is that 
immediately after the light pulse, ~-= 1/k is the triplet lifetime 
(k is a corresponding decay constant) and t is the time after 
the pulse (Fig. 1 ). This demonstrates that the contribution of  
bimolecular quenching processes between triplets, such as 
T - T  annihilation, is low under conditions used. The decay 
constant in general should be written as 

k=ko + Ekqi[Qi] 
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where ko is the decay constant  o f  a monomolecu la r  process,  

kq, is the b imolecu la r  constant  o f  the triplet quenching  by the 

quencher  Q~ and [Q~] is the concentrat ion o f  this quencher.  

In particular, it can be molecular  oxygen.  

3.2. Solutions in the presence o f  BSA 

3.2.1. The dependence o f  AAo on the BSA concentration 

The AA o value, corrected according to Eq. ( 1 ), depends 

on the B S A  concentrat ion.  The character  o f  this dependence  

is the same at 700 nm and 470 nm in all cases. 

For  TPPS4 at pH 4.0 the AA o at the BSA addition at first 

decreases about 3 times, reaches the min imum at a certain 

B S A  concentrat ion ( [ BSA] ,m) ,  and increases again at h igher  

[ B S A ]  (Fig.  2b) .  At  pH 8.5, the effect  is similar, the reduc- 

tion of  AAo being less than that at pH 4.0 (Fig.  2c) .  For  

TMPyP,  the AAo value does not practically change at the 

B S A  addit ion at both pHs used (Fig.  2d) .  

3.2.2. The T D P  in deoxygenated solutions 

For  TPPS4 in deoxygenated  solutions at pH 4.0 in the 

presence o f  B S A  the T D P  appears biexponent ia l  (Fig.  1 ) up 

to I BSA],m. 

A A = A A m e x p ( - t  /rf ) + A A o2 e x p ( -  t /rh ) ( 2 )  

The change of  the total AAo at the B S A  addition makes it 

unjustified to analyze absolute values of  the componen t  

ampli tudes  AAol and zS, Ao2; hence,  we will compare  only their 

relat ive contributions 
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Fig. 2. Integral fluorescence intensity of TPPS4 at pH 4.0 (a) ; amplitudes of 
the triplet decay profile of TPPS4 at pH 4.0 (b) and pH 8.5 (c) and TMPyP 
at pH 8.5 (d), monitored at a =470 nm ( •  • • )  and 700 nm (O O O). 
All data are presented as a function of the [ BSA ] / I PPh ] ratio and normal- 
ized to those at IBSA] =0. 
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Fig. 3. Relative amplitudes of components with lifetimes rt (O • • ) ,  r2 
(O O O) and r, (,~AA) (see Table l ) for the TPPS4 triplet decay profile 
at pH 4.0 and [Oz] =0 (a) and 260/.~M (b) as a function of [BSA]; (c) 
the [BSA] dependence of r2 for the TPPS4 triplet decay at pH 4.0 and 
102] =0 ( l l l ) .  The line is a fit by Eq. (3) with K'= 1.48× 10 -s M ' 
and rh = 1.02 ms. 

Table 1 
The lifetimes of the components of the porphyrin triplet decay profiles in 
the presence of BSA in the oxygen presence and absence 

Component TPPS4 TMPyP 
lifetimes (s) 

pH 4.0 pH 8.5 pH 5.0 pH 8.5 

Deo.D~genated solutions, [02] = 0 
r I 5.4X10 5 3.2)<10 4 
% - 3 . 2 ×  10 ~ 

Air saturated solutions, [02] = 0.26 mM 
'r" I 2 . 0 × 1 0  ~' 2 . 3 × 1 0  ~ 

7"2 1 .8X  10 ~ 2 . 3 × 1 0  5 

r~ 6.6x 10 -5 - 

rt 

A A (,i =A  A oil ~_, A A ni 
i = 1  

8.5XI0 5 2.3X10 5 
2.4XI0 4 1.1×10 a 

2.0X 10 -~ 2.0::,< I0 ~ 
3.4X 10 ~' 5.2× I0 ~ 
- 3.3X 10 '~ 

where i is the componen t  number  and n is the total number  

of  components .  

The relative contribution o f  the first ( ' s h o r t - l i v e d ' )  com-  

ponent  AAo~ decreases  with the [ B S A ]  increase, while  AAo2 

of  the second ( ' l o n g - l i v e d ' )  one increases (Fig.  3a) .  At  

[ BSA]  > [ B S A ] , ,  the ' shor t - l ived '  componen t  disappears 

and the TDP becomes  monoexponent ia l  again. The l i fe t ime 

of  the ' shor t - l ived '  componen t  is constant  (Table  ! ) and that 

of  the ' long- l ived '  one increases with the [ B S A ]  increase 
(Fig.  3c).  

In all other  cases (TPPS4 at pH 8.5, T M P y P  at pH 5.0 and 

T M P y P  at pH 8.5) ,  the B S A  addition also t ransforms the 

TDP from monoexponent ia l  to biexponent ia l  form; however ,  

in these cases both l i fet imes appear independent  o f  [ B S A ]  
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Fig. 4. Relative amplitudes of components with lifetimes 7~ ( O  • O) ,  rz 
(OC)O) and Z~ ( A & A )  (see Table 1) for the TPPS4 triplet decay profile 
at pH 8.5 and [O2] = 0  (a) and 260 p~M (b) as a function of IBSAI;  (c) 
the [BSA] dependence of r~ for the TPPS4 triplet decay at pH 8.5 and 
1021 = 260/xM. 
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Fig. 5. Relative amplitudes of components with lifetimes ~-~ ( •  • • ) ,  r, 
(©©C)) and T~ (AA,C)  (see Table 1 ) for the TMPyP triplet decay profile 
as a function of IBSA]:  I O~] = 0  (a) and 260 p~M (b) at pH 8.5, (c/  and 
(d) the same [O21 at pH 5.0. 

(Table 1 ), while the relative contribution of the 'short-lived' 
component AAn~ decreases, and that of the 'long-lived' one 
,-~u2 increases with the IBSA] increase (Figs. 4a, 5a and 
5c). 

Thus, we can notice the presence of at least two different 
PPh species in solutions in the presence of BSA, which can 
be associated with free PPh molecules and the ones bound 
with BSA. 

3.2.3. Changes of the triplet state decay profile by 
molecular oxygen 

The oxygen reduces the triplet lifetimes of all the TDP 
components. Moreover, in the presence of both BSA and 
oxygen, three TDP components can be observed. 

Thus, for TPPS4 at pH 4.0 in air-saturated solutions, three 
different components of the triplet decay are really observed, 
with lifetimes independent of [BSA] (Table l) and their 
relative contributions changing with [BSA]. When 
[BSA] < [BSA],,1, two components with constant lifetimes 
r~ = 2.0/~s and with z2 = 18.0/~s are present in the solution. 
The relative contribution of the first one, -'L4u~ decreases with 
the [ BSA] increase in the range 0 < [ BSA ] < I BSA],m, and 
at I BSA1 = I BSA],,n it disappears. The relative contribution 
of the second one, 2~4o2 increases with the [BSA] increase 
in the same IBSA] range. However, at [BSAI > I BSA]tm a 
new component appears with % =66.0 /.~s, whose relative 
contribution z-L4o3 increases with the 1BSA] increase while 
~-L4n2 begins to decrease (Fig. 3b). 

For T P P S  4 and TMPyP at pH 8.5, three triplet decay com- 
ponents are also observed in air-saturated solutions. The 
dependence of their relative contributions on [ BSA] are sim- 
ilar to that of TPPS4 at pH 4.0 (Figs. 4b and 5b). For TPPS4, 
% and z2 are independent of [BSA] (Table 1), while r~ 
increases with the [BSA] increase (Fig. 4c). For TMPyP, 
all three lifetimes are independent of [BSA] (Table 1 ). 

For TMPyP at pH 5.0 in air-saturated solutions, the TDP 
is biexponential in the presence of BSA in the I BSA] range 
studied and the component lifetimes being independent of 
1 B SA] (Table 1 ). The relative contribution of the first com- 
ponent decreases, and that of the second one increases with 
the [BSA] increase (Fig. 5d). 

The data make it possible to assume that at least three PPh 
species exist in solutions in the presence of BSA with differ- 
ent rates of quenching of their triplet states. 

The values of bimolecular quenching constants kq deter- 
mined from the k dependence on the oxygen concentration 
( Fig. 6) 

~ 2.Oxl¢. 

1.Oxl¢. ~ 

0 . 0 ~  

0.0 5.0xlo-' l.O~lO ~ 1.5~10 -~ 

[O21, M 
Fig. 6. Plots of the determination of the triplet quenching constants by 02 
( kq ) lbr the TPPS4 triplet at pH 4.0, calculated as 1 / z = k = ko + k, × [ 02 ] : 
lor % (O • O) ,  for ~ ( m m m )  and for 7~ ( A A A ) .  



I.E. Borissevitch et al. / Journal (~[" Photochemistry and Photobiology A: Chemisto' 114 (1998) 201-207 205 

Table 2 
Quenching constants by molecular oxygen (kq× 10 -8 M ~ s ~) of the 
triplet states of the free porphyrin (kq~), porphyrin bound with the BSA 
monomer (kq2) and porphyrin located inside the BSA aggregates and the 
binding constants with BSA (K, M ~) of the porphyrins in the ground state 

[ TPPS 4 ] = 50.0/xM I TMPyP l = 45.0/xM 

pH 4.5 pH 8.5 pH 5.0 pH 8.5 

kql 19.0 17.0 19.0 18.0 

kq2 2.1 3.1 I 1.0 7.0 
k, o 0.55 0.09 - 0.93 
K 1.5X t0 ~ 3.2X l0 ~ 7.3X 105 1.8× 10" 

k = k o + k q X [ 0 2 ]  

for all TDP components are presented in Table 2. 
The kq values for the triplet in the absence of  BSA, as well 

as for the first TDP components in the presence of BSA are 
practically equal for both TPPS4 and TMPyP at any pHs 
( = 1.8 )< 10 9 M -  i s -  i). Since this is a diffusion-controlled 
process, we believe this value to be diffusion limited for the 
reactions between PPh and molecular oxygen in homogene- 
ous aqueous solutions. The kq values for second components, 
observed at intermediate BSA concentrations, are lower than 
the first ones, sometimes 10-fold (TPPS4, pH 4.0), and the 
values for the third ones (high BSA concentrations) are even 
lower. 

4. Discussion 

Due to the presence of nitrogen atoms in their structures, 
TPPS4 and TMPyP can exist in solutions in states of various 
protonation. The pK value of  the TPPS4 first protonation is 
about 5.2 [21 ], so at pH 4.0 it is in a mono- or biprotonated 
form (since pK~ and pK2 are very close) and its total charge 
is 3 -  or 2 - ,  at pH 8.5 it is deprotonated and total charge is 
4 - .  TMPyP is deprotonated in the pH range from 1.0 to 12.0 
and its total charge is 4 + at both used pHs [21 ]. On the other 
hand, the pH changes induce rearrangements of the BSA 
molecule configuration. Indeed, at pH > 5.0, BSA transforms 
into a very compact form, which is conserved up to pH 7.0 
[ 17]. Close to pH 8.0, there occur new structural transfor- 
mations of the BSA molecule [22].  These charge and struc- 
tural changes make the porphyrin binding constants to BSA 
dependent on the porphyrin type and pH (Table 2 [ 18] ). 

Recently [ 18,19], we have demonstrated that for TPPS4, 
the binding to BSA stimulates the aggregation of  the porphy- 
tin molecules on the surface of BSA; thus, there should exist 
an equilibrium of several porphyrin forms in the solution in 
the presence of  BSA: 

BSA + PPh ~ (PPh. . .BSA) + PPh ~ (2PPh . . .BSA 

+ P P h ~ . . .  ~ ( ( k -  I )PPh. . .BSA)  + P P h ~ - . .  

"Y,,~ I Ym 
( (m - 1 )PPh. . .BSA) + PPh ~ (mPPh. . .BSA) 

or in a simplified form 

TI T, tggl 

B S A + P P h ~ -  (PPh . . .BSA)+PPh  ~ Aggr  

The total porphyrin concentration in the solution [PPh] o is: 

[ PPh],, = [ PPh f] + [Aggr] + I PPh b J 

where [PPhr] is the free porphyrin monomer concentration, 
[Aggr] = ~ m  2 k[kPPh. . .BSA] is the total concentration of 
aggregated porphyrins with the aggregation numbers from 2 
to a maximum m, and [PPhb] = I PPh. . .BSA] is the concen- 
tration of the bound porphyrin monomer. The [Aggr] at first 
increases with the BSA concentration increase, reaches a 
maximum value at a certain BSA/TPPS4 concentration ratio 
(ACM) and decreases at higher BSA concentrations in favor 
of the bound porphyrin monomer, so that at the BSA excess, 
only this porphyrin form exists in the solution. The porphyrin 
aggregation changes its absorption and fluorescence spectra 
in the solution, its total fluorescence and the resonance scat- 
tered light intensity. The averaged TPPS4 aggregation num- 
ber (k), calculated from the fluorescence data, is 10_+2 at 
pH 4.0 and 3_+ 1 at pH 8.5 [ 18]. The maximum content of 
porphyrin aggregates as defined from the optical absorption 
spectra, maximum of the scattered light intensity and the 
minimum of the total fluorescence intensity are observed at 
the same [ BSA] / [ TPPS4] ratio as the minimum of AA~ ( Fig. 
2a,b; [ 18,19 ] ). We should suppose that the decrease of both 
the T-T  absorbance and the fluorescence intensity, is due to 
the TPPS4 aggregation. This correlates with the facts that for 
TPPS4 at pH 8.5, where (k) is lower than at pH 4.0, the effect 
of reduction of AAo is also smaller and for TMPyP, which 
does not aggregate at binding to BSA, AAo is independent of 
[BSA] (Fig. 2b,c,d). 

The effect of  reduction of  the fluorescence intensity and 
AA0 at the aggregation could be explained in terms of  a rapid 
quenching of  the excited singlet directly to the ground state 
and/or enhanced intersystem crossing to the triplet followed 
by the quenching of  the triplet [ 23]. The last process reduces 
considerably the lifetimes of the triplet states, and within the 
instrumental time resolution used, we cannot observe the 
T-T  absorption of  aggregates. Thus, under our conditions we 
can observe the total T -T  absorption just of  free and bound 
PPhs monomers. 

The presence of these two lorms in solutions allows to 
expect the transformation of monoexponential triplet decay 
profile into biexponential form by the BSA addition 

AA =AA orX exp ( -  t/r,.) +AA ~b Xexp(-- t/'r~) 

The basic equilibrium between the free and bound mono- 
mers at excitation can be presented as 
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:g 
PPh~ + BSA , • PPhT.. .BSA 

kj 
PPh + BSA . • PPh . . .BSA 

k_l 
Here kt.= 1/%, k b :  I / T  b and k~, k ~, k~* and k_ ~* are the 
constants of binding and dissociation in ground and excited 
(triplet) states, respectively. The corresponding constants of 
equilibrium are K=k~/k ~ and K*=k~*/k ~*. The ratio 
AAof/AAob is determined by the equilibrium between the free 
and bound porphyrin forms. 

The detailed analysis of this diagram [6,23 ] shows that ~-f 
and % should be only arbitrarily corresponded to the lifetimes 
of the free and bound porphyrin monomers, since the dynamic 
exchange between these two porphyrin forms should change 
both zf and ~'b- 

Three possible situations can be considered. 
( 1 ) The BSA-porphyrin complex lifetime is comparable 

with that of  its triplet excited state (k ~*--=kh .... ). The 
exchange should be effective during the lifetime of excitation 
and thus % and % should depend on the equilibrium charac- 
teristics as [23] 

"Tb = (Tt0 "q- Tb . . . . .  K'[BSA])/(I+K'[BSA[) (3) 

where %o is the triplet lifetime without BSA, % ...... = 
1/ko m~x is the limit of  that at a high BSA excess and K' = 
( "rt- o/ 'r b .... ) K*. 

(2) The complex is relatively stable as compared with the 
lifetime of its excited state (k_ l * < k b  ..... ). In this case ~'t 
depends on [BSA] as 

1/~=I/%o+k~*×[BSA] (4)  

while Tb =~'b ..... is independent of  [BSA].  
(3) The complex is relatively unstable (k i*>.>kb ..... ) 

and ~-f= % and 

I h 'b=k_ ~* ( I+K*[BSA] )  (5) 

The dependence of  rb on [BSA] for the TPPS4 deoxygen- 
ated solutions at pH 4.0 demonstrates the case ( 1 ) (k ~*------ 
kb . . . .  ). The calculation in accordance with Eq. ( 3 ) ( Fig. 3c) 
gives the values (2.2_+0.2) × 106 M ~ and 
( 1.0_+ 0.1 ) × 10 ~ s ~ forK* and "rb . . . .  respectively. The K* 
value is about 70-fold less than the binding constant in the 
ground state K =  1.5 × 108 M ~ (Table 2). 

The binding constants for TPPS4 at pH 8.5, TMPyP at pH 
5.0 and TMPyP at pH 8.5 are lower than that for TPPS4 at 
pH 4.0 already tor PPhs in the ground states (Table 2). 
Therefore we should expect k_ ~* >> k~ ....... (the situation 
(3) ) .  Indeed, in all these cases, ~'f= ~'ro and is independent of 
[BSA].  However, ~'b is also independent of [BSA],  which 
is contrary to Eq. (4).  This fact should be explained by the 
assumption that the K* values are lower than those for ground 
states and in the [ BSA ] range used ( [ BSA ] < 1.5" 10 4 M ) 
the values K* × [ BSA ] < I. Therefore, the dependence of ~'h 

on [BSA] is negligible. This assumption seems reasonable 
since excitation reduces the binding constants. 

The presence of oxygen reduces the lifetimes of free and 
bound triplets due to the quenching and gives k_ t* < kf o, kb 

(situation (2)) .  In this case 7b should be independent of 
[ BSA],  which is really observed. However, ~-j- seems inde- 
pendent of [BSA] also. We can explain this fact taking into 
account that the values of  the constants of the complex for- 
mation in the excited states (k j*) should be much lower than 
their diffusion limit ( =2.0"109 M '-~ s --~) and at [BSA] 
< 1 . 5 × 1 0  - 4 M w e h a v e k ~ * X [ B S A ] < 3 × 1 0 5 s  ~which 
is less than 1 / ~'t~)- For example, for TPPS 4 at pH 4.0, we have 
1/~% = 5  × 10 5 s J. Therelore, the dependence of  %o on 
[BSA] (Eq. (5) )  should be very weak in this [BSA] range. 

Binding to BSA reduces the quenching constants of  PPh 
triplets by the molecular oxygen. The reduction is larger for 
higher binding constants (Tables I and 2). The reason for 
this reduction should lie in the obstacles for contact of  oxygen 
molecules with bound PPh. 

Recently [ 18], we have also demonstrated the formation 
of BSA aggregates around a porphyrin molecule at the protein 
excess. We observe no specific influence of  the BSA aggre- 
gation on the spectral and fluorescence characteristics ofpor- 
phyrins. It is reasonable to suppose that porphyrin molecules 
can locate inside these BSA aggregates both in a free and a 
bound form. Thus, in the absence of oxygen, we should expect 
no difference in the behaviour of porphyrin triplets inside and 
outside the BSA aggregates. Hence, it should be supposed 
that this aggregation produces obstacles for the contact of 
porphyrin and oxygen molecules that are much stronger than 
a simple binding of PPh to BSA; therefore, the quenching 
constants of PPh triplets located inside the BSA aggregates 
should be lower than those located outside. Thus, the third 
longest triplet component (%) observed only in the presence 
of  oxygen should be explained in terms of the decay of triplets 
located inside the BSA aggregates and weaker quenched by 
oxygen. This effect should be stronger at higher BSA aggre- 
gation numbers and lower mobility of  reagents inside the 
aggregates. The aggregation number is higher at pH 8.5 as 
compared with pH 4.0 or pH 5.0 [ 181. On the other hand, 
the PPh mobility should be lower at a higher complex stability 
(higher binding constant), which in its turn depends on pH. 
Therefore, we do not observe the third triplet component for 
TMPyP at pH 5.0, since in this case, the BSA aggregation 
number and the binding constant of  the PPh to BSA are lower 
than those under other conditions. The highest effect was 
observed for TPPS4 at pH 8.5 (Table 2). 

5. Conclus ion 

Based on data presented above, we can conclude that in 
the presence of BSA, TPPS4 can exist in aqueous solutions 
in different forms, namely: (1) free porphyrin monomers; 
(2) porphyrin aggregates bound to a single BSA molecule; 
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(3) porphyrin monomers bound to a single BSA molecule; 
and (4)  porphyrin monomers inside the BSA aggregate. 

[51 
The relative contents of  these forms depend on the por- 

phyrin and albumin structures and the charge states, which I61 
determine the values of binding constants, and on their 
concentrations. 

At [ BSA] < [TPPS4], the first form is dominant; its con- 
17] 

centration decreases in favor of the second one with the 
[BSA] increase. At further [BSA] increase, the TPPS4 
aggregates decompose and at [BSA] _> [TPPS4], the por- 181 
phyrin-bound monomers dominate in solutions. The BSA 
aggregates are formed at [BSA] >> [TPPS4I. The TPPS4 
aggregation number is higher for the monoprotonated state [91 
( = 10 at pH 4.0) than for nonprotonated one ( = 3  at pH 
8.5). 

Contrary to this, TMPyP does not form aggregates at the [10l 
binding to BSA and exists in solutions only as monomers 
(free or bound to single BSA molecule or BSA aggregate). [lJ] 

The characteristics of  triplet states of PPh bound forms 
differ from those of the tree ones. The lifetime of excitation 

1121 of the bound aggregates is very short and/or the quantum 
yield of the aggregate triplet state is very low, which is man- 
ifested in the reduction of the T -T  absorption at PPh aggre- 
gation. Contrary to this, the lifetime of the triplet of the bound i 13 I 
porphyrin monomer is longer than that of the free porphyrin 
monomer. The porphyrin binding to BSA reduces the prob- 
ability of the porphyrin triplet quenching by the molecular 1141 
oxygen since the binding makes the contact between the rea- 
gents more difficult. This effect is extremely high for the 
porphyrin molecules located inside the BSA aggregates. 115 

These effects should be taken into account at possible por- 
phyrin medical applications. 

1t61 
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