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ABSTRACT 

Tris (2,2'-bipyridyl)ruthenium(II)chloride hexahydrate 
( R u [ b p ~ ] ~ ~ + )  free in solution and adsorbed onto antimo- 
ny-doped Sn02 colloidal particles was used as a photo- 
sensitizer for a comparison of the OZ('Ag) and electron- 
transfer-mediated photooxidation of tryptophan (TRP), 
respectively. Quenching of excited R ~ ( b p y ) ~ ~ +  by O#Zg- ) 
in an aerated aqueous solution leads only to the forma- 
tion of O#AJ (+A = 0.18) and this compound was used 
as a type I1 photosensitizer. Excitation of Ru(bpy),Z+ ad- 
sorbed onto Sb/SnOz results in a fast injection of an elec- 
tron into the conduction band of the semiconductor and 
accordingly to the formation of Ru(bpy),z+ and was used 
for the sensitization of the electron-transfer-mediated 
photooxidation. The R~(bpy) ,~+ is reduced by TRP with 
a bimolecular rate constant k, = 5.9 X lo8 M-' s-', while 
02(IAg) is quenched by TRP with k, = 7.1 X lo7 M-' s-l 

(chemical + physical quenching). Relative rate constants 
for the photooxidation of TRP (k,) via both pathways 
were determined using fluorescence emission spectros- 
copy. With N,, the rate of photons absorbed, being con- 
stant for both pathways we obtained k, = (372/N,) M-' 
s-I for the 02(lAg) pathway and k, 2 (25013/N,) M-' s-l 
for the electron-transfer pathway, respectively. Thus the 
photooxidation of Trp is more than two orders of mag- 
nitude more efficient when it is initiated by electron 
transfer than when initiated by O2('A,). 

INTRODUCTION 

Energy transfer from an excited triplet state of a photosen- 
sitizer to molecular oxygen 02(,Zg-) and the subsequent pro- 
duction of the metastable excited state, 02('Ag), as well as 
electron transfer between an excited triplet state of a pho- 
tosensitizer and a substrate molecule can initiate photooxi- 
dation reactions of biomolecules. These two mechanisms are 
commonly referred to as the type I1 and type I mechanism, 
respectively (1). 

Proteins are one of the cellular constituents that are suscep- 
tible to photooxidation reactions. The photooxidation of amino 
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acid side chains can cause significant alterations in the physi- 
cochemical properties of proteins and can subsequently lead to 
cellular damage (2-5). It has been shown that, besides trypto- 
phan (TRP)t, histidine, cysteine, methionine and tyrosine are 
vulnerable to photodynamic action (6). The products of the 
photooxidation reactions as well as the reaction pathway are 
strongly dependent on the photophysical properties of the sen- 
sitizer as well as on the properties of the substrate molecule 
(7.8). Furthermore the reaction pathway is dependent on the 
solvent, the pH and the temperature (8-12). The O,(lA,) pho- 
tooxidation reaction of TRP has been studied extensively ( 13- 
17). It has been demonstrated that rate constants for the chem- 
ical as well as physical quenching of O,('A,) by TRP depend 
not only on the accessibility of the reaction site, i.e. whether it 
is buried in the interior of the protein (1 8) or tied up in peptide 
bonds (19-21), but also strongly on the medium polarity 
(9,10,12,22). 

Besides the O,('Ag) pathway the type I mechanism has 
been suggested to be responsible for the photooxidation of 
TRP via certain sensitizers (7,11,12,23,24). Thermodynamic 
arguments have been advanced that indicate that the primary 
targets of type I processes are those amino acids that are 
most readily oxidized in electron transfer situations (tyro- 
sine, TRP, methionine, cysteine) (25). 

The efficiency of photooxidations via the O,( IAg) pathway 
or the radical pathway and the problem of distinguishing 
between type I and type I1 has been discussed by Foote ( I ) .  
In view of the fact that the product distribution as well as 
the favored pathway depends on the reduction potentials of 
the sensitizer and substrate molecule, we were interested in 
a comparison of the rate constant for the O,(IA,)-mediated 
photooxidation of TRP with that of a radical-mediated path- 
way for the photooxidation of TRP using the same sensitizer 
for both pathways. 

It has been shown that tris (2,2'-bipyridyl)ruthenium- 
(1I)chloride hexahydrate (Ru[b~y] ,~+)  is an efficient photo- 
sensitizer (26). Two mechanisms have been reported for the 
quenching of the excited-state *Ru(bpy),2+ by ground-state 
oxygen: 

*Ru(bpy)?+ + O,(,X,-) + Ru(bpy)33+ + 0;- (1)  

*Ru(bpy),'+ + 0 2 ( Z g - )  + RU (bpy),2+ + OZ(lAg) (2) 

TAbbreviarions: HPI, hydroperoxy-hydropyrole-indole carboxylic 
acid; N-FK, N-fomylkynurenin N,, rate of photon absorption; 
R ~ ( b p y ) 3 ~ + ,  tris(2,2'-bipyridyl)ruthenium(II)chloride hexahydra- 
te; TRP, tryptophan. 
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the excitation wavelength is negligible (3 1 ). The uncertainty in the 
determination of the TRP concentration via fluorescence emission 
measurements was determined to be 6% from a set of eight exper- 
iments. The absorbance of the Ru(bpy),,+ solution at 514 nm was 
-0.03 (per cm). Kinetic studies of the photooxidation of TRP via 
both pathways were performed in double-distilled H,O using a TRP 
concentration of 59.3 pM. All solutions were prepared and kept in 
the dark before the measurements. All measurements were carried 
out at room temperature (20 2 1°C) and the samples were bubbled 
with compressed air during the measurements. 

NMR spectroscopic measurements. For a qualitative comparison 
of the photooxidation products, IH-NMR measurements were per- 
formed using an AM 500 nuclear magnetic resonance spectrometer 
(Bruker). For IH-NMR measurements, solutions of Ru(bpy),,' and 
Ru(bpy),*'/SnO, were prepared in D 2 0  and illuminated at 514 nm 
as described above for 3 h with 355 mW/cmz. The samples were 
continuously bubbled with compressed oxygen during illumination. 

The yield of  the first process is negligible as a result of  an 
efficient back electron transfer within the solvent cage (27). 
The  quantum efficiency for the generation of  0 2 ( 1 A , )  in H 2 0  
is 0.5 (26). 

When the Ru(bpy),,+ complex is adsorbed onto an antimo- 
ny-doped SnO, semiconductor particle, the excited-state life- 
time is shortened due to injection of an electron into the con- 
duction band of the semiconductor. This process reduces the 
lifetime of the excited state of the complex to cu 1 ns (28). 

Ru(bpy),*+ + hv + *Ru(bpy),,+ + Ru(bpy),,+ + e-(SnO,) 
(3) 

Thus the injection of  an electron results in the rapid for- 
mation of the oxidized Ru(bpy),,+ complex, Ru(bpy),'+. The  
reduction potential of  the Ru(bpy),'+/Ru(bpy),2+ couple is  + 
1.26 V vs N H E  (29). The Ru(bpy),,+ can oxidize electron 
donors such as TRP that has a redox potential of EO = 1 .O 15 
V vs NHE at pH 7 (30). This reaction competes with the 
recapture of  the conduction band electron by the Ru(bpy),,+, 
which is on the order of  4 X lo5 S K I .  In this study w e  present 
kinetic studies on the photooxidation of  TRP via O2(IAg) as 
well as viu an electron-transfer pathway using Ru(bpy),'+ 
free in solution or adsorbed onto a semiconductor surface as 
a photosensitizer (Eqs. 2 and 3). 

MATERIALS AND METHODS 
Materials. L-tryptophan and Ru(bpy),,+ were obtained from Al- 

drich and used as received. Antimony-doped SnO, colloidal suspen- 
sion (15% in H,O) was used as received from Alfa and characterized 
as described previously (3 I ) .  The final concentration of antimony- 
doped SnO, particles, calculated based on a particle size of 4 nm 
and a density of 6.95 g (3 I )  in a 23 pM solution of Ru(bpy),*+ 
was approximately 12.5 pM. Under these conditions, essentially all 
(99 2 1%) of the Ru(bpy)3Z+ is adsorbed onto the surface of the 
SnO, particles (30). 

laser-Jfash photolysis experiments. The excited-state lifetime of 
Ru(bpy),*+ in the absence and presence of 13.8 mM TRP was mea- 
sured by monitoring the decay of the excited state of Ru(bpy),?+ in 
solution by monitoring its emission at 610 nm. The Ru(bpy),,+ was 
excited using a frequency-doubled Q-switched Nd:YAG laser (Con- 
tinuum Surelite) (532 nm, cu 7 ns pulse width). The absorbance of 
the sample at the excitation wavelength was -0.03 (per cm). The 
lifetime of Ru(bpy),,+ in the absence and presence of various TRP 
concentrations was monitored at 450 nm as recovery of the ground 
state after the initial bleaching. 

Kinetic measurements. One milliliter samples of 23 phf solutions 
of Ru(bpy),?' or R~(bpy),~' /SnO, and 59.3 pM TRP were illumi- 
nated simultaneously in quartz cuvettes using the 5 14 nm line of an 
Ar' laser (355 mW/cm2). During illumination, samples were contin- 
uously bubbled with compressed air. The laser light was brought to 
the samples via a fiber optic. The polished fiber end was imaged via 
a planoconvex lens onto the illumination area of approximately 8 
cm2. After a chosen illumination time 100 pL of the sample were 
diluted with 1 . 1  mL double-distilled H20. Fluorescence emission 
measurements were performed using a SPEX Fluorolog spectropho- 
tometer. The excitation and emission slits were set to 2 mm and 3 
mm, respectively. The TRP fluorescence was excited at 290 nm and 
the fluorescence intensity was evaluated at 368 nm. Calibration 
curves were measured for both sensitizer systems, i.e. Ru(bpy),2+ 
free in solution and adsorbed onto SnO, particles. The emission 
intensity in the samples containing SnO, particles was slightly re- 
duced compared to the samples without the particles. This decrease 
in the fluorescence intensity was independent of the TRP concentra- 
tion, indicating that this is not a result of an interaction between 
TRP and the SnO, particles. The decrease in the fluorescence inten- 
sity can be attributed to the strong competing absorbance of the 
SnO, particles at 290 nm (valence conduction band transition). The 
SnO, particles have a diameter of 4 nm and the light scattering at 

RESULTS AND DISCUSSION 
Sensitization of 02('Ag) by Ru(bpy),2+ 

As described above, the metal-to-ligand charge transfer ex- 
cited state of  Ru(bpy),,+ can be quenched by O,('Z,-) via 
electron transfer (Eq. 1) and energy transfer (Eq. 2). As a 
result o f  rapid electron back transfer between the redox prod- 
ucts, only 0 2 ( ' A g )  can be detected as a product o f  the 
quenching reaction in aqueous solutions (26,27). In order t o  
validate that the excited state of  Ru(bpy),?+ is not quenched 
by TRP, measurements o f  the excited-state lifetime were 
performed in the presence and in the absence of  TRP. 

T h e  R ~ ( b p y ) , ~ +  complex in  aqueous solution was excited 
at  532  n m  (-7 ns). The decay of  the excited state with and 
without TRP was detected at 610 nm. In aerated H 2 0  solu- 
tion a monoexponential decay to  the baseline was observed 
in the presence (T = 383 ? 24 ns) of  11.5 mM TRP and in 
its absence (T = 365 2 6 ns), indicating that the excited state 
of  Ru(bpy),,+ is  not quenched by the presence o f  the TRP 
concentrations used, and thus only O2(IAg) can be generated 
in aqueous solution. 

As a result of the competition between electron- and en- 
ergy transfer the quantum efficiency of  02( IAg) generation 
from Ru(bpy),2+ in H 2 0  is 0.5 (26). The yield of singlet 
oxygen production in air-saturated water can be  calculated 
taking into account the probability of the quenching o f  
*Ru(bpy),Z+ by 0, in competition with the intrinsic decay 
process according to  

(4) 

where k ,  is  the bimolecular rate constant for  energy transfer 
from * R ~ ( b p y ) , ~ +  to  0,, k, is  the inverse of  the intrinsic 
lifetime of  *Ru(bpy),2+ and [O,] is  the concentration of  mo- 
lecular oxygen in H 2 0 .  In aerated water with the values o f  
the parameters being [O,] = 2.7 X M, kET = 3.4 X lo9 
M-ls-' and k, = 1.64 X lo6 s - I  (26), the quantum yield o f  
singlet oxygen formation is = 0.18, which represents ca 
35% of  the maximum value o f  0.5. 

T h e  total rate constant for quenching of  O2(IAg) by TRP 
(k,) is  the sum of  the physical, nonreactive quenching k ,  (Eq. 
5) and the chemical quenching k ,  (Eq. 6): 

0 2 ( l A g )  + TRP + OZ(3Z,-) + TRP, kp 

(6) 02(lAg) + TRP + TRP.02, k, 
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Table 1. 
TRP' at [TRP] = 59 pM* 

Rate constants for the Ru(bpy),,+ and Ru(bpy)32+/Sn0,-sensitized photooxidation of TRP and quantum yields for O,('A,) and 

*kET and ko were obtained from Mulazzani et al. (26). 

From time-resolved measurements of the 02(lAg) lifetime in 
nonbuffered D20 in the absence and presence of various 
TRP concentrations up to 1.2 mM, we obtained a rate con- 
stant for the quenching of 02('A,)  by TRP of k, = 7.1 X lo7 
M-I S-l (data not shown), which is within the range of val- 
ues published in the literature (10,11,32,33). The rate con- 
stants of the O2(IAg) sensitized photooxidation of TRP are 
summarized in Table 1. 

Sensitization of TRP+ by R~(bpy),~+/SnO, 

Adsorption of Ru(bpy),2+ onto antimony-doped SnO, parti- 
cles results in a quenching of the excited state due to electron 
injection into the conduction band of the semiconductor. The 
rate constant of this process (lo9 S-I) is large compared to 
the intrinsic lifetime of *Ru(bpy),,+ in aerated H 2 0  (kmm = 
2.8 X lo6 S-I). It has been shown that at the particle- to 
Ru(bpy),,+ -complex concentration ratio used, essentially all 
Ru(bpy),2+ complexes are adsorbed onto the surface (31) 
and thus it can be assumed that no O2(IAg) will be produced 
in this case. 

The lifetime of Ru(bpy),,+ was measured using laser flash 
photolysis. Photoinjection of an electron into SnO, following 
excitation with A = 532 nm light, results in a transient 
bleaching of the ground-state absorbance at A = 450 nm. 
The decay back to the initial baseline exhibits a stretched 
exponential character (Fig. I ) ,  the origin of which is dis- 
cussed elsewhere (29). It has been described earlier that life- 
times obtained from fits of stretched exponential decay 

I Is' 

-0.12 

- O ' l 0 l  

curves can be used analogously to single exponential life- 
times to obtain bimolecular rate constants (34.35). Thus the 
decay was fitted according to the Kohlrausch equation: f(t) 
= AOexpt[-(t/7)P] with 0 < f3 I 1. Addition of TRP results 
in a concentration-dependent decrease of the lifetime of 
Ru(bpy),,+ from its intrinsic value T~ = (2.5 5 0.1) ks ,  
which is due solely to the recombination reaction (Eq. 7). 
The T and f3 parameters obtained are listed in Table 2. 

Ru(bpy),,+ + TRP + Ru(bpy),2+ + T W + ,  kQ (8) 

A bimolecular rate constant of kQ = 5.9 X los M-l  S-l 
was obtained from the plot of the rate constant for reduction 
of Ru(bpy),,+ by TRP as a function of the TRP concentration 
(Fig. 2). This value of k, is of the same magnitude as the 
bimolecular rate constant for the oxidation of nitroxyl radi- 
cals by R~(bpy) ,~+  (4.9 X lo8 M-I S-I ) (36), but it is three 
orders of magnitude higher than that for electron transfer 
from TRP to the oxidized state of rose bengal adsorbed onto 
ZnO electrodes reported by Matsumara et al. who studied 
the electron transfer from reductants to oxidized dyes using 
the potential modulation technique (37). 

It has been shown that in many cases the rate constants 
for the charge-transfer quenching of an excited state of a 
photosensitizer by chemicals capable of donating an electron 
depends on the ionization potential of the donor (38-40). 
The rate constants are dependent on the sensitizer used as 
well as on the solvent and on the pH (23,24). Several studies 
have also been performed using eosin, methylene blue or 
thionine as photosensitizers. Bimolecular rate constants for 
the electron-transfer quenching of these photosensitizers lie 
between 3.4 X lo8 M-' S-l and 3 X lo9 M-l S-I (41). Thus 
the order of magnitude of the rate constant for the quenching 
of Ru(bpy),,+ by TRP is comparable with rate constants 
measured for the charge-transfer quenching processes be- 
tween sensitizer triplet states and TRP, e.g. rate constants 
for the initiation of type I pathways. 

The quenching of *Ru(bpy),,+ by antimony-doped SnO, 

Table 2. Stretched exponential lifetime T and stretching parameter 
p for the decay of Ru(bpy),,+ adsorbed onto Sb-doped SnO, parti- 
cles (12.5 pM) in the presence of various TRP concentrations 

-0.14 I I I I I 

Oe+O le-6 2e-6 386 4e-6 5e-6 

t (s) 

Figure 1. Transient ground-state bleaching and recovery at 450 nm 
due to the formation and decay of Ru(bpy),,+ following photoinjec- 
tion from Ru(bpy),,+ (23 CLM) adsorbed onto antimony-doped SnO, 
particles (12.5 pM) in the absence (a) and in the presence of 2.99 
mM (b), 4.21 mM (c), 6.09 mM (d) and 8.87 mM (e) TRP. 

0 2.448 ? 0.02 0.59 2 0.007 
2.99 0.454 2 0.003 0.614 2 0.005 
4.2 1 0.358 2 0.004 0.891 t 0.006 
6.09 0.243 2 0.004 0.946 ? 0.001 
8.87 0.176 2 0.003 0.925 t 0.017 
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Figure 2. Plot of the reciprocal lifetimes obtained from the fit ac- 
cording to the Kohlrausch equation: f(t) = A,,[exp(t/~)p] (see Table 
2) as a function of the TRP concentration. 

produces Ru(bpy)," with a quantum efficiency of 0.93 2 
0.01 (36). Thus the quantum yield of TRP+ at the beginning 
of the photooxidation reaction can be calculated according to 

(9) 

With the rate constants obtained from the measurements de- 
scribed above k, = 5.9 X lo8 M-I S-I and k,,, = 4.0 X 
lo5 S-'  we obtain an initial quantum yield for the formation 
of the TRP radical cation of 0.075 when the concentration 
of TRP is 59.3 p.mM. The rate constants for the electron- 
transfer-mediated photooxidation of TRP are summarized in 
Table I .  Because the TRP concentration decreases as the 
illumination time increases this is an upper estimation for 
the TRP' quantum yield, the order of magnitude of which 
is comparable to 9,. 

Products of the OZ(lAg) and TRP +-initiated photooxidation 
reaction of TRP 

The distribution of photooxidation products is strongly de- 
pendent on the sensitizer, the substrate concentration as well 
as on the reaction pathway. It has been shown that the prod- 
uct distribution of the photooxidation reaction is strongly 
influenced by the pH value of the reaction medium. Inoue 
et al. reported that rose bengal-sensitized photooxidation of 
TRP in aqueous environments at pH 6-7 results mainly in 
the formation of N-formylkynurenine (N-FK) as well as hy- 
droperoxy-hydropyrrole-indole carboxylic acid (HPI) (7). In 
comparison to the dominantly O,(IA,) pathway sensitized 
with rose bengal, thionine was used for the type I photoox- 
idation of TRP in their studies. According to their studies, 
only N-FK and HPI could also be detected as the primary 
photooxidation products, but the yields differed compared to 
the product yield of the 02( lA , )  pathway (7). 

For a qualitative comparison of the product distributions 
obtained from photosensitization of TRP using Ru(bpy),,+ 
free in solution and from Ru(bpy),*+ adsorbed onto SnO,, 
IH-NMR spectra were measured. Qualitative comparison of 
the spectra obtained from the two solutions did not show 
any differences in the product distribution (data not shown). 
This is consistent with the results of Inoue (7). No attempts 

were made to analyze the product distribution. Although 
Ru(bpy),2+ adsorbed onto SnO, is per se not a type I pho- 
tosensitizer because the photooxidation reaction is initiated 
from the oxidized state of the Ru(bpy),,+ complex and not 
from the triplet state, they both result in the formation of 
TRP', i.e. they should have the same net effect. 

Rate constants for the O,( IAg) and electron-transfer- 
mediated photooxidation of TRP 

The rate constant for the Ru(bpy),,+ and Ru(bpy),2+/Sn0,- 
sensitized loss of TRP was measured using fluorescence 
spectroscopy. The electronic properties of N-FK, one of the 
likely products of the photooxidation reaction (7) have been 
characterized by Pileni et al. (42). The absorption spectrum 
of N-FK in H,O has three maxima at about 225 nm, 260 nm 
and 315 nm. At the excitation wavelength (290 nm) the ab- 
sorption coefficients of TRP and N-FK in H,O are compa- 
rable. The fluorescence maxima of N-FK in H 2 0  (A,,,, = 450 
nm and A,, = 550 nm), however, are significantly red-shift- 
ed compared to that of TRP(A,,,, = 368 nm). Because the 
fluorescence quantum yield of N-FK is very small (+N.FK = 
0.001) (42) the fluorescence intensity at 368 nm can be used 
for evaluation of the TRP concentration. Figure 3a shows 
TRP fluorescence emission spectra before and after illumi- 
nation for 60 s, 120 s, 360 s, 480 s and 1200 s, respectively. 
The decrease in fluorescence intensity reflects a loss of ap- 
proqimately 29% of the TRP concentration due to the 
O,(' A,)-mediated photooxidation of TRP. The TRP fluores- 
cence emission spectra before and after illumination for 30 
s, 60 s, 90 s, and 180 s, respectively, using Ru(bpy),,+ ad- 
sorbed onto SnO, as a photosensitizer are shown in Fig. 3b. 
Photooxidation via the radical-mediated pathway results in 
a faster decrease of the TRP concentration, approximately 
48% of TRP being depleted after 120 s. The rate of TRP 
depletion according to Eqs. 5 and 6 is given by 

for the O2(IAg) pathway with e being the rate constant for 
the intrinsic decay of O,(lA,) in H 2 0  and NP the rate of 
photon absorption. According to Eqs. 7-9 the rate of TRP 
depletion for the radical pathway is given by 

Because light scattering effects can be neglected (31), it can 
be assumed that N, is equal for both samples. The photoox- 
idation of TRP follows a pseudo-first-order kinetics for both 
pathways because k,[TRP] (( and k,[TRP] (( kRE,. 

log(=) [TRPI,=o 2.303 = -+,NP%t 

After calculating the TRP concentration from the fluores- 
cence intensity at 368 nm using the slope obtained from the 
calibration curves, the expressions on the left side of Eqs. 
12 and 13 were plotted as a function of the illumination time 
(Fig. 4a.b). From the slopes of these plots (m = -2.68 X 
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Figure 3. (a) Fluorescence emission spectra of TRP (A,,, = 290 
nm) after illumination for 0 s. 60 s, 120 s, 360 s, 600 s and 1200 s 
(top to bottom) with 514 nm (355 mW/cm2) using R ~ ( b p y ) , ~ +  in 
solution as a photosensitizer. (b) Fluorescence emission spectra of 
TRP (A,,, = 290 nm) after illumination for 0 s, 30 s, 60  s, 90 s and 
180 s (top to bottom) with 514 nm (355 mWlcm2) using Ru(bpy),2+ 
adsorbed onto SnO, particles antimony-doped SnO, particles as a 
photosensitizer. 

M-' S-I for the 0 2 ( l A g )  pathway and m = -4.69 X 
lo-) M-' S-l for the radical pathway) the relative rate con- 
stants for the photooxidation of TRP were evaluated using 
k", = 2.5 X lo5 S-I and k,, = 4.0 X lo5 S-I. respectively. 
This resulted in kc(,, = (372/Np) M-' S-' for the 02(2(1Ag) 
pathway and k, = (25013/Np) M-I S-I for the photooxida- 
tion via formation of TRP' radical, respectively. As men- 
tioned above, the quantum yield for the formation of the 
TRP+ calculated according to Eq. 11 is an upper estimation 
because [TRP] is not constant. After illumination for 180 s, 
the TRP concentration decreased by approximately 48%. 
Accordingly, the quantum yield for TRP + would be reduced 
to approximately 0.05 that would lead to k, = (37600/Np) 
M-I S-I. The error in kc introduced through this uncertainty 
is rather large. An absolute rate constant could not be ob- 
tained from these series of experiments because the rate of 
photon absorption was not measured. Nevertheless, the rel- 
ative rate constants obtained differ by two orders of mag- 
nitude and demonstrate that in the chosen model system, 
photooxidation of TRP via a radical pathway is much more 
efficient than via a singlet oxygen pathway. This result is in 
line with results of earlier investigations (24,43,44). Two 
particular aspects of our study distinguish it from the earlier 
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Figure 4. (a) Plot of (log[TRP],/log[TRP],=,) as a function of illu- 
mination time for the O2(IAE) pathway. (b) Plot of (log[TRP],/ 
log[TRP],=,) as a function of illumination time for the radical path- 
way. The TRP concentration was calculated from the fluorescence 
emission experiments using a different calibration curve for each 
system. 

ones: ( I )  photooxidation occurs exclusively via one pathway 
or the other, and (2) the involvement of the superoxide rad- 
ical, 02-.. is unlikely. 

By comparing lumiflavin (type I) and rose bengal (type 
11) as sensitizers for the photooxidation of indole (24), Yosh- 
imura and Ohno were able to largely distinguish between the 
two pathways because the lumiflavin triplet state was pre- 
dominantly quenched by electron transfer from indole and 
the rose bengal triplet state was predominantly quenched by 
energy transfer to 02. However, 02(IAg) was efficiently 
formed in the quenching of the lumiflavin triplet by 02, so 
that it was impossible to exclude that pathway. In our model 
system, the photoexcited Ru(bpy),*+ is not quenched by TRP 
but rather by either SnO, (type I) or 0, (type 11), so that 
oxidation of TRP occurs exclusively by one pathway or the 
other. 

Lumiflavin-mediated photooxidation also necessarily gen- 
erates 02-., which is produced by the reaction of the lumi- 
flavine semiquinone anion radical with 0, (24). Yoshimura 
and Ohno regarded 02-' to react with the indole radical cat- 
ion to form the oxygenated products. Biological systems are 
poised for the rapid removal of 02-., however, so that the 
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latter may not generally be directly involved in the oxidation 
process. The conduction band electron that is produced with 
Ru(bpy),'+ (Eq. 3) reacts so slowly with 0, that it does not 
affect the recapture reaction (Eq. 7). which occurs on the 
microsecond time scale (29.45). Thus it is more likely that 
the photooxidation of TRP via reaction with Ru(bpy)33+ (Eq. 
8) involves reaction between the TRP radical cation with 0, 
than with 02-.. The reaction of TRP radical cation with 0, 
is known to produce the same oxidation products as the re- 
action of TRP with O,(lA,) (7,46,47), as confirmed by our 
results. Yoshimura and Ohno found that the type I process 
is more efficient than the competing type I1 process, which 
was attributed to the fact that the redox potential of the trip- 
let lumiflavin is higher than the redox potential of Ind +/Ind. 
In line with these results are also the results on the yields 
of the riboflavin-sensitized photooxidation of TRP obtained 
by Silva et al. (44). 

These studies were performed in a well-chosen model sys- 
tem. It is unlikely that dyes adsorbed onto semiconductor 
particles can be used for in vivo studies. Moreover, as dis- 
cussed above, the efficiencies for electron transfer reactions 
between a triplet state of a sensitizer and TRP can vary over 
several orders of magnitude, and the electron transfer reac- 
tion between Ru(bpy),'' and TRP is very efficient, with a 
bimolecular rate constant of k,  = 5.9 X lo8 M-I S-I. In 
addition we would like to point out that there are several 
photosensitizers with much higher 0 2 ( l A g )  quantum yields 
compared to the Ru(bpy),*+ complex used. 

The purpose of this study was a comparison of the pho- 
tooxidation efficiencies of the 02(' A,)-induced pathway with 
an electron-transfer-induced pathway. The photosensitized 
radical pathway is not p e r  se  a type I pathway. The type I 
pathway as defined implies an electron-transfer quenching 
reaction between a sensitizer triplet state and a substrate 
molecule. In this case, the formation of the oxidized state is 
the result of a fast injection of an e- into the semiconductor 
particle (28). The chosen system, however, has the advan- 
tage that the rate of photons absorbed is the same in both 
samples, which allows a direct comparison of the relative 
rate constants obtained for the depletion of TRP without de- 
termination of N,. The efficiency for photooxidation of 
biomolecules depends not only on the above-discussed pa- 
rameters like the rate constants for energy or electron trans- 
fer, and the quantum yields for the formation of the oxidiz- 
ing species. In cellular systems it is also strongly dependent 
on the localization properties of the photosensitizer and the 
intracellular concentration. Both can easily be influenced by 
the side-chain functionalities of a photosensitizer, whereas 
the photooxidation pathway can be influenced via substitu- 
tion of heavy metals. 
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