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bstract

To obtain the information on the photoactivated action of camptothecin (CPT) promoted by transition metals, CPT was UVA irradiated
λ = 365 nm) in dimethylsulfoxide (DMSO) solutions. Fe(III) ions present were efficiently reduced to Fe(II) under argon and also in the pres-
nce of oxygen. The photoinduced electron transfer under argon resulted into the generation of carbon-centered radicals identified by EPR spin
rapping evidencing the cleavage of CPT skeleton. Whereas the absorption UV/vis experiments with equimolar ratio Fe(III):CPT excluded the

ormation of charge-transfer complexes, the fluorescence spectra of CPT in the presence of Fe(III) revealed a significant fluorescence quenching
ndicating the probability of physical association between Fe(III) and CPT species in DMSO solutions confirming Fe(III) involvement in the
hotoinduced transformation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The anticancer drug camptothecin (CPT) is a plant alkaloid
uccessfully applied in the treatment of gastric, rectum and blad-
er tumors [1–5]. Its structure (Scheme 1) comprises a quinoline
ing system (A and B), a pyridone ring (D) and a terminal
-hydroxy-lactone ring (E), which is essential for its antitu-
or activity [5–10]. The intact hydroxy-lactone ring represents
structural requirement for the biological activity of CPT, as
he biologically inactive, ring-opened carboxylate form of CPT,
ot only binds to human serum albumin lowering the effective
oncentration of CPT, but also exhibits toxic side effects [11].

Abbreviations: CPT, camptothecin; DBNBS, 3,5-dibromo-4-nitroso-
enzenesulfonic acid (sodium salt); DMPO, 5,5-dimethyl-1-pyrroline N-oxide;
MSO, dimethyl sulfoxide; DNA, deoxyribonucleic acid; DPPH, 1,1-diphenyl-
-picrylhydrazyl; EPR, electron paramagnetic resonance; ND, nitrosodurene,
,3,5,6-tetramethyl-nitrosobenzene; PBS, phosphate-buffered saline; ROS,
eactive oxygen species; TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidine N-
xyl; TMP, 4-hydroxy-2,2,6,6-tetramethylpiperidine; Topo I, topoisomerase I;
W, magnetic field sweep width
∗ Corresponding author. Tel.: +421 2 5932 5666; fax: +421 2 5292 6032.

E-mail address: vlasta.brezova@stuba.sk (V. Brezová).
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everal clinically important water-soluble derivatives of CPT
ave been synthesized previously [12,13].

The camptothecin family of anticancer medicines has a
nique mechanism of action directed to the inhibition of topoi-
omerase I (Topo I) [6–9]. It was previously shown that CPT
nhibits Topo I via the formation of ternary complex, in which
he biologically active lactone ring of CPT stabilizes an irre-
ersible Topo I/DNA covalent complex [9].

Camptothecin molecule contains conjugated system of �-
lectrons representing a potential basis for UVA photoexcitation
esulting in the reactive free radical species generation (e.g.
OS), which are responsible for light-mediated DNA cleavage

14–18]. Consequently, alternative mechanisms of DNA damage
pon the simultaneous application of CPT, Topo I and UV radia-
ion (λ = 365 nm) were considered [15]. It has been proposed that
pon application of light-activated therapy, photogenerated free
adicals are the crucial species responsible for the DNA cleav-
ge [19–21]. A number of photoactive compounds require the
ontribution of a metal ion for the DNA cleavage event [22–26],

herefore the biological activity of irradiated CPT was tested also
n the presence of copper(II) ions [27–29]. The participation of
ron in camptothecin-induced DNA cleavage is substantiated by
he studies employing bleomycin–iron complex (alone or in con-

mailto:vlasta.brezova@stuba.sk
dx.doi.org/10.1016/j.jphotochem.2006.06.001
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Scheme 1. Structure of camptothecin lactone form.

unction with NADPH as an additional reductant) which shown
imilar extent of DNA cleavage as camptothecin alone. In addi-
on, besides the synergistic role of redox metals and anticancer
rugs, iron acts as a stabilising metal to encapsulate CPT primar-
ly in its active lactone form; it is of current interest to develop
herapeutic assessment of CPT-loaded liposomes prepared using
opper, iron and other metal ions [30].

The systematic investigation of electronic and fluorescence
pectra of CPT in different solvents demonstrated that an
ncrease in dielectric constant and proton-donating capacity
f the solvent resulted in a hypsochromic shift of absorption
axima and slight bathochromic shift of fluorescence maxima

31–33]. Due to the rigid planar structure of CPT (containing
n extended conjugation of four rings), camptothecin has a rela-
ively high molar absorptivity [32,34] and fluorescence quantum
ield (Φf ∼ 0.3–0.7, [31,32]). These data imply to suggest that
he S1 state of CTP is of 1(�–�*)-type and there is a vibronic
nteraction between the 1(�–�*) and a close-lying higher energy
(n–�*)-state [32].

Recently, we have investigated the formation of radicals and
inglet oxygen upon photoexcitation (λ = 365 nm) of CPT in
MSO by EPR spectroscopy [35] using spin trap agents DMPO

nd ND. Upon a continuous irradiation of CPT the generation
f hydroxyl radicals was indicated via methyl radical origi-
ating from DMSO solvent. The photoinduced formation of
inglet oxygen upon irradiation of CPT in aerated solutions was
onfirmed exploring its reaction with TMP [35,36]. However,
pon irradiation of Cu(II):CPT = 1:1 in DMSO, the formation
f methyl radical was suppressed and the generation of two
ew radical adducts, originating from camptothecin ring cleav-
ge, was evidenced. The low temperature EPR spectra indicated
n this system the proximity between Cu(II) ion and the 20-
ydroxy group of the E ring of CPT [27,35]. Irradiating the
rgon-saturated Cu(II):CPT = 1:1 solutions in DMSO, the Cu(II)
ons were reduced to Cu(I). The photoexcitation of Cu(II)–CPT
n the presence of oxygen led to the generation of superox-
de anion radical, identified as the •DMPO–O2

− spin adduct
35,37–39].

Considering these data, our further investigations here are

riented now on iron, representing an essential element for a
umber of living organisms, as a component of molecules that
ndergo redox reactions or transport oxygen. Iron(III) is a spher-
cally symmetrical tripositive cation classified as a hard Lewis
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i
l
w
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cid by its high charge density. It forms most stable bonds
ith hard ligands such as charged hydroxamate oxygen atoms.

n addition, chelators that bind iron(III) are capable of redox
ycling, a property playing an important role in metallo-biology
f cells. However, the redox reactions of iron can generate detri-
ental reactive oxygen species in the living cells [40,41]. Taking

nto account the above-mentioned properties of Fe(III), as well
s the ability of irradiated CPT to produce free radical species,
e undertook the spectroscopic study of Fe(III)–CPT systems.

. Experimental details

.1. Materials and equipments

Camptothecin (Sigma), DMSO (Fluka, stored over the
olecular sieves), Fe(NO3)3·9H2O, 1,10-phenanthroline,
eSO4·7H2O (Lachema, Czech Republic) and H3PO4 (ana-

ytical grade, 85% Mikrochem, Slovak Republic) were used
ithout further purification. The spin trapping agents ND and
BNBS were obtained from Aldrich.
UV/vis spectra were recorded using a UV/vis spectrometer

C 2000 (Sentronic, Germany) with a DH 2000 lamp, lumines-
ence spectra with a Perkin-Elmer Luminescence spectrometer
S 50 B in a 1 cm quartz cell at 25 ◦C. Excitation and emission
avelengths of 365 and 430 nm, respectively, were applied in

ll experiments.
EPR spectra were measured at room temperature (295 K) and

t 77 K (liquid nitrogen) using a cw-Bruker ER 200 D spec-
rometer, coupled with an Aspect 2000 computer, and a Bruker
MX spectrometer (both operating at X-band, with 100 kHz
eld modulation). As irradiation source served a HPA 400/30S

amp (400 W, Philips) equipped with a filter (Schott Glaswerke,
ermany) selecting the wavelengths as specified in further text.

.2. Sample preparation

All experiments were performed in DMSO solutions. DMSO
s a strongly coordinating, aprotic polar solvent (dielectric con-
tant ε25 = 47, [42]) and from a biological and medical point of
iew is suitable for this type of experiments (it is currently under
tudy as a potential drug carrier) [43]. The CPT stock solutions
repared in DMSO avoid its spontaneous transformation to the
arboxylate form (it remains in the lactone form), and prevent
ts self-aggregation [44].

.3. EPR experiments

In the experiments at room temperature, the freshly prepared
olutions were saturated at 101.3 kPa with argon, air or oxygen
nd then transferred into a quartz cell optimized for the Bruker
avity TM-110 (ER 4103 TM). In the experiments with nitroso-
urene spin trapping agent the solutions were saturated with ND,

ue to its low solubility in DMSO solvent. The samples were
rradiated directly in the microwave cavity by monochromatic
ight (λ = 365 nm; irradiance 8 mW cm−2) and the EPR spectra
ere monitored in situ.
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The EPR measurements in liquid nitrogen (77 K) were per-
ormed in the standard TE102 rectangular cavity using 4 mm o.d.
uartz EPR tubes. However, the solutions here were irradiated
λ = 365 nm) outside of the EPR cavity, then immediately frozen
n liquid nitrogen and after that EPR spectra were measured at
ow temperatures. A good quality of an amorphous structure was
btained by rapidly cooled sample in liquid nitrogen.

The individual components of spectra were simulated using
he commercially available program SimFonia (Bruker) and
rogram QPOW developed by Belford and Nilges [45]. The
ulti-component experimental EPR spectra of spin adducts
ere then fitted as the linear combinations of these individual

imulations using a least-squares minimization procedure with
he Scientist Program (MicroMath). The statistical parameters
f calculation procedure (R2, coefficient of determination and
orrelation) served for the determination of simulation quality,
.e. harmonization of experimental and simulated spectra. The
elative concentration of the individual paramagnetic species
as evaluated in the simulation from the contributions of their

ndividual spectra to the experimental spectrum after double
ntegration.

.4. Photochemical experiments

Experiments were carried out at room temperature (295 K)
nder argon. The freshly prepared solutions were irradiated in
uartz EPR flat cell with a focused light beam from a HPA source
electing the wavelength of 365 nm. The UV/vis spectra of the
rradiated solutions were taken employing flat cell from EPR
xperiments.

.5. Spectrophotometrical evidence of Fe(II) species in
e(III)–CPT

The formation of Fe(II) ions upon irradiation was indi-
ated spectrophotometrically using the Fe(II)-specific chelat-
ng agent 1,10-phenanthroline [Fe(phen)3]2+ (λmax = 512 nm;
510 = 1.12 × 104 M−1 cm−1), which has redox stability towards
xygen. The interference of Fe(III) was eliminated adding
hosphate ions able to bind Fe(III) into redox and ther-
odynamically stable, nearly colorless phosphate complexes

46,47].
After mixing the corresponding volumes of CPT and

e(NO3)3 stock solutions to obtain for both 1 mM final con-
entration, the solution was set under argon atmosphere and
ransferred into EPR flat cell, irradiated (365 nm) during vari-
us exposure times (5, 10, 15, 20 and 30 min) at 295 K. After
rradiation, the solutions (500 �l) were mixed under argon with
xcess of solid 1,10-phenanthroline and 25 �l of concentrated
3PO4. The mixture obtained was immediately transferred to

he same EPR flat cell to record the UV/vis spectra. The reference
olution consisted from the non-irradiated solution matching
he composition as irradiated one. The concentrations of Fe(II)

ons were evaluated using calibration plot from FeSO4 solu-
ions. An identical set of photochemical experiments was also
erformed with Fe(III):CPT = 1:1 but solutions were saturated
ith air.

i
a
t

ig. 1. UV/vis spectra of 1 mM DMSO solutions of: (a) CPT (dotted line), (b)
e(NO3)3 (dashed line) and (c) Fe(III):CPT = 1:1 (solid line). Cell length 0.1 cm.
Inset) detail of (a) and (c) in the region 260–430 nm.

. Results and discussion

.1. UV/vis and fluorescence spectroscopy of
on-irradiated CPT and Fe(III):CPT = 1:1

Fig. 1 presents the absorption UV/vis spectra of 1 mM DMSO
olutions of (a) CPT, (b) Fe(NO3)3 and (c) Fe(III):CPT = 1:1.
he absorption spectra of (a) and (c) exhibit absorption maxima
t λ1

abs = 383 nm (shoulder), λ2
abs = 368 nm, λ3

abs = 335 nm
shoulder) and λ4

abs = 290 nm, in good agreement with data pub-
ished by Nabiev et al. [44].

The UV/vis spectra of (a) CPT and (c) Fe(III):CPT = 1:1
re nearly identical; no additional charge-transfer bands
ere observed in the region over 500 nm. The spectrum of
e(III):CPT = 1:1 can be evaluated as a simple linear combi-
ation of the corresponding Fe(NO3)3 and CPT spectra. Conse-
uently, it can be assumed that the CPT does not bind to iron(III)
n the inner coordination sphere. This observation is expected,
s DMSO used is a strongly coordinating solvent [35].

Fig. 2 presents the emission and excitation fluorescence spec-
ra of CPT and of Fe(III):CPT = 1:1 in DMSO solvent saturated
ith nitrogen. The fluorescence emission spectrum of CPT under

hese experimental conditions consists from only one wide band
haracterized by a fluorescence maximum at λmax = 429 nm with
tokes shift �λST = 46 nm, and is independent of the excitation
avelength (Fig. 2). The addition of iron(III) ions in equimolar

oncentration (2.5 �M) to CPT causes a substantial drop of its
uorescence intensity (IL = 0.64I0

L; Fig. 2) most likely due to
nteraction of CPT excited states with Fe(III) ions.
Previously, investigations of the fluorescence spectra of CPT
n the presence of Co(II) ions (concentration range 0–0.12 M) in
queous solution [31], or in the presence of iodide ions (concen-
ration range 0–0.2 M) in PBS solution [32], provided evidence
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Fig. 2. Fluorescence (emission and excitation) spectra of 2.5 �M DMSO solu-
tions of CPT (dotted line) and Fe(III):CPT = 1:1 (solid line) measured under
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Fig. 3. UV/vis spectra of a 1 mM Fe(III)–CPT solution in DMSO irradiated
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itrogen atmosphere. Excitation and emission wavelengths: 365 and 430 nm;
ell length 1 cm.

hat the CPT excited states were quenched by these ions and
uorescence emission was quenched at the diffusion controlled

imit (∼1010 M−1 s−1) [31].

.2. Photochemical experiments in Fe(III):CPT = 1:1
olutions

Our previous study of irradiated Cu(II):CPT = 1:1 system in
MSO solution evidenced the changes of UV/vis spectra of

his complex upon irradiation, as well as reduction of Cu(II)
o Cu(I) ions [35]. Consequently, we applied analogous set of
xperiments to Fe(III):CPT = 1:1 in DMSO solutions.

The changes in the UV/vis spectra upon irradiation (365 nm)
f an argon-saturated 1 mM solution of Fe(III):CPT = 1:1 in
MSO shown in Fig. 3 reveals an exponential decrease in

bsorption maxima at 367 nm (inset in Fig. 3). A simultaneous
bsorbance increase observed in the region of 456 nm, probably
rise from the photodecomposition of CPT via products with
ore extended �-electron systems [16–18,35].
To obtain an evidence of the above assumed reduction

f Fe(III) to Fe(II) upon irradiation, the iron(II) ions were
etermined after irradiation by means of chelating agent 1,10-
henanthroline, which forms a colored Fe(II) complex absorb-
ng at 512 nm [46,47]. Fig. 4 shows the time-course of visible
pectra measured after irradiation of 1 mM Fe(III):CPT = 1:1
dding 1,10-phenanthroline, all carried out under inert atmo-
phere (Fig. 4a) and in the presence of air (Fig. 4b). The indicated

eduction of Fe(III) to Fe(II) is nearly 100% after 30 min of
rradiation in the argon-saturated systems (inset in Fig. 4a).
owever, the yield of Fe(II) in an analogous experiment under

ir is lower (75%; inset in Fig. 4b), due to presence of oxy-

u
a
t
a

λ = 365 nm) during 0, 5, 10, 15, 20 and 30 min in a quartz EPR flat cell (length
.02 cm) under argon. (Inset) absorbance decrease monitored at 367 nm.

en, which serves simultaneously as a very good acceptor of
lectrons.

.3. EPR spectroscopy of non-irradiated and irradiated
e(III)–CPT systems

.3.1. Fe(III)–CPT
Iron(III) is a high spin paramagnetic ion (3d5, S = 5/2). The

e(III) ion is a ground state 6S (6A1g in the complexes) and is not
plit within an octahedral or even a lower symmetry ligand field
48]. In addition, there is no splitting by spin–orbital interaction.
hen a single isotropic resonance line at g ∼ 2 should always be
bserved. In fact, the low temperature (77 K) X-band EPR spec-
rum of Fe(III) in DMSO solutions represent only one very broad
ignal—as typically seen for Fe(III) [48,49]. However, after pho-
oexcitation of CPT in the presence of iron(III) ions followed by
mmediate freezing in liquid nitrogen (77 K), we observe by EPR
he generation of a new paramagnetic signal characterized by g-
alue of 2.0022, which could be attributed to carbon-centered
adicals [35,50]. The appearance of this paramagnetic species
onfirms the photoinduced transformation of camptothecin via
adical formation upon irradiation of the Fe(III)–CPT system.
hese radicals were investigated and analyzed in detail using

he EPR spin trapping technique.

.3.2. DBNBS and ND spin trapping agents
The EPR spin trapping technique enables to determine reac-

ive short-lived free radicals adding them to spin trapping agent

nder the formation of more stable paramagnetic products (spin
dducts). The adduct EPR spectrum brings information about the
ype of reactive radical trapped [37]. Two nitroso spin trapping
gents, namely DBNBS and ND (Scheme 2), especially suit-
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Fig. 4. Vis spectra of 1 mM Fe(III)–CPT DMSO solution irradiated (λ = 365 nm)
during 0, 5, 10, 15, 20 and 30 min under: (a) argon and (b) air measured after
addition of 1,10-phenanthroline (Fe(II)-specific chelator). The solutions were
irradiated and measured in a quartz EPR flat cell of 0.02 cm). (Insets) evaluated
Fe(II) concentration upon increased irradiation time.

Scheme 2. Structures of ND and DBNBS spin trapping agents.

a
[
w
D
e
s
p

t
t
i

3

t
a
a
a
r
r
f

3

s
c
r
o
o
m
a
g
c
[
g
a
m
a
s
n
c
[
t
•

3

i
o
t
s

i
n
•
i
i

hotobiology A: Chemistry 185 (2007) 172–180

ble for the identification of carbon-centered radicals were used
37]. The application of widely used DMPO as the spin trap
as not possible here in systems containing Fe(III) ions and
MSO solvent, due to the formation of paramagnetic species

ven after mixing of individual solutions before irradiation,
o the identification of photoinduced radical adducts is hardly
ossible.

In the blank experiments (mixing of ND or DBNBS solu-
ions with Fe(III) or CPT without irradiation) no radicals were
rapped, conforming suitability to use these agents in our exper-
ments.

.3.3. ND and CPT
The photoexcitation of argon-saturated 1 mM DMSO solu-

ion of CPT in the presence of ND yields an EPR signal char-
cterized by hyperfine coupling constants of aN = 1.410 mT and
H(3H) = 1.283 mT and g = 2.0055 (Table 1). This spectrum is in
good accordance with •ND–CH3 adduct [35,37]. The methyl

adicals trapped are produced here from the DMSO solvent by its
apid reaction with hydroxyl radicals [51], probably originating
rom the lactone ring of CPT [35].

.3.4. DBNBS and CPT
DBNBS spin trap in the argon-saturated 1 mM CPT

olution brings evidence on the formation of four different
arbon-centered adducts, their simulation parameters and
elative concentrations are summarized in Table 2. Simulation
f experimental EPR spectra (Table 2) measured after 3 min
f continuous irradiation (λ = 365 nm) demonstrate that the
ajor adduct (91%) characterized by hyperfine splittings of

N = 1.265 mT, aH(2H) = 0.270 mT, aH(2Hm) = 0.060 mT and
= 2.0060 could be attributed to [•DBNBS–CR1]−. The relative
oncentrations of further spin adducts are significantly lower:
•DBNBS–CR3]− (3%; aN = 1.265 mT, aH(2Hm) = 0.060 mT;
= 2.0060); [•DBNBS–CH2R2]− (4%; aN = 1.265 mT,
H(2H) = 1.205 mT, aH(2Hm) = 0.060 mT; g = 2.0060) and
ethyl radical adduct (2%; aN = 1.341 mT, aH(3H) = 1.210 mT,

H(2Hm) = 0.068 mT; g = 2.0060). We propose that the radical
pecies [•DBNBS–CR1]− and [•DBNBS–CR3]− origi-
ate from the photoinduced destruction of lactone ring of
amptothecin [37,52,53] and species [•DBNBS–CH3]− and
•DBNBS–CH2R2]− are formed from DMSO solvent in
he reactions with hydroxyl radicals producing •CH3 and
CH2SOCH3 radicals [54].

.3.5. ND and Fe(III):CPT = 1:1
The blank photochemical experiments (irradiating iron(III)

ons in the presence of ND or DBNBS) showed only a negligible
r no radical adduct formation. Consequently, these both spin
raps are suitable for the application in the irradiated DMSO
olutions containing Fe(III)–CPT.

The irradiation of argon-saturated DMSO solution of
n the presence of ND results in the generation of three

ew, carbon-centered radicals (Table 1). The formation of
ND–CH3 is completely suppressed. Simulation of exper-
mental EPR spectra obtained after 10 min of continuous
rradiation confirms as the most abundant •ND–CR1 rad-
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Table 1
Experimental (solid line) and simulated (dotted line) EPR spectra obtained after 10 min of a contin-
uous irradiation (λ = 365 nm) of DMSO argon-saturated solutions containing: (a) 1 mM CPT and (b)
1 mM Fe(III)–CPT in the presence of ND spin trapping agent; cr the relative radical concentrations in
percentage and aH, aN and g are the simulation parameters (splitting constants and g-value)
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s
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cal (62%), represented with a three-line spectrum having
N = 1.322 mT and g = 2.0058. The less abundant radical,
ND–CR2 (36%), shows a six-line spectrum representing
he interaction of the unpaired electron with one nitrogen
nd one hydrogen atom (aN = 1.515 mT, aH = 0.632 mT and
= 2.0055). These parameters correspond well to a spin adduct
f the type •ND–CHR CHR′ [37,55]. The third spin adduct,
ND–CHR3, is found only in relative negligible concentration
2%; aN = 1.515 mT, aH = 0.931 mT; g = 2.0055). The radical
pecies produced in this system upon irradiation most prob-
bly originate from decomposition of CPT molecules. The
resence of Fe(III) ions enhanced the photoinduced trans-
ormation of camptothecin, and the concentration of radical
dducts increased with Fe(III) concentration as demonstrated in
ig. 5.

.3.6. DBNBS and Fe(III):CPT = 1:1
In under argon irradiated Fe(III):CPT = 1:1 system two rad-

cal adducts were observed in the presence DBNSB. EPR
pectrum monitored after 3 min of continuous irradiation
Table 2) is compatible with two the carbon-centered radicals
pin adducts, namely [•DBNBS–CR1]− (76%; aN = 1.262 mT,

H = 0.208 mT; g = 2.0060) and [•DBNBS–CR2]− (24%;
N = 1.255 mT, aH = 0.728 mT; g = 2.0060), most likely cor-
esponding to the trapping of free radicals with structure
CHR CHR′ [37,55].

Fig. 5. Dependence of the relative •ND adduct concentrations upon the increas-
ing Fe(III) concentrations added to 1 mM CPT solution, monitored after 10 min
of a continuous irradiation (λ = 365 nm) under argon. (Inset) EPR spectrum with
SW = 7 mT observed at ratio Fe(III):CPT = 2:1.
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Table 2
Experimental (solid line) and simulated (dotted line) EPR spectra obtained after 3 min of continuous
irradiation (λ = 365 nm) in DMSO argon-saturated solutions containing: (a) 1 mM CPT and (b) 1 mM
Fe(III)–CPT in the presence of 0.2 mM DBNBS; cr the relative radical concentrations in percentage
and aH, aN and g are the simulation parameters (splitting constants and g-value)
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Fig. 6 shows the time-course of EPR spectra measured
pon continuous irradiation of Fe(III):CPT = 1:1 in DMSO solu-

ion in the presence of DBNBS under: (a) argon, (b) air and
c) oxygen. The highest radical population was found under
rgon, lower one under air and practically no radicals were
bserved under oxygen. A decrease of relative adducts popu-

ig. 6. Time-course of EPR spectra (SW = 8 mT) obtained upon continuous
rradiation of 1 mM Fe(III):CPT = 1:1 in DMSO solutions in the presence of
BNBS spin trapping agent (cDBNBS = 0.2 mM) under: (a) argon, (b) air and (c)
xygen atmosphere.
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ation with the prolonged irradiation is probably caused by the
onsecutive reactions of spin adducts. These results are well
ompatible with an assumption of a fast addition of molec-
lar oxygen to the primary formed carbon-centered radicals
onverting then to peroxyl and alkoxyl radicals [54]. As the
tability of adducts from oxygen-centered radical to ND and
BNBS spin traps is very low [35,56], this can explain the
ecreasing adduct populations with growing presence of oxy-
en in Fig. 6. Although we could not confirm here the formation
f oxygen-centered adducts by DMPO, because of restriction
aused with the presence of iron ions, it may be added that in sim-
lar experiments with Cu(II):CPT = 1:1 during photoexcitation
f oxygen-saturated solutions in the presence of DMPO as a spin
rap, we observed the generation of superoxide anion radicals
35].

The excited species of a prospective phototherapeutic agent
an undergo various reactions, among which electron-transfer
nd energy transfer processes are probably the most important
35,40,41]. CPT has been reported to be photoactive via a �–�*

hotoexcitation [14–18,35]. The investigations of electron trans-
er processes in biochemical systems showed that, in most cases,
close contact between the donor and acceptor molecules is
equired for an efficient electron transfer, particularly in pho-
oinduced electron transfer [41,57,58]. In our previous study of
he Cu(II)–CPT system, the proximity between the Cu(II) ion
nd the CPT molecule has been found, and the mechanism of the
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eactive radical species formation in the presence of copper(II)
ons in irradiated CPT solution was suggested [35].

The investigations of photoinduced processes of Fe(III)–CPT
ystem in DMSO solutions here demonstrate the reduction of
e(III) to Fe(II) ions and a simultaneous radical species forma-

ion; where Fe(III) concentration increase enhances the yield of
pin adducts (Fig. 5).

Two alternative mechanisms may be considered for the pho-
oinduced electron transfer. The first assumes photoexcitation of
e(III)–CPT (Eq. (1)) followed by the direct electron transfer to
e(III) ions producing Fe(II) and cation radical of CPT (Eq. (2)).
he presence of CPT•+ was confirmed previously in the buffered
olution (pH 4) by transient absorption spectroscopy [59]. The
econd alternative assumes the generation of {Fe(III)· · ·CPT•+}
ntermediates accompanied with a release of solvated electron
Eq. (3)) and its consecutive reaction with Fe(III) gives Fe(II)
ons (Eq. (4)). This process of electron transfer is particularly
fficient in DMSO, which can stabilize the cation radical of CPT
highly polar, aprotic solvent able to solvate strongly cations but
nly weakly anions). In both considered alternatives the gen-
rated CPT•+ (Eqs. (2) and (4)) is involved in the formation
f radical intermediates (Eq. (5)), identified here using ND and
BNBS spin traps.

e(III) + CPT + hν → {Fe(III)· · ·CPT∗} (1)

Fe(III)· · ·CPT∗} → Fe(II) + CPT•+ (2)

Fe(III)· · ·CPT∗} → {Fe(III)· · ·CPT•+} + e(slov)
− (3)

Fe(III)· · ·CPT•+} → e(slov)
− → {Fe(II)· · ·CPT•+}

→ Fe(II) + CPT•+ (4)

PT•+ → radical products (5)

. Conclusions

The work was focused on the spectroscopic characteriza-
ion of photoinitiated processes of Fe(III)–CPT in DMSO sol-
ent applying EPR, UV/vis absorption and fluorescence spec-
roscopy. The results obtained confirm the participation of
e(III) ions in the photoinitiated activation of camptothecin
ccompanied with the formation of reactive radical species.
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80 D. Dvoranová et al. / Journal of Photochemistry

41] K. Szacilowski, W. Macyk, A. Drzewiecka-Matuszek, M. Brindell, G.
Stochel, Chem. Rev. 105 (2005) 2647–2694.

42] http://www.organicdivision.org/organic solvents.html.
43] K.V. Balakin, Curr. Drug Discovery (2003) 27–32.
44] I. Nabiev, F. Fleury, I. Kudelina, Y. Pommier, F. Charton, J.-F. Riou, A.J.P.

Alix, M. Manfait, Biochem. Pharmacol. 55 (1998) 1163–1174.
45] R.L. Belford, M.J. Nilges, Computer simulation of powder spectra, in: EPR

Symposium, 21st Rocky Mountain Conference, Denver, CO, August 1979.
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