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irradiated TiO2 nanoparticles modified by carotenoids
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Abstract

Photosensitization of the TiO2 nanoparticles with carotenoids leads to the formation of superoxide anion and singlet oxygen on red light
irradiation. It has been shown that carotenoids facilitate generation of superoxide radical anion O2

•− in irradiated TiO2 colloids. At low
carotenoid concentrations (<3 × 10−5 M) the rate constant of O2•− production exceeds that obtained in the absence of carotenoid.

EPR experiments with 2,2,6,6-tetramethyl-4-piperidone and spin trapping with�-phenyl-N-tert-butyl nitrone and 5,5-dimethyl-pyrro-
line-N-oxide showed that both superoxide anion and singlet oxygen can be produced in irradiated TiO2 suspensions in toluene and CH2Cl2.
The PBN–O2

•− and DMPO–O2
•− spin adducts were detected by the 9 GHz EPR/ENDOR spin trapping technique. The dismutation of

superoxide radical anion was proposed to generate singlet oxygen through intermediate formation of HO2
• radicals. The PBN–HO2• spin

adduct was identified by the 9 GHz EPR/ENDOR and 95 GHz EPR spin trapping technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The photocatalytic properties of titanium dioxide are well
established. Photoexcitation of TiO2 with an energy greater
than its band gap (3.2 eV) results in the formation of active
electron–hole pairs (e−h+) [1,2]. The photogenerated elec-
trons react as reducing agents, whereas the concomitantly
formed holes can function as potent oxidizing agents. The
redox activity of TiO2 has also a significant biological im-
pact. It has been demonstrated that cellular nucleic acids,
particularly RNA, can be oxidized by photoexcited TiO2 [3].
This property of photoexcited TiO2 could be useful for the
photodynamic treatment of cancer[4,5]. This procedure re-
lies on the irradiation of tumors with visible light following
the uptake of a photosensitizer by the tumor tissue. The irra-
diated photosensitizer reacts with biomolecules or oxygen in
its vicinity generating potent toxins such as singlet oxygen
(1O2) or radicals resulting in cellular destruction[6–8]. Sin-
glet oxygen and other reactive oxygen species (ROS) such
as hydroxyl radical (•OH), superoxide radical anion (O2•−)
and hydrogen peroxide (H2O2) have been identified as the
most prevalent reactive intermediates responsible for photo-
chemical cell damage[9–12]. It has been postulated[13,14]
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that in vivo 1O2 is produced by dismutation of superoxide
anion in leukocytes.

With regard to the biomedical potential of TiO2 it is im-
portant to examine the mechanism of ROS generation in
photoexcited TiO2 in the presence of photosensitizer. The
most appropriate photosensitizer for the photodynamic ther-
apy should have an ability to absorb red light because this
wavelength penetrates human tissues. We are interested in
the modification of TiO2 with carotenoids because these
natural dyes act as accessory light-harvesting pigments in
the photosynthetic antenna complexes and have high ex-
tinction coefficients (>105 M−1 cm−1) in the spectral region
450–650 nm[15]. It has been shown previously that modifi-
cation of TiO2 with carotenoids shifts the absorption thresh-
old into the visible region and thus greatly improves the re-
dox ability of the semiconductor[16].

Generation of ROS in photoexcited TiO2 can be studied
by means of electron paramagnetic resonance (EPR) spec-
troscopy. Formation of superoxide radical anion has been
detected by the EPR spin-trapping technique upon photoex-
citation of TiO2 in ethanol[17]. Generation of singlet oxy-
gen by irradiated titanium dioxide in methanol and aqueous
solutions has been suggested[18,19]. Recently it has also
been demonstrated that both1O2 and O2

•− can be gener-
ated by irradiation of TiO2 in ethanol and acetonitrile[20].
It has been reported that1O2 production occurs in organic
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solvents in the presence of water where the concentration of
O2

•− is not too large. When the concentration of O2
•− is

larger, it can quench singlet oxygen[21]. The mechanism of
singlet oxygen formation on irradiated TiO2 is still not clear.

In this study we used X-band (9 GHz) and W-band
(95 GHz) EPR spectroscopy and electron nuclear double
resonance (ENDOR) to detect and identify the oxygenated
intermediates formed during the photoexcitation of TiO2
nanoparticles in organic solvents, and examine the influence
of carotenoid molecules on their formation and quenching.

2. Experimental

2.1. Materials

Titanium oxide (anatase) nanoparticles (7 nm, ST-1) were
obtained from the Ishihara Co. (Japan) and were used as
received.�-Carotene (I) was supplied by Sigma, 8′-apo-
�-caroten-8′-al (II) by Roche Vitamins and Fine Chem-
icals, and canthaxanthin (III) by Fluka (seeScheme 1).
Purity of the carotenoids was checked by1H NMR
(360 MHz, CDCl3) and TLC analyses. They were stored
in the dark at−14◦C in a desiccator containing drierite.
2,2,6,6-Tetramethyl-4-piperidone (95%) was obtained from
Aldrich and used as-received. The solvents CH2Cl2 and
toluene (Aldrich, anhydrous) were stored under an Ar at-
mosphere and used without further purification. The spin
trap �-phenyl-N-tert-butyl nitrone (PBN, 98%) and free
radical 4-oxo-TEMPO (TEMPONE) were purchased from
Aldrich and stored in the dark at 4◦C. The spin-trapping
agent, purified 5,5-dimethyl-pyrroline-N-oxide (DMPO),
was a gift from the National Institute of Environmental
Health Science (NIEHS).

2.2. Sample preparation

All samples were freshly prepared. TiO2 (0.5 mg) was
suspended in CH2Cl2 or toluene solutions (0.2 ml) con-

Scheme 1.

taining 2,2,6,6-tetramethyl-4-piperidone (10−2 M) and a
carotenoid (10−3 to 10−5 M) and transferred to an EPR
tube. For X-band (9.5 GHz) EPR measurements the samples
were irradiated at room temperature directly in a microwave
cavity with a light focused from a Xe/Hg lamp (1 kW)
equipped with a Kratos monochromator. For ENDOR and
W-band (95 GHz) EPR experiments irradiated samples were
cooled to 77 K and stored at 77 K before use.

2.3. EPR measurements

EPR measurements at X-band (9.5 GHz) were carried
out with a Varian E-12 EPR spectrometer, equipped with a
rectangular cavity. The magnetic field was measured with
a Bruker EPR 035M gaussmeter, and the microwave fre-
quency was measured with a model HP 5245L frequency
counter. ENDOR experiments were carried out with a Bruker
ESR-300 EPR spectrometer, equipped with a DICE EN-
DOR facility. The W-band (95 GHz) measurements were
performed with a Bruker E600 EPR spectrometer.

3. Results and discussion

3.1. EPR/ENDOR spin trapping

For detection of any possible paramagnetic intermediates
in irradiated TiO2 suspensions in toluene or CH2Cl2 an EPR
spin-trapping technique was applied. Irradiation of TiO2 was
carried out with light of energy higher than its band gap
(350 nm). When TiO2 suspension in CH2Cl2 or toluene was
irradiated in the presence of PBN spin trap, the EPR spec-
trum measured at 9 GHz during irradiation at room temper-
ature directly in a microwave cavity displayed overlapping
signals arising from a mixture of spin adducts (Fig. 1a).
Fig. 1 illustrates time-dependent changes in the spectrum.
The resultant EPR spectrum measured after termination of

Fig. 1. EPR spectra of TiO2 colloids in toluene in the presence of PBN
(2×10−2 M) measured at room temperature: (a) during irradiation in situ;
(b) 15 min after termination of irradiation.
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Fig. 2. W-band (95 GHz) EPR spectrum of a freshly prepared TiO2 colloids in toluene in the presence of PBN (2×10−2 M) irradiated at room temperature,
stored at 77 K, warmed to RT and measured at RT after 15 min. Scale is different than inFig. 1.

irradiation (∼10–15 min), exhibits a triplet of doublets with
hyperfine coupling constant (hfc)aN = 14.2 G andaH =
2.8 G that are similar to those of the PBN–OOH adduct
(Fig. 1b). This signal is stable at room temperature. We also
carried out 95 GHz (W-band) measurements at room tem-
perature. It has been shown that high frequency EPR spec-
troscopy with enhancedg value resolution might be useful
for separation and identification of spin adducts with similar
g values[22]. From the W-band EPR spectrum of irradi-
ated TiO2 with PBN, the PBN–OOH adduct stable at room
temperature (aN = 14.8 G andaH = 2.8 G) was identified
(Fig. 2). The spectrum exhibits also a broad line withg =
1.99. This signal has been assigned to the photogenerated
electrons trapped as Ti3+ surface ions[23]:

TiO2 + hν → e−
tr (Ti3+) + h+ (1)

At conventional 9 GHz frequency the Ti3+ signal was too
broad to be observed. Recording the EPR spectrum at
95 GHz is particularly advantageous, since the broadening
is significantly reduced, leading to higher spectral resolu-
tion. The differences ing values of any other PBN adducts
were not large enough to be resolved.

For separation and detailed observation of the hfc of the
trapped radicals produced by irradiated TiO2 colloids, EN-
DOR measurements were performed. When different spin
adducts with similar hfc cannot be identified from their EPR
spectra because of overlapping lines, the ENDOR technique
makes the assignments possible because of the character-
istic ENDOR pattern for each spin adduct[24,25]. Fig. 3
displays the ENDOR spectra of TiO2 colloids in CH2Cl2

Fig. 3. ENDOR spectra of TiO2 colloids in toluene in the presence of
PBN (2× 10−2 M) irradiated at 77 K and measured at: (a) 292 K (14N
ENDOR); (b) 185 K (1H ENDOR).
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in the presence of PBN irradiated at 77 K and measured at
292 K (a) and at 185 K (b). The14N ENDOR spectrum at
292 K exhibits the features from two different spin adducts
centered ataN1/2 andaN2/2, respectively. In the case of a
large hfc whena/2 > νn (νn is a Larmor nuclear frequency)
the ENDOR features are centered arounda/2 (aN1/2 =
19.32 MHz andaN2/2 = 20.7 MHz) and separated by 2νn
(νn for 14N is 1.1 MHz). From the14N ENDOR spectrum
the hyperfine couplingsaN1 = 38.64 MHz (13.8 G) and
aN2 = 41.4 MHz (14.8 G) were determined.1H ENDOR
measured at 185 K revealed two proton doublets around
the 1H Larmor frequency (νH = 14.3 MHz) with couplings
aH1 = 4.9 MHz (1.75 G) andaH2 = 7.96 MHz (2.8 G). Two
different spin adducts, the PBN/O2

•− (aN1 = 38.64 MHz
(13.8 G),aH1 = 4.9 MHz (1.75 G))[26–29]and PBN/OOH•
(aN2 = 41.4 MHz (14.8 G), aH2 = 7.96 MHz (2.8 G))
[30,31], were identified on the basis of these results.

The formation of O2•− in irradiated TiO2 has been con-
firmed by using the DMPO spin trap. The EPR spectrum
measured after irradiation of TiO2 in toluene with DMPO
exhibits a broad quartet (Fig. 4). Evaluated hyperfine cou-
pling constants (hfc’s)aN = 13.65 G andaH = 10.6 G sug-
gest the generation of the superoxide anion adduct[17,32].
In the absence of TiO2, irradiation of the DMPO toluene
solution shows no signals.

We assume that O2•− formation on irradiated TiO2 may
occur as a result of both hole and electron trapping reactions.
Photogenerated holes on TiO2 colloids could be trapped at
lattice oxide ion sites as O− species or as•OH radicals at
OH− sites[33]. Pairwise trapping of holes as the diamag-
netic O2

2− ions has been proposed for MgO[34]. Adsorbed
O2

2− ions may produce O2•− via reaction with both h+ or
•OH:

O2
2− + h+ → O2

•− (2)

O2
2− + •OH → O2

•− + OH− (3)

Fig. 4. EPR spectrum of the DMPO–O2
•− spin adduct (DMPO, 5×

10−2 M) measured at RT in irradiated TiO2.

On the other hand, the O2•− formation can proceed through
the reduction of molecular oxygen by the photogenerated
electrons:

e−
tr + O2 → O2

•− (4)

In the presence of water or OH groups in the system, the
•OOH formation has been reported[35].

3.2. Superoxide anion/singlet oxygen detection by use of
2,2,6,6-tetramethyl-4-piperidone

Another possible intermediate product of TiO2 irradia-
tion is singlet oxygen. No direct method for identification
of 1O2 is available to date. The indirect detection of sin-
glet oxygen production by means of EPR spectroscopy is
based on the formation of stable nitroxide radicals (NRs)
when 1O2 reacts with sterically hindered amines[36,37].
Use of 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TMP) as an
1O2 sensitive trapping agent has been reported[20,38]. How-
ever, this method is not specific for singlet oxygen. The su-
peroxide anion can also contribute to the formation of NRs
through the reaction with tertiary amines[39,40].

Irradiation of 2,2,6,6-tetramethyl-4-piperidone (4-oxo-
TMP) solutions (2.5 × 10−2 M) in CH2Cl2 or toluene does
not produce any EPR signals (Fig. 5a). However, TiO2 col-
loids in CH2Cl2 or toluene containing 4-oxo-TMP when
irradiated at 350 nm give rise to the triplet characteristic
of NR (Fig. 5b) with aN = 14.8 G, g = 2.0061 which are
identical to those for stable TEMPONE radical.Fig. 5c

Fig. 5. EPR spectra of: (a) 4-oxo-TMP solution (10−2 M) in CH2Cl2
irradiated at 77 K and measured at RT; (b) 4-oxo-TMP+ TiO2 irradi-
ated at 77 K and measured at RT; (c) TEMPONE solution in CH2Cl2,
aN = 14.8 G, g = 2.0061.
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Scheme 2.

shows the EPR spectrum of TEMPONE in CH2Cl2 solution.
When experiments were carried out under oxygen elimi-
nated conditions (in solutions deoxygenated with nitrogen)
no nitroxide formation was detected. These observations
verified that the TEMPONE signal comes from the reaction
of 4-oxo-TMP with oxygen. It could be singlet oxygen or
superoxide anion produced during photoexcitation of TiO2
colloids (Scheme 2).

Another possibility of the TEMPONE generation is the
formation of N-centered radicals from TMP on irradiated
TiO2 followed by triplet oxygen addition according to the
mechanism reported by Roberts and Ingold[41]. However,
studies of the production and the decay of singlet oxygen and
superoxide anion in the presence of TMP and DMPO have
shown that this pathway could be eliminated for generation
of 1O2 [20].

The intensity of the NR signal as a function of the irra-
diation time is given inFig. 6. The intensity increased with
time, reached a plateau after∼10 min of irradiation and then
increased. The shape of the curve might suggest the accumu-
lation of the O2

•− species at the beginning of the reaction
followed by the1O2 formation from superoxide anion.

It has been shown[21,42] that in air-saturated organic
solvents containing water superoxide anion can form perhy-

Fig. 6. Dependence of the NR signal observed in irradiated TiO2/4-oxo-TMP on the irradiation time.

droxyl radicals HO2• that are stronger oxidants than O2
•−

according to the reaction:

O2
•− + H+ → HO2

• (5)

It has been also reported that under UV illumination of the
TiO2/O2 system, O2 can react with Ti3+–OH surface sites
to make HO2

• species[41,43]. Generation of the HO2• rad-
icals on irradiated TiO2 was supported by our spin-trapping
experiments.

In the absence of other reactants, the superoxide radical
anion decays via the second-order reaction producing hy-
drogen peroxide and singlet oxygen[21,42]:

HO2
•/O2

•− + HO2
•/O2

•− → H2O2 + 31O2 (6)

Hydrogen peroxide (H2O2) has been detected as a concomi-
tant reaction product of irradiated TiO2 in aqueous disper-
sions [44] and photodegradation of different dyes in the
presence of TiO2 [45].

3.3. Irradiation of TiO2 in the presence of carotenoids

We carried out irradiation of the TiO2 suspensions
in CH2Cl2 at 546 nm containing 4-oxo-TMP (0.5 mg of
TiO2 +0.2 ml of 2.5×10−2 M 4-oxo-TMP) in the presence
of �-carotene (I), 8′-apo-�-caroten-8′-al (II), and canthaxan-
thin (III) at different carotenoid concentrations (from 10−3

to 10−5 M). The O2
•−/1O2 production was monitored by

EPR measurements of the 4-oxo-TMPO signal at room tem-
perature. When the concentration of 4-oxo-TMP was small
enough and the EPR signal of nitroxide was not observed
upon irradiation of TiO2 (Fig. 7a), addition of 3× 10−5 M
�-carotene resulted in the appearance of the nitroxide signal
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Fig. 7. EPR spectra of TiO2 in CH2Cl2+4-oxo-TMP (2.0×10−5 M) irra-
diated at 77 K: (a) without carotenoids; (b) in the presence of�-carotene.

(Fig. 7b). An enhancement of the nitroxide signal intensity
was observed in the carotenoid concentration range from
10−5 to 10−4 M (signal intensities were normalized to a
Cr3+ standard). At concentrations higher than 1× 10−4 M
carotenoids decrease the enhancement effect to a con-
centration dependent manner. The signal was eliminated
completely by 1.5 × 10−3 M �-carotene.Fig. 8 shows the
dependence of the NR formation on the�-carotene concen-
tration, whereI0 is the intensity of the EPR signal of the NR
in the absence of the carotenoid andI that in the presence of
the carotenoid. An increase in the NR signal intensity could
be due to a line width narrowing because of O2 consumption
by carotenoids. However, no change of the nitroxide signal
line width was detected in the presence of carotenoids.

It is well known that carotenoids are powerful quenchers
of singlet oxygen[13]. It has been reported that singlet

Fig. 8. NR formation in irradiated TiO2/4-oxo-TMP in the presence of
�-carotene as a function of the log carotenoid concentration at [Car]=
0 M, [Car] = 1 × 10−5 M, [Car] = 3 × 10−5 M, [Car] = 6 × 10−5 M,
[Car] = 1.5 × 10−4 M, [Car] = 1.5 × 10−3 M.

oxygen is quenched very effectively by low concentrations
of carotenoids[14,46]. For instance, 95% of1O2 is inhib-
ited by 10−4 M �-carotene[14]. The rate constants for the
quenching of1O2 in toluene solutions by�-carotene and
canthaxanthin are(1.3–1.4) × 1010 M−1 s−1 [47]. This is at
the order of magnitude greater than the carotenoid scaveng-
ing rates for oxygen radicals (∼109 M−1 s−1) [48]. Assum-
ing that carotenoids can quench1O2 effectively even at low
concentrations (10−5 to 10−4 M), and an increase of the NR
intensity in Fig. 8 is mostly due to O2•− generation fol-
lowed by the reaction with TMP, we can estimate the relative
rates of the O2•− production in the presence and absence of
carotenoids. The following reactions are considered:

TiO2
hν,O2→

k1
O2

•− (7)

TiO2 + Car
hν,O2→

k2
O2

•− + Car•+ (8)

O2
•− k3→NR (9)

Car+ O2
•− k4→P (10)

wherek1 is the rate constant of the formation of O2
•− in

the absence of a carotenoid;k2 that in the presence of a
carotenoid;k3 the rate constant of the nitroxide formation
and k4 the rate constant of O2•− trapping by carotenoid,
were P is the Car–OO• spin adduct.

The kinetics of these reactions would be

d[O2
•−]0

dt
= k1 − k3 (11)

d[O2
•−]

dt
= k1 + k2[Car] − k3 − k4[Car] (12)

d[O2
•−]

d[O2
•−]0

= k1 − k3 + (k2 − k4)[Car]

k1 − k3
(13)

Assuming that the concentration of O2
•− in the presence

of a carotenoid, [O2•−], corresponds toI, and that in the
absence of a carotenoid [O2

•−]0 to I0, andk4 is negligible at
low carotenoid concentrations (part 1 of the curve inFig. 8),
we can simplify the kinetics:

dI

dI0
= 1 + k2

k1 − k3
[Car] (14)

It is well known that the O2•− species generated electro-
chemically in aprotic solvents is relatively stable[49]. This is
in agreement with the stability of O2•− generated photolyt-
ically in the TiO2/O2 system[50] and observed by means
of EPR by Anpo et al.[51]. Because of the sufficient stabil-
ity of the O2

•− species on TiO2, a rapid chemical reaction
between O2•− and TMP can be excluded. Thus, we assume
that k1 � k3. In this case a first-order plot ofI/I0 vs. [Car]
results in a slope of (k2/k1) (seeFig. 9). The estimated ra-
tio k2/k1 = (5.0± 0.3)× 104 M−1. Thus, at low carotenoid
concentrations the rate constant of O2

•− production exceeds
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Fig. 9. Dependence of the ratio of the nitroxide EPR intensities on the concentration of carotenoid. Carotenoid concentrations: 0.0, 1×10−5, 3×10−5 M.

that obtained in the absence of carotenoid. This is in accor-
dance to our previous studies which showed that irradiation
of the TiO2 colloids modified by carotenoids[16] greatly in-
creases charge separation between the photogenerated holes
trapped at the carotenoid as radical cations Car•+ and the
electrons trapped on the surface as TiO2(e

−
tr ):

[TiO2 · · · Car]+ hν → Car•+ + TiO2(e
−
tr ) (15)

This facilitates electron transfer to the adsorbed molecular
oxygen according to reaction (4). The possible mechanism
of 1O2 generation on irradiated TiO2 colloids is based on
dismutation of superoxide anion

2O2
•− + 2H+ → HO2

• + HO2
•

→ [HOO–OOH]→ H2O2 + 1O2 (16)

It should be mentioned that the standard free energy of
37.5 kcal reported for this reaction[52] provides sufficient
energy for the generation of singlet oxygen.

We cannot also exclude that singlet oxygen might be gen-
erated directly from triplet oxygen on the irradiated TiO2
surface.

4. Conclusions

Our EPR experiments showed that superoxide anion and,
most likely, singlet oxygen can be produced in irradiated
TiO2 suspensions in toluene and CH2Cl2. The PBN–O2

•−
and DMPO–O2•− spin adducts were detected by the 9 GHz
EPR/ENDOR spin-trapping technique. The dismutation of
superoxide radical anion was proposed to generate singlet

oxygen through intermediate formation of HO2
• radicals.

The PBN–HO2
• spin adduct was identified by the 9 GHz

EPR/ENDOR and 95 GHz EPR spin-trapping technique.
It was shown that carotenoids act as photosensitizers for

the TiO2 colloids shifting the absorption band to the longer
wavelengths and able to generate the O2

•− and1O2 on vis-
ible light (550 nm) irradiation. Photosensitization of TiO2
by carotenoids facilitates generation of the superoxide rad-
ical anion O2

•−. At low carotenoid concentrations (<3 ×
10−5 M) the rate constant of O2•− production exceeds that
obtained in the absence of carotenoid.

It was demonstrated that the photosensitization of tita-
nium dioxide with carotenoids is sufficient to improve the
biomedical potential of TiO2.
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