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The influence of complexation with hydroxypropyl-b-cyclodextrin (HP-b-CD) or b-cyclodextrin (b-CD)
on the photo-induced production of free radicals by the sunscreen agents octyl-dimethylaminobenzo-
ate (ODAB), oxybenzone (OB) and octyl-methoxycinnamate (OMC) was investigated. The formation of
radical species during irradiation was detected by spin-trapping electron paramagnetic resonance
(EPR) spectroscopy. 2,2,6,6-tetramethylpiperidine-1-oxyl, nitroxide radical (TEMPO) and 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO) were used a spin-traps. Following the 4-h illumination with simulated sun-
light, OB did not generate radicals. On the other hand, photoexcitation of solutions containing ODAB
or OMC produced a marked decrease (>40%) of the TEMPO signal intensity, demonstrating the for-
mation of carbon-centred radicals. In addition, the results obtained on irradiation of ODAB solutions
containing DMPO as spin-trap indicated the generation of oxygen-centred radicals. Complexation of
ODAB with HP-b-CD and OMC with b-CD markedly inhibited (>64%) the formation of free radicals
generated by the sunscreens on exposure to simulated sunlight. Therefore, inclusion of ODAB and
OMC into the cyclodextrin cavities minimizes their photosensitising potential.

1. Introduction

Because of the expanding knowledge of the acute and
chronic damage (e.g, erythema, oedema, cutaneous
photoaging, skin cancer) of the skin by the exposure to
sunlight UV radiation (National Institute of Health 1989;
Ziegler et al. 1994; Tarras-Wahlberg et al. 1999), the use
of topical sunscreening preparations has increased mark-
edly (Gasparro et al. 1998; Green et al. 1999). The most
common active sunscreen ingredients are organic chemi-
cals which attenuate the transmission of the sun UV rays
to the skin by absorbing the radiation (Gasparro et al.
1998; Hayden et al. 1998). The photoactivated sunscreen
compound can dissipate the excitation energy through sev-
eral mechanisms including heat, fluorescence, phosphores-
cence, interaction with neighbouring molecules or photo-
chemical reactions (Broadbent et al. 1996; Damiani et al.
1999).
An essential requirement for the efficacy of UV filters is
their photostability (Berset et al. 1996; Maier et al. 2001).
However, published studies have demonstrated that during
sunlight exposure, several sunscreen agents undergo modi-
fications, including fragmentation and isomeration
(Broadbent et al. 1996; Tarras et al. 1999; Scalia et al.
1999; Scalia et al. 2002) which reduce the concentration
of the active UV filter thereby decreasing the photoprotec-
tive power of the suncare preparation (Maier et al. 2001;
Serpone et al. 2002). In addition, some sunscreens dissi-
pate the absorbed solar energy through photochemical pro-
cesses that yield reactive intermediates, such as free radi-

cals and active oxygen species which can induce harmful
effects on important biomolecules (Damiani et al. 1999;
Serpone et al. 2002; Scalia et al. 2004). Photoproducts
generated in suncare lotions exposed to simulated sunlight
have been shown in vitro to cause damage to DNA and
lead to cell mutations and cell death (Knowland et al.
1993; Damiani et al. 1999; Stevenson et al. 1999; Inbaray
et al. 2002). Moreover, reported cases of phototoxic and
photoallergic reactions resulting from the use of commer-
cial sunscreens have been traced to photodegradation and
photo-induced singlet oxygen formation (Allen et al. 1996;
Ricci et al. 2003). Therefore there is a need to develop
sun protection systems that, while providing the required
broad-band UV absorption, will be photochemically stable
and non-toxic to human skin.
Sunscreen agents like octyl-dimethylaminobenzoate
(ODAB), oxybenzone (OB) and octyl-methoxycinnamate
(OMC) produce free radicals under sunlight irradiation
and sensitize the formation of active oxygen species
(Knowland et al. 1993; Allen et al. 1996; Serpone et al.
2002; Ricci et al. 2003). In previous investigations (Scalia
et al. 2002; Scalia et al. 2004) we demonstrated that com-
plexation of the sunscreen agents, butyl-methoxydiben-
zoylmethane and phenylbenzimidazole sulphonic acid with
cyclodextrins efficiently inhibited the formation of free ra-
dicals generated by these two UV filters on exposure to
simulated sunlight. The present study was undertaken to
examine the effect of b-cyclodextrin (b-CD) or hydroxy-
propyl-b-cyclodextrin (HP-b-CD) as complexing agents on
the photo-induced production of free radicals by ODAB
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and OMC. In addition, the feasibility of using the electron
paramagnetic resonance (EPR) spin-trapping technique for
detection of the radical species generated during photoche-
mical excitation of the sunscreen agents was also investi-
gated.

2. Investigations, results and discussion

The photo-induced production of free-radicals by the UV
filters OB, ODAB and OMC was examined by the EPR
spin-trapping technique, using two different spin-traps
namely, 2,2,6,6-tetramethylpiperidine-1-oxyl, nitroxide ra-
dical (TEMPO) and 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO). The former is a stable nitroxide free radical (A)
whose EPR spectrum consists of a 1 : 1:1 triplet. All car-
bon-centred radicals generated during sunscreen irradiation
are expected to couple with the unpaired electron of TEM-
PO giving a non-paramagnetic species and, thus, causing
a decrease of its EPR signal (Damiani et al. 1999; Scalia
et al. 2002). Photogenerated radical species might be also
detected as a consequence of their reaction with DMPO
(B). In this case, radical species (R .) formed under UV
radiation and characterised by very short lifetime react
with the DMPO diamagnetic molecule to give more stable
paramagnetic adducts according to the Scheme (Janzen
and Haire 1990).
Fig. 1 shows that photoexcitation of ODAB solutions pro-
duced a marked decrease of the EPR signal intensity of
TEMPO at a fixed field position. In particular, about 47%
of this signal was lost after 4-h exposure to the solar si-
mulator, independently of the presence of O2. This is a
clear indication that carbon-centred free radicals were

formed during illumination of the sunscreen agent with
simulated sunlight. The EPR spectrum obtained upon irra-
diation of ODAB aerated solutions containing DMPO in-
stead of TEMPO as spin-trap, is illustrated in Fig. 2A.
The main signals of this spectrum consist of a triplet,
which can be traced to the photoinduced fragmentation of
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Fig. 1: Percent consumption of TEMPO during 4-h irradiation in the pre-
sence of ODAB (squares); ODAB/HP-b-CD inclusion complex
(open squares); solvent only (triangles). Each point represents the
mean � s.d. of at least three experiments

Fig. 2: EPR spin-trapping spectrum of the adduct obtained after irradiation
of solutions containing DMPO in the presence of free ODAB (A)
or the ODAB/HP-b-CD inclusion complex (B)



the spin-trap (Janzen and Haire 1990). Moreover, the
photoexcitation of ODAB was also accompanied by the
growing of four lines with a 1 : 2 : 2 : 1 intensity ratio and
with hyperfine splitting constants aN ¼ aH ¼ 14.9 G
(Fig. 2A). This spectrum can be ascribed to the presence
of the DMPO-OH . adduct (Buettner 1987). Since this spe-
cies reflects the formation of both singlet oxygen (Jones
and Wilson 1980) and superoxide radical anion (Finkel-
stein et al. 1979), we can conclude that energy or electron
transfer processes from the photoexcited ODAB to O2

may occur. This is in agreement with previous investiga-
tions (Knowland et al. 1993; Allen et al. 1996).
Irradiation of OMC solutions with simulated sunlight pro-
duced a significant decrease of the EPR intensity signal of
TEMPO (Fig. 3), indicating that also the photochemical
excitation of OMC leads to the formation of carbon-
centred free radicals. About 40% of the EPR signal was
lost after 4-h irradiation. On the other hand, no evidence
for sensitised processes was obtained, since no EPR signal
due to the trapping of OH . radicals was detected using
DMPO as spin-trap in OMC aerated solutions.
At variance with ODAB and OMC, experiments carried
out in the presence of TEMPO or DMPO demonstrated
that the irradiation of OB did not generate any detectable
amounts of radicals, in accordance with an earlier report
(Allen et al. 1996). However, controversial data have also
appeared in the literature suggesting that this UV filter
produces hydroxyl radicals on illumination (Serpone et al.
2002).
In order to examine the effect of cyclodextrin complexa-
tion on the light-induced production of free radicals by
ODAB and OMC, the complexes of these sunscreen
agents with HP-b-CD or b-CD were prepared as pre-
viously described (Scalia et al. 1999, 2002). HP-b-CD and
b-CD were selected because they have been shown to in-
teract more strongly than other available cyclodextrins
with ODAB or OMC (Scalia et al. 1999, 2002). Solutions
containing the sunscreen agents complexed with HP-b-CD
or b-CD were exposed to simulated sunlight, under the
same conditions reported for the uncomplexed UV filters,
and the course of photolysis was followed by spin-trap-
ping/EPR measurements.
The EPR spectra features (g-factor, hyperfine coupling
constants and line broadening) were not affected by the
presence of the cyclodextrins, thus demonstrating that the
possible inclusion of spin-traps into the cyclodextrin cav-

ity can be ruled out. In order to acquire evidence of com-
plex formation in the medium used for the EPR measure-
ments, 1H NMR analyses were performed. Table 1 lists
the major changes in the chemical shift values of selected
protons of ODAB and OMC induced by the presence of
HP-b-CD or b-CD, respectively. The observed chemical
shift variations indicated the occurrence of interactions
between the UV filters and the cyclodextrins in the etha-
nol-water solvent system. In addition, UV spectrophoto-
metric analysis showed that the shape of the spectrum
and the degree of absorption of the sunscreen agents were
not significantly affected by complexation (spectra not
shown).
As illustrated in Fig. 1, inclusion of ODAB into the HP-b-
CD cavity inhibited the generation of photo-induced car-
bon-centred radicals, by up to 64.5%. In addition, when
DMPO was used as spin-trap, no EPR signal due to the
trapping of OH . radicals was detected (Fig. 2B). This indi-
cates that also the production of oxygen-centred radicals
by the irradiated ODAB is suppressed when the sunscreen
is complexed with HP-b-CD.
In the sample containing OMC complexed with b-CD,
only a small reduction of the EPR signal intensity of
TEMPO was observed after 4-h irradiation (Fig. 3). The
decrease in the spin-trap concentration measured for the
OMC/b-CD complex was not significantly different (ana-
lysis of variance, P > 0.05) from that produced by illumi-
nation of the nitroxide radical alone. The results shown in
Fig. 3 demonstrated that the photo-induced free radicals
production by OMC is effectively reduced by inclusion
complexation of the sunscreen agent with b-CD.
The observed marked effect of complexation on the photo-
sensitising activity of ODAB and OMC can be ascribed to
steric constraint factors which favour radical pair recombi-
nation within the confined environment of the cyclodextrin
cavity. Moreover, hindered interaction of photoactivated
complexed sunscreens with oxygen or reduction of the
life-time of the photogenerated triplet state may account
for the lower photoreactivity of the sunscreen agents com-
plexed with cyclodextrins. It is conceivable that the en-
hanced stability of the inclusion complexes under solar
simulated radiation (Scalia et al. 1999, 2002) could also
be due to the trapping of radical intermediates in the cy-
clodextrin cavity.
In conclusion, EPR spin-trapping analyses demonstrated
that exposure of the sunscreen agents ODAB and OMC
to simulated sunlight induced the formation of carbon-
centred radicals. Moreover, irradiation of ODAB led also
to the generation of oxygen reactive species. Complexa-
tion with cyclodextrins represents a simple and effective
strategy to decrease the photo-induced production of free
radicals by these sunscreen agents, thereby minimizing
the related toxic effects on biosubstrates. Additional re-
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Fig. 3: Percent consumption of TEMPO during 4-h irradiation in the pre-
sence of OMC (squares); OMC/b-CD inclusion complex (open
squares); solvent only (triangles). Each point represents the
mean � s.d. of at least three experiments

Table: 1H NMR chemical shift changes (Dd, ppm) for OMC
and ODAB in the presence of cyclodextrins

OMC protons
Dda

b-CD
ODAB protons

Dda

HP-b-CD

H2, H6 0.004 H2, H6 �0.029
H3, H5 0.007 H3, H5 �0.008
OCH3 0.008 H7, H8 0.017
H20 �0.010 H10 0.030
H40 �0.003 H20 0.044
H50 0.004 H60, H80 0.010

a Dd ¼ dwith cyclodextrin � dfree



search is being carried out to investigate whether the free-
radical scavenging activity achieved by cyclodextrin com-
plexation of OMC and ODAB would apply to conditions
that parallel those encountered in the usage of suncare
preparations.

3. Experimental

3.1. Materials

Oxybenzone, octyl-dimethylaminobenzoate, and octyl-methoxycinnamate
were supplied by Merck (Darmstadt, Germany). Hydroxypropyl-b-cyclo-
dextrin (HP-b-CD; average molar substitution 0.6) and b-cyclodextrin (b-
CD) were purchased from Aldrich Chimica (Milan, Italy). TEMPO was
used without further purification as received from Fluka Chemie (Buchs,
CH). DMPO was obtained from Aldrich Chimica. Methanol, acetonitrile
and water were HPLC grade from Merck (Darmstadt, Germany). All other
chemicals were of analytical-reagent grade (Sigma, Milan, Italy).

3.2. High-performance liquid chromatography

The HPLC apparatus comprised a Model LabFlow 3000 pump (LabSer-
vice Analytica, Bologna, Italy), a Model 7125 injection valve with a 20 ml
sample loop (Rheodyne, Cotati, CA, USA) and a Model 975-UV variable
wavelength UV-Vis detector (Jasco, Tokyo, Japan) set at 305 nm. Data ac-
quisition and processing were accomplished with a personal computer
using Borwin software (JBMS Developments, Le Fontanil, France). Sam-
ple injections were effected with a Model 701 syringe (10 ml; Hamilton,
Bonaduz, Switzerland). Separations were performed on a 5-mm Zorbax
SB-CN column (150� 4.6 mm i.d.; Agilent Technologies, Waldbronn, Ger-
many) eluted isocratically, at a flow-rate of 1.0 ml/min, with methanol-
acetonitrile-tetrahydrofuran-water (40 : 10 : 10 : 40, v/v/v/v). Chromatogra-
phy was performed at ambient temperature. The identity of ODAB and
OMC peaks was assigned by co-chromatography with the authentic stand-
ard. Quantification was carried out by integration of the peak areas using
the external standardization method.

3.3. Preparation of the complexes

The inclusion complexes were prepared at a 1 : 1 molar ratio of sunscreen
agent to HP-b-CD or b-CD. The complex with HP-b-CD was obtained as
follows: ODAB (69.3 mg, 0.25 mmol) was dissolved in methanol (4 ml)
and added to 3.0 ml of purified water containing an equimolar quantity of
HP-b-CD (345 mg, 0.25 mmol). The obtained suspension was maintained
under stirring for 24 h at room temperature and shielded from light. The
solvent was then evaporated under vacuum at 40 �C by rotary evaporation
and the residue was kept in a desiccator until used. The OMC/b-CD com-
plex was prepared by adding an equimolar concentration of OMC
(72.6 mg, 0.25 mmol) to a solution of b-CD (283.7 mg, 0.25 mmol) in
purified water (20 ml). The mixture was stirred for 24 h at room tempera-
ture and shielded from light. A precipitate was obtained which was col-
lected by filtration and stored under vacuum in a dessicator until used. The
content of OMC or ODAB in the complexes was determined by HPLC
after proper dilution.

3.4. NMR spectroscopy
1H NMR spectra were recorded on a Varian Mercury Plus (400 MHz).
Samples were solubilized in C2D5OD-D2O (60 : 40, v/v) at a concentration
of ca. 10 mM. Typical parameters for the 1H NMR spectra were: 0.35 Hz/
pt resolution, 18 s relaxation delay, 90� pulse.

3.5. UV spectrophotometry

UV spectra were recorded in EtOH-H2O (60 : 40, v/v) on a UV/VIS/NIR
Spectrometer (Lambda 19; Perkin Elmer, Norwalk, USA).

3.6. EPR measurements

Electron paramagnetic resonance (EPR) measurements were performed
with a X-band Bruker spectrometer (Bruker, Karlsruhe, Germany)
equipped with a TE 201 resonator (Bruker OR 4104, 100% optical trans-
mittance). Spectra were recorded with the following instrumental settings:
2 mW microwave power, 1 G modulation amplitude and 100 kHz field
modulation. A quartz flat cell was used as a reaction vessel and samples
were irradiated directly inside the microwave cavity employing a 350-W
medium pressure Hg lamp. Irradiation wavelengths were selected using an
Oriel 59814 (Oriel Corporation, USA) band pass filter
(290 < l < 410 nm) coupled with an Oriel IR-block filter to avoid thermal
effects. EPR spin-trapping experiments were performed on ethanol/water
(60 : 40, v/v) solutions containing 10 mM TEMPO and 100 mM free or cy-
clodextrin-complexed sunscreen agent. After thorough degassing with

freeze-pump thaw technique, 1 ml of the test sample was transferred via
cannula under Ar atmosphere into the quartz flat cell and inserted in the
EPR spectrometer cavity. The solutions were fluxed with a nitrogen stream
and subjected to 4-h irradiation, with the whole EPR nitroxide radical
spectra being recorded every 5 min. Concentration values of remaining
TEMPO were obtained from double integration of the spectra. Additional
experiments were performed in oxygen saturated ethanol-water (60 : 40, v/
v) solutions using DMPO (100 mM) as spin-trap with the uncomplexed or
complexed sunscreen agent (10 mM). The samples were irradiated in the
EPR cavity for 25 min and spectra of the paramagnetic adducts were accu-
mulated and recorded at appropriate time intervals. EPR signal intensities
of the obtained paramagnetic adducts were measured at a fixed field posi-
tion.
Each series of experiments was repeated at least three times. Analysis of
variance was performed to assess the significance of differences recorded
for the spin-trap EPR measurements. Significance was taken as P < 0.05.
All calculations were carried out using the statistical software GraphPad
Instat (GraphPad Software, San Diego, CA).
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