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Synopsis

Singlet-oxygen is a non-radical reactive oxygen species believed to

play a major role in many photooxidation processes in connection

with diverse photo-biological processes such as skin ageing or

photocarcinogenesis. Dimethylmethoxy chromanol (3,4-dihydro-6-

hydroxy-2,2-dimethyl-7-methoxy-1(2H)-benzopyran) is a potent

antioxidant used in cosmetic and pharmaceutical formulations. We

have assessed the singlet oxygen quenching ability of dimethyl-

methoxy chromanol, by monitoring the near-IR phosphorescence

of singlet-oxygen in solution and in ex vivo porcine skin samples.

Dimethylmethoxy chromanol quenches singlet oxygen with a rate

constant of (1.3 � 0.1) 9 108 M�1 s�1 in solution. Consistent

with this, a clear reduction in the singlet oxygen lifetime and emis-

sion intensity was observed when ex vivo porcine skin samples were

treated with dimethylmethoxy chromanol.

R�esum�e

L’oxyg�ene singulet est une esp�ece non-radicalaires r�eactive de

l’oxyg�ene r�eput�ee jouer un rôle majeur dans des nombreux proces-

sus de photo-oxydation dans le cadre de divers processus photo-bio-

logiques comme le vieillissement de la peau ou la photocarcinog�en�ese.
Le Dimethylmethoxy chromanol (3,4-dihydro-6-hydroxy-2,2-

dim�ethyl-7-m�ethoxy-1 (2H)-benzopyran) est un antioxydant puis-

sant utilis�e dans des formulations pharmaceutiques et cosm�etique.
Nous avons �evalu�e la capacit�e de quenching de l’oxyg�ene singulet

par le chromanol dimethylmethoxy, en suivant la phosphorescence

dans l’infrarouge proche de l’oxyg�ene singulet en solution et dans

des �echantillons de peau de porc ex-vivo. Le Dimethylmethoxy-

chromanol �epuise l’oxyg�ene singulet avec une vitesse constante de

(1,3 � 0,1) 9 108M�1s�1en solution. Conform�ement �a cela, une

nette diminution de la dur�ee de vie et de l’intensit�e des �emissions

de l’oxyg�ene singulet a �et�e observ�ee lorsque des �echantillons de

peau de porc ex-vivo ont �et�e trait�es avec le chromanol dimethyl-

methoxy.

Introduction

The inclusion of antioxidants in cosmetic preparations is an

increasing trend [1, 2]. This is based on the rationale that skin is

chronically exposed to radicals and other oxidising species whose

damaging potential can be minimized by appropriate scavengers

[3]. Although commonly used, the term antioxidant is nevertheless

rather vague, referring generically to the ability of scavenging free

radicals and other oxidising species such as (i) reactive oxygen spe-

cies (ROS), e.g., hydroxyl radicals (HO•), superoxide anion (O2
�),

hydrogen peroxide (H2O2), and singlet molecular oxygen [O2(a
1Dg)

or 1O2], (ii) reactive carbonyl species (RCS), carbonyl intermediates

originated from lipid peroxidation and glycation, such as

4-hydroxy-2-nonenal, acrolein, malondialdehyde and glyoxal, (iii)

reactive nitrogen species (RNS), i.e., radical-nitrogen based mole-

cules that can act to facilitate nitrosylation reactions [4].

These species are beneficially involved in many signalling path-

ways and a regulated redox balance exists with endogenous antiox-

idant molecules that protects cells from the injurious attack of ROS

and their counterparts [5] (Fig. 1). Biological defence against ROS

comprises a complex array of antioxidants, enzymes, endogenous

antioxidant factors such as haem proteins, coenzyme Q and biliru-

bin, and a variety of nutritional factors, primarily antioxidant vita-

mins [6, 7]. The significance of ROS species in connection with

diverse biological processes such as skin ageing, inflammation, car-

cinogenesis, degenerative neurological diseases or radiation damage

has prompted, especially in recent years, a boost on antioxidant

research.

Due to its interface function between the body and environment,

skin is chronically exposed to both endogenous and environmental

pro-oxidant agents. These free radicals are generated from endoge-

nous sources, such as enzyme activity or activated neutrophils, and

also external pro-oxidant stimuli, such as ultraviolet radiation.

In contrast to UVB that leads to direct sunburn and DNA dam-

age, UVA radiation mainly triggers photosensitized reactions by

exciting endogenous and exogenous photosensitisers (PSs). Subse-

quently produced ROS, damage DNA bases related with photocarci-

nogenesis [8], accelerate collagen breakdown and decrease collagen

synthesis responsible for skin ageing [9], and promote the expres-

sion of pro-inflammatory genes relevant to the pathogenesis of

photodermatosis [10]. A large number of endogenous PSs have

been identified, e.g., flavins, porphyrins, NADH/NAD or urocanic

acid [11–14]. Exogenous molecules, frequently administered to skin

along with cosmetic or medical treatments, also produce ROS
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under UVA exposure. Antibiotics [15, 16], some non-steroidal anti-

inflammatory drugs and antidepressants [17, 18] or other exoge-

nous compounds [19] are a source of light-driven ROS formation.

Dimethylmethoxy chromanol (3,4-Dihydro-6-hydroxy-2,2-

dimethyl-7-methoxy-1(2H)-benzopyran, CAS number 83923-51-7;

LC-6, Fig. 2) is a powerful antioxidant used in cosmetic and phar-

maceutical formulations. Its antioxidant activity has been evalu-

ated as a part of a study for an interlaboratory comparison to

assess the antioxidant potentials of several compounds [20]. LC-6

yielded the best results with the 2-thiobarbituric acid (TBA) assay

based on the prevention of the formation of malondialdehyde, a

degradation product of lipid peroxidation. The other tested com-

pounds were a series of common antioxidants such as 3,5-di-tert-

butyl-4-hydroxytoluene (BHT), trolox, tocopherol and 4-methyl-

brenzcatechin. Besides the TBA assay, one in vivo and several in vitro

antioxidant assays describe the efficient ROS and RNS scavenging

ability of LC-6, as summarized in Table I.

As the structure of LC-6 resembles that of a-tocopherol (Fig. 2),
a common antioxidant that has also been described as an effective

singlet oxygen (hereafter 1O2) quencher [27] and that 1O2 is indeed

produced upon exposure of skin to UVA [12, 28], it seems plausible

that the LC-6 antioxidant activity may be, at least partially, due to

quenching of 1O2.

‘Singlet oxygen’ is the term coined to refer to the dioxygen mole-

cule in its singlet electronic excited state. It is a non-radical ROS

that, due to the relative ease by which it is generated in the pres-

ence of light, it is believed to play a major role in many photooxi-

dation processes, reacting rapidly with electron-rich substances

such as unsaturated hydrocarbons, phenols, amines or sulphides,

commonly located in membrane lipids, as well as with proteins and

DNA [29–31]. Production of 1O2 by photochemical pathways is

rather straightforward: absorption of light energy by a suitable

molecule referred to as the photosensitiser (PS) results in the popu-

lation of its excited states (PS*), from which energy transfer to

nearby oxygen molecules can occur, ultimately yielding 1O2 as

illustrated in Scheme 1:

Once produced, 1O2 may diffuse away from the site of produc-

tion and oxidise susceptible substrates before it decays, a process

that is complete within a few microseconds in biological media. A

tiny (10�5–10�7) fraction of 1O2 molecules undergoes radioactive

decay emitting a photon in the near infrared. This extremely weak

phosphorescence, centred at 1275 nm, provides the means for the

most direct and unambiguous method for 1O2 detection. The time-

resolved measurement of this NIR emission is now a very well-

established technique, for monitoring 1O2 [32, 33]. The production

and decay of 1O2 in a pulsed photosensitization process obeys a bi-

exponential kinetic model:

1O2

� �
t
¼ 1O2

� �
0
� sD
sD � sT

e�t=sD � e�t=sT
� �

ð1Þ

where τT is the lifetime of 3PS* and τΔ is the lifetime of 1O2, and
1O2½ �0 is the concentration of 1O2 produced by the laser pulse.

Thus, the goal of the work reported here is to characterize the
1O2 quenching ability of LC-6 in solution and in an ex vivo porcine

skin model.

Materials and methods

Chemicals

LC-6 (LipochromanTM) and PreventheliaTM were supplied by Lipo-

tec S.A. LC-6 was certified to be of purity higher than 96%. Pre-

ventheliaTM is an aqueous solution of 0.05% diaminopropionyl

tripeptide-33 (CAS number 1199495-15-2, MW 409,45 g�mol�1,

theoretical logP -4.66) preserved with 0.5% caprylyl glycol that

acts as scavenger of RCS, thus inhibiting the carbonylation of

proteins involved in DNA repair by 4-hydroxynonenal. It is for-

mulated together with LC-6 to provide an integral protection

against the diversity of different radical species. d,l-a-Tocopherol
was purchased from BASF Aktiengesellschaft (Limburgerhof, Ger-

many). Phenonip� was purchased from Clariant AG (PratteIn,

Switzerland). 1H-phenalen-1-one (PN, 97%), 5,10,15,20-tetraphe-

nyl-21H,23H-porphine (TPP, � 99%), and 5,10,15,20-tetrakis

(N-methyl-4-pyridyl)-21H,23H-porphine (TMPyP, 97%) were pur-

chased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Deute-

rium oxide (99.9%) and methanol-d4 (99.8%) were purchased

from Solvents Documentation Synthesis (SDS, Peypin, France).

All other chemicals were commercially available reagents of at

least analytical grade.

Figure 1 Mechanism of ROS deactivation by antioxidants. Singlet oxygen is

generated by energy transfer from the triplet excited state of the photosensi-

tiser. This highly cytotoxic agent together with the rest of ROS, induces oxi-

dative stress leading to apoptosis, necrosis or autophagy. The action of

antioxidants is to provide protection against cellular damage by deactivating

ROS production.

A B

Figure 2 Chemical structures of (A) LC-6 and (B) a-tocopherol.

Scheme 1 Scheme 1. Mechanism of singlet oxygen photosensitization.

Absorption of light by a photosensitiser PS, promotes it to its singlet electro-

nic excited state (1PS*). Radiationless processes change its spin from singlet

to triplet (3PS*), which then transfers its energy to ambient dioxygen mole-

cules yielding 1O2.

© 2013 Society of Cosmetic Scientists and the Soci�et�e Franc�aise de Cosm�etologie

International Journal of Cosmetic Science, 35, 272–280 273

Singlet oxygen quenching by dimethylmethoxychromanol S. Nonell et al.



Cream preparations

LC-6 and a-tocopherol creams containing 3% of either PN or TPP

were prepared with the compositions and procedure described in

Table II.

Porcine skin

The skin used in this study was obtained from the back of pigs

because of its similarity to human skin. Skin from female pigs of

about 30 kg, used as negative controls for research and education

purposes, was obtained from the Facultat de Veterin�aria of the

Autonomous University of Barcelona. The skin was dermatomed to

a thickness of about 500 lm. Skin discs were prepared with a

diameter of 2.5 cm. Skin thickness was measured and the biopsies

with values outside the range between 300 and 700 lm were dis-

carded.

Furthermore, the integrity of the skin was evaluated by the

transepidermal water loss (TEWL) measurement. A TEWL value of

5–10 g/m2�h is taken as an indication of healthy skin [34] and the

value of 15 g/m2�h is commonly taken as an acceptable upper limit

for skin permeability studies [35, 36]. Thus, only the biopsies with

a TEWL value lower than 15 g/m2�h were used in the experi-

ments.

Singlet oxygen measurements

1O2 phosphorescence was detected using a customized PicoQuant

Fluotime 200 system (Fig 3.) described elsewhere [33]. A diode-

pumped pulsed Nd:YAG laser (FTSS355-Q, Crystal Laser, Berlin,

Germany) working at 10 kHz repetition rate and emitting 1 ns

laser light-pulses either at 355 nm (5 mW, 0.5 lJ per pulse) or

532 nm (10 mW, 1 lJ per pulse) was used for excitation. A

1064 nm rugate notch filter (Edmund Optics, York, U.K.) was

Table I Antioxidant activity tests reported for LC-6 (dimethylmethoxy chromanol)

Test Measurement Result for LC-6 Reference

1 In vitro inhibition of 3-nitrotyrosine

formation by peroxynitrite.

LC-6 acted as a RNS scavenger

preventing the nitration of tyrosine.

[4]

2 Glutamate neurotoxicity in cerebellar

neurons mediated by excessive

production of nitric oxide (NO).

LC-6 acted as a NO scavenger in neurons

preventing glutamate neurotoxicity.

[21]

3 Indirect fluorometric screening test of

total oxidative stress, based on the

prevention of the formation of

malodialdehyde (MA) from TBA.

Best result in a series comprising also BHT,

Trolox, Tocopherol and 4-methylbrenzcatechin.

[20]

4 Analysis of inhibition of dichlorofluorescein

oxidation in cell cultures.

Third position after Tocopherol and

4-methylbrenzcatechin in a series also

comprising BHT, Trolox and ascorbic acid.

[20]

5 Inhibitory effect on rat liver microsomal

lipid peroxidation enzymatically stimulated

by NAPDH or chemically stimulated with

Fe(II) and ascorbate.

LC-6 was a potent lipid peroxidation inhibitor. [22,23]

6 Protection of glutathione peroxidase (GPx)

against glucose-induced inactivation, in

vitro and in vivo.

In vitro, LC-6 protected GPx activity from

glucose-induced inactivation. In vivo,

LC-6 administration prevented the alterations

of oxidative stress markers (tissue glutathione

and MDA concentration, and GPx activity)

and the impairment of retinal function.

[24]

7 Oxidative stress-mediated apoptosis induced

with H2O2 on a model cell system

(human neuroblastoma cell line SH-SYSY).

LC-6 protected SH-SYSY neuroblastoma

cells from oxidative stress-induced apoptosis.

[25]

8 Oxidative stress-induced apoptosis in retinal

photoreceptor cells treated with the nitric

oxide donor sodium nitroprusside.

Oxidative stress-induced apoptosis in retinal

photoreceptor cells was mediated by calpains

and caspases and blocked by LC-6.

[26]

9 Internal photoprotection capacity against UVA

radiation assayed in primary cultures of human

melanocytes using the alkaline comet assay to

quantify DNA damage in individual eukaryotic cells.

Inhibition of DNA damage in a dose-dependent

manner due to ROS production inhibition.

(a)

10 Fibroblast cell culture viability under oxidative stress

by hydrogen peroxide.

LC-6 protected human fibroblasts against oxidative

stress, being more active than resveratrol,

tocopherol and ferulic acid.

(a)

11 Antioxidative power (AP) by monitoring of the

reducing activity against the stable test cation

radical diphenylpicryl-hydrazyl

Strong antioxidant capacity with AP values comprised

between 1130000 and 1470000 AU and reaction

times from 0.20 to 0.17 min.

(a)

12 Inhibition of peroxide formation in essential oils,

by measurement of iodine formation.

Complete inhibition of peroxide formation after

2 weeks incubation of essential oils with 0.01%

LC-6 at 60°C.

(a)

aUnpublished results, manuscript in preparation.
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placed at the exit port of the laser to remove any residual compo-

nent of its fundamental emission in the near-IR region. The size of

the laser beam was adjusted to ca. 1 9 3 mm at the surface of the

samples. The luminescence exiting from the cuvette or solid sample

was collected by an f = 15 cm lens, passed through a cold mirror

and a series of long-pass filters of increasing cut-off wavelengths

(CVI Melles Griot, Albuquerque, NM) to remove any scattered laser

irradiation, and filtered by suitable interference filters to isolate the
1O2 emission. A TE-cooled Hamamatsu NIR photomultiplier (model

H9170-45), sensitive from 950 to 1400 nm, was used to detect

the conditioned NIR luminescence. The detector was operated in

photon counting mode and its output sent to a PicoQuant Nano-

Harp 250 multichannel scaler working at 128 ns per channel. The

count histograms were built up until a sufficient signal-to-noise

ratio was attained. The kinetic model in Eq. 1 was fitted to the

count histograms using the FluoFit 4.0 software, from which the

kinetic rate constant governing 1O2 formation and decay were cal-

culated.

LC-6 quenching of singlet oxygen in solution

The decay of 1O2 is accelerated by added quenchers such as LC-6

(Scheme 2):

kD ¼ 1

sD
¼ k0 þ kLC6½LC6� ð2Þ

where τΔ is the actual 1O2 lifetime and k0 is the decay rate

constant in the absence of quencher. Thus, a plot of kΔ vs. [LC6]

was constructed by adding increasing amounts of LC-6 to a PS

solution and recording the kinetics of 1O2 production and decay.

1H-Phenalen-1-one (PN) 80 lM in methanol-d4 (CD3OD) was used

Table II Composition of the LC-6 and a-tocopherol creams containing 3% of PN or TPP. Preparation procedure: 1) prepare mixture A at 70–75°C dispersing

the photosensitizer (PN or TPP) in the lipid components, 2) prepare mixture B by stirring all B components at 65–70°C, with slow addition of Carbomer, 3)

slowly add mixture A over mixture B with gentle stirring, 4) cool previous mixture to 40–50°C and add component C, 5) successively add components D and E

while stirring. Final pH was comprised in the range 5.5–7.5

Phase Ingredients(Inci Names in Italics)

Percentage composition (%)

Placebo cream

Cream containing

0.1% a-tocopherol

Cream containing

0.01% LC-6 Cream containing 0.05% LC-6

A Mineral oil (Paraffinum liquidum) 10 10 10 10

A Stearic acid 3 3 3 3

A Cetearyl alcohol 2 2 2 2

A Beeswax (Cera Alba) 1 1 1 1

A Tocopherol – 0.1 – –
A LC-6 (LipochromanTM, Dimethylmethoxy

chromanol)

– – 0.01 0.05

A Photosensitizer (PN or TPP) 3 3 3 3

B Water (Aqua) 78.4/73.4a 78.3 76.39 73.35

B Glycerin 3 3 3 3

B Phenonip� (Phenoxyethanol, Methylparaben,

Ethylparaben, Butylparaben, Propylparaben,

Isobutylparaben)

0.6 0.6 0.6 0.6

B Carbomer 0.2 0.2 0.2 0.2

C Dimethicone 0.2 0.2 0.2 0.2

D Triethanolamine 0.6 0.6 0.6 0.6

E PreventheliaTM (Water (Aqua), Diaminopropionoyl

Tripeptide-33, Caprylyl Glycol)

/5a – 2 5

aPlacebo creams were prepared with and without PreventheliaTM.

Figure 3 Experimental set-up for the photon counting time- and spectrally

resolved singlet-oxygen phosphorescence detection.

Scheme 2 Scheme 2. Pathways of 1O2 decay in the absence or presence of

LC-6. The rate constant of 1O2 quenching by LC-6 (kLC6) was thus deter-

mined by measuring its effect on the kinetics of 1O2 decay [37]. According

to Scheme 2, the observed rate constant for 1O2 decay (kΔ) should increase

linearly with the concentration of LC-6 (Eq. 2).

© 2013 Society of Cosmetic Scientists and the Soci�et�e Franc�aise de Cosm�etologie

International Journal of Cosmetic Science, 35, 272–280 275

Singlet oxygen quenching by dimethylmethoxychromanol S. Nonell et al.



as PS [38–40]. The slope of the linear plot obtained yielded kLC6.

The result quoted corresponds to the average of three independent

determinations.

LC-6 quenching of singlet oxygen in ex vivo porcine skin

15 mg (5 mg/cm2) of LC-6 formulations containing 3% of PN or

TPP were spread on porcine skin samples over the whole surface

using a glove-coated finger. In a first series of experiments, 1O2

measurements were carried out 15 min or 24 h later to allow for

cream penetration in the skin using the irradiation conditions

described above. In another series of experiments, the skin surface

was thoroughly washed with a solution of sodium dodecyl sulphate

after the incubation period of 24 h in order to remove any PS that

had not penetrated into the skin. Finally, a series of experiments

was carried out applying the water-soluble TMPyP, which has very

recently been shown to accumulate in the stratum corneum of por-

cine skin [41]. Skin was incubated overnight with an aqueous

solution of 500 lM TMPyP. 1O2 measurements were performed

before and after washing the treated skin. 0.1 mM LC-6 solution in

DMSO was then applied to TMPyP treated skin and 1O2 measure-

ments were recorded again. In all cases, capturing a typical 1O2

phosphorescence signal took approximately 20 s. Five measure-

ments were recorded at different positions of the skin surface and

averaged to compensate for sample in homogeneity. A placebo

cream (without LC-6) and a a-tocopherol containing cream were

used as negative and positive controls respectively. Untreated skin

was used as blank. Experiments were repeated on at least three dif-

ferent skin samples and the data reported are the average between

such measurements.

Results

LC-6 quenching of singlet oxygen in solution

The time-resolved 1O2 phosphorescence curves for each LC-6 solu-

tion are collected in Fig. 4A. In the absence of LC-6, the lifetime of
1O2 was 210 � 20 ls, which agrees well with the published value

of 240 � 20 ls in CD3OD [37]. Addition of LC-6 resulted in a clear

decrease in the 1O2 lifetime τΔ. From the plot of the decay rate con-

stant kΔ (=1/τΔ) as a function of LC-6 concentration, the value of

the quenching rate constant kLC6 = (1.3 � 0.1) 9 108 M�1 s�1

was determined (Fig. 4).

LC-6 quenching of singlet oxygen in ex vivo porcine skin samples

A similar approach was followed to probe the effect of LC-6 on 1O2

in ex vivo samples of porcine skin. Because skin is a heterogeneous

medium, five time-resolved 1O2 phosphorescence curves, recorded

at different positions of skin, were averaged for each formulation

tested. In the first series of experiments, formulations containing

PN as PS were applied to the skin and after 15 min or 24 h of pen-

etration, 1O2 phosphorescence measurements were carried out. Fig-

ure 5 shows the 1275-nm time-resolved luminescence signals for

the different formulations in skin. When placebo was applied to

porcine skin, the decay time of 1O2 luminescence grew with a life-

time of τ1 = 0.8 � 0.3 ls and decayed with a lifetime of

τ2 = 18 � 2 ls (Fig. 5A) ir pective of the cream penetration time.

The former was assigned to the formation of 1O2 and thus to the

decay of the triplet PN precursor (τT in Eq. 1), while the latter was

assigned to 1O2 decay (τΔ in Eq. 1). In addition, we tested an alter-

native placebo sample lacking the PreventheliaTMadditive and found

the same rates for 1O2 production and decay, which rules out any

effect of this additive. On the other hand, LC-6 induced concentra-

tion-dependent significant changes to the 1O2 kinetics (Figs. 5B

and 5C). At LC-6 0.05% w/w and either 15 min or 24 h cream

penetration time, the lifetime of 1O2 dropped to τΔ1 = 5 � 2 ls
and an additional long-lived decay component could be observed

with τΔ2 = 13 � 2 ls (relative amplitude 1:2). For comparison, a-
tocopherol at 0.1% w/w quenched both the formation and the

decay of 1O2, yielding a low intensity signal with lifetime

τΔ = 3 � 2 ls, once again independent of the cream penetration

time (Fig. 5D).

PN, as a partially water soluble molecule, can localize in both

the lipid and aqueous compartments of the skin. However, the high

lipophilicity of LC-6 suggests its preferential accumulation in hydro-

phobic domains. To ensure a closer proximity between the nascent
1O2 and LC-6, a more hydrophobic PS, TPP [37], was used in

another series of experiments. As with PN, the NIR emission spec-

tra showed a maximum at 1275 nm, which is the unambiguous

spectroscopic fingerprint of 1O2 (Fig. 6). Consistent with the lifetime

decrease observed with PN, the 1O2 phosphorescence dropped by

ca. 50% when LC-6 0.05% was added to the cream. Under the

same conditions, a-tocopherol led to almost complete depletion of

the 1O2 emission.

A third series of experiments were carried out on skin samples

that were thoroughly washed with a solution of sodium dodecyl

sulphate after the incubation period of 24 h. The lifetime data for

A B

Figure 4 Effect of LC-6 on the kinetics of singlet-oxygen decay in methanol-d4. (A) Time-resolved singlet-oxygen phosphorescence curves recorded at

1275 nm upon irradiation of PN solution containing different concentrations of LC-6 (B) Stern-Volmer plot of PN solution upon addition of increasing amounts

of LC-6.
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the placebo cream remained as in the previous experiments. How-

ever, in the presence of 0.05% LC-6 only the shortest of the two

decay components observed previously could be detected, with a

lifetime very similar to that observed in the presence of 0.1% a-
tocopherol (5 � 2 and 3 � 2 ls respectively; Fig. 7).

Finally, an additional series of measurements were carried out apply-

ing TMPyP, which accumulates in the stratum corneum of pig skin

[41]. Using this PS we obtained a single decay lifetime value of

18 � 2 ls, with or without washing, that decreased to 8 � 3 ls
when 300 lL of a 0.1 mM LC-6 solution in DMSO were added (Fig. 8).

Discussion

A variety of methods exist for assessing the ability of an antioxi-

dant to quench 1O2. Techniques such as electron spin resonance

(ESR) [42–45], lipid photooxidation [46–48], the oxygen radical

absorbance capacity (ORAC) [49, 50] or its variation, the singlet

oxygen absorption capacity (SOAC) assay methods [51, 52] are

often used. However, these methods can lead to considerable errors

as 1O2 is not probed directly and unambiguously [53]. Moreover,

their application in vivo is also limited as some of these probes are

either toxic or do not penetrate tissue to a sufficient extent. In this

work, we have monitored 1O2 quenching by its time-resolved phos-

phorescence, which is regarded as the most specific means for reli-

able 1O2 detection. At present, this work represents the first report

of 1O2 quenching activity of an antioxidant in skin.

Tocopherols rank among the most effective 1O2 scavengers

(Fig. 2B) and are broadly used in the cosmetic as well as in other

sectors, e.g., food [54]. Thus, a-tocopherol quenches 1O2 with a

bimolecular rate constant that increases with the dielectric con-

stant of the medium [55], e.g., 2.8 9 108 M�1s�1 in monodeuter-

ated methanol [55]. This value is ca. two-fold the value found for

LC-6. The reactivity of tocopherols towards 1O2 correlates well with

their biological activity and it has been suggested that one of the

functions of vitamin E might be to protect membrane lipids form

oxidative damage by 1O2 [56].

To test whether this observation holds in skin, we formulated

two concentrations of LC-6, namely 0.01% and 0.05%, and com-

pared them with 0.1% a-tocopherol formulation. A placebo cream

without antioxidants was used as negative control.

The luminescence of 1O2 has been detected previously in ex vivo

porcine skin and in vivo, human skin samples exposed to UVA radi-

ation without any exogenous PS added [28]. However, the inten-

sity of this signal was too small for the determination of quenching

efficacy of antioxidants [57]. Thus, an external PS was added in

our experiments to obtain phosphorescence signals with the nec-

essary quality. Because the detection system is not able to dis-

criminate between signals generated on or in the skin, we

conducted two series of experiments in which the skin surface

was or was not washed after PS application. The PN-photosensi-

A B

C D

Figure 5 Time-resolved luminescence decays recorded on 355 nm excitation of ex vivo porcine skin treated with different PN containing formulations. (A) Pla-

cebo cream. Fitted parameters: τT = 0.8 � 0.3 ls; τΔ = 18 � 2 ls. (B) LC-6 0.01% cream. Fitted parameters: τT = 0.9 � 0.3 ls; τΔ = 18 � 2 ls. (C) LC-6

0.05% cream. Fitted parameters: τT = 0.8 � 0.2 ls; τΔ1 = 5 � 2 ls; τΔ2 = 13 � 2 ls. (D) a-tocopherol cream. Fitted parameter: τΔ = 3 � 2 ls.

Figure 6 Spectra of singlet-oxygen luminescence at different wavelengths

recorded on 532 nm excitation of ex vivo porcine skin treated with different

TPP containing formulations.
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tised generation of 1O2 in the skin yielded a decay time of

18 � 2 ls when the placebo cream was applied, irrespective of

the wash/no wash treatment. The amplitude of the signal

decreased significantly after washing (cf. Figs. 5 and 7), suggest-

ing that most PN molecules were on the skin surface and were

removed by washing. We observed the same lifetime when

TMPyP, a PS that penetrates the skin and locates in the stratum

corneum [41], was used instead of PN. Washing in this case

reduced the signal’s amplitude only by 30%, which confirms the

good penetration ability of TMPyP.

The lifetime of 18 � 2 ls is longer than that reported by Baier

et al. [28] in a similar ex vivo porcine skin model (8 � 2 ls), how-

ever, these authors excited endogenous PSs sitting probably in dee-

per skin layers, whereas our exogenouslyapplied PSs are in the

stratum corneum. The difference in lifetime thus most likely reflects

the different microenvironment of 1O2 in both experiments [37].

In the presence of 0.05% LC-6 or 0.1% a-tocopherol and for

washed skin samples, the 1O2 lifetime was clearly shorter and

almost indistinguishable (5 � 2 and 3 � 2 ls, respectively using

PN as PS) indicating that both antioxidants quench 1O2 to a simi-

lar extent in the skin (Fig. 7). Interestingly, when the skin was not

washed after application of the cream a second, longer-lived com-

ponent (13 ls) was observed in the case of LC-6 but not in the

case of a-tocopherol. One possible explanation is that LC-6 is more

able to penetrate into the stratum corneum and is therefore less

available for quenching 1O2 molecules on the surface. As the goal

of the article was to study processes in the skin, we made no fur-

ther efforts to ascertain this hypothesis. As a final test, we added

300 lL of a 0.1 mM LC-6 solution in DMSO to the skin sample

containing TMPyP and were rewarded with a 1O2 lifetime decrease

from 18 � 2 to 8 � 3 ls (Fig. 8), confirming the LC-6 ability to

quench 1O2 in the stratum corneum.

In conclusion, we have found that LC-6 is a potent 1O2 scaven-

ger, capable of deactivating this reactive oxygen species with a rate

A

B

C

Figure 8 Time-resolved luminescence decays recorded on 532 nm excita-

tion of ex vivo porcine skin treated with the water-soluble TMPyP. (A)

TMPyP treated skin before wash. Fitted parameters: τT = 1 � 0.6 ls;
τΔ = 18 � 2 ls. (B) TMPyP treated skin after wash. Fitted parameters:

τT = 1.5 � 0.6 ls; τΔ = 17 � 3 ls. (C) TMPyP treated skin after apply 0.1

mM LC-6 in DMSO. Fitted parameters: τΔ = 8 � 3 ls.

A B

C D

Figure 7 Time-resolved luminescence decays recorded on 355 nm excitation of ex vivo porcine skin treated with different PN containing formulations and

thoroughly washed after incubation. (A) Placebo cream. Fitted parameters: τΔ = 22 � 4 ls. (B) Untreated skin. (C) LC-6 0.05% cream. Fitted parameters:

τΔ = 5 � 2 ls. (D) a-tocopherol cream. Fitted parameter: τΔ = 3 � 2 ls.
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constant of (1.3 � 0.1) 9 108 M�1 s�1. The anti-singlet oxygen

activity of LC-6 has also been demonstrated in ex vivo porcine skin

samples.
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