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1 Introduction

Abstract. Ultraviolet A (UVA) radiation has been known to generate
reactive oxygen species, such as singlet oxygen, in skin, leading to the
oxidation of lipids and proteins. This oxidation influences cellular me-
tabolism and can trigger cellular signaling cascades, since cellular
membranes and the stratum corneum contain a substantial amount of
fatty acids and lipids. Using highly sensitive IR-photomultiplier tech-
nology, we investigated the generation of singlet oxygen by fatty acids
and lipids. In combination with their oxidized products, the fatty acids
or lipids produced singlet oxygen under UVA radiation at 355 nm that
is directly shown by luminescence detection. Linolenic or arachidonic
acid showed the strongest luminescence signals, followed by linoleic
acid and docohexaenoic acid. The amount of singlet oxygen induced
by lipids such as phosphatidylcholine was significantly higher com-
pared to the corresponding fatty acids within phospholipids. This re-
sult indicates a synergistic process of oxygen radicals and singlet oxy-
gen during irradiation. UVA radiation initiates singlet oxygen
generation, which subsequently oxidizes other fatty acids that in turn
produce additional singlet oxygen. This leads to an enhancement of
UVA-induced damage of fatty acids and lipids, which must enhance

the oxidative damages in cells. © 2008 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.2960553]
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transfer of either energy or charge to substrate or molecular
oxygen. This process generates radicals or singlet oxygen.

The ultraviolet A (UVA) component of solar radiation
(320 to 400 nm) has been shown to produce deleterious bio-
logical effects in which singlet oxygen plays a major role.'
Therefore, exposure to UVA irradiation has been recognized
as a cause of aging in eye lens proteins and as a risk factor for
cataract formation.

In revisiting the photochemistry of solar UVA in human
skin, it was stated recently that the importance of UVA in skin
cancer is lively discussed.>* At the same time, over 1 million
cases of basal cell and squamous cell skin cancer are expected
to be diagnosed in 2007.° Recently, Mouret et al. found that
cyclobutane pyrimidine dimers were produced at a significant
yield in whole human skin exposed to UVA radiation.® UVA
irradiation is also responsible for the most frequent photo-
dermatosis of the skin.’ However, the mechanisms by which
UVA irradiation-induced photo damage occurs are not fully
understood.®

UVA radiation is absorbed by a variety of molecules in
tissue. After light absorption, some of the molecules can cross
over to a long-lived state (triplet state), which allows the
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Some of the endogenous photosensitizers in cells or tissue are
identified, such as ﬂavins,9 NADH/NADPH,10 urocanic
acid,* sterols,'" and anthraquinones.12 If light-absorbing mol-
ecules are not able to form such a triplet state (e.g., linear-
shaped molecules), the generation of singlet oxygen should
fail."”> However, the generation of singlet oxygen may take
place assisted by chemical reactions.*

Recently, we showed that singlet oxygen was produced by
phosphatidylcholine under UVA irradiation."”> Phospholipids
and the respective fatty acids are major constituents of many
cellular membranes. In cells, a molecule such as ceramide is a
key component of stress responses. UVA radiation and singlet
oxygen both generated ceramide in  protein-free,
sphingomyelin-containing liposomes.'® Furthermore, human
skin, especially the stratum corneum, contains free saturated
and unsaturated fatty acids with mostly chain lengths of Cg4
to Cig atoms.'”"® Therefore, we applied our highly sensitive
IR-photomultiplier technology to detect UVA-induced singlet
oxygen directly by its luminescence for different lipids and
fatty acids.

1083-3668/2008/13(4)/044029/7/$25.00 © 2008 SPIE

July/August 2008 < Vol. 13(4)



Baier et al.: Optical detection of singlet oxygen produced by fatty acids...

2 Material and Methods
2.1 Preparation of Solutions

The following substances were dissolve in EtOH:
L-a-phosphatidylcholine (purity ~99%, from egg yolk); sph-
ingomyelin (purity ~99%, from egg yolk); 1,2-distearoyl-sn-
glycero-3-phosphocholine (purity =99%); 1,2-dioleoyl-sn-
glycero-3-phosphocholine  (~99%);  1,2-dilinoleoyl-sn-
glycero-3-phosphocholine (purity =99%); palmitic acid
(purity ~99%); stearic acid (purity ~99%); oleic acid (purity
~99%) linoleic acid (purity =99%); linolenic acid (purity
=99%); arachidonic acid (purity ~99%); and docosa-
hexaenoic acid (purity =98%). All substances were
purchased from Sigma-Aldrich (Steinheim, Germany).

2.2 Absorption Spectra

Transmission spectra of each probe were recorded at room
temperature with a Beckman DU640 spectrophotometer
(Beckman Instruments GmbH, Munich, Germany) using a
quartz cuvette with an optical path of 1 cm (QS-101, Hellma
Optik, Jena, Germany). The absorption values were calculated
as A=100%-T, where T is the transmission value.

2.3 Oxygen Concentration in Solution

The oxygen concentration in solution was measured in the
cuvette with a needle sensor that was placed in the cuvette
(MICROX TX, PreSens GmbH, Regensburg, Germany). Dur-
ing the measurement, the cuvette was sealed and the oxygen
concentration of the solution was determined and referred to
solution with an air saturation (100%).

2.4 Luminescence Experiments

Fatty acids or lipids in solution were transferred into a cuvette
(QS-101, Hellma Optik, Jena, Germany). They were excited
using a frequency-tripled Nd:YAG laser (PhotonEnergy, Ot-
tensoos, Germany) with a repetition rate of 2.0 kHz (wave-
length 355 nm, pulse duration 70 ns). The laser pulse energy
for luminescence experiments was 50 wJ. The singlet oxygen
luminescence at 1270 nm was detected in a near-backward
direction with respect to the excitation beam using an IR-
sensitive photomultiplier (R5509-42, Hamamatsu Photonics
Deutschland GmbH, Herrsching, Germany) with a rise time of
about 3 ns. Additional details of the setup were described
elsewhere.'”. The number of laser pulses for excitation was
40,000. The luminescence signal was detected at wavelengths
of 1150, 1200, 1250, 1270 (emission maximum of singlet
oxygen luminescence), 1300, 1350, or 1400 nm using appro-
priate interference filters in front of the photomultiplier.20

2.5 Determination of Singlet Oxygen Luminescence
Decay and Rise Time

As shown in Ref. 21 the luminescence intensity is given by

I(I)=%[6Xp<— L)—exp(— i)] (1)
TR - TD ) TR

The constant C was used to fit the luminescence signal. 7p
and 7y are the decay and rise times, respectively. To determine
the rise and decay times of singlet oxygen, we used the least
square fit routine of Mathematica 5.1 (Wolfram Research,
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Berlin, Germany). The experimental error of the fit was esti-
mated to be between 15% and 25% of the values that were
determined by the fit. The low signal level in some samples
yielded a higher error of 25%. The integral of Eq. (1) from
t=0— yields the luminescence energy. For a better com-
parison, the integral value was calculated per mol of the
respective substance.

3 Results and Discussion

UVA irradiation comprises about 95% of incident midday so-
lar UV irradiation.””. It penetrates skin much deeper than
UVB irradiation. The absorption of UVA irradiation in endog-
enous chromophores frequently leads to the generation of re-
active oxygen species such as singlet oxygen. Singlet oxygen
is an important biochemical intermediate in multiple biologi-
cal processes, including UVA radiation-induced gene expres-
sion in human keratinocytes and fibroblasts. It has been stated
that direct detection of singlet oxygen cells does not exist.
Such a detection method, however, is essential to elucidate the
role of singlet oxygen in gene induction.'® Recently, we pro-
vided evidence to directly detect singlet oxygen by its weak
luminescence signal at 1270 nm in living cells under UVA
irradiation at 355 nm."

Lipids and fatty acids usually are the targets of singlet
oxygen that has been generated by any photosensitizer.B"25
However, we recently showed that singlet oxygen is generated
in suspensions of egg yolk phosphatidylcholine during irra-
diation with UVA. This generation process seemed to be pro-
voked by chemical reactions involving oxygen radicals.'” This
was confirmed by using a quencher of a superoxide anion or
hydroxyl radicals such as superoxide dismutase (SOD) or
mannitol, respectively. To investigate this important phenom-
enon in depth, we irradiated different fatty acids or lipids
under normal oxygen conditions in a solvent at 355 nm and
measured singlet oxygen luminescence at 1270 nm.

3.1 Singlet Oxygen Generation in Fatty Acid Solutions
3.1.1  Absorption at 355 nm

The major prerequisite of singlet oxygen generation is the
absorption of light or radiation, which is laser radiation at
355 nm in this study. After dissolving the fatty acid
(0.1 mol/L) in ethanol, the absorption at 355 nm, was mea-
sured. The fatty acids without double bonds (palmitic acid,
stearic acid) and oleic acid (one double bond) showed a rather
low absorption cross section at 355 nm, and less than 0.5% of
light was absorbed at a concentration of 0.1 mol/L. For fatty
acids with more than two double bonds, the absorption of
radiation was in the range of 3.8% to 12.4% (Table 1).

The radiation absorption of fatty acids should fail for
wavelengths longer than 220 nm. Nevertheless, auto-
oxidation can occur, in particular under normal oxygen con-
ditions. Subsequently, the absorption spectrum of fatty acids
such as linoleic acid exhibit another absorption maximum at
about 230 nm due to peroxidation of the fatty acid and a
broad absorption at 300 nm due to decomposition products
(e.g., aldehydes).26 Auto-oxidation can be considered an om-
nipresent process, in particular in living cells that contain a
sufficient amount of oxygen.
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Table 1 Singlet oxygen produced by fatty acids.

Absorption Luminescence
Absorption cross section energy®

Length of chain: number at 355 nm at 355 nm per mol
Fatty acid of double bonds® [%] [x10721 cm?] [a.u.]
Palmitic acid 16:0 0.5 0.08 3
Stearic acid 18:0 0.1 0.02 1
Oleic acid 18:1 0.1 0.02 4
Linoleic acid 18:2 5.8 1.0 37
Linolenic acid 18:3 8.6 1.5 95
Arachidonic acid 20:4 12.4 2.2 70
Docosahexaenoic 22:6 3.8 0.6 22
acid

“The number of double bonds of the different fatty acids.

bAbsorption cross section represents the absorption coefficient divided by the respective substance concentration and the

Avogadro constant.

“The luminescence signal is infegrated over the entire time span, yielding the total number of detected photons. For better
comparison, these values are expressed as luminescence energy per mol.

3.1.2  Singlet oxygen luminescence

We measured the luminescence signal at 1270 nm for the
seven fatty acids. In solutions with palmitic, stearic, and oleic
acids, we detected a clear but weak signal, and the respective
integrated luminescence signal was in the range from 1 to 4
arbitrary units (a.u.). This is well above the noise of the de-
tector (0.2 a.u.). Despite the very low absorption coefficient
of these fatty acids at 355 nm, the detection of singlet oxygen
by its luminescence was feasible (Table 1).

The irradiation of solutions of linoleic, linolenic, arachi-
donic, or docosahexaenoic acids yielded a noticeable lumines-
cence signal at 1270 nm, which is shown for arachidonic acid
in Fig. 1. The decay time of the luminescence signal was
14 £2 us, which is equivalent to the decay time of singlet
oxygen in ethanol.”’” These results are astonishing because
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Fig. 1 Time-resolved singlet oxygen luminescence. The time-resolved
luminescence signal of singlet oxygen at 1270 nm for arachidonic
acid in ethanol showing a decay time of 14+2 us. For comparison,
the insert shows a typical luminescence signal of singlet oxygen that
has been generated by a photosensitizer via energy transfer from its
triplet state (Riboflavin, H,O, excited with 355-nm Iight)f’
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fatty acids should not act as a photosensitizer due to the fol-
lowing reasons. First, a typical photosensitizer absorbs light
and populates its triplet state. Then the energy is transferred
from the triplet state to oxygen, leading to the generation of
singlet oxygen (type 2 mechanism). However, the fatty acids
and their oxidative derivatives are rather linear molecules, and
the transition to such a triplet state is not very likely. Second,
in the case of a type 2 mechanism, the luminescence signal
contains the triplet state deactivation of the photosensitizer
(usually the rising part of the signal) and the singlet oxygen
luminescence (usually the decaying part of the signal), and
both instances are on a microsecond time scale.’ However,
Fig. 1 shows a luminescence signal with an extremely fast rise
time-less than a microsecond. For comparison, a lumines-
cence signal of singlet oxygen is included that shows a typical
shape for an exogenous photosensitizer. It shows a rising part
of the signal and a clear maximum before decaying. In the
case of fatty acids, we did not assume an energy transfer from
a photosensitizer (e.g., fatty acid), but instead the involvement
of a fast chemical process such as radical formation by charge
transfer (type 1 mechanism). The latter was recently proven
when phospholipids were investigated under UVA irradiation
at 355 nm.”

To double check singlet oxygen generation in all fatty ac-
ids, the luminescence signal was detected at different wave-
lengths in the range from 1150 to 1400 nm. Figure 2 shows a
characteristic spectrally resolved curve of arachidonic acid
that reveals a clear maximum at 1270 nm. This corresponds
to the transition of singlet oxygen at the energy of 0.98 eV
(Fig. 2).

3.2 Singlet Oxygen Generation in Lipid Solutions
3.2.1 Light absorption at 355 nm

In a solution of 20 mM normal egg yolk phosphatidylcholine
(La-PC) in EtOH, 14.6% of the radiation at 355 nm was
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Fig. 2 Spectrally resolved singlet oxygen luminescence. The lumines-
cence signal measured at different wavelengths in the range from
1150 to 1400 nm. There is a clear maximum at 1270 nm that is
equivalent to a singlet oxygen transition to its ground state with an
energy difference of 0.98 eV.

absorbed, whereas 18.7% was absorbed in a solution of
20 mM sphingomyelin (SM) in EtOH (Table 2). Out of the
three different phosphatidylcholines in solution, only 1,2-
dilinoleoyl-sn-glycero-3-phosphocholine (LI-PC) showed a
clear absorption (13.4%) at 355 nm. The lipids 1,2-distearoyl-
sn-glycero-3-phophocholine (ST-PC) and 1,2-dioleoyl-sn-
glycero-3-phophocholine (OL-PC) absorbed less than 2%
each, which is comparable to the low absorption of stearic or
oleic solutions.

Similar to fatty acid solutions, the fatty acids in phospho-
lipids can undergo auto-oxidation, producing oxidative prod-
ucts in the solution. This has been also shown for phospho-
lipids containing linoleic acid.*®

3.2.2 Singlet oxygen luminescence

Singlet oxygen generation in aqueous or ethanol solutions of
egg yolk La-PC was recently shown.”” When comparing
La-PC and sphingomyelin, La-PC yielded twice the signal
in sphingomyelin. Interestingly, the integrated luminescence
signals (251 or 505 a.u.) were significantly higher than that of
the linolenic acid solution, which showed the highest lumines-
cence signal of fatty acids (see Table 1).

3.2.3 La-PC and sphingomyelin

In La-PC, there should be only a small contribution of palm-
itic, stearic, or oleic acid (and its oxidative products) to either
the absorption of 355-nm radiation or to singlet oxygen gen-
eration (see Table 1). However, these molecules represent
77% of the fatty acids in La-PC used in our experiments. In
addition, in the linoleic acid solution, which counted for 15%
of the constituents, there was no strong signal of singlet oxy-
gen luminescence (Table 1). Only linolenic and arachidonic
acid (less than 8% constituent) effectively contributed to the
generation of singlet oxygen by this phospholipid. Based
upon the results of the fatty acid solutions, the small fraction
of fatty acids (8%) in La-PC should yield about 14 a.u. for
La-PC. However, we measured 505 a.u. (Table 2), which is a
factor 35 higher than expected. This includes the two fatty
acids that are present in one lipid molecule.

Thus, the presence of linolenic and arachidonic acids and
their oxidative products might be responsible for the absorp-
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tion of 355-nm radiation (Fig. 1), but their direct contribution
to singlet oxygen generation in La-PC should be minor. To
interpret the increased efficacy of singlet oxygen generation
by La-PC, we assumed the following two mechanisms. First,
different oxidative products were present in La-PC than in
the respective fatty acids in solution. Second, there was an
unknown synergistic effect of the polar head of the lipid mol-
ecules, leading to an enhanced generation of superoxide an-
ions. In either case, these radicals can generate singlet oxygen
by chemical reactions, as proposed by Khan et al.," and we
added a scheme for illustration (Fig. 3).

Lipidhydroperoxidation occurs during UVA irradiation as a
common process. Despite their relative stability, lipid hydro-
peroxides can be further decomposed by generating fatty acid-
peroxyl radicals and/or alkoxyl radicals, which are respon-
sible for the propagation of lipid peroxidation and ultimately
the generation of toxic compounds.28 The decomposition of
lipid hydroperoxides into peroxyl radicals has been shown to
be a potential source of singlet oxygen in biological
systems.l’29 In 1957, Russell proposed a self-reaction mecha-
nism of such peroxyl radicals involving the formation of a
cyclic mechanism from a linear tetraoxide intermediate that
decomposed to give different products as well as singlet
oxygen.30 Mendenhall and colleagues demonstrated that such
a self-reaction formation of peroxyl radicals deriving from
fatty acids generated predominantly singlet oxygen.”' There-
fore, generated fatty acid peroxyl radicals participate in reac-
tions that lead to the formation of lipid fragmentation com-
pounds.

Consequently, UVA radiation starts to cause lipidperoxida-
tion, and the resulting products generate singlet oxygen, as
shown by our luminescence experiments. These additional
singlet oxygen molecules in turn cause the peroxidation of
lipids, and cycles of singlet oxygen generation arise (see
scheme in Fig. 3). This process leads to an enhancement of
UVA-induced lipid peroxidation that should clearly affect cel-
lular membranes, and therefore skin cell integrity.

These considerations are supported by the following re-
sults. When the irradiation of a lipid solution was continued
for about 60 min, the singlet oxygen signal did not disappear,
although the oxygen concentration reached the value of zero
after this time span (closed cuvette). In contrast to that, in
protein solutions® and bacteria,” oxygen molecules and sin-
glet oxygen luminescence disappeared very rapidly during ir-
radiation. When oxygen was removed from the closed cuvette
by adding nitrogen gas prior to UV irradiation, the lumines-
cence signal was zero (within the experimental accuracy).
This again confirms that oxygen is required right from the
start to generate singlet oxygen. During the short time of sin-
glet oxygen detection (20 s), the oxygen concentration was
constant.

The conditions for singlet oxygen generation in sphingo-
myelin solution were comparable to that of La-PC. About
76% of the fatty acids were palmitic or stearic acid, which
hardly absorb at 355 nm. The luminescence energy per mol
was smaller than in La-PC, which might be partially due to a
smaller percentage of unsaturated fatty acids. This effect
should be even more pronounced, since the absorption of
355-nm radiation was higher in sphingomyelin (18.7% ab-
sorption) than in phosphatidylcholine (14.6% absorption).
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Table 2 Singlet oxygen produced by phospholipids.

Absorption Luminescence
Absorption cross section energy®
Fatty acid at 355 nm at 355 nm per mol
Lipid constituents® [%] [X 10720 cm?] [a.u.]
La-PC 33% 16:0 14.6 1.3 505
13% 18:0
31% 18:1
15% 18:2
3% 20:4
<2% 18:3
sphingomyelin 66% 16:0 18.7 1.7 251
10% 18:0
4% 20:0
6% 22:0
5% 24:0
3% 24:1
1% 18:1
1% 22:1
1,2-distearoyl-sn-
glycero-3- 99% 18:0 1.9 0.16 32
phosphocholine
1,2-dioleoyl-sn-
glycero-3- 99% 18:1 0.3 0.02 17
phosphocholine
1,2-dilinoleoyl-sn-
glycero-3- 99% 18:2 13.4 1.2 526

phosphocholine

“Percentage and length of chain:number of double bonds. The sum of constituents is not complete and therefore less than

100%.

bAbsorption cross section represents the absorption coefficient divided by the respective substance concentration and the

Avogadro constant.

“The luminescence signal is integrated over the entire time span, yielding the total number of detected photons. For better
comparison, these values are expressed as luminescence energy per mol.

3.2.4 Other phosphatidylcholines

To prove the role of fatty acids and their oxidized products in
singlet oxygen generation, three different phospholipids were
investigated that contained only ST-PC, OL-PC, or LI-PC.
The luminescence energy per mol was weak for ST-PC and
OL-PC, but again clearly higher compared to the respective
fatty acid in solution (Table 1). In the case of LI-PC, the
signal was high (526 a.u.) and at a level comparable to that of
La-PC (505 a.u.). The signal for LI-PC was about 14-fold
higher than that of the free linoleic acid (37 a.u.). These
results support the discussions above.

4 Conclusion

Usually, lipids and proteins in the skin are attacked by singlet
oxygen, leading to peroxidation, which may cause deleterious
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effects in cellular systems. We have shown that fatty acids and
lipids themselves, together with their oxidized products, gen-
erate singlet oxygen to a significant extent when irradiated
with UVA. Saturated fatty acids generated singlet oxygen un-
der UVA irradiation at 355 nm to some extent, the reason for
which remains unknown. For unsaturated fatty acids with
more than two double bonds, the absorption of 355-nm radia-
tion and singlet oxygen generation increased, possibly due to
oxidized products of the fatty acids (auto-oxidation). Lino-
lenic and arachidonic acid yielded the highest luminescence
signal for the fatty acids investigated. When the fatty acids
were constituents of sphingomyelin or phosphatidylcholine,
the luminescence signal increased significantly. This may in-
dicate an unknown or a synergistic effect of fatty acids and
their backbones inside the lipids. These mechanisms should
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H,0, peroxidation/
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1
0O,
directly defected 16.
by luminescence
Fig. 3 Scheme of mechanisms. The scheme shows the possible
mechanisms that take place during irradiation of a lipid or fatty acids 17.
with UVA. The light could be absorbed in fatty acids, in particular in
its oxidized forms. Electrons are released from the molecules that lead
to the formation of superoxide anions. These oxygen radicals can gen-
erate singlet oxygen.'*?® The same mechanism also may occur in 18.
pure fatty acids, but would obviously be less effective. The singlet
oxygen generated causes peroxidation of fatty acids and lipids (vi- 19
cious circle). In addition, singlet oxygen could be generated by the ’
Russell mechanism—that is, two peroxyl radicals (LOO") would form
a linear tetraoxide intermediate and decompose to the corresponding
products alcohol, ketone, and singlet oxygen.' 20.
be elucidated in the near future. The singlet oxygen molecules
generated in such solutions can then oxidize other fatty acids, 21
leading to an enhancement of UVA-induced damage of fatty
acids and lipids.
22.
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