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Abstract. The absorption of filter substances in sunscreens, reducing
the incident ultraviolet �UV� radiation, is the basis for the protecting
ability of such formulations. The erythema-correlated sun protection
factor �SPF�, depending mainly on the intensity of the UVB radiation,
is the common value to quantify the efficacy of the formulations
avoiding sunburn. An ex vivo method combining tape stripping and
optical spectroscopy is applied to measure the absorption of sun-
screens in the entire UV spectral range. The obtained relations be-
tween the short-wavelength UV �UVB� absorption and the SPF con-
firm a clear influence of the long-wavelength UV �UVA� absorption on
the SPF values. The data reflect the historical development of the
relation of the concentration of UVB and UVA filters in sunscreens
and points to the influence of additional ingredients, e.g., antioxidants
and cell-protecting agents on the efficacy of the products. © 2010 Society
of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3497047�
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Introduction
ltraviolet active filters are the decisive components in sun-

creens, reducing the intensity of the sun radiation reaching
he living cells of the human body.1 Therefore, it seems
orthwhile to use a recently proposed ex vivo spectroscopic
ethod2 to investigate the relation between the UV filter ab-

orption to the classical sun protection factor �SPF�. This SPF
alue has been used for a number of years to quantify the
unscreen protection. It is strongly correlated to the well-
nvestigated sun-induced injury to the human body—the for-

ation of an erythema, well-known as sunburn.3

The erythema action spectrum4 shows a strong efficacy of
he short-wavelength UV �UVB� part of the sun radiation.
nfluences of an additional radiation in the long-wavelength
V �UVA� range are outlined by the terms photoaugmenta-

ion and/or photoaddition.5

Photoaugmentation describing the potentiation of UVB in-
uced effects by long-wave radiation is confirmed, e.g., for
he erythemal component of the sunburn reaction but not for
he sunburn cell production.6 Photoaddition was found to be
he main process determining the erythemally effective irradi-
nce, taking into account the additional influence of UVA ra-
iation on the UVB efficacy.7
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In this paper the influence of the absorption behavior of
sunscreens in the UVB and UVA ranges on the UVB
absorption/SPF relation is determined. To obtain a broad over-
view, sunscreens that have been developed during recent years
are taken into account.

2 Methods
2.1 Volunteers
The sunscreen was applied on the flexor forearms of six
healthy volunteers �in total one-third males and two-thirds
females�, aged between 23 and 45 years �skin phototypes I to
III�.8 The volunteers stayed in an inner room without sun ex-
posure �room temperature about 21 °C� from half an hour
before the examination started until the end of the examina-
tion. The ethical approval for these experiments was obtained
from the Ethics Committee of the Charité Universitaets-
medizin Berlin, Department of Dermatology, Berlin, Ger-
many. All volunteers gave their written informed consent.

2.2 Sunscreen Application
The investigated sunscreens were bought directly before the
measurements were carried out �commercial samples� or were
freshly prepared �COLIPA �European Cosmetics Toiletry and
Perfumery Association� emulsions and model formulations�,
thus guaranteeing that all products were used within their date
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September/October 2010 � Vol. 15�5�1



l
t

f
a
s
r

2
T
s
t
U
B
m
q
u

2
T
m
p
g

a
i
F
r

F
c
t

2

T
F
s
fi
s
u

F
r
a
S

Weigmann et al.: Influence of the absorption behavior of sunscreens in the short-wavelength UV range…

J

abeling. Samples with the following SPF values were inves-
igated: 4, 6, 8, 12, 13, 16, 20, 25, 26, 30, 50, 55, and 60.

A precleaning of the skin was realized by rinsing the flexor
orearm with cold water and drying it with a paper towel
fterward. We applied 2 mg /cm2 of the commercial sun-
creens or model formulations to an area of 8�10 cm2 cor-
esponding to the COLIPA standard.3

.3 Tape-Stripping
he tape-stripping procedure; as described previously,9,10

tarted 1 h after sunscreen application, transferring the stra-
um corneum layer by layer to the tape strips together with the
V filters. After pressing the adhesive tapes �tesa film, 5529,
eiersdorf, Hamburg, Germany, width: 19 mm� onto the hu-
an skin with a stamp �pressure: 15 kP /cm2� the strips were

uickly removed. Ten tapes were taken from the treated and
ntreated skin areas.

.4 Spectroscopic Measurements
he absorption spectra were recorded immediately after re-
oval — within 15 s — to avoid disturbances by diffusion

rocesses inside the adhesive layer, which result in a homo-
eneous distribution of the UV filters.11,12

The spectra of the tape strips together with an empty tape
s a reference were recorded in the range 240 to 500 nm us-
ng the UV/VIS spectrometer Lambda 5 �PerkinElmer,
rankfurt/Main, Germany� with an integrating sphere and a
ectangular beam diameter of 8�10 mm2.

The software UV Winlab Version 2.70.01 �PerkinElmer,
rankfurt/Main, Germany� was used to correct the
orneocyte-correlated influences and to calculate the sum of
he transmission spectra.

.5 Sum Transmission Spectra and Average Sum
Transmission Values

he sum transmission spectra in the complete UV range �see
ig. 1 in the following section� were calculated by adding the
pectra of all tape strips with a detectable amount of UV
lters on the basis of the absorbance values. The obtained sum
pectrum was subsequently changed to the transmission val-
es.

UVB UVA
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Tape 1

ig. 1 Determination of the sum transmission spectrum and the cor-
esponding areas beneath the sum spectrum used to determine the
verage UVA und UVB sum transmissions �sunscreen sample 7 with
PF 16�.
ournal of Biomedical Optics 055008-
The areas beneath the last curve �sum transmission spec-
trum� are the basis on which we calculated the average sum
transmission values, representing the remaining intensity after
sunscreen application in the corresponding spectral ranges:

1. average UV sum transmission, dividing the area mea-
sured in the range of 280 to 400 nm by the spectral
interval 120

2. average UVB transmission, dividing the area measured
in the range of 280 to 320 nm by the spectral interval
40

3. average UVA transmission, dividing the area measured
in the range of 320 to 400 nm by the spectral interval
80.

All spectroscopic data discussed hereafter are mean values
balancing out the interindividual differences found for differ-
ent volunteers as a result of a varying skin profile determined
by furrows and wrinkles.11

3 Results and Discussion
The applied protocol resulted in the sum transmission spectra
describing the absorption behavior of the filter substances ap-
plied with sunscreens under ex vivo conditions which were
taken as the basis to calculate average sum transmission val-
ues.

3.1 Average Sum Transmission Spectrum
The protocol determining the sum transmission spectra was
described previously2 and in the previous section. Figure 1
illustrates the development of a sum transmission curve taking
into account the individual spectra of the tape strips removed
one by one.

The area beneath the sum transmission curve and the cal-
culated average UV sum transmission values reflect the influ-
ence of the applied UV filters on the incident UV radiation. In
the given example, the average UV sum transmission resulted
in 12% transmission, the average UVB sum transmission re-
sulted in 2% transmission, and the average UVA sum trans-
mission resulted in 18% transmission.

The corresponding data determined for all investigated
sunscreens are taken to discuss the relationship between the
characteristic values of the UVB filter — described by the
average UVB sum transmission — and the SPF. To under-
stand the influence of the variable UVB/UVA intensity ratio,
the average UVA sum transmission was also taken into ac-
count.

3.2 Relation of the Absorption Behavior in the UVB
Range to SPF

In a first step, the originally determined average UVB sum
transmission values obtained after tape stripping and spectro-
scopic measurements are compared with the corresponding
SPF values declared by the sunscreen producers �Table 1�.

It is obvious that the UVB sum absorption obtained for
sunscreens with identical SPF values varies to a high extent.

In a previous publication,13 the UVB sum transmission as a
measure of the active UVB radiation intensity was correlated
to the SPF demonstrating the principal relation of the spectro-
scopic data and the SPF. The connection of the data was de-
scribed by an exponential trend line.
September/October 2010 � Vol. 15�5�2
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Enlarging the number of sunscreens by taking into account
ormulations with a broader variation of the UVB/UVA ratio,
ncluding the “historical” formulations with an extremely low
VA protection, give new insights.

In the graph presented in Fig. 2, the reciprocal UVB trans-
issions are used to obtain linear trend lines of these data to

he SPF values. In the graph, three trend lines can be recog-
ized with a higher variation of the individual points around
he middle rank. The existence of the different trend lines
ecomes understandable when we take into account the inter-
ction of the UVB and the UVA radiation producing the
rythema.

The available spectroscopic data enabled the calculation of
he sample specific UVB/UVA relation factors FUVB/UVA di-
iding the average UVB sum transmission by the average
VA sum transmission.

able 1 Summary of the average UVB sum transmission values in
elation to the SPF values.

ilter Substances Sample SPF
Average UVB Sum
Transmission �%T�

1 4 4.3

odel emulsion 2 6 2.8

, A, G 3 8 4.1

, D, F 4 8 2.9

odel emulsion 5 11 0.7

, A, I 6 12 3.1

, C 7 13 0.4

, D, E 8 16 2.3

, D, J, A 9 16 1.9

, D, J 10 20 2.1

, H, J, G, I 11 20 2.6

, A, I 12 20 1.2

, D, N, G, I 13 25 3.9

, D, J, I 14 26 1.5

, M, A, G, I 15 30 2.1

, E, H, J, D 16 50 0.6

odel emulsion 17 55 1.4

, K, I, L 18 60 0.4

odel emulsions: the filter substances contained in the model emulsions are not
vailable for publication.
ilter substances: A, ethylhexyl methoxycinnamate; B, octyl dimethyl PABA; C,
enzophenone-3; D, butyl methoxy dibenzoylmethane; E, phenylbenzimidazole
ulfonic acid; F, bis ethylhexyloxyphenol methoxyphenol methoxyphenyl triaz-
ne; G, octocrylene H, 4-methylbenzylidene camphor; I, titanium dioxide; J,
ctyl triazone; K, methylene bis-benzotriazolyl tetramethylbutylphenol; L, zinc
xide; M, diethylhexyl butamido triazone; N, butyl methylpropianate citronellol-
henyl.
ournal of Biomedical Optics 055008-
Two samples belonging to the upper and the lower trend
lines are both shown in Fig. 3 to illustrate the differences in
the UVB/UVA relation.

The calculated factors given in Table 2 quantify the ab-
sorption behavior of the investigated sunscreens in the UVB
and the UVA range, thus describing the possible influence of
photoaugmentation and/or photoaddition. The given mean
values of the UVB/UVA relation �row 2 of the table� clearly
describe the affiliation of the UVB transmissions to one of the
three trend lines with a stronger variation for the samples
collected in the middle trend line. This underlines a clear in-
fluence of the accompanying radiation intensity in the UVA
range on the UVB/SPF correlation. Without an absorption in
the UVA range, the UVB filter concentration must be much
higher to obtain the same SPF value.

As well as these clear dependencies, two exceptions exist
in the group of the investigated sunscreens. First, a small
amount of overlap between the ranges found for the FUVB/UVA
factors collected in the upper and the middle trend lines �lines
2 and 3 in the third row of Table 2�. Second, the two samples
marked by arrows in Fig. 2, both with an SPF of 20, vary
considerably in the UVB/UVA factor �upper point FUVB/UVA
=0.13, lower point FUVB/UVA=0.36�. These exceptions hint
to the influences of parameters affecting the formation of the
erythema in addition to the changes in the UVB/UVA relation,
e.g., ingredients with antioxidizing or cell-protecting qualities,
etc.14–18.

Generally, the different trend lines reflect, illustratively, the
historical development of the filter types used in sunscreens.
Originally, sunscreens were restricted to contain only a UVB
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Fig. 2 Relation of the reciprocal values of the average UVB sum trans-
missions to SPF.
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Fig. 3 Sum transmission spectra of sunscreens belonging to the upper
and the lower trend lines in Fig. 2: line A, sample 7, SPF=13; line B,
sample 11, SPF=20.
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lter, resulting in the four points on the upper curve measured
or historical formulations not now on the market, These his-
orical sunscreens contained high amounts of UVB filter to
btain reasonable SPF values, because of the missing UVA
bsorption.

Later in sunscreen development, UVA filters were added,
esulting in a higher UVB/UVA relation. This situation is re-
ected by the sunscreens found in the middle trend line. In

his group of formulations, a relatively broad variation around
he trend line occurs.

The lowest trend lines summarize three highly effective
odern sunscreens with a high absorption in the UVA range,

owering the absorption necessary in the UVB range to realize
he measured SPF. This underlines the fact that spectroscopic
ata are suited to estimate, in an orientated manner, the size of
he SPF values taking into account the absorption behavior in
he UVB and the UVA ranges. The application of this method
s of special interest for the investigation of filter substances
ot yet approved, not using human but porcine skin.19,20

The discussion concerning the SPF is limited to one bio-
ogical response to the formation of erythema with an indi-
idual dependence on the intensity of the incident radiation. It
s to be expected that corresponding investigations consider-
ng other described sun-induced injuries will provide addi-
ional and possibly quite different insights. Therefore, it is
mportant to characterize the efficacy of sunscreens not by
ifferent effects of biological responses in the human organ-
sm, but by noninvasive spectroscopic measurements, as de-
cribed in this paper.

Conclusion
he results presented in this paper demonstrate that the de-
cribed noninvasive method of sum transmission measure-
ents, based on tape stripping, is well suited to characterize

he UV absorption of sunscreens under ex vivo conditions. It
an be used to distinguish between the absorption properties
f sunscreens in the UVB and UVA spectral ranges. There-
ore, the results are well suited to develop a universal spectral
un protection factor �USPF�, which describes the protection
fficiency of sunscreens in relation to the absorption in the
hole spectral range of sun radiation.
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able 2 Correlation of the position of the reciprocal values of the
verage UVB sum transmission and the SPF values �Fig. 2� to the
VB/UVA factors.

Mean Value Range of Measured Values

pper trend line 0.03 0.01–0.06

iddle trend line 0.12 0.05–0.22

ower trend line 0.28 0.22–0.35
ournal of Biomedical Optics 055008-
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