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Abstract. The efficacy of sun protection, mostly realized by the ap-
plication of sunscreen formulations, is commonly described by the
sun protection factor �SPF�. Previous investigations have shown that
the efficacy of the sun protection inter alia depends on the homoge-
neity of the distribution of the topically applied sunscreen formulation
on the human skin. Therefore, suitable methods are required to deter-
mine the homogeneity of topically applied substances on the skin
surface. This study provides and compares two different methods,
which enable this determination. Laser scanning microscopy allows
the analysis of tape strips removed from skin treated with a sunscreen.
These reflect the inhomogeneous distribution on the skin that can
complementary be determined directly, utilizing a dermatological la-
ser scanning microscope. For the second method, a chromatic confo-
cal setup was utilized, which enables the study of the microtopogra-
phy of skin replicas before and after the application of a sunscreen
product. The two methods were applied for the evaluation of three
different sunscreen formulations for each method. A correlation of the
homogeneity of distribution with the in vivo SPF could be confirmed.
Both methods are suitable to investigate the homogeneity of the tested
sunscreen formulations, although they provide different advantages
and disadvantages. © 2006 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Sun protection represents a current topic, particularly, because
UV irradiation has been correlated to the incidence of skin
cancer and also skin aging.1–3 Several measures to perform
sun protection are available, such as avoiding the sun, using
sunscreen, wearing a hat, wearing sunglasses, covering up,
avoiding artificial tanning, and checking the skin regularly.4

The application of sunscreen formulations represents a very
suitable and commonly used measure to protect the skin, al-
though the determination of the efficacy of sunscreens, mostly
described by the sun protection factor �SPF�, is still vehe-
mently being debated. The traditional SPF measures the sun
protection mainly for the UVB range by quantifying a bio-
logical response of the skin, the formation of the erythema.
However, there are other known UV-induced skin damages,
such as immune suppression, skin aging, and cancer
formation.5 Furthermore, for ethical reasons, it is questionable
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whether the skin of numerous volunteers should be harmed in
order to identify the SPF of new UV filter substances. There-
fore, several promising approaches have been made to de-
velop methods to determine SPF in vitro or ex vivo, which
covers the full solar UV spectrum.6,7

However, the SPF and the efficacy of sunscreens also de-
pend, to a large extent, on the distribution of the sunscreen on
the skin.8–10 Investigations have shown that SPF values deter-
mined in vivo are considerably less than the values deter-
mined in vitro by UV absorption of sunscreens diluted in al-
coholic solutions,11–13 which is probably inter alia caused by
inhomogeneous distribution of the sunscreen formulation due
to furrows and wrinkles on the human skin.14 Lademann et
al.14 investigated the influence of homogeneity of the distri-
bution of UV filter substances on SPF. They found a differ-
ence in SPF up to one order of magnitude when the sunscreen
was solved and therefore distributed homogeneously. Further
approaches to treat this phenomenon were proposed using dif-
ferent calculation models to predict realistic SPFs.9,11,15,16
1083-3668/2006/11�6�/064005/8/$22.00 © 2006 SPIE
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Obviously, a direct correlation of homogeneity in the dis-
tribution of sunscreen formulations with the SPF exists, which
offers the possibility to increase the SPF by optimizing the
formulation and the filter substances,14 as the distribution de-
pends on both the properties of the formulations and on the
filter substances. Therefore, a suitable analytical technique is
required to analyze the distribution of topically applied sun-
screens in vivo or ex vivo. Schulz et al. 8 utilized electron
microscopy visualization and light microscopic investigations
to study the distribution of three different types of titanium
dioxide. A disadvantage of this method is that the removal of
several punch biopsies is necessary, which represents a maxi-
mal invasive method for the volunteers. Lademann et al. 14

introduced laser scanning microscopy to visualize the distri-
bution of a topically applied sunscreen both in vivo, directly
on the skin surface, and ex vivo on tape strips that were re-
moved from pretreated skin areas. A similar nonhomogeneous
distribution was observed in both cases.

In the present study, this appropriate method described by
Lademann et al. 14 was compared to a new optical method
analyzing skin replica, concerning the microtopography and
surface roughness before and after the application of different
sunscreen formulations. The subtraction of both outcomes
permits the study of the formulation distribution qualitatively
and quantitatively.

2 Material and Methods
2.1 Formulations
Three different formulations were submitted by Lancaster
�Monaco� for investigation by laser scanning microscopy and
microtopography measurements. These sunscreens, A, B, and
C, are based on emulsifier-free formulas �oil in water gel
emulsion, Lancaster proprietary�. Formulas A and B contain
30% of nonvolatile material �material left on skin after water
evaporation�. Formula C contains only 18% of nonvolatile
material. The three sunscreens are composed of chemical
UVB and UVA filters.

The in vivo determination of the SPF was carried out using
the COLIPA �The European Cosmetic Toiletry and Perfumery
Association� method.17

• Product A: sunscreen, SPF in vivo=14±4 �COLIPA
method, 5 volunteers�

• Product B: sunscreen, SPF in vivo=11±3 �COLIPA
method, 5 volunteers�

• Product C: sunscreen, SPF in vivo=6±1 �COLIPA
method, 5 volunteers�

0.1% fluorescein was added as a marker to the sunscreen
formulations for visual determination of the distribution. In
preliminary experiments, it was shown that the distribution of
the UV filter substances was comparable to the distribution of
the sodium fluorescein in the sunscreen formulation.

2.2 SPF Simulation
In vivo SPF values were compared to expected SPF values.
These calculated values were simulated by a mathematical
model taking into account the amount of UV filters present in
the sunscreen products and for the amount deposited. This
model, based on a continuous thickness distribution, has al-

9
ready been described by Ferrero et al.
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In the model, local film thickness �FT�, h, was normalized
as a fraction of local absolute FT to average FT. Thickness
fraction h can be considered as being the inverse function of
any relevant cumulative thickness distribution F. In our ap-
proach, F is considered as a variable ranging from 0 to 1 and
h�F� is the inverse thickness distribution function.

The total transmittance �Ts�� of the continuous sunscreen
film was calculated at each wavelength, by integrating the
following equation along variable F

�Ts�� =�
0

1

10−h�F�A�dF . �1�

A� is the absorbance of the uniform average film character-
ized by a unique thickness fraction h=1. A� was calculated at
wavelength �, applying the Beer-Lambert law to the sun-
screen’s UV filter composition, which was deposited at
2 mg/cm2.

Among the different available inverse thickness distribu-
tion functions h�F�, one was found to be highly relevant: the
gamma law, which is associated to asymmetrical distributions.
With the gamma distribution, a single parameter c �shape pa-
rameter� is enough to define a mathematical model of sun-
screen distribution. The model was calibrated to calculate
simulated SPFs similar to in vivo SPFs.9 Wavelength by
wavelength, inverse gamma distribution applied to Eq. �1�
allowed a UV transmittance curve to form and thus to calcu-
late a simulated SPF.

Simulated SPF is determined from the transmittance curve
according to Eq. �2�.

Simulated SPF =

�
�=290 nm

�=400 nm

E��� � I��� � d�

�
�=290 nm

�=400 nm

E��� � I��� � T��� � d�

,

�2�

where E��� is the erythema action spectrum �CIE-1987� at
wavelenght �; I��� is the spectral irradiance received from the
UV source at wavelength �; T��� is the mean monochromatic
transmittance at wavelength �.

2.3 Protocol 1

2.3.1 Volunteers
The present study was performed in vivo on six healthy vol-
unteers, male and female, aged between 26 and 34 years. Ap-
proval had been obtained from the Ethics Committee of the
Charité. The volunteers participating in the study had given
their informed written consent.

The formulations were applied following the COLIPA pro-
tocol with 2 mg/cm2 on the forearms of the volunteers or the
skin replica, respectively.

The homogeneity of distribution of the formulations on the
skin was investigated by laser scanning microscopy, indi-
rectly, before removal of tape strips and, directly, on the skin
after 1 h, as after this penetration time the maximal homoge-
neity of the distribution of the sunscreen on the skin was

14
certain.
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2.3.2 Tape stripping procedure
The tape stripping procedure was performed, as described
previously,18,19 whereby, the skin was stripped using an adhe-
sive tape �Tesa no. 5529, Beiersdorf, Hamburg, Germany�.
The tape strips were pressed onto the skin using a roller that
stretches the skin surface and brings the tape strip in contact
with the entire flat skin surface, which is normally structured
by wrinkles and furrows. Then, the tape strips were removed
with one quick movement.20

In the present investigation, one tape strip was removed
from the sunscreen treated skin areas after a penetration time
of 1 h. The tape strip was covered with corneocytes and the
sunscreen formulation.

2.3.3 Laser scanning microscopy
The distribution of the formulations containing fluorescein on
the removed tape strips was investigated utilizing laser scan-
ning microscopy �LSM 2000, Carl Zeiss, Jena, Germany�
with an excitation wavelength of 488 nm and a fluorescence
wavelength of 600 nm.

Then, the same experiments were repeated in vivo. The
distribution of the topically applied formulations was investi-
gated utilizing a dermatological laser scanning microscope
�LSM Stratum, OptiScan Ltd, Melbourne, Australia�. Using
this system, it was possible to investigate the sunscreen dis-
tribution directly on the living skin without taking tape strips.

2.4 Protocol 2
This protocol was performed using the chromatic confocal
setup �Altisurf 500 station, Altimet, Thonon-les-Bains,
France�. The apparatus is able to analyze the microtopography
and surface roughness without any contact. It is composed of
an optical sensor, a motion controller, a x-y translation stage,
and a microtopography software. A confocal optical sensor
�Fig. 1� based on the white light chromatic aberration prin-
ciple allows a high resolution: 10-nm vertical and 1-�m hori-
zontal. Furthermore, the chromatic confocal setup exhibits the
unique property of perfect focus depth of field, because at any
given point of the chromatic axial field of view, there is only
one wavelength perfectly focused, all the other wavelengths

Fig. 1 Chromatic confocal setup for three-dimensional surface
analysis.
being absolutely inactive.
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As a consequence, only an almost monochromatic light
beam appears to focus onto the filtering pinhole �S�� that also
acts as the entrance port of a spectrometer �Fig. 1�. The cen-
tral wavelength of this monochromatic light beam ��2� cor-
responds to the exact height of the measured object point. By
electromechanical scanning of the object surface in the x-y
direction, one can record the microtopographic structure of
any type of surface without any contact.

Because of a relatively lengthy analysis time, measure-
ments could not be carried out in vivo because of the move-
ment of the volunteers. Therefore, replicas of the skin were
prepared, which have the same microtopography as living
skin.

2.4.1 Skin replica

Negative skin impression preparation. A skin image �50
�50 mm2� was realized with a medium consistency poly-
ether impression material �ImpregumTMF, 3M ESPE,
Seefeld, Germany�.

The base paste �seven volumes� and catalyst dose �one
volume� was stirred for approximately 45 s with a spatula.

After having obtained a uniform color, the mixture was
applied onto the skin surface with the spatula. The thickness
uniformity of the impression was obtained by softly applying
a polymethylmethacrylate �PMMA� plate against the paste af-
ter application.

The negative skin impression could be unstuck after a dry-
ing time of approximately 10 min.

Positive skin impression preparation. The final skin impres-
sion �25�35 mm2� was made with a mixture of 96% methyl
methacrylate �Altuglas, Paris, France� and 4% catalyzer B
�Altuglas, Paris, France�.

The mixture was prepared in a glass cupel covered by an
aluminium sheet. Subsequently, it was carefully applied onto
the negative impression. In order to obtain the thinnest final
skin impression possible, the liquid PMMA layer had to be
flattened by a PMMA plate.

In order to be hardened and completely dried, the impres-
sion must be stocked at least 4 h under an extractor. After
checking that it did not contain any cavities or bumps, the
impression was removed from the mold.

2.4.2 Analysis of thickness distribution of the
formulations

We applied 2 mg/cm2 of sunscreen product in the form of a
high number of small drops of equal volume and distributed it
evenly over the entire skin replica surface by using a pipette.
The sunscreen product was spread immediately over the entire
surface using light strokes with a finger cot presaturated with
the product. Spreading was completed as quickly as possible
�less than 30 s�. Then the sample was rubbed into the rough
surface using strong pressure. This process took 20 to 30 s.

The sample thus obtained was allowed to settle for 15 min
at room temperature to ensure a self-leveling of the formula.

The microtopography of the skin replica �about 7
�6 mm2� was analyzed before and after the distribution of
the formulation. Then, both data were subtracted using moun-

tain altimap software �ALTIMET, Thonon-les-Bains, France�
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and the resulting FT distribution was calculated step by step
from Eq. �2�.

Product film microrelief

= skin replica microrelief with

product – skin replica microrelief without product �3�

3 Results
3.1 Protocol 1
According to protocol 1, the distribution of the topically ap-
plied sunscreen formulations were analyzed ex vivo on tape

Fig. 2 Distribution of the dye containing formulations on the corneo-
cytes removed by tape stripping �first tape strip�: �a� formulation A; �b�

formulation B; �c� formulation C.
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strips and in vivo on the skin surface utilizing laser scanning
microscopy. The results of the analysis of the tape strips ob-
tained immediately after the removal are shown in Fig. 2.

The light areas represent the distribution of the fluorescein.
The figures show that parts of the formulation are located in
the furrows and wrinkles of the skin. In the case of formula-
tions A and B, the corneocytes are better covered with the
fluorescent formulation, as they appear lighter than in the case
of formulation C. Here the highest amount of fluorescence is
located in the furrows and wrinkles. The covering of the cor-
neocytes, which appear as dark areas, is rather sparse.

Additionally, the distribution of the fluorescent dye, which
represents a marker for the distribution of the sunscreen was
determined in vivo to ensure that the ex vivo measurements
reflect the real distribution of substances on the skin. The
results of the in vivo measurements are presented in Fig. 3.

The in vivo measurements were carried out with a higher
magnification than the ex vivo experiments utilizing the tape
stripping technique. The figures show that the distribution on
the living skin of the formulations A and B is more homoge-
neous, which is represented by a relatively homogeneous
fluorescence than the distribution of formulation C. The for-
mulations A and B cover the corneocytes to a larger extent,
whereas, formulation C is located in the furrows of the skin.
The in vivo results are in concordance with the ex vivo results
obtained by analyzing the tape strips.

3.2 Protocol 2
Figures 4–6 represent the microrelief of the cream layer and
the distribution of the cream thickness according to the three
different vehicles.

Figure 4�a� shows that the sunscreen distribution on the
skin replica of formulation A appears to be homogeneous.
Only several small areas are not covered. Nevertheless, the
surface of the upper corneocyte layer is well covered.
Amounts of the formulation are also located in the furrows
and wrinkles. The formulation microrelief can be quantita-
tively characterized, if one carries out a thresholding to evalu-
ate the depleted sunscreen surface. A thresholding of 0.5 �m
was chosen to represent a low thickness range: about 5 to
10% of the amount deposited, according to water evaporation.

Figure 4�b� represents the percentages of surface covered
by different FT ranges FT�0.5 �m; 0.5 �m�FT�5 �m;
FT�5 �m. The lowest height of cream �lower than 0.5 �m�
calculated in red in Fig. 4�b�, is primarily located on the high
parts of the skin �i.e., the corneocytes�. The percentage of
surface covered by this low thickness, with cream inferior or
equal to 0.5 �m represents 34% of the total area. This value
will enable us to compare quantitatively the various products
tested.

The sunscreen distribution of formulation B applied to the
surface of the replica obtained from the same skin impression
is represented in Fig. 5�a�. The distribution seems similar to
formulation A, but with an apparent slightly more homoge-
neous distribution of the cream. Also quantitatively, this for-
mulation is similar to formulation A with a percentage of sur-
face covered by a FT�0.5 �m equal to 21%. In this case,
also the amounts of cream are located in the wrinkles and

furrows, as shown in Fig. 5�b�.
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The cream layer relief of formulation C is different from
the two other formulations. In this case, Fig. 6�a� shows large
areas of the skin surface with a very low amount of the prod-
uct. The product is almost concentrated in the wrinkles and
furrows of the replica. The distribution is less homogeneous
than for products A and B. This observation is confirmed by
the quantitative analysis �Fig. 6�b��. Indeed, the percentage of
surface covered by FT�0.5 �m is 48%, which is approxi-
mately double the value found in the case of the formula B.

Starting from the concentrations of the UV filters incorpo-
rated in each product, the calculation model, based on the

9

Fig. 3 Distribution of the dye containing formulations on the living
skin measured by laser scanning microscopy: �a� formulation A; �b�
formulation B; �c� formulation C.
gamma law distribution of an irregular sunscreen film, al-
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lowed us to predict realistic SPFs. We simulated the theoret-
ical SPF that one should obtain, if the three formulas were
spread out as usual. The results obtained are represented in
Table 1.

In the case of the good spreading formulas �A and B�, the
simulated and in vivo SPF are rather close �around 80%�. On
the other hand, these values are rather distant for product C
with a less homogeneous distribution. In vivo value represents
only 54% of the simulated value.

4 Discussion
The results of the present investigation showed that in all
cases, the distribution of sunscreen formulations is more or
less inhomogeneous. This has been indicated by both methods
used. These findings are in concordance with previous
investigations,10,21,22 which revealed that topically applied
substances do not distribute homogeneously on the skin. Fur-
thermore, the measurements corresponding to protocol 1
again evidenced that the distribution of a sunscreen on re-
moved tape strips reflects the current situation on living skin.
Although it is important that the measurement is performed
immediately after the removal of the tape strips, as in previ-
ous investigations, it has been shown that the distribution of
topically applied substances on tape strips increases in homo-
geneity, eventually reaching an end point after 24 h, because
of a diffusion of the substance into and inside the adhesive
layer of the tape strip.10

The in vivo measurements using laser scanning microscopy
directly on the skin indicated that after a penetration time of
1 h, the topically applied formulations are located particularly
in the furrows and wrinkles of the skin. After a 1 h penetra-
tion time, the maximum homogeneity of the distribution of
sunscreen formulations was achieved.14 In the case of formu-
lations A and B, the fluorescent dye, which represents a
marker for the distribution of the UV filter, is also located
around the corneocytes. Fluorescein can be used as a marker
for the distribution of the sunscreen, as previous investiga-
tions have shown that penetration profiles of fluorescein and
UV filter substances are approximately comparable. Advan-
tages of both the in vivo and ex vivo laser scanning micros-
copy are that they represent complementary procedures that
can be easily and quickly applied to determine the homoge-
neity of the distribution of sunscreens under realistic circum-
stances. Reproducible results can be obtained. Potential dis-
advantages of laser scanning microscopy are �1� expert eyes
are helpful for the interpretation of the laser scan images, and
�2� it represents a rather qualitative method. The distribution
of a fluorescent dye, which represents the sunscreen, can be
estimated visually. A distinction between inhomogeneous, in-
creased homogeneous and homogeneous, can be clearly
made, and a ranking of different products is feasible. How-
ever, if quantitative values are required, the possibility exists
to determine the covering density, which has already been
performed by Lindemann, et al.23 who determined the density
of the corneocytes on removed tape strips by laser scanning
microscopy. Also the realization of protocol 2 of the present
study revealed an inhomogeneity of the distribution of all in-
vestigated sunscreen formulations.

The utilization of the chromatic confocal setup offers sev-

eral advantages:
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• Chromatic perfect focus depth of field of 300 �m defi-
nitely avoids the z-axis scanning of the classical confocal
scanning optical microscope. It also avoids the time-
consuming computer reconstruction of the object image be-
cause at any given point on the scanned field the entire chro-
matic depth of field is “seen” at the same time.

• The irregular FT is very low in the depleted areas. Thus,
the z-axis resolution must be submicronic. Other techniques

Fig. 4 Product A �a� cream layer relief �deduced from Eq. �1��, �b�
0.5 �m�FT�5 �m �yellow�; FT�5 �m �blue�.

Fig. 5 Product B �a� cream layer �deduced from Eq. �1�� relief; �b�

0.5 �m�FT�5 �m �yellow�; FT�5 �m �blue�.
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like interference fringe profilometry present a resolution that
is too low �5 �m� to be used.24

• It permits the determination of the microtopography of
skin replica before and after the application of formulations
without contact. A subtraction of both relief results in the
formulation layer displays relief as a three-dimensional form.

• The appreciation of the distribution of the topically ap-
plied substance can be carried out visually by accounting the

tage of surface covered by different FT ranges: FT�0.5 �m �red�;

tage of surface covered by different FT ranges: FT�0.5 �m �red�;
percen
percen
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cream layer relief �qualitative method� and mathematically by
calculating the percentages of cream heights �quantitative
method�. Significant percentages of low cream height indicate
nonhomogeneous distribution. By utilizing this method, the
comparison of percentage values is possible.

The chromatic confocal setup also has restrictions. This
method, based on the determination of the microtopography
before and after the application of formulations, imposes the
use of a skin replica, because the relief of the skin must re-
main unchanged between two measurements. The use of liv-
ing skin is impossible, as one cannot evaluate any effect de-
pending on a skin chemical environment. Only skin
microrelief is taken into account in this method.

The results of protocol 2 showed, like protocol 1, that the
product repartition is different according to the vehicle.

Qualitatively, products A and B show a better homoge-
neous distribution than product C, as demonstrated in Fig.
4�a�, 5�a�, and 6�a�. These results confirm the fact that the
nonvolatile material content 30% for products A and B versus
18% for product C strongly influences homogeneity and
thickness of the film left on the substrate.

In parallel, quantitative analysis showed a better covering
of the skin replica in the cases of A and B �only 34% and 21%
of the area, respectively, lower than 0.5 �m� than in the case
of C �48% of the area lower than 0.5 �m�. This is in concor-
dance with the in vivo SPF of products A and B, representing

Fig. 6 Product C�a� cream layer relief �deduced from Eq. �1��; �b�
0.5 �m�FT�5 �m �yellow�; FT�5 �m �blue�.

Table 1 Comparison of the simulated and in vivo SPF.

Product Simulated SPF In Vivo SPF In Vivo/Simulated SPF

A 17 14±4 82%

B 14 11±3 79%

C 11 6±1 54%
Journal of Biomedical Optics 064005-
around 80% of the simulated SPF, whereas, in the case of
product C, it represents only 54%.

The results of both protocols confirm that obviously a cor-
relation between the ability to distribute homogeneously and
the SPF exists. This is concordant with knowledge gained
from spectroscopy, where it is well known that the distur-
bance of the homogeneous distribution reduces the intensity
of the absorption. 9,14 Therefore, probably the choice of the
vehicle already influences the efficacy of the UV filter.

5 Conclusion
The comparison of the methods utilized in this study showed
that both methods represent suitable methods to determine the
homogeneity of topically applied substances. It has been
shown that the inhomogeneous distribution, which depends,
on the one hand, on the structure of the skin and, on the other
hand, on the spreading abilities of the vehicles used for the
UV filters, has an influence on the SPF. In spite of differences
in the chemical surface between a skin replica and living skin,
the results seem to indicate that microrelief is the most impor-
tant factor for the sunscreen distribution. Therefore, the deter-
mination of the homogeneity of the distribution of sunscreens
on the skin should be a standard in sun protection research.
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