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Abstract

Understanding the penetration behavior of drugs into human skin is a prerequisite for
the rational development and evaluation of effective dermal drug delivery.

The general procedure for the acquisition of quantitative drug penetration profiles in
human skin is performed by sequential segmentation and extraction. Unfortunately,
this technique is destructive, laborious and lacks spatial resolution. Confocal Raman
microscopy bares the potential of a chemically selective, label free and non-
destructive analysis. However, the acquisition of quantitative drug depth profiles
within skin by Raman microscopy is impeded by imponderable signal attenuation
inside the tissue.

In this study, we present a chemical semi-solid matrix system simulating the optical
properties of human skin. This system serves as a skin surrogate for investigation of
Raman signal attenuation under controlled conditions. Caffeine was homogeneously
incorporated within the skin surrogate and Raman intensity depth profiles were
acquired. A mathematical algorithm describing the Raman signal attenuation within
the surrogate was derived from these profiles. Human skin samples were incubated
with caffeine and Raman intensity depth profiles were similarly acquired. The
surrogate algorithm was successfully applied to correct the drug profiles in human
skin for signal attenuation. For the first time, a mathematical algorithm was
established which allows correction of Raman signal attenuation in human skin, thus
facilitating reliable drug quantification in human skin by confocal Raman

spectroscopy.
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Introduction

The analysis of dermal drug absorption is essential for rational development of novel
drug delivery options via the skin. As composition and barrier function of animal skin
differ from human skin, the transferability of absorption data from animal testing to
human skin is exacerbated [1]. Thus, for appropriate in vitro testing of dermal drug
delivery, excised human skin is the gold standard specimen.

Human skin comprises a complex assembly of different layers with varying
composition. The stratum corneum as the outermost skin layer represents the main
barrier. Therefore, most in vitro penetration and permeation studies focus on this
particular layer. According to the brick-mortar model, the stratum corneum consist of
hydrophilic corneocytes surrounded by an extracellular lipid matrix [2]. Most
substances enter the skin via an extracellular pathway, diffusing along this lipid
matrix. The analysis of penetration processes in the different skin layers is a complex
and laborious procedure which requires destructive segmentation as well as
extraction [3]. Furthermore, the analytical determination lacks spatial resolution.
Recently, biophysical techniques like confocal laser scanning microscopy [4] or two
photon microscopy [5, 6] have been proven to provide spatially resolved information
about kinetics and depth of dermal penetration and molecular interaction with the
skin. However, quantification of drug penetration by two photon microscopy is limited
to autofluorescent drug compounds in the absence of dyes or labels. Linking drugs
with dyes or labels potentially introduces changes in substance physicochemical
properties like lipophilicity or molecular weight which impair reliable transferability of
the data. Unlike the former mentioned techniques, vibrational spectroscopy provides
direct molecular information of the sample without labelling. For instance, infrared
(IR) spectroscopy was successfully used to track lipids within the skin [7].
Unfortunately, the use of this technique is limited by its sensitivity to water.

In this context, Raman spectroscopy as a complementary analytical technique to IR
spectroscopy bears a lot of potential for the analysis of skin. In contrast to IR, Raman
spectroscopy is not constraint by the presence of water. By detecting the frequency
shift of scattered laser light after irradiating a sample, chemically selective information
of the sample composition is acquired. Furthermore, combining Raman spectroscopy
with a confocal microscope provides spatially resolved analysis of the sample. Thus,
confocal Raman microscopy is a promising analytical approach for label free and non

destructive follow-up of substances within human skin.



Confocal Raman spectroscopy has already been applied for analysis of skin
hydration status [8], the effect of penetration enhancers [9] and the epidermal
antioxidative potential [10, 11] of skin. In vitro follow-up studies of metronidazole [12]
and phospholipids [13] indicated the potential of confocal Raman microscopy for
penetration experiments.

Recently, several authors described mathematical models to correct depth
determination uncertainties of confocal Raman microscopy in polymer films [14-16].
Previous studies used these models to improve accuracy of confocal depth
determination in skin [17]. Determination of the exact depth of the focal plane inside
human skin allows the accurate acquisition of qualitative drug penetration follow-up
profiles.

However, for rational development and in vitro testing of novel dermal drug delivery
systems quantitative analysis of drug penetration processes is mandatory.
Unfortunately, so far drug quantification within skin based on Raman microscopy is
exacerbated by Raman signal attenuation, as with increasing depth a decrease in
Raman signal intensity distorts reliable drug quantification. One approach to
overcome the influence of Raman signal attenuation in skin was already performed
by relating the intensity of a drug Raman peak to the intensity of a skin derived
Raman peak [12, 18]. Unfortunately, potential inhomogenities due to the complex
skin structure cannot be taken into consideration with this relative method. For
reliable quantification of substances inside human skin by Raman microscopy the
exact extent of Raman signal attenuation has to be determined. As Raman
microscopy offers unique possibilities for non-destructive and chemically selective
analysis of substances in human skin, there is a strong need to overcome the
analytical pitfalls exacerbating a reliable quantification of drugs in skin samples.

In this study, we present a novel approach to quantify Raman signal attenuation in
human skin. We successfully developed a simplified and reproducible surrogate
system simulating the optical properties of human stratum corneum. A
comprehensive physical characterization comprising spectroscopic as well as
thermoanalytical methods was performed on the skin surrogate as well as on its
single components followed by a comparison to excised human skin samples.
Caffeine was homogeneously incorporated within the skin surrogate and Raman
depth profiles of caffeine were acquired. To address the issue of Raman signal

attenuation, these profiles were mathematically fitted and a correction algorithm was



derived. Furthermore, excised human skin samples were incubated with caffeine and
Raman intensity depth profiles were acquired. Using the surrogate algorithm, these
human skin intensity depth profiles were finally corrected for Raman signal

attenuation.

Materials and methods

Skin surrogate fabrication

The main chemical components of human stratum corneum were used to create a
suitable skin surrogate, namely keratin as the main protein component, purified water
and a specific lipid mixture (Table 1). The lipid mixture was based on the work of
Jaeckle et al [19] and contains fatty acids, cholesterol and triglycerides in predefined
ratios.

Keratin, extracted from rabbit fur (Chemos GmbH, Regenstaufen, Germany) and
purified water were mixed in a melamin bowl by dropwise adding water to the keratin
powder. The fatty acids myristinic acid (Edenor C 14®), palmitic acid (Edenor C
16®), stearic acid (Edenor C 18®), oleic acid (Edenor Ti05®) and linolic acid (Edenor
SB0O5®), provided by Cognis Oleochemicals GmbH (Duesseldorf, Germany) were
mixed and molten in a metal bowl at 75 °C forming a clear liquid and stirred during
cooling down to room temperature. This mixture is referred to as ‘fatty acids’ in the
text. Triglycerides (Witepsol H5®, Sasol, Hamburg, Germany) and cholesterol
(Sigma-Aldrich, Steinheim, Germany) were added and the procedure was repeated
as described. The cold lipid mixture was added to the keratin in water and finally
homogenised. First approaches to form a homogeneous matrix involved gentle
physical mixing of the components in a melamin bowl leading to inhomogeneous
distribution of hydrophilic and lipophilic compounds and the incorporation of air
bubbles. Further processing by means of a porphyrisator improved homogeneity but
multiplied the air contribution, resulting in a foamy consistence.

The optimised fabrication process involves premixing in a melamin bowl and final
homogenisation using a three-roll-mill. The appearance of the final product was a
creamy matrix of bright brown colour. The refractive index of the skin surrogate was
determined using a Abbe-refractometer. The final skin surrogate was stored at room

temperature in a scintillation vial sealed with parafilm.



Incorporation of caffeine
Micronized caffeine (Sigma-Aldrich, Steinheim, Germany) as a model drug was
incorporated in the surrogate by adding the powdered substance to the keratin water
mixture. The subsequent fabrication of the skin surrogate follows the protocol as
described above. A caffeine concentration of 30 mg caffeine per 1 g surrogate was
used as reported for penetration experiments in human skin [20]. This concentration
could be detected by Raman microscopy without any constraints. To verify the
homogenous distribution of caffeine, the surrogate is spread on a glass slide and at

least six single spectra are recorded at random positions on the surrogate surface.

Human skin preparation
Human skin was obtained from plastic surgery of female Caucasians (Department of
Plastic and Hand Surgery, Caritaskrankenhaus, Lebach, Germany). Only abdominal
skin was used. After excision the stratum corneum was cleaned with purified water
and the fatty tissue was removed with a scalpel. The skin was stored in impermeable
polyethylene bags at -26 °C. For stratum corneum isolation the protocol of Kligman et
al [21] was followed. First, punches of 25 mm in diameter were taken from the frozen
skin and thawed to room temperature on a filter paper soaked with phosphate-
buffered saline (composed of 0.2 g potassium chloride, 8.0 g sodium chloride, 1.44 g
disodium hydrogen phosphate dehydrate and 0.2 g potassium dihydrogen phosphate
in 1 | of purified water). To separate the full-thickness skin in dermis and epidermis,
the thawed sheets were immersed in 60 °C warm purified water for 90 s.
Subsequently, the epidermis was peeled off using forceps. The dermis was disposed
and the heat separated epidermis was transferred into a petri dish. To separate
stratum corneum and epidermis, the sheets were incubated in 0.15 % (m/m) solution
of trypsin in phosphate-buffered saline at 37 °C. After 24 h the remnants of viable
epidermis were removed in purified water and the remaining stratum corneum sheets
were blotted dry between two filter papers using a pressure roll. Placed on flat Teflon
sheets the stratum corneum was freeze  dried (Martin  Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany). The freeze drying process
took at least 48 h and the crimp stratum corneum sheets were stored in a desiccator

until further analysis.

Drug incubation experiments



For drug incubation experiments the heat separated epidermis was incubated in a
petri dish filled with caffeine solution (12.5 mg/ml) in phosphate-buffer for 12 h. After
incubation, the skin was patted dry and analysed. For Raman measurements the skin
was fixed on glass slides covered with adhesive aluminium foil. All measurements
were performed at controlled temperature and humidity conditions (21 °C / 30-40 %
rh).

Differential scanning calorimetry (DSC)
Differential scanning calorimetry was used to study thermal characteristics of the
surrogate and its single components. Samples of 2-3 mg were sealed in hermetic
aluminium pans (Hermetic Pans, TA Instruments, USA). After equilibration for 2 min
at 20 °C, temperature ramps in the range of 20-160 °C were performed with a
heating rate of 10 °C/min (DSC Q100, TA Instruments, USA). For stability testing, the
freshly prepared surrogate was sealed in hermetic pans and stored at room

temperature (21 °C) for one or five days, respectively.

Confocal Raman microscopy
For Raman analysis the surrogate was filled in silicon rings fixed on glass slides. This
procedure results in a reproducible surrogate layer of 2 mm in thickness providing a
plane upper surface suitable for single spectra and depth scan acquisition. Raman
spectra were recorded using a confocal Raman microscope (alpha300R+, WITec
GmbH, Ulm, Germany). The excitation source was a diode laser with a wavelength of
785 nm adjusted to a power of 25 mW on the sample surface. Single spectra were
recorded using a 50x objective (Epiplan Neofluar, Zeiss, Germany) with a numeric
aperture of 0.8. For z-line-scans the corresponding long distance objective (N.A.
0.55) was used. A confocal pinhole of 100 um rejected signals from out-of-focus
regions. Raman spectra were recorded in the range of 400-1780 cm™ with a spectral
resolution of 4 cm™ and 10 seconds acquisition time with 10 accumulations. For
depth profiling spectra were collected in 2 um steps with 3 accumulations. All spectra
were background subtracted and normalised to the most intense peak at 1430-1480
cm™ representing v(C-H) vibration using WITec Project Plus software (WITec GmbH,

Ulm, Germany).

Infrared-Spectroscopy (IR)



Infrared spectroscopy analysis was performed with an attenuated total reflectance
(ATR) unit (Spectrometer 400 ATR-IR, Perkin Elmer, USA). Spectra were recorded in
the range of 650-4000 cm™ with 10 accumulations.

Results and discussion

Skin surrogate fabrication

The development of an artificial skin surrogate is based on the idea to establish a
reproducible system simulating the optical properties of human stratum corneum. The
surrogate composition is based on the chemical composition of human stratum
corneum. Human stratum corneum consists of keratin as the main structure-forming
protein and the intercellular lipid bilayers comprising fatty acids, triglycerides,
cholesterol, ceramides and sterolesters (Table 2) [22-25].

Based on this information, a simplified composition of the main stratum corneum
components is chosen (Table 1). The use of other components like ceramides
appears to be unessential to achieve optical similarity. Homogeneity of the skin

surrogate is non destructively verified by Raman spectroscopy.

Physical characterisation and stability testing

To assure stability and reproducibility of the surrogate system, a comprehensive
physical characterization of single components and the final surrogate is performed
comprising thermoanalytical as well as spectroscopic methods. Furthermore, stability
testing is conducted to monitor potential changes upon storage.

DSC thermograms of the single components and the surrogate are recorded (Figure
1 A). The lipid components (fatty acids, cholesterol and triglycerides) exhibit clear
endothermic peaks, representing the respective melting processes. The denaturation
of keratin is slightly visible around 110 °C, corresponding well with literature [26, 27].
The skin surrogate shows one endothermic peak around 35 °C, representing
triglycerides and fatty acid melting. No additional peaks indicating transformations

during fabrication can be observed.



As lipids are prone to undergo polymorphic transitions upon storage [28] the
surrogate is analysed in terms of physical stability. A certain amount of skin surrogate
is transferred to hermetically sealed DSC pans and thermoanalysis is performed
directly after fabrication and after defined storage intervals in room conditions. The
lipid melting endotherm around 35° C depicts a slim shoulder directly after fabrication
indicating transitional lipid formations which disappears after one day (Figure 1 B)
[29]. No further changes are observed up to five days after production. Based on
these results all studies are carried out 24 h after surrogate fabrication, to assure the

absence of lipid transformations during experiments.

Raman microscopy analysis

As a basis for depth profiling, Raman analysis is performed on the single components
as well as on the skin surrogate (Figure 2 A). The surrogate spectrum reflects the
vibrational information of the single components without the appearance of any
additional peaks or shifts. The most intense peak is localised at 1430-1480 cm™
representing v(C-H) vibration as expected [30]. In a second step, the spectral
information of the individual components is summed up to form a virtual surrogate
spectrum. Based on the exact predefined ratios of the components in the skin
surrogate, the single component spectra are combined by Equation 1 to form a virtual
spectrum of the ideal, homogeneous mixture without any interactions.
FA x 0.114 + TG * 0.093 + Chol * 0.093 + K/W * 0.7

(Equation 1)
(FA = fatty acids, TG = triglycerides, Chol = cholesterol, K/W = keratin/water)
The virtual spectrum perfectly reflects the original skin surrogate spectrum without
any shifted or additional peaks (Figure 2 B). Thus, the fabrication procedure does not
affect the chemical structure and physical behaviour of the individual components.

Furthermore, there is no hint for any interactions of the individual components.

Comparison of skin surrogate and human skin
As the skin surrogate is supposed to serve as a model system to analyse Raman
signal attenuation in human skin, the essential optical properties of the surrogate
have to coincide with human skin.
As one of the main optical properties, the refractive index of the skin surrogate is

determined using an Abbe-refractometer. The result of 1.48 (n=5) corresponds well



with the refractive index of human stratum corneum (1.51) [31]. Furthermore, IR and
Raman spectroscopy were used as complementary techniques to compare isolated
human stratum corneum and skin surrogate with each other (Figure 3). With respect
to its simplified composition, the surrogate successfully mimics the spectroscopic
properties of human stratum corneum. The Raman spectra of the surrogate represent
the bands of the major components of human stratum corneum (Figure 3 A), explicitly
the amid | stretch band at 1650 cm™ and the fatty acid C-C chains stretch at 1125
cm™ [30]. The Raman peak at 1003 cm™ is less pronounced in the surrogate due to
overlapping of aromatic amino acid bands with the urea band in human skin, as urea
is not included in the surrogate composition.

IR spectroscopy cannot detect any differences between stratum corneum and the
skin surrogate except for peak broadening caused by higher water content in the skin
surrogate (Figure 3 B).

The surrogate closely mimics the optical properties of human skin, which is an
important prerequisite for simulating and evaluating Raman signal attenuation in

human skin.

Incorporation of a model drug

For a comprehensive investigation and quantification of Raman signal attenuation of
drugs in skin, the surrogate needs to be homogeneously loaded with a drug, thus
providing a controlled system with constant drug concentration at each point.
Caffeine as a model drug is homogeneously distributed within the surrogate system.
The comparison of Raman spectra of pure surrogate, a saturated aqueous caffeine
solution and caffeine-loaded surrogate demonstrates the detectability of caffeine
inside the skin surrogate (Figure 4 A). The spectrum of the caffeine loaded surrogate
shows neither any additional peaks nor wavelength shifts of existing peaks. This
indicates that caffeine remains chemically intact and causes no interactions with
surrogate components.

Heat-separated epidermis (HSE), a standard skin sample for drug penetration
testing, is used as specimen for comparison with the drug loaded surrogate.
Incorporation of the drug into the skin sample is performed in a bath of caffeine
solution. Thus, exclusive skin penetration via the stratum corneum as performed in a
Franz cell experiment is avoided and the drug can diffuse into the skin sample from

all sides. Raman spectra of freshly prepared HSE, caffeine solution and drug-loaded
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HSE were acquired and compared to each other (Figure 4 B). No additional peaks or
wavelength shifts of existing peaks can be observed. The main peaks representing
caffeine are indentified at 553 cm™ (deformation 3(O=C-N)) and 1337 cm™ (stretch
v(CN)) [32].

To verify a homogenous distribution of caffeine within the skin surrogate, three
different batches of surrogate are analysed by confocal Raman microscopy. Figure 4
C depicts three representative spectra for each surrogate batch. The normalized
peak intensities of the peak representing caffeine range from 33.1 % * 3.2 % to 29.7
% + 1.1 % (n = 6) for the individual batches (Figure 4 D). Comparison of the mean
peak intensities of three surrogate batches revealed no statistical difference. This
proves reproducible and homogeneous concentrations of caffeine inside the

surrogate.

Drug depth profiling

For a profound investigation of Raman signal attenuation inside the skin, drug
intensity depth profiles are acquired in the surrogate as well as in HSE samples. For
this purpose, the intensity of the Raman signal representing caffeine in the wave
number range of 550-560 cm™ is monitored. This region is chosen because it
provided a clear signal even in deeper layers with higher ambient noise. Due to the
subsistence of some small air bubbles in the skin surrogate, causing low signal
intensities at certain depth points, the intensity depth profiles of the skin surrogate are
smoothed.

Figure 5 depicts the caffeine intensity depth profiles in skin surrogate samples (A)
and HSE samples of two different skin donors (B, C). Each profile exhibits a similar
shape, consisting of a steep Raman intensity increase followed by a maximum and
terminating in a levelled intensity decrease. The half maximum of the increase
represents the depth where the measurement spot entered half way into the
specimen [17]. Therefore, this depth is determined to be the sample surface. The
peak maximum itself indicates that the measurement spot entered the sample
completely, since Raman scattering is detected within the whole spot volume.

For the skin surrogate, the caffeine concentration is known to be constant at each
depth due to homogeneous drug distribution inside the sample. Since Raman peak
intensity is directly related to caffeine concentration, the Raman intensity in the

surrogate is supposed to be constant at each point. Thus, a plateau at maximum
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Raman intensity is expected when the measurement spot entered the sample
completely, rather than the observed levelled decrease. Therefore, the detected
Raman signal attenuation is exclusively caused by intensity damping in the sample.
To quantify the extent of attenuation, the decrease of the curve is mathematically
fitted.

Development of a correction algorithm for Raman signal attenuation

One aim of the study is to develop a mathematical algorithm which allows to correct
Raman intensity depth profiles for signal attenuation within the surrogate. Based on
this algorithm drug concentration profiles with a direct correlation of Raman intensity
changes and drug concentration changes shall be realized. In a further step, this
algorithm is meant to be transferred to skin samples for correction of Raman depth
profiles.

Based on the drug intensity depth profiles of three different skin surrogates a mean
curve is calculated. In a next step, the decrease of this curve is fitted by an
exponential function (Equation 2). Exponential fitting is chosen because it is well
known that the intensity of electromagnetic waves undergo an exponential decay
while penetrating an opaque medium. To avoid overfitting a simple exponential
relationship as presented in Equation 2 is applied. Least-square regression with
constraint D(0) = 1 is applied to mathematically describe the decrease of the curve,
with x being the depth along the z-axis and x = 0 being the skin surrogate surface
(Equation 3). The residual standard error is 0.04848 and the variables a and b are

significantly different from zero with p < 0.001.

X
D(x) = a*exp (— E) t(1-a) (Equation 2)

D(x) = 0.9997 * exp (— ) + (1 - 0.9997)

X
15.7581 (Equation 3)

Equation 3 exhibits a representative mathematical description of the drug Raman
signal intensity attenuation within the skin surrogate. Figure 6 displays the mean drug
intensity depth profile and the corresponding fit by Equation 3. Apart from three
single data points within the steepest decrease of the profile, the fit accurately
describes the recorded data points. To obtain caffeine intensity depth profiles based
on a direct correlation of Raman signal intensity and caffeine concentration in the
surrogate, the attenuation based intensity decrease has to be mathematically

corrected.
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Using the attenuation function (Equation 3) a signal re-attenuating algorithm is
derived with f(x) representing the detected Raman intensity at depth x and R(x)
representing the corrected signal.

R(x) = f(x) + 1 — (0.9997 * exp (— + (1= 0.9997))

X
T57501)
(Equation 4)
As the skin surrogate simulates the optical properties of human stratum corneum, the
re-attenuation algorithm is supposed to correct drug intensity profiles in human skin
samples.
For a proof of concept, the re-attenuation algorithm is used to recalculate caffeine
intensity depth profiles in HSE samples. Figure 7 shows mean drug intensity depth
profiles of two different skin donors based on raw spectral data without any correction
(solid line) and after processing the data with the re-attenuation algorithm (dashed
line). After correction, the drug intensity depth profiles exhibit a nearly constant
Raman intensity, which is directly related to the drug concentration within the whole
skin sample. A slight deviance in the first part of the corrected profile is based on a
less accurate fit in the steep part of the profile as discussed above. Incubating the
skin samples in caffeine solution bypasses the stratum corneum barrier function and
facilitates complete soaking with drug solution. Assuming that the caffeine
concentration is constant in each depth in the HSE, a calculated constant intensity of
the caffeine related Raman peak over depth in HSE is plausible. These results
indicate the suitability of the correction algorithm to correct intensity depth profiles for
Raman signal attenuation. So far, most studies relied on a relative method to deal
with Raman signal attenuation. By applying this method, the intensity of a drug
representing Raman peak is related to a skin derived Raman peak [12, 18].
Inconsistencies in Raman peak intensity due to inhomogenities in skin composition
are potentially causing uncertainties in depth profiling. Against this background, our
novel approach to quantify Raman signal attenuation in a chemical skin surrogate
with similar optical properties as skin and to generate a mathematical algorism for
correction of attenuation within skin samples bares many advantages. This approach
potentially allows direct quantification of drug in skin tissue solely based on Raman
peak intensities. Furthermore, the influence of skin inhomogenities on concentration
depth profiles is reduced. On the contrary to the existing qualitative and semi-
guantitative studies, this facilitates the acquisition of quantitative concentration depth
profiles [9, 12]. However, future studies will investigate the applicability of the
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developed algorithm on a larger set of different drug depth profiles including a
comparison of Raman spectroscopy results and established standard techniques for
the acquisition of drug depth profiles.

Conclusion

An artificial skin surrogate simulating the optical properties of human skin is
successfully developed. Evaluation of the skin surrogate by comprehensive physical
characterization with thermal and vibrational spectroscopy technigques proves
reproducibility and stability of the system. A mathematical function for the description
of Raman signal attenuation in the skin surrogate is derived based on an incubation
study with a homogeneously distributed model drug and is applied to approximate
drug intensity depth profiles in human skin. This novel mathematical approach serves
as a first step towards a reliable acquisition of quantitative drug concentration profiles

by confocal Raman microscopy.
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Figure 1: Physical characterisation of the skin surrogate.
DSC thermograms A comparison of skin surrogate and its single components B

detail of the skin surrogate thermogram upon storage (mean, n = 3).

18



Skin surrogate
= ; Virtual skin surrogate
S, Keratin/Water | %,
B z
= 7]
£ 8
% Cholesterol b=
Skin surrogate
Triglycerides
Fatty acids
T T T T T T T T T T T T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Raman shift [cm'1] Raman shift [cm™]

Figure 2: Vibrational characterisation of the skin surrogate.
Raman spectra A skin surrogate and its single components B comparison of virtual

and real skin surrogate.
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Figure 3: Comparison of human stratum corneum and skin surrogate.
A Raman spectra B IR spectra.
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Figure 4: Raman spectral evaluation of an incorporated model drug.

Raman spectra of A skin surrogate, caffeine incorporated in skin surrogate and
caffeine B HSE, HSE incubated with caffeine and caffeine C three different batches
of skin surrogate with incorporated caffeine at three different positions. D caffeine
representing peak intensities of three different surrogate batches (mean + SD, n = 6).
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Figure 5: Raman intensity depth profiles of caffeine.

Depth [um]

A three different batches of skin surrogate B and C heat separated epidermis of two

different donors on three different positions.
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Figure 6: Description of Raman signal attenuation.
Raman mean drug intensity depth profile based on three skin surrogates (solid line
mean * SD, n = 3) and fitting function (dashed line).
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Figure 7: Corrected Raman intensity depth profiles in human skin.
A and B Raman mean intensity depth profile for caffeine in two skin donors (solid

line, mean = SD, n = 3) and corrected profile (dashed line, mean + SD, n = 3).
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Ingredients Skin surrogate
composition (w/w) [%)]
Keratin 42
Water 28
Lipids 30
| Cholesterol L 9.3
| Triglycerides L 93
| Fatty acids | 114
| Myristic acid | 0.27
| Palmitic acid L 435
| Stearic acid | 1.23
| Oleic acid |l 4.14
| Linoleic acid L 141

Table 1: Chemical composition of the skin surrogate.
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Ingredients Human stratum corneum
composition (w/w) [%)]

Keratin 50-70
Water 10-40
Lipids 10-30
Fatty acids 9.1-26
Cholesterol 14-28.9
Triglycerides 0-25.2
Sterolesters 0.7-10
Ceramides 18.1-49.2
Other 1.9-18

Table 2: Chemical composition of human stratum corneum [22-25].
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