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Fourier transform infrared (FTIR) microscopy was applied to obtain information on lateral drug diffusion
of dithranol in artificial acceptor membranes. Lateral (2D) drug distribution into an artificial membrane
was investigated on an area of 300 pm x 1000 um with a lateral resolution of 25 pm x 25 pum by inte-
grating a specific IR band located at 1430 cm™~'. The concentration profiles show a heterogeneous distri-
bution of dithranol particles resulting in non-uniform drug diffusion. Use of the FTIR microscope either in
the transmission or in the reflection mode was restricted to a thickness of the DDC membrane <15 um.
The third dimension (depth profile) was analysed by means of confocal Raman microscopy (CRM). In an
artificial membrane, the depth range from a minimum of 1.5 pm up to a maximum of 49 pm was ana-
lysed for dithranol distribution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Infrared (IR) and Raman spectra, which are complementary to
each other, provide descriptions of molecular vibrational transi-
tions of the atoms of a compound. Therefore, both techniques are
also referred to as vibrational spectroscopy. Vibrational spectros-
copy is widely used in pharmaceutical research and technology
and quality inspection as well as in quantification.

The infrared and Raman spectroscopy techniques developed in
the past decades gave rise to a number of new applications. FTIR-
ATR (Fourier transform infrared attenuated total reflection)
spectroscopy, FTIR-PAS (Fourier transform infrared photoacoustic
spectroscopy) and FTIR-RAS (Fourier transform infrared reflec-
tion-absorption spectroscopy) as well as FT-Raman (Fourier trans-
form Raman) spectroscopy are to be mentioned in this context.
FTIR-ATR has become a standard method in the field of real-time
drug penetration studies in membranes and for the investigation
of drug release from pharmaceutical formulations. It was success-
fully demonstrated that the FTIR-ATR technique is capable of pro-
viding data on the release process of drugs in semisolid
formulations [1]. Another development for the investigation of
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the drug diffusion process consists in the use of an FTIR-ATR cell
for non-invasive real-time measurements. The diffusion of water
through an artificial polyethylene glycol/polydimethylsiloxane
membrane was studied. Additionally, the diffusion of urea in the
human stratum corneum was analysed [2]. FTIR-PAS supplies
chemical information even about opaque samples. To study drug
delivery from pharmaceutical formulations and the penetration of
compounds into skin or membranes, the phase modulation tech-
nique was employed frequently [3]. It allows to reach certain ranges
of the sample depths of up to 50 pum. For the measurement of thin
films, the IRRAS technique is applied. It yields spectral information
on layers down to a thickness of 1 nm [4]. Since FT-Raman spectros-
copy is sensitive to conformational order of molecules, it is often
applied to characterise compounds with respect to their molecular
structures e.g. the structure of stratum corneum lipids [5].
Investigation of inhomogeneous systems requires the composi-
tion of specific molecules or functional groups in a certain sample
to be displayed. This information can be obtained by means of
vibrational spectroscopic imaging techniques. Imaging advantages
partly result from the investigator’s ability to efficiently process
and generate a complex two-dimensional spatial representation
of a sample in terms of a variety of spectrally related molecular
parameters. The use of imaging for biological purposes has
increased rapidly. Chemical images of single cells, even human
cells, were recorded and showed the protein distribution, the
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localisation of the nucleus, organelles, and the membrane [6-8].
Application of Raman microspectroscopy and imaging to study
chemical heterogeneity of emulsion systems was reported too
[9]. Since confocal Raman microscopy provides depth-resolved
measurements, this technique was frequently used to observe drug
penetration into the human skin [10,11] and to study the hydration
levels of certain layers of the human epidermis [12,13]. Recent
developments in the field of Raman technique are the CARS (coher-
ent anti-Stokes Raman scattering) microscopy [14] and the stimu-
lated Raman scattering (SRS) microscopy. Freudiger et al. reported
a three-dimensional multiphoton vibrational imaging technique
based on stimulated Raman scattering (SRS). The sensitivity of
SRS imaging is significantly higher than that of spontaneous Raman
microscopy, and SRS can be applied to monitor drug delivery and
for skin imaging [15].

The use of FTIR imaging as an analytical tool for the character-
isation of drug delivery systems was demonstrated by C.A. Coutts-
Lendon et al. [16]. In their study, the delivery characteristics of the
drug, testosterone, suspended in a poly(ethylene oxide) matrix
were observed using this technique. Kazarian et al. applied FTIR-
ATR imaging for the “chemical photography” of the release process
of polymer/drug formulations [17]. This is to name only a few pub-
lications that deal with spectroscopic methods for the investiga-
tion of skin composition, skin hydration, and skin penetration
and illustrate the benefits of spectroscopy and in particular of spec-
troscopic imaging in this field of science.

In the following work, the application of FTIR imaging for inves-
tigating the lateral penetration of the model drug dithranol (DI)
within an artificial membrane [18] will be discussed. In-depth
investigation of the penetration process by measuring the third
dimension (sample depth) using confocal Raman imaging will be
presented. The system applied for this purpose is an artificial
acceptor membrane (DDC membrane) and a formulation of white
soft paraffin containing the anti-psoriatic drug dithranol (DI). The
DDC membrane acts like a lipophilic acceptor and does not quite
match real conditions of the human skin. Nevertheless, this system
allows for assessing physicochemical properties of drugs and drug
delivery from various vehicles.

2. Experimental
2.1. Introduction to imaging techniques

Before describing the experiments in detail, it appears reason-
able to recall some basic theory. Electromagnetic radiation of the
infrared region is absorbed by matter when its frequency corre-
sponds to the frequency of a molecular vibration, which is able to al-
ter the dipole moment of the molecule. An IR spectrum is obtained
by passing infrared radiation through a sample and by determining
the absorbed fraction of the incident radiation. Detection of Raman
scattering radiation results from a laser-induced excitation of a
sample. There are several kinds of light scattering. While Rayleigh
scattering leads to no change in the wavelength of individual pho-
tons, the Raman effect leads to a change in energy of some photons
due to inelastic collision of incident light and molecules. Depending
on the energetic state of the vibration interacting with the photon,
the scattered radiation may lose energy. This case is referred to as
Stokes Raman scattering. If the created photon is of higher energy,
the anti-Stokes spectrum will be produced. Recording of the Stokes
Raman spectrum is sufficient in most applications. The basic theory
of infrared spectroscopy [19-23] as well as of Raman spectroscopy
[21,24-26] is discussed in detail in various publications.

Both infrared and Raman spectroscopy are contactless, non-
destructive, and minimally invasive or even non-invasive technol-
ogies, which provide vast chemical information about the subject

of interest. The combination of IR and Raman spectrometers with
microscopes turned out to be a great leap forward in the field of
vibrational spectroscopy in life sciences [27,28]. It does not only
supply chemical information on bulk samples, but also supply a
photography of the sample, from which chemical information of
high spatial resolution can be derived for each point. Introduction
of vibrational microscopy made chemical visualisation possible. In
its most basic form, chemical visualisation data can be acquired in
the following ways: point mapping with a single-element detector
or global imaging with an array detector (Fig. 1). In the first case, sin-
gle measuring points are visualised by moving the sample in the fo-
cused laser or infrared beam with a motorised x-y stage. At each
position, a complete spectrum is recorded using a standard spectro-
graph with a detector. The output is a vibrational spectrum corre-
sponding to each spatial location. Then, chemical information can
be interlinked by data processing. In contrast to this, a wide area
of the sample is subject to Raman excitation or infrared scanning,
if a defocused beam is applied. When using an FPA (focal plane ar-
ray) or CCD (charge coupled device) array detector, a series of
images is recorded as a function of the wave number [20]. Many
of the methods employed for infrared and Raman imaging collect
the radiation by a microscope objective and guide it to a tuneable fil-
ter for wavelength selection. The filtered radiation is collected by
the array detectors mentioned above, which provide the two spatial
dimensions. The third dimension is obtained by tuning the filter.

To sum up, two categories of imaging techniques are distin-
guished: “direct imaging” and “series imaging” methods. The di-
rect imaging technique results in the immediate production of a
complete two-dimensional image at a chosen wavelength, which
is characteristic of a molecular compound within the fully illumi-
nated specimen. On the other hand, series imaging or mapping
techniques require image reconstruction, which is achieved by
scanning the sample [29].

2.2. Raman measurements

Raman series imaging experiments were carried out with the
Raman microscope Senterra (Bruker Optics, Ettlingen, Germany)
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Fig. 1. Options for chemical imaging using vibrational spectroscopy.
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for depth-resolved measurements. As excitation source, a diode la-
ser (785 nm, 100 mW) was employed. The excitation beam as well
as the Raman backscattering radiation was guided through a 50x
objective (NA=0.75). By means of a confocal diaphragm of
50 um diameter, the Raman scattering radiation emanating from
the focal plane only was permitted to reach the detector’s CCD
camera. A typical integration time for recording the Raman spectra
was 90 s on the average. The spectral resolution was 4 cm™! in the
spectral range from 75 cm~! to 1535 cm™'. This spectral region
was chosen, since the most intensive Raman bands of dithranol
were located here. The experimental set-up was composed of a
sample holder that contained a gap, which served as a reservoir
for the semisolid pharmaceutical formulation, which was a 5% sus-
pension of the anti-psoriatic drug dithranol in white soft paraffin.
Above this arrangement, a DDC membrane [28] made of collodion
and 4% dodecanol was positioned. Its average thickness amounted
to 31 um and the index of refraction was nZ® = 1.465 (measured by
means of an Abbe refractometer). In order to observe the distribu-
tion of dithranol in the membrane, a measuring field of
45 pm x 210 pm was arranged. It contained 16 points (resolution:
15 pm x 70 pm). The confocal microscope allowed for measure-
ments in three layers, namely, on the surface of the membrane,
at an adjusted depth of 10 um, and at a depth of 20 um (Fig. 2).
Consequently, a single measurement consisted of 48 spectra repre-
senting an observed cubic space of 0.189 mm® of the DDC mem-
brane and a spatial resolution of 15 pm x 70 pm x 10 pm (x/y/z).
Mapping of a single layer took 30 min, resulting in a total acqui-
sition time of more than 90 min. For analysis, a pre-treatment pro-
cedure was applied to all spectra using the OPUS software (version
6.5 Bruker Optics, Ettlingen, Germany). The treatment comprised a
baseline correction procedure with subsequent smoothing of the
spectral data. Finally, the spectra were normalised to the band at
848 cm™', which can be assigned to the DDC membrane (Fig. 5).

2.3. FTIR measurements

The direct IR imaging experiment was accomplished using the
infrared microscope HYPERION 3000. For series IR imaging, the
FTIR spectrometer IFS66 was coupled with the IR-scope II (Bruker
Optics, Ettlingen, Germany). In the case of direct imaging experi-
ment with HYPERION 3000, the signal-to-noise ratio of the bands
of interest was too low to allow for an interpretation of the data
(data not shown). Due to the lower sensitivity of direct imaging,
the experiments were carried out by using the mapping or series
imaging mode. The spectra in the range of 680-4000 cm~! were
acquired with 20 scans at a resolution of 2 cm~!. The DDC mem-
brane thickness was restricted to less than 15 um. When using
thicker membranes, the absorbance of the infrared radiation would
have been too high in this measuring mode (transmission). The
experimental set-up is shown in Fig. 3. The sample used was a
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Fig. 2. Experimental scheme for the series imaging of the diffusion of dithranol
using a Raman microscope. Imaging was performed in three layers of different
depths in the DDC membrane L1, L2, and L3.
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Fig. 3. Experimental scheme for the series imaging of the diffusion of dithranol in a
DDC membrane using an IR microscope in the transmission mode.

10% suspension of dithranol in white soft paraffin. The DDC mem-
brane was used as an acceptor membrane.

3. Results and discussion

The system used in our investigations has already been under
research for several years by means of various spectroscopic tech-
niques [30-32]. The artificial membrane serves as a skin model
showing the properties of a lipophilic acceptor system, while the
formulation represents the donor. Since dithranol is a substance
with pronounced lipophilic properties, it is highly soluble in the
membrane mentioned. The partition coefficient of dithranol be-
tween the DDC membrane and white soft paraffin was defined
by Hanh to range between 1.37 and 2.07. The delivery of dithranol
from the formulation used into the membrane was studied else-
where and is known to occur [33]. This well-known arrangement
is considered appropriate for investigations that use imaging
techniques.

The IR imaging results were taken from a study to elucidate the
potential use of the FTIR microscope (mapping and imaging tech-
niques) for determining the lateral penetration of a drug from
semisolid formulations into artificial lipid membranes [18]. An
area of 300 pm x 1000 pm of the membrane was used to deter-
mine drug distribution. The whole area was measured for 2.5h
with a lateral resolution of 25 pum x 25 pm. DI exhibits a strong
IR band at 1446 cm™!, which is derived from ring stretching vibra-
tions, similar to the band in anthracenes. By integration of the
drug’s IR band (1398-1472 cm™!), the concentration distance pro-
file of dithranol in the DDC membrane was generated (Fig. 4). The
concentration profiles show that there is a heterogeneous distribu-
tion of dithranol particles in the formulation, which results in a
non-uniform drug diffusion front in the membrane. However, no
changes of drug concentration with depth were obtained by Hanh
et al. [18]. In order to obtain more information on deeper layers of
the sample, confocal Raman microscopy is a versatile tool and is
suitable to overcome the limitations of micro FTIR.

Initially, Raman measurements of the individual components
were accomplished. Damages of the samples due to laser radiation
such as deformation, ablation or photochemical reactions were not
observed. The resulting spectra (Fig. 5) show characteristic bands
of the active molecular vibrations of the ingredients. White soft
paraffin is a mixture of n- and iso-paraffin, which exhibit a typical
number of bands, namely, the peak around 1460 cm™! consisting of
the —(CH,) band of the scissoring mode usually found at 1465 cm ™!
and the asymmetric CHs; band typically located between
1470 cm~! and 1430 cm™~'. The second band of strong intensity is
located at 1296 cm ™! and can be assigned to the —(CH,),- in-phase
twisting mode of asymmetric bending vibrations in n-alkanes [34].
These vibrations also occur in the artificial membrane, since collo-
dion and in particular the long-chain alcohol dodecanol are com-
posed of several similar functional groups. In primary and
secondary alcohols, the CCO stretching frequencies occur between
800 cm~' and 900 cm™'. The hydroxyl group exists in the long-
chained alcohol as well as in the collodion. Furthermore, the nitro
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Fig. 4. FTIR mapping of the lateral diffusion of dithranol in a vaseline formulation
into a dodecanol-collodion membrane (thickness 12 pum). The X-axis and Y-axis
represent the observed membrane area, and the Z-axis indicates the normalised
drug amount. The spectrum shows the DDC membrane containing the penetrated
drug. For extracting the drug concentration profile, the integrated intensity of the
dithranol band in the spectral range of 1398-1472 cm™' was used (taken from [18]
with permission of Elsevier).
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Fig. 5. Raman spectra of the applied compounds: (a) DDC membrane containing
traces of dithranol measured during the experiment; (b) pure active ingredient
dithranol; (c) DDC membrane measured when experiment was started; and(d)
white soft paraffin. The arrows indicate the bands used for determination of the
dithranol. The assigned molecular vibrations for 616cm™' and 851 cm™' are
presented in the results part.

group contributes to the intensive signal in this range. The molec-
ular structure of dithranol is composed of anthracene with three
hydroxyl groups at positions 1, 8, and 9. The spectrum of dithranol
shows two intensive bands between 650 cm~' and 450 cm™'.
These signals are probably due to ring deformation modes, which
are typically present in condensed mono-substituted benzenes.
Considering the spectra of the DDC membrane and paraffin, the
dithranol bands are isolated in the spectrum, which makes them
suitable means to pursue the diffusion process. Consequently, the
band of dithranol at 616 cm~! was integrated to relate the drug
amount in the membrane. The spectrum in Fig. 5a was extracted
from the mapping experiment. It was recorded 60 h after prepara-
tion of the sample arrangement. The bands emanating from the
drug are detectable at 616 cm ™' and 485 cm™". In order to observe
the distribution of dithranol in the DDC membrane, a measuring
field of 45 um x 215 um containing 16 points was arranged. Four
measuring points were located where the membrane covered the
formulation. This area was subjected to measurements at three de-
fined depths by varying the vertical sample position. When mea-
suring in three-dimensions, however, the focus must be below
the surface of the sample. The Raman microscope applied was con-
figured with metallurgical objectives and designed to work in air. If
this is the case, the tightly convergent laser beam will suffer refrac-
tion at the sample/air interface and it becomes difficult to define
the correct z coordinate.

Everall describes the effect of refraction on the depth resolution
of confocal Raman microscopy and found that position and depth
of focus increase dramatically when moving deeper into the trans-
parent media. By means of the ray-tracing model, he presents a
simple method for evaluating the true localisation and depth of
the focus in the sample [35].

22 _
zoa| [0 0
1-NA

This equation gives the true point of the focus (z) as a function
of the apparent focal point (A), the refractive index (n) of the med-
ium, and the numerical aperture (NA). The distance across the
microscope is normalised in terms of the pupil parameter m; while
m =0 corresponds to normal incident rays, m=1 corresponds to
rays with the maximum incident angle. Using this analysis, the
true position of the measurement layers was calculated (Table 1).
The attentive reader would have noticed the divergence between
the thickness of the membrane, namely, 31 pum, and the calculated
theoretical depth of L3 that ranges from 29 pum to 49 pm. This
means that the lowest layer L3 represents a depth range of the
membrane, which is not exactly defined. In the case of the region
where the holder confines the DDC membrane, it is quite difficult
to make a conclusion with regard to the origin of the measured sig-
nals. However, no disturbing bands were recorded, and due to
reflection and scattering on the holder surface, the collected signals
were supposed to originate from a not exactly defined region of the
membrane. This section was considered the lowest part with prop-
erties of a boundary layer. This means that at places where the
membrane covers the ointment, the spectra contain information
about the important interface region membrane/formulation.

Table 1
Adjusted and corrected focus positions of L1, L2 and L3, which were calculated by
using Eq. (1).

Layer  Apparent depth A4 (um)  Zpyn (UM)  Zmax (LM) Focal depth (pm)
L1 1 1.47 2.46 0.99

L2 10 14.65 24.60 9.95

L3 20 29.3 49.2 19.9
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Images of the DI distribution of the membrane sections (accord-
ing experimental scheme shown in Fig. 2) measured as a function
of time and depth are given in Fig. 6. The first observation is the
heterogeneity of the DI concentration at ointment/sample holder
interface, which is characterised by variations of the signal intensi-
ties. This suggests that the contact between ointment, sample
holder, and the membrane is not equally well all over. This would
have to be considered, if diffusion kinetics were studied. According
to Everall, the signal in L1 (t1) (Fig. 6) results from a very thin layer
below the surface of the DDC membrane. Detectable signals in L1
are mainly present in the region above the reservoir, whereas the
layers L2 and L3 (t1) show an increasing drug content also at larger
distances from the reservoir. Furthermore, the signal grows with
incremental depth, as was expected. Another benefit of depth-re-
solved chemical imaging is the comparison of sample sections over
time. After 60 h (Fig. 6 (t3)) of proceeding drug distribution, signal
intensities of the band of dithranol at 616 cm™! in wider regions of
the DDC membrane increased in lateral dimension as well as with
incremental depth. Indeed, the membrane region, which directly
contacts the formulation (L3), shows a decreasing DI concentration
with time (Fig. 6). A closer insight into the diffusion process near
the formulation/membrane interface is given in Fig. 7a. A part of

the membrane, which is located above the reservoir (x =3575;
y =145-160), displays decreasing signals in L3 over time, while
the intensities in L1 and L2 do not exhibit any similar behaviour.
In contrast to this, decreasing signal intensities were first observed
in the upper layers 25 h after the beginning of the experiment.
Since L3 represents the ointment, we assume these data exhibit
the exhaustion of the drug reservoir (ointment). The decelerated
transport of DI from the ointment in the membrane and the distri-
bution of DI in the membrane lead after 25 h to decreasing signal
intensities of the drug. While the DI penetrates the membrane
(partition coefficient 1.37-2.07), the drug in the formulation is pre-
vented from diffusing by the solid fraction of the paraffin. Thus, the
process of delivery and diffusion into the membrane is faster than
the diffusion of the drug in the viscous ointment. As the diffusion
behaviour of the drug in the formulation differs from that in the
DDC membrane, a concentration gradient results in the suspen-
sion, while the concentration gradient between the membrane
and the adjacent suspension decreases. The membrane area
around and above the interface has exceeded its maximum drug
content after 60 h already. The maximum seems to be reached
about 25 h after the start of the experiment. This means that the
application of a new unused formulation would be expedient after
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Fig. 6. Chemical images (see Fig. 2) of the DDC membrane (size 45 pm x 215 um) 15 h (t1) and 60 h (t3) after starting the experiment. t2 is not shown in this figure. Intensity
reflects the drug concentration, which is related to the band at 616 cm™'. The mapping measurements were carried out in three depth regions L1 (1.5-2.5 um), L2 (15-

25 um), and L3 (29-49 pum).
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Fig. 7. Dithranol concentration at positions 3575/145 (a) and 3425/160 (b) in the
layers L1, L2, and L3 vs. penetration time. In order to extract the drug concentration,
the integrated intensity of the dithranol Raman band at 616 cm™! was used.

about one day. For comparison, Fig. 7b displays the same scheme
for measurement point (3425/160), which is located 150 pm away
from the ointment reservoir. At this position, signals from the drug
in all layers are still increasing after 60 h. However, the slope of the
function (Fig. 7b) indicates that the velocity of drug enrichment
has slowed down. DI is distributed laterally although the concen-
tration levels at distances greater than 75 pm from the reservoir
do not reach the values of adjacent membrane regions during the
experiment (Fig. 7).

4. Conclusions

Application of series imaging by means of FTIR microscopy and
confocal Raman microscopy for studying the delivery of a drug
from a semisolid formulation into an artificial membrane was
demonstrated successfully. Our results show that the behaviour
of dithranol in the observed system is similar to that found by for-
mer investigations of Wartewig and Neubert [18]. While the FTIR
measurements allow to pursue the lateral distribution of dithranol,
CRM additionally offers a 3D follow-up of drug diffusion in the DDC
membrane and insight into the donor formulation. Direct FTIR
imaging, however, turned out to be unsuitable under the condi-
tions of our investigations. The lower beam intensities in the direct
imaging mode, which result from the defocused IR beam, lead to
the lower signals.

However, attention must be paid when using CRM: the
apparent and true positions of the measuring depth diverge

considerably, and these values have to be corrected mathemati-
cally. If the composition of a sample changes during the experi-
ment, the spectra from different components overlap, which is
another problem. Due to the mapping of multiple layers, the time
required by a single Raman measurement (depending on spatial
resolution) is longer than that of a comparable IR-Scope measure-
ment. In general, the measurement periods of series imaging
experiments depend on the resolution and are rather long. In com-
parison, the direct imaging mode allows for a faster data acquisi-
tion with high lateral resolution. However, concessions have to
be made in terms of sensitivity. In order to gain analysable spectra,
the FTIR mapping measurements are often carried out in the trans-
mission mode, as the reflection mode produces lower intensities.
Consequently, our IR measurements were accomplished in the
transmission mode, but this also implied a restricted thickness of
the DDC membrane (<15 pwm). Otherwise, total absorption of the
IR beam was observed. Such limitations did not occur when per-
forming the measurements with the confocal Raman microscope.
In conclusion, Raman microspectroscopy seems to be an adequate
technology for skin model and skin penetration and drug delivery
studies. CRM combines robustness with a marginal sample prepa-
ration for depth-resolved 3D measurements and usability for
in vivo experiments. Consequently, this method is a powerful ana-
lytical tool in the field of membrane penetration or drug delivery
measurements. If the SRS technique will improve detection of
traces of drugs in tissue, use of Raman microscopy for 3D skin pen-
etration measurements will increase rapidly.
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