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ABSTRACT 
 
Confocal Raman microscopy is an analytical technique with a steadily increasing impact in the field of 
pharmaceutics as the instrumental setup allows for non-destructive visualization of component 
distribution within drug delivery systems. Here, the attention is mainly focused on classic solid carrier 
systems like tablets, pellets or extrudates. Due to the opacity of these systems, Raman analysis is 
restricted either to exterior surfaces or cross sections. As Raman spectra are only recorded from one 
focal plane at a time, the sample is usually altered to create a smooth and even surface. However, this 
manipulation can lead to misinterpretation of the analytical results. Here, we present a trend-setting 
approach to overcome these analytical pitfalls with a combination of confocal Raman microscopy and 
optical profilometry. By acquiring a topography profile of the sample area of interest prior to Raman 
spectroscopy, the profile height information allowed to level the focal plane to the sample surface for 
each spectrum acquisition. We first demonstrated the basic principle of this complementary approach 
in a case study using a tilted silica wafer. In a second step, we successfully adapted the two 
techniques to investigate an extrudate and a lyophilisate as two exemplary solid drug carrier systems. 
Component distribution analysis with the novel analytical approach was neither hampered by the 
curvature of the cylindric extrudate nor the highly structured surface of the lyophilisate. Therefore, the 
combined analytical approach bears a great potential to be implemented in diversified fields of 
pharmaceutical sciences. 
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INTRODUCTION 
 
Raman spectroscopy is a versatile technique for contactless and label-free characterization of diverse 
samples with a constantly growing impact in pharmaceutical sciences. It facilitates chemically selective 
analysis without sample destruction and can be used for component distribution analysis, 
discrimination between different molecular conformations and interaction studies. For pharmaceutical 
investigations, Raman spectroscopy with a sensor probe recording single Raman spectra is 
extensively used ranging from bulk material identification and counterfeit detection (1, 2) up to 
sophisticated applications such as PAT (process analytical technology) tools for process monitoring 
upon manufacturing (3, 4). To obtain spatially resolved, three-dimensional chemical information a 
Raman spectrometer can be implemented into a confocal microscope. The acquired spectral 
information is converted into chemically selective spatially resolved false color images. Confocal 
Raman microscopy is applicable for investigations of diverse drug delivery systems. In this context, the 
Raman mapping capabilities of the instrument have already been exploited to image the distribution of 
API (active pharmaceutical ingredient) and excipient(s) within a carrier system (5-7), API release (5-7) 
as well as interactions of small delivery systems with cells (8, 9). 
As most customary samples in pharmaceutics feature gradual opacity, the analysis is often restricted 
to surface structures representing either the outer surface or cross sections. In any case the majority 
of these surfaces is structured. However, a confocal setup requires a smooth sample surface as the 
spectral information is collected from the focal plane. Therefore, different invasive methods of sample 
preparation such as polishing are often employed prior to Raman analysis to create a smooth sample 
surface. This can falsify the analytical results due to changes in the original composition i.e. luting and 
physical structure of the sample and should therefore be avoided. In pharmaceutics the impact of such 
analytical results is crucial as misleading data can affect further development procedures. It would be 
highly desirable to establish an analytical approach to combine confocal Raman microscopy with a 
technique for surface analysis allowing chemically selective investigation of highly structured sample 
surfaces in their original state. 
Among the established techniques for analyzing surface structures are atomic force microscopy and 
electron microscopy (10, 11). However, these techniques exhibit several limitations. For electron 
microscopy measurements the sample has to be sputter coated prior to investigations, thus impeding 
further analysis with another technique such as Raman spectroscopy. Moreover, the techniques are 
usually restricted to the investigation of a small sample section, which is often not sufficient for the 
analysis of common solid carrier systems like extrudates, pellets or tablets. Atomic force microscopy 
can be combined with Raman spectroscopy, however, the technique is generally limited to sampling in 
submicrometer scale. Another microscopic approach is optical profilometry which has already been 
applied in manifold fields of applications ranging from ink to minerals (12-18). The technique is based 
on white light scattering after irradiating the sample of interest. The wavelength information of the 
detected scattered light represents the specific distance between light probe and sample surface 
which is converted into a topographic profile. Due to its non-destructive nature, optical profilometry 
suits as a complementary technique for confocal Raman microscopy. 
In this study, we present the combined application of optical profilometry with confocal Raman 
microscopy for all-encompassing chemically selective analysis. In a first attempt, we proved the basic 
practicability of the combined approach by imaging a tilted silica wafer with a laser induced mark. In a 
second step, we adapted the approach for pharmaceutical purposes by analyzing two exemplary drug 
delivery systems. A cylindric extrudate consisting of a matrix former in which the drug has been 
embedded was investigated focusing on component distribution in the core and on the surface. 
Furthermore, a highly structured lyophilisate loaded with a protein in active and inactive state was 
analyzed detecting the localization of inactive drug. 
 
MATERIALS AND METHODS 
 
Sample preparation 
Extrudate: A powder mixture consisting of 50% (w/w) tripalmitin (Sasol, Witten, Germany) and 
50% (w/w) theophylline anhydrate (BASF, Ludwigshafen, Germany) was fed into a co-rotating twin-
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screw extruder (Mikro 27GL-28D, Leistritz, Nuernberg, Germany) with a feeding rate of 40 gmin-1. The 
mass was extruded through a die plate with 23 holes (diameter 1 mm, length 2.5 mm) with a screw 
speed of 30 rpm and a processing temperature of 55 °C. 
Lyophilisate: Bovine Serum Albumin (BSA) was purchased from Sigma Aldrich. Thermally 
denaturated protein was prepared by heating the protein dissolved in water for 90 min at 100 °C and 
verifying the conformation by Raman microscopy. An aqueous solution containing a mixture of native 
and thermally denaturated BSA was freeze dried in a freeze dryer alpha 2-4 LSC (Christ, Osterode, 
Germany) for 48 hours with a final drying step for 1 hour. 
 
Scanning electron microscopy (SEM) 
Samples were sputter coated with gold. SEM measurements were performed by a Zeiss EVO HD15 
electron microscope at an accelerating voltage in a range of 3 to 5 kV. 
 
Optical profilometry 
True surface microscopy was performed with a WITec alpha 500/300T+ (WITec GmbH, Ulm, 
Germany). No sample preparation was needed. The sensor probe can resolve an elevation difference 
of 3 mm with a step size of 120 nm along the z-axis. A silica wafer section of 150 µm x 100 µm and a 
pixel size of 2 µm x 2 µm was irradiated with an integration time of 0.1 sec. The exterior extrudate 
surface was rasterized at a step size of 5 µm along the x and y axes with an integration time of 0.1 
sec. The lyophilisate area under investigation was 2000 µm x 2000 µm. Every 50 µm in both x and y 
direction a signal was recorded with an integration time of 0.05 sec. 
 
Raman spectroscopy 
Raman spectra were recorded with a confocal Raman microscope WITec alpha 500/300R+ (WITec 
GmbH, Ulm, Germany) using implemented Zeiss objectives (50 x NA = 0.55; 50 x NA = 0.8; 10 x NA = 
0.25). The excitation wavelength of the Nd:YAG laser was 532 nm actuated at 10 mW (lyophilisate), 
30 mW (extrudate) or 40 mW (silica wafer). Signals were detected by a back-illuminated CCD camera 
after passing a 50 µm pinhole. The spectral resolution was 4 cm-1. The wafer image had a pixel 
resolution of 2 µm x 2 µm. Integration time for each Raman spectrum acquisition was 0.2 sec. Raman 
spectra were recorded every 5 µm x 5 µm along the x and y axis for the extrudate cross section and 
exterior surface integrated at 0.1 sec and 0.5 sec, respectively. 2500 Raman spectra were collected 
from the investigated lyophilisate area of 2000 µm x 2000 µm at an integration time of 0.6 sec. No 
preparation was performed for any sample prior to investigation. The collected Raman spectra were 
processed and converted into false color images using the software WITec Project Plus (WITec 
GmbH, Ulm, Germany). 
 
RESULTS AND DISCUSSION 
 
To prove the practicability of the analytical approach combining confocal Raman microscopy with 
optical topography and to elucidate its potential, we first investigated a silica wafer with a laser induced 
mark as a well defined sample. The wafer itself exhibited a smooth surface and silica is a strong 
Raman scatterer facilitating the acquisition of Raman spectra. For the proof of concept experiment, we 
tilted the wafer creating an inclined plane. These surface conditions impaired a comprehensive 
characterization with a conventional confocal Raman microscope as spectra acquisition was limited to 
one focal plane at a time (Fig. 1a). Therefore, the analysis of the wafer surface without individual 
manual focusing for each spectrum was rendered impossible. 
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Figure 1. Combination of Raman microscopy and optical profilometry as complementary analytical 
techniques. a) Raman spectra acquisition of a tilted surface with a conventional microscope was 
limited to the focal plane (visible by the red area in the microscopic image). b) Schematic principle of 
optical profilometry. White light is focused on the sample surface and according to the distance 
between probe and surface the respective wavelength of the white light is selectively collected by the 
detector. c) Surface topography profile of a tilted silica wafer. d) Two dimensional false color Raman 
image of the same tilted silica wafer area. e) Overlay of topography profile and confocal Raman 
microscopy analysis data resulting in a three dimensional chemically selective false color image. 
 
Optical topography is based on a white light source and an optical probe. The probe contains a 
hyperchromatic lens assembly having a distinct linear chromatic error. As white light is composed of 
different colors (different wavelengths), each color has a unique focal distance. By focusing the light 
onto the sample and collecting the backscattered light through a pinhole, only the color in focus can be 
detected according to the distance between the probe and the sample surface (Fig. 1b). This 
information is subsequently converted into topographic height differences. A wafer section of 150 µm x 
100 µm was first investigated with the profilometry probe to create the topographic map of the area of 
interest (Fig. 1c). The subsequent recording of the Raman spectra from the same area was guided by 
the profilometry information, thus the microscope focus was individually adjusted according to the 
sample topography while the sample surface was rasterized for Raman spectra acquisition. Therefore, 
at every measurement point the focal plane was positioned at the sample surface which is the key to 
obtain all-encompassing chemically selective characterization. For component distribution analysis, a 
confocal microscope is a compulsory feature as confocality is a prerequisite for the mapping capability. 
The recorded Raman spectral data set was converted into a false color image, where each component 
is represented by a different color. The false color image is a two dimensional depiction (Fig. 1d). 
However, when overlaying the topography profile with the two dimensional Raman image in a 
subsequent step, a three dimensional spatially resolved image was obtained (Fig. 1e). 
After this initial proof of concept study, we applied the complementary analytical approach on two 
different drug delivery systems to evaluate the suitability of the combined techniques for 
pharmaceutical purposes. In a first step, we investigated lipid-based extrudates, a solid oral dosage 
form exhibiting a cylindric morphology. These drug delivery systems were obtained after extrusion of 
physical powder mixtures and have already been thoroughly characterized in the past (19-21). 
However, analysis of component distribution with confocal Raman microscopy has thus far been 
limited to cross sections as the curvature of the cylindric form impaired analysis of the exterior surface. 
Nevertheless, the interior component ratio does not automatically represent the exterior distribution of 
the components due to the manufacturing procedure. In pharmaceutical production extrudates are 
often intermediate products mainly processed into pellets. Therefore, a thorough understanding of the 
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initial solid dosage form is of vital importance to evaluate subsequent steps like spheronization. Here, 
we analyzed extrudates composed of the lipid matrix former tripalmitin and theophylline anhydrate as 
API regarding their interior and exterior component distribution. As extrudates are opaque systems, 
the sample was manually cut with a razor blade creating an artificial surface prior to Raman 
investigations. The light microscopy image in Figure 2a shows the created smooth surface which was 
suited for immediate confocal Raman microscopy investigation without further sample preparation. 
The recorded Raman spectra of the cross section were subsequently converted into false color 
images. The false color Raman image showing the homogeneous distribution of both components 
within the created cross sections is visualized in Figure 2a. For better demonstration of the 
instrument’s mapping capabilities, the individual false color images with the respective Raman spectra 
of each component tripalmitin and theophylline anhydrate are depicted in Figure 2b. 
 

 
Figure 2. Component distribution analysis of the interior ratio of an extrudate. a) Light microscopy 
image of the investigated extrudate cross section and the resulting false color Raman image. 
Tripalmitin is represented in blue, whereas theophylline anhydrate is indicated in red. b) Raman 
spectra of each component and the respective individual false color Raman images of the two 
components tripalmitin (blue) and theophylline anhydrate (red). 
 
Raman mapping of the extrudate cross section is a well suited technique to portray the component 
distribution. However, as mentioned before, the interior component distribution does not automatically 
equal the exterior ratio. Therefore, it would be eligible to use mapping as well to visualize the exterior 
component ratio. The exterior extrudate surface is smooth but exhibits a curvature (Fig. 3a), thus 
impeding analysis with a conventional confocal Raman microscope. If initially acquiring a topography 
profile of the curved surface, Raman mapping can be performed in a subsequent step. Figure 3b 
shows a topography profile of an extrudate section. The symmetric gradient of the color scale nicely 
demonstrates the curvature and therefore, the precise functioning of the optical sensor probe. The 
subsequently derived Raman spectral data set was recorded by rasterizing the surface where the 
topography background information guided the focal point along the curvature of the extrudate. The 
single Raman spectra for each component are shown in Figure 3c. To visualize the exterior 
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component ratio, the spectral data set was converted into a chemically selective false color Raman 
image. By overlaying the topography profile with the Raman image, we obtained not only a chemically 
selective but also spatially resolved image in three dimensions. Therefore, the analytical results of the 
extrudate could be examined from different angles (Fig. 3d). In this exemplary case study, the 
component distribution was homogenous for the cross section image as well as for the topography 
corrected surface image. Thus, the exterior component ratio did reflect the interior distribution of the 
extrudate. 
 

 
Figure 3. Component distribution analysis of the exterior extrudate surface. a) Electron microscopy 
image of an extrudate. b) Topography profile of the extrudate showing the curvature of the exterior 
surface. c) Single Raman spectra of the individual components tripalmitin (blue) and theophylline 
anhydrate (red). d) Overlay of topography profile with false color Raman image from different angles 
depicting component distribution on the exterior surface. Tripalmitin is shown in blue and theophylline 
anhydrate in red. 
 
As a second example, we fabricated a lyophilisate containing the protein drug BSA in its native and 
denaturated conformation. The lyophilisate formed a white solid cake-like structure with opaque optical 
properties (22). In contrast to the extrudate which we investigated first, the lyophilisate exhibited a 
rough and highly structured surface (Fig. 4a). The detailed structure was visualized by electron 
microscopy in Figure 4a. 
Analytical detection of the protein structural change with Raman microscopy was performed by using 
the so called amide I band at 1500 - 1800 cm-1 (22-26). The amide I band is generally used to detect 
changes in the secondary structure of proteins. The Raman signal of this band is mainly derived from 
the C=O vibrations of the amide groups in the peptide backbone (23, 26). A shift of this band in the 
Raman spectrum is a clear indication for conformational changes (25, 26). Thus, the technique is 
capable to discriminate between therapeutically active and inactive protein structure within the 
lyophilisate. The embedded BSA in its native and denaturated form can be distinguished by its 
respective Raman spectra as highlighted in Figure 4b. 
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Figure 4. Investigation of a highly structured lyophilisate section regarding protein conformation 
location. a) Lyophilisate and electron microscopy image of an enlarged area visualizing the highly 
structured surface. b) Raman spectrum of BSA in its native (blue) and denaturated (red) conformation. 
The shift of the Amide I band between the two conformations is highlighted. c) Surface topography 
profile of a lyophilisate section. d) Overlay of topography profile and respective Raman microscopy 
analysis data. The resulting three dimensional chemically selective false color image indicates the 
native protein in blue, whereas red represents the denaturated protein conformation. 
 
Therefore, we created a sample challenging the abilities of the analytical setup. Unlike wafer and 
extrudate, which showed different morphologies but still exhibited a smooth plane, the lyophilisate had 
an irregular, fragile surface structure. Furthermore, the component discrimination was mainly based on 
a marginal spectral difference of one specific peak shift for the lyophilisate, whereas the 
aforementioned samples were composed of different chemical components showing completely 
different Raman spectra. In any case, for a versatile application in pharmaceutics the combined 
analytical approach of confocal Raman microscopy and optical topography should cope with diverse 
sample specifications. 
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Following the analytical order of performing optical topography prior to confocal Raman microscopy 
analysis, a topography profile of a lyophilisate section of 2000 µm x 2000 µm was created as shown in 
Figure 4c. The subsequently recorded Raman spectra were then converted into false color images, 
indicating each BSA conformation in a different color. The native conformation of BSA is represented 
in blue whereas the denaturated conformation is shown in red. In a final step, an overlay of the 
topographic profile with the Raman image was created by merging the two individual maps (Fig. 4d). 
For both techniques, the same area with the identical grid for collection of scattered light was 
rasterized. Thus, the individual maps were composed of analytical information derived from exactly the 
same sample spot, enabling the overlay of these complementary data with utmost precision. 
Ultimately, a three dimensional characterization of the sample was obtained combining chemical 
selectivity and surface properties in a spatially resolved image. 
 
CONCLUSION 
 
We successfully introduce the combined analytical approach of confocal Raman microscopy and 
optical profilometry for investigation of structured surfaces in pharmaceutical science. After proving the 
concept of the approach, two different drug delivery systems were successfully analyzed regarding 
their component distribution. The extrudate was built of two components and exhibited a curved 
surface whereas the challenge for the lyophilisate analysis was based on an unpredictable surface 
structure and only consisted of one component in two different conformations. Although components 
and exhibited surface structures varied broadly, precise images regarding spatial resolution and 
chemical selectivity were obtained. Therefore, the analytical technique is valid for a wide use in 
pharmaceutical research. The advantage of the non-destructive principle and the informative detailed 
result outcome bears a high potential for the extensive use of the complementary techniques confocal 
Raman microscopy and optical profilometry for pharmaceutical investigations. 
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