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Prof. Dr. Sebastian Schlücker 
Sebastian Schlücker is Professor of Physical Chemistry at the University of Duisburg-Essen. 

His research interests include the design, synthesis and bioanalytical applications of SERS  

nanoparticle probes as well as the development and application of laser spectrosopic  

techniques in biophysical chemistry.

Dr. Olaf Hollricher 
Dr. Hollricher is managing director at WITec and head of Research & Development.

Prof. emer. Dr. Wolfgang Kiefer 
Dr. Kiefer is Prof. emeritus of the Physical Chemistry Institute at the University of Würzburg, 

Germany

Dr. Thomas Dieing 
Dr. Dieing is Director Customer Support at WITec.

Prof. Dr. Malgorzata Baranska 
Prof. Dr. Malgorzata Baranska is a head of the Raman Imaging Group at the Department of  

Chemical Physics at the Jagiellonian University, Krakow, Poland. Her main research area is the 

analysis of bioactive compounds by means of spectroscopic methods. The very new direction  

of her research is related to lifestyle diseases, their development and methods of curing,  

speciically to inding new drugs with endothelium bioactivity.

Dr. Christian Matthäus 
Dr. Christian Matthäus is working as a research assistant at the Institute of Photonic Technology 

(IPHT) in Jena, Germany in the group of Prof. Jürgen Popp. His main research interests are linear 

and non-linear spectroscopic imaging techniques and their application to biological samples.

Evelien Mathieu 
Evelien Mathieu is working as a doctoral researcher in the Life Sciences Technology department 

of imec, Leuven, Belgium. Her main research interest is development of new techniques to 

distinguish different cell types based on their physical properties and behaviour. 

Prof. Dr. Henrique E. Toma 
Prof. Dr. Toma is head of the Institute of Chemistry, University of Sao Paulo, Brazil which is one  

of the longest established research centers in Chemistry in Brazil. The research areas mainly 

focus on nano- and supra-molecular materials.

Prof. Dr. Christoph Stampfer 
Prof. Dr. Stampfer is head of the II. Institute of Physics A at the RWTH Aachen, Germany and 

member of the Peter Grünberg Institute (PGI-9) at the Forschungszentrum Jülich.

Prof. Dr. Jeongyong Kim 
Prof. Dr. Kim is working with the Department of Energy Science at  Sungkyunkwan University, 

Suwon, South Korea and is group leader of the Nanoscopy Group at the Center for Integrated 

Nanostructure Physics (CINAP) at the Institute for Basic Science (IBS).

Dr. Jagjit Nanda 
Dr. Jagjit Nanda is a senior staff scientist in the Materials Science and Technology Division at  

Oak Ridge National Laboratory, USA working in the area of energy storage and conversion  

materials. Dr. Nanda also holds a joint faculty position at the Chemical and Bimolecular  

Engineering Department  at the University of Tennessee, Knoxville.

Prof. Dr. Andrew Steele 
Prof. Dr. Andrew Steele of Carnegie Institution, Washington DC, USA, has helped to pioneer 

the use of confocal Raman imaging spectroscopy of extraterrestrial materials as a tool to 

aid in the characterization of organic carbon in the solar system. From these studies he is 

attempting to reine a robust strategy for the detection of life elsewhere in our solar system 

and in particular Mars.

Application images on front cover:  
3D Raman image of a fluid inclusion in garnet

Confocal Raman and AFM topography image  
of a polymer blend on glass

Raman image of an emulsion used in food production

Invited Speakers



Abstracts

Invited Talks



The Principle of Raman Spectroscopy  
and its Application in Microscopy 

 
S. Schlücker1 

1University of Osnabrück, Germany 
 

 
This lecture gives an introduction into the principles of Raman spectroscopy, 
recapitulating fundamentals of molecular spectroscopy and covering both the 
classical and quantum-mechanical description of the Raman effect.  
 
Quiz questions allow the participants to test their knowledge. Selected examples and 
case studies cover also more specialized Raman techniques such as resonance 
Raman (RR), coherent-anti-Stokes Raman scattering (CARS), and surface-enhanced 
Raman scattering (SERS). 
 
 

 



Confocal Raman Microscopy:  
Instrumentation, Configurations and Resolution 

 
Olaf Hollricher 

WITec GmbH, Ulm, Germany, www.witec.de 
 
 

Confocal Raman Microscopy is an indispensable tool for the analysis of of chemical 
species and their spatial distribution either on surfaces or in small 3D volumes. As 
the name states, two techniques are combined in one instrument. 
The confocal microscope provides diffraction limited spatial information, while Raman 
spectroscopy reveals the chemical composition of the sample. By acquiring a 
complete Raman spectrum at every image pixel, the chemical information can be 
linked to the spatial distribution in the sample volume, resulting in nondestructuve 
imaging of chemical properties without specialized sample preparation. Differences in 
chemical composition appear in the Raman image, although they are completely 
invisible in the optical image. 
 
Aim of this contribution is to highlight the instrumental requirements for a high 
throughput, high resolution Confocal Raman Microscope. Several new 
developements and their field of application will be presented. 
 

 

Fig. 1: Confocal Raman microscope alpha500R 



Combining Raman with Structural Surface Imaging Techniques 
 

Thomas Dieing 
WITec GmbH, Ulm, Germany 

 
 
Recently after its invention, confocal microscopy has been used to reconstruct three-

dimensional images from micro-objects by using a spatial pinhole to eliminate out-of 

focus light in specimens that are thicker than the focal plane. Raman imaging 

benefits from the confocal setup, since it reduces the volume from which the Raman 

spectrum is collected, leading to a diffraction limited resolution in chemical imaging of 

samples. The resolutions can be shown to be as small as 300nm FWHM lateral and 

< 800nm vertical FWHM for a 532nm excitation using an air objective. Such a high 

confocality is highly beneficial for depth analysis and the suppression of out of focus 

signal as well as the reduction of the background. 

Confocal Raman imaging of rough opaque samples is complicated by this high depth 

resolution, due to the inability to keep the samples in focus at all points. The 

topographic Raman imaging method allows confocal Raman imaging guided by the 

surface topography obtained by an integrated profilometer. Large area topographic 

coordinates from the profilometer measurements can be precisely correlated with the 

large area confocal Raman imaging data. This allows True Surface® Raman imaging 

on heavily inclined or rough surfaces, with the true surface held in constant focus, 

while maintaining highest confocality.  

Apart from this combination of profilometry and Confocal Raman imaging, there are 

various other combination possibilities. Atomic Force Microscopy (AFM) is another 

technique which is ideally suited to be combined with Confocal Raman microscopy. 

In AFM, a sharp tip is scanned over the sample, providing high resolution 

topographical images with sub-nanometer resolution. By investigating the tip-sample 

interaction, one can obtain not only the high resolution topographic structure of the 

surface but also information about the local mechanical properties of the sample 

components. The highly resolved topographic structures observed with the AFM can 

then be linked to the chemical information obtained by the CRM. 

 
The aim of this contribution is to illustrate the complementary information which can 

be collected by combining various techniques such as AFM, Profilometry and 

Confocal Raman Microscopy especially if they are all combined in one single 

instrument. 

 



Lifestyle diseases studied by Raman imaging, AFM and SNOM 
 

M. Baranska 

Faculty of Chemistry, Jagiellonian University, Ingardena 3, Cracow, Poland,  
Jagiellonian Center for Experimental Therapeutics (JCET), Jagiellonian University, 

Bobrzyńskiego 14, Cracow, Poland, e-mail: baranska@chemia.uj.edu.pl  
 

In this work confocal Raman spectroscopy was used to study in vitro 
endothelial cells, and ex vivo blood cell and tissue of various mice models, i.e. 
atherosclerosis, diabetes, liver diseases. Spectroscopic measurements were 
combined with AFM, SNOM, IR spectroscopy and/or fluorescence microscopy.  

Endothelium plays an important role in cardiovascular system and it regulates 
vascular homeostasis. Detection of endothelial dysfunction possesses a clinical 
significance. Confocal Raman imaging was used to monitor a molecular composition 
occurring in a single live human aorta endothelial cell (HaoEC) as a result of its 
uptake of arachidonic acid (AA). After a long-term incubation with AA the lipid 
droplets (LDs) are observed in the cell and prostacyclin (PGI2) level is increased as 
compared to that of control. The lipid droplet plays a role in diverse cellular functions 
that may be altered in metabolic syndromes, obesity, steatosis and atherosclerosis.  

Acute coronary syndrome (ACS) represents the major cause of death in the 
industrialized world. The main goal of this study was to analyze the relative 
distribution of lipids, proteins and hemoprotein in situ inside aortic plaques from 
apolipoprotein E and LDL receptor double knockout (apoE/LDLR−/−) mice fed an 
Low Carbohydrate High Protein (LCHP) diet.  

The other diseases, caused by the malfunction of endothelium is diabetes. In 
this work the en face aorta of healthy (C57) and diabetic mice (db/db model) was 
investigated in order to find spectroscopic and microscopic differences between both 
samples. With a depth profiling it is possible to visualize changes of the biochemical 
composition through the sample. The confocal Raman imaging was combined here 
with atomic force microscopy (AFM) in order to get additional topographic and 
physical information about the same area of sample. 

Tissues of liver were taken from mice models fed on special diets, LCHP or 
HF (High Fat). LCHP model did not represent large liver steatosis, but major changes 
in the degree of lipid unsaturation were observed. On the other hand, for HF model 
more advanced steatosis was noticed with some modification in the degree of lipid 
unsaturation, in reference to the control.  

As the last example, the Raman mapping of red blood cells is presented. Such 
excitation laser wavelengths match the resonance of the electronic states of a 
chromophore group of hemoproteins, therefore the Raman spectrum of red blood 
cells in such condition is mainly originated from hemoglobin (Hb). For the first time 
we were able to observe the oxidation process of iron ions inside the porphyrin ring 
of hemoproteins in erythrocytes. In order to study the physical properties of 
erythrocytes we used Atomic Force Microscopy (AFM) and Scanning Near-field 
Optical Microscopy (SNOM) methods. The chemical Raman images were correlated 
with the AFM topographic information and SNOM results from the same sample area.  
 
Acknowledgement 
This work was supported by the European Union under the European Regional 
Development Fund (grant coordinated by JCET-UJ, POIG.01.01.02-00-069/09).  



Raman Imaging of Eukaryotic Cells  
 

Christian Matthäus,1,2 Clara Stiebing,1,2 Elena Tolstic1,2 Christoph Krafft,1,2 Jürgen 
Popp1,2 

 
 1Institut for Photonic Technology (IPHT), Albert-Einstein-Str. 9, 07745 Jena, 

Germany 
2Institute for Physical Chemistry and Abbe Center of Photonics, Friedrich-Schiller-

University Jena, Helmholtzweg 4, 07743 Jena, Germany 
 

 
 

The combination of Raman spectroscopy with conventional light microscopy allows 
analysing the biochemical composition of eukaryotic cells without markers in a non-
destructive way. Spectroscopic imaging technologies offer the possibility to study the 
intracellular uptake of various substances in a more quantitative manner than 
traditional staining techniques. In combination with multivariate data analysis 
subcellular organelles such as the nucleus, mitochondria or lipid droplets can be 
imaged at the same resolution as obtained by fluorescence microscopy. Of particular 
interest are intracellular uptake mechanisms of various substances. Due to intrinsic 
spectral properties of the molecules of interest it is possible to directly monitor uptake 
and distribution patterns. Recently, Raman microscopy has been applied to monitor 
the intracellular incorporation of individual molecules and self-assembling 
nanoparticles. The possibility to observe the uptake of molecules without the need of 
often bulky fluorescence labels offers various biochemical applications, whereas the 
uptake of nano-sized vesicles is of great interest in current pharmaceutical research 
to study drug delivery. Depending on the experimental setup, Raman images can be 
obtained from fixed or living cells. The contribution is aiming to give an overview of 
recent results and discuss the potential of Raman microscopy for applications in cell 
biology. 
 
 

 
Figure 1: (A) Raman Image of a macrophage incubated with deuterated oleic acid. The distribution of 
the fatty acid is shown in red. The associated spectral information is plotted in (B). 
 
Acknowledgements: Funding for current research projects from the Jena Biochip Initiative and 
quantiSERS is greatly appreciated. 



The potential of surface-enhanced Raman spectroscopy towards in-
vivo imaging 

 
Evelien Mathieu1,2, Hilde Jans1, Antoine D'Hollander1,3, Tim Stakenborg1, Liesbet 

Lagae1,2 and Pol Van Dorpe1,2 
1 Life Science Technology department, imec, Kapeldreef 75, 3001 Leuven, Belgium 

2 Solid State Physics and Magnetism, Department of Physics and Astronomy, KU 
Leuven, Celestijnenlaan 200d, 3001 Heverlee, Belgium 

3Biomedical MRI, Department of Imaging & Pathology, KU Leuven, O&N I Herestraat 
49 - box 505, 3000 Leuven, Belgium 

 
 
Medical imaging is routinely used in hospitals to diagnose patients. For example, 
magnetic resonance imaging and tomography are two leading techniques to detect 
cancer and follow-up tumor growth. Unfortunately these techniques are very 
expensive and efforts are being made to develop novel, cheaper and more efficient 
techniques. Raman imaging at near-infrared wavelengths would be ideally suited for 
this purpose as light at these wavelengths can deeply penetrate into the biological 
tissue without causing any damage. Because of high noise/scattering created by the 
penetrated tissue, strong Raman signals are required. For this, surface-enhanced 
Raman spectroscopy (SERS) is ideal, as Raman signals can be enhanced up to 
1014. 
 
Surface-enhanced Raman spectroscopy can be used for both in-vivo imaging and as 
the transducer element of an implantable biosensor. Stabilized SERS-labeled metal 
nanoparticles can be biofunctionalized only to interact with cancer cells. In this way 
Raman imaging can be used to detect and localize cancerous tissue. In addition, 
Raman imaging could function as a tool for doctors during tumor removal surgery to 
reveal the complete tumorigenic area. Also, SERS active substrates can be used to 
create implantable biosensors to measure metabolite levels directly in the blood or 
the subcutaneous liquid. The accurate metabolite levels can be read out using a 
handheld Raman device. 
 
In-vivo Raman imaging can be assessed on three levels: molecules, proteins and 
cells. During this talk we will explore these three levels and they will be illustrated 
with examples from our work that has been performed at imec. 
 



Perspectives of Confocal Raman Microscopy and Hyperspectral 
Optical Microscopy in Nanotechnology 

 
Henrique E. Toma 

 
     Instituto de Quimica, Universidade de Sao Paulo, Sao Paulo, SP, Brazil 
 
Hyperspectral imaging has been employed for monitoring the environment, 
agriculture and mineral resources, conveying spatial, analytical information collected 
from across the electromagnetic spectrum. When coupled with optical microscopy, 
hyperspectral imaging provides accurate information on the distribution of the 
chemical species in materials and biological samples, based on the analysis of their 
electronic and vibrational profiles.  As a matter of fact, confocal Raman microscopy is 
one of the best ways to access the chemical distribution of molecules, especially 
under resonance Raman or SERS conditions.  On the other hand, enhanced dark 
field optical microscopy can be employed for hyperspectral imaging in the visible, 
while extending the optical resolution up to the nanoscale dimension. It allows the 
detection of gold or silver single nanoparticles, as well as their spectral monitoring 
from their characteristic surface plasmon bands.  These two hyperspectral 
microscopies can be conveniently combined to provide electronic and vibrational 
information of the chemical species in a wide variety of systems at the nanoscale.  
Several examples, focusing on the chemical interface of dye solar cells [1], nickel and 
paladium nanowires [2], and dye coated gold nanoparticles will be discussed in this 
presentation. Another interesting association involves the use of 
spectroelectrochemical techniques with hyperspectral imaging (Fig. 1). This line of 
investigation is particularly rewarding for monitoring electrochemically active species, 
such as the vanadium(V) oxide nanowires, at several applied potentials, by confocal 
Raman and dark field optical microscopy.  

 
 
 

 
 

Acknowledgements:  FAPESP-2009/08584-6 grant and WITec.  
 
[1] M. F. G. Huila, N. Lukin, A. L. A. Parussulo, P. V. Oliveira, P. K. Kyohara, K. Araki,  

H. E. Toma, Analytical Chemistry, 84, 3067 (2012).  
[2] A. L. A. Parussulo, M. F. G. Huila, K. Araki, H. E. Toma, Langmuir, 27, 9094 

(2011) 

Fig. 1:     Dark field hyperspectral optical 

microscopy (back) and confocal Raman 

microscopy (front)  including the 

potentiostat/galvanostat assembly (left). 



Raman Imaging of Graphene and Carbon Nanotubes 
 

Christoph Stampfer 
JARA-FIT and II. Institute of Physics, RWTH Aachen University, 52074 Aachen and 
Peter Grunberg Institute (PGI-9), Forschungszentrum Jülich, 52425 Jülich, Germany 

 
 
Scanning confocal Raman spectroscopy on sp2-bound carbon structures gives 
spatially resolved information about the vibrational spectrum and the electronic band 
structure via the mechanism of double-resonant Raman scattering, making Raman 
studies important for characterizing these materials. 
Indeed, over the last years Raman spectroscopy has proven to be a powerful tool for 
characterizing carbon nanotubes and graphene and for studying their physical 
properties. For example, this technique has been successfully used (i) to distinguish 
single-layer graphene from few-layer graphene and graphite [1], (ii) to monitor doping 
levels [2,3], (iii) to study short-range disorder and edge properties, and (iv) to 
investigate suspended and nanostructured graphene [4].  
Here, we provide an overview of the potential of scanning confocal Raman imaging 
for studying the material properties of carbon nanotubes and graphene. In more 
detail we present a recent experimental study of graphene on hexagonal Boron 
Nitride (hBN) (see Fig. 1). In particular we investigate the influence of the dielectric 
substrate on the vibrational properties of graphene [5]. We show that screening by 
the dielectric substrate reduces the electron-phonon coupling at the high-symmetry 
point K and leads to an upshift of the Raman 2D line. This results in the observation 
of a Kohn anomaly that can be tuned by screening. The exact position of the 2D line 
can thus be taken also as a signature for changes in the (electron-phonon limited) 
conductivity of graphene. 
 

 

 

 

 

[1] D. Graf, F. Molitor, K. Ensslin, C. Stampfer, A. Jungen, C. Hierold and L. Wirtz, Nano Lett. 7 238 (2007). 
[2] C. Stampfer, A. Bürli, A. Jungen, and C. Hierold, Physica Status Solidi B 244 (11) 4341-4345 (2007). 
[3] C. Stampfer, L. Wirtz, A. Jungen, D. Graf, F. Molitor, C. Hierold, and K. Ensslin, Appl. Phys. Lett. 91  
    241907 (2007) 
[4] D. Bischoff, J. Güttinger, S. Dröscher, T. Ihn, K. Ensslin, and C. Stampfer, J. Appl. Phys. 109 073710    
    (2011) 
[5] F. Forster, A. Molina-Sanchez, S. Engels, A. Epping, K. Watanabe, T. Taniguchi, L. Wirtz, and C.   
     Stampfer, Phys. Rev. B 88 085419 (2013). 

Fig. 1: (left) Optical microscope images of graphene flakes partly resting on hBN 
(blue) and SiO2. (right) ) 2D FWHM Raman image of the sample shown in the 

right panel. Figure adapted from Ref. [5]. 



Nano-Confocal Spectroscopic Imaging of Organic Single 
Nanostructures 

 
Jeongyong Kim1,2, 

1Department of Energy Science, Sungkyunkwan University, Suwon 440-746, Korea.  
2IBS Centre for Integrated Nanostructure Physics, Institute for Basic Science (IBS), 

Daejon 305-701, Korea 
 
In studying the organic and inorganic nanostructures, absorption spectroscopy is a 
fundamental characterization tool that provides the direct measure of electronic 
states of the material. However absorption spectra have been obtained as the 
ensemble average from the form of dispersed solution containing an extremely large 
number of nano objects, without the measure of the absorption coefficient nor the 
control of the incident direction and the polarization of the illumination. Organic 
rubrene molecules forming a π-conjugated structure has been the subject of active 
research due to its high carrier mobility and efficient luminescence suggesting 
promising optoelectronic applications. Here we have combined the broadband 
absorption spectroscopy with the high-resolution confocal imaging and atomic force 
microscopy to perform the high-speed absorption spectral mapping on organic 
rubrene single nanoplate and thin films. In result, the spatial distribution of absorption 
spectra and absorption coefficients in sub-micron spatial resolution were obtained, 
which showed a strong dependence on the incidence angle and the illumination 
polarization, indicating the anisotropic absorption characteristics of the rubrene 
nanoplate. 
 
Scattering spectra is very useful to study the plasmonic resonance of single nano 
structures. Using high resolution confocal spectroscopic mapping technique, we 
obtained scattering spectra of single TiO2/Au nanowires (NWs). Local scattering 
spectra obtained from single NWs varied with the different structures of core/shell 
NWs. The obtained scattering spectra were consistent with the FDTD calculations   
 

 
 
  

Fig. 1: Absorption spectra from a 

single rubrene nanoplate 

400 500 600 700 800

0

20

40

60

80

100

120

140

 

 

In
te

n
s
it
y
(a

.u
.)

Wavelength(nm)

 Scattering

20μm

Fig. 2: Scattering spectrum from a 

single plasmonic TiO2/Au nanowire 



Confocal Micro-Raman Imaging and Spectroscopy of High Voltage 
Composite Cathodes for Lithium Batteries  

 
Jagjit Nanda1, Andrew Callendar2, Hui Zhou1, Surendra K. Martha3 

1Materials Science and Technlogy Divison, Oak Ridge National Laboratory, Oak 
Ridge, TN 37831 USA 

2Dept. Of Chemistry, Tennesse Tech. University, Cookeville TN  USA    
3Dept. Of Chemistry, Indian Institute of Technology, Hyderabad, India 

 
Improving the energy density of current lithium-ion batteries is one of the important 
research directions pursued worldwide. Towards these, development of high capacity 
cathodes is critical since we have already a number of anode chemistry that 
promises stable high capacity and performance. To give a comparison, current state-
of-the art lithium-ion cathodes have capacities ranging between 150-180 mAh/g while 
the most commonly used carbon anode has a specific capacity of 370 mAh/g. Last 
decade has witnessed intense research on high voltage lithium and manganese rich 
cathodes (abbreviated as LMR-NMC) having nominal composition,Li1+x(MnNiCo)1-

xO2, where x can range between 0.2-0.5. Depending on their composition these 
cathodes can have specific capacity in the range of 280-300 mAh/g when cycled to a 
voltage of 4.8V. However, these cathodes undergo a structural transformation from a 
layered-layered phase to a low voltage (energy) defect spinel type phase when 
repeatedly cycled above 4.5V. To understand this structural evolution we report ex-
situ micro-Raman mapping of LMR-NMC electrodes at different state of charge 
(SOC) or voltage. As known in the literature, the metal oxide Raman modes are 
sensitive to lithium content (concentration) in the adjacent (lithium) layer and hence is 
a good probe for studying the local structure. Figure-1 below shows false color 
Raman mapping of the pristine Li1.2Mn0.525Ni0.175Co0.1O2 electrodes. The red region 
corresponds to integrated areal intensity of cathode regions (400-650 cm-1) and the 
blue region corresponds the carbon (1050-1700 cm-1), which is used as a conductive 
diluent.  The individual Raman spectra showing the metal oxide (M-O) Raman 
vibrations for a number of individual cathode particles are shown in right panel of 
figure-1. The M-O Raman stretch has three main components centered around 420, 

500 and 600 cm
-1

   respectively. Detailed analysis of cycled as well as LMR-NMC 
electrodes charged up to  at 4.2, 4.5 and 4.9 volts will be discussed as well. 
Acknowledgement: Research at Oak Ridge National Laboratory, managed by UT 
Battelle, LLC, for the U.S. Department of Energy (DOE) under contract DE-AC05-
00OR22725, was funded by the Office of Energy Efficiency and Renewable Energy 
for the Vehicle Technologies Office 

 
 
 
 
 

Figure-1 (Left) False color micro-Raman mapping of pristine LMR-NMC electrode. 

(Right) M-O Raman band of Li1.2Mn0.525Ni0.175Co0.1O2 cathode particles at different 

electrode location. 



Confocal Raman Imaging Spectroscopy in the study of 
extraterrestrial samples. 

 
Andrew Steele1. Marc Fries2 

1Carnegie Institution of Washington, Washington, DC, USA.  
2NASA Johnson Space Center, Houston, Texas. 

 
The use of Confocal Raman Imaging Spectroscopy (CRIS) has enabled a leap 
forward in our understanding of the distribution of carbonaceous materials in the 
solar system. This technique has a unique role to play in the analysis if these 
samples. The spatial resolution of the instrument allows the smallest samples to be 
studied including Stardust returned samples and Interplanetary Dust particles (IDPs) 
which may only be a few microns in size. Mapping capabilities allow the distribution 
of mineral and carbonaceous phases throughout a sample allowing for the discovery 
of unexpected phases. This was essential in the discovery of new allotropes of 
carbon in meteorites and carbon phases in Apollo lunar samples (Steele et al., 2010, 
Fries and Steele 2008). True confocality allows the mapping of phases trapped within 
solid or liquid inclusions. Not only does this functionality allow identification of trace 
phases at unprecedented detail, it also ensures that the phases to be studied without 
input from other extraneous sources i.e. contamination. The identified phases can 
then be localized by other analysis techniques such as Transmission Electron 
Microscopy (TEM) after Focused Ion Beam Milling, or NanoSIMs analysis. Our work 
on Martian meteorites has showcased this ability. Currently 14 Martian meteorites 
have been studied and organic carbon identified within inclusions in all but one of 
them. The use of CRIS to study extraterrestrial samples has allowed the discovery of 
carbon on the moon and definitively shown its presence in Martian samples, detected 
the presence of exotic allotropes of carbon formed at the start of the solar system 
and helped to answer key questions that have lingered over planetary science for 
several decades.  
 
Steele A., et al., (2012). A Reduced Organic Carbon Component in Martian 
Basalts. Science  2012 / Page 1/ 10.1126/science.1220715. 
 
Steele, A., McCubbin, F. M. Fries, M. Glamoclija, M. Kater, L. and Nekvasil, H. 
Graphite in an Apollo 17 impact melt breccia, Science 329, 51, 2010. 
 
Fries, M. and Steele, A. Graphite Whiskers in CV3 Meteorites. Science, 320; 91 – 
93. 2008. 
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Confocal Resonance Raman Microscopy 
analyzing aqueous multispecies biofilms in vivo 

 
Ann-Kathrin Kniggendorf, Merve Wollweber, Bernhard Roth 

Hanover Center for Optical Technologies (HOT), Hanover, Germany 
 

 
The analysis of complex multispecies biofilms is still a challenge even for advanced 
imaging and identification techniques. Environmental biofilms are formed of dense, 
highly hydrated, highly structured clusters of bacterial cells bound together by 
extracellular polymeric substances. Such clusters – so called microcolonies – differ in 
the bacterial species or phenotype of the species clustered together. Most standard-
techniques for identifying bacteria require pure cultures in at least one of their steps, 
rendering them of limited use for analyzing bacteria associated in biofilms. 
 
Resonance Raman microscopy combines confocal Raman microscopy with the 
resonant excitation of specific molecule moieties (chromophores), providing 
chromophore specific amplification of the Raman signal by several orders of 
magnitude. This turns the analysis of a complex biological sample into an effective 
pure substance measurement with known properties and functions, albeit the 
subsequent data analysis for extracting the information is more complex. 
 
Ubiquitous chromophores, such as carotenoids or the heme moiety in cytochromes, 
can be resonantly excited in the visual range. These chromophores serve as intrinsic 
microbial markers, allowing the non-invasive optical analysis in vivo and often also 
providing additional insight into the organisms dependent on their biological function. 
 
As an example, we demonstrate the suitability of confocal (resonance) Raman 
microscopy for the blind in vivo analysis of the first 80 µm of undisturbed nitrifying 
biofilm in water. The analysis covered structural information as well as the 
distribution, tracking, and identification of the associated bacteria on the scale of 
microcolonies and single bacterial cells.  

 

Fig. 1: Spectral image analysis of a nitrifying biofilm: full spectral intensity as record-

ed (a), broadband filtered image (b), and resonant Raman fingerprint image (c). (b) 

revealed weak autofluorescence on the surface near the central channel and (c) 

identified the microcolonies as Nitrosomonas communis (green) and possibly N. 

Europaea (red). [First published in Water Research 45 (2011), 4571-4582] 



Stress distribution of GaN layers grown on patterned GaN 
templates 
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GaN based alloys are widely used for the fabrication of optoelectronic devices such 
as light emitting diodes and lasers. Typically, heteroepitaxial GaN layers are grown 
on c-plane sapphire substrate using metal organic vapor phase epitaxy. In this case 
the heteroepitaxial GaN layer is compressively strained and suffers from high 
threading dislocation density due to the large lattice mismatch and the difference in 
thermal expansion coefficient between the sapphire substrate and the GaN epilayer. 
Knowledge of stress fields in the re-grown GaN layer is important to understand 
dislocation generation and propagation in the grown layer.  
In this work, the stress distribution in the GaN layer grown on a micro-pillar patterned 
GaN template is investigated by high-resolution confocal Raman mapping using a 
Witec alpha 300 instrument. Figure 1 shows the optical microscope image of the 
GaN layer and the schematic structure of the different regions of the GaN layer. 
Raman mapping of the E2 (high) phonon peak shows differences in stress between 
the coalescing boundary, the top surface of the pillar region and around the GaN 
micro-pillar as revealed in figure 2. Increased compressive stress is observed at the 
coalescing boundary of two adjacent GaN micro-pillars, when compared to the 
laterally grown GaN regions. The maximum stress relaxation is observed in the 
laterally grown region. These observed results help to understand the growth 
mechanism for producing high quality GaN layers.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Optical microscope image of 
the GaN layer grown on a micro-pillar 
GaN template. 

Figure 2 Raman mapping of the E2 
(high) peak of the GaN layer.  

 



"SERS and TERS studies of single 
cell: preliminary results and perspectives" 
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In this communication, we discuss the application of both Surface Enhanced Raman 
Scattering (SERS) and Tip-Enhanced Raman Scattering (TERS) for the analysis of 
biosystems. SERS analysis is based on the use of ordered, ultrahigh-density 
templates of nano-textured Ag-particles obtained by self-assembling of inorganic-
containing polystyrene-block-poly(4-vinylpyridine) copolymer (PS-b-P4VP) micelles, 
for the spectroscopic surface-enhanced Raman imaging in-vitro of red blood cells 
(RBCs) and its capability to identify the vibrational fingerprint of the plasma 
membrane of the cell physisorbed on the SERS substrate. Hexagonal arrays of PS-b-
P4VP micelles, with selective inclusion of Ag nanoparticles (NPs) in the polar core, 
are obtained by polymer self-assembly upon fast solvent evaporation during spin 
coating on the supporting substrate. UV irradiation or plasma oxygen treatment 
remove the polymer matrix leaving immobilized nano-islands of Ag-NPs. Such a kind 
of SERS-active substrate consists of a reproducible and uniform two-dimensional 
hexagonal array of silver clusters with a diameter ranging from 25 to 30 nm (single 
particles having typically diameters of 5 nm) and nano-island gap distances of the 
order of 5-8 nm on silicon and 15 nm on glass, while giving rise to high enhancement 
factors and addressing the issue of SERS reproducibility. The basic substrate 
supporting the plasmonic coating used in this work is either of silicon or glass. The 
last allows working in back scattering configuration permitting real time monitoring, 
via microscopy, of the RBCs on which Raman measurements are being carried out. 
The template is thus applied for surface-enhanced Raman analysis of the RBC 
membrane in confocal micro-Raman configuration demonstrating to have SERS 
imaging potential thanks to the uniformity of the nano-textured substrate. Thus, the 
first experimental evidence of SERS imaging of a red blood cell membrane in-vitro is 
demonstrated. 
 
Herein, we also discuss our preliminary results regarding the application of TERS to 
biological samples. As a matter of fact, TERS combines three interesting features: 
the chemical information provided by Raman spectroscopy, the spatial resolution of 
Atomic Force Microscopy (AFM) and the enhancement effect provided by the 
coupling of laser radiation with surface plasmons of metallic nanostructures. 
Measurements were performed by using a Witec micro-Raman system (used in the 
inverted configuration) coupled with an AFM system. TERS signals were firstly 
observed for CNTs deposed on a glass coverslips, which allowed us to estimate an 
enhancement factor as high as 1600. Therefore, we analyzed bacterial spores 
(Bacillus Subtilis strain). In this latter case, we demonstrated the possibility to get 
TERS images with a resolution of 10 nm. Further measurements, as well as the 
interpretation of the obtained results, are currently in progress in our laboratory. 
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Bone Mineralization in the Zebrafish Larval Tail: in vivo 
Fluorescence Microscopy and Raman Spectroscopy Study 
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The bone formation process involves the transport of ions to specific cells 
(osteoblasts) which are responsible for mineral formation and mineral deposition. 
Cells containing mineral-bearing intracellular vesicles were observed juxtaposed to 
the osteoid in adult zebrafish tail bone [1]. The mineral phase in these cells is a 
poorly characterized disordered calcium phosphate. The mineral-bearing intracellular 
vesicles release their content into the extracellular collagen fibrils, where the mineral 
subsequently crystallizes as carbonated hydroxyapatite. Little is known about the 
mineral pathway and the mechanisms by which the mineral is stabilized and 
destabilized on its way to the bone: the focus of this study.  

Characterizing the different mineral phases involved in the bone mineralization 
process is a challenging task; currently there are only few methods available to 
identify the mineral in such small volumes (particles of diameter less than 5 
µm).These include EDS, µ-spot-X-ray diffraction and electron diffraction (TEM), and 
Raman spectroscopy. EDS is not adequate for structural characterization, whereas 
TEM and X-ray require sample preparation that could affect the unstable phase of 
the mineral. Furthermore, since the interest of this study is to characterize the 
mineral phase which is in the vicinity, but not inside the bone, we need to identify the 
precise location of the intracellular mineral.  

These two problems motivated us to develop a method by which we can correlate 
between fluorescence microscopy and Raman spectroscopy in order to characterize 
the different mineral phases involved in bone formation:  In this study we use the 
elongated fin bones of the larval zebrafish as our animal model. The bones and the 
mineral-bearing intracellular vesicles are stained using a green calcium marker 
(Calcein) and the bone formation process is imaged in vivo using fluorescence 
microscopy and then Raman spectroscopy on a living fish. Our results indicate the 
presence of amorphous calcium phosphate which is juxtaposed to the newly formed 
bone.  

In addition to the fluorescence and to Raman methods we use cryo-SEM to further 
characterize the mechanism of bone formation and the mineral-cellular interface.         
   

1. Julia Mahamid, Barbara Aichmayer, Eyal Shimoni, Roy Ziblat, Chenghao Li, 
Stefan Siegel, Oskar Paris, Peter Fratzl, Steve Weiner, and Lia Addadi. 
PNAS, 2010. 107(14): p. 6316-6321. 

 



Study of Fluid Inclusions in Minerals using Confocal microRaman 
 

Leticia A. Alba-Aldave1 
1Instituto de Geología, 

Universidad Nacional Autónoma de México, México D. F. 04510, México 
Application Note 52339 
 

Fluid inclusions are small, sealed, naturally occurring volumes found in mineral host 
crystals, containing encapsulated aqueous and non-aqueous liquids and gases. 
Fluid inclusions appear isolated in a host crystal trapped during initial crystallization 
or in trails along former micro-fractures or grain boundaries. The study of the 
abundance, orientation, and characterization of fluid inclusions provides a rich 
history of formation and alteration over time, contributing to both fundamental studies 
of geologic processes as well as practical assessments of economic value. 
 
The analysis of fluid inclusions is performed in a double-sided polished thin section 

of approximately 50µm thick, for transmitted light microscopy. Micro-Raman 
spectroscopy is completely non-destructive, and spectra identifying the fluids of 
volumes, as small as a few microns in size, can be obtained. Adjusting the focus of 
the microscope will bring inclusions at different planes into focus for confocal Raman 
analysis. 
 
The analyses were performed in host minerals such as quartz, calcite, barite, olivine 
and pyroxene. The gases identified were SO2, CO2, CO, N2, H2S, CH4 and C2H6, 

being the solvent H2O (Fig. 1). Solid phases (halite) within inclusions were also 
identified with confocal microRaman spectroscopy.  
 
All the spectra were produced with a Raman Almega XR spectrometer, equipped 
with an Olympus (BX51) microscope. Raman spectra were obtained with 532 nm 
Nd:YVO4 laser and the incident power in the sample was of ~10 mW. An X100 
objective was used for focusing the laser with a spot size of 1.5 µm. A charge 
coupled device is used as a detector to collect the signal in a180º geometry. Raman 
spectra were obtained with an exposure time of 100 s in confocal mode with a 25 
micron pinhole aperture.  
Application Note 52339 

 
Fig. 1 Methane and ethane in barite 
 



Raman spectroscopy as a diagnostic tool for oral squamous cell 
carcinoma 
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Oral squamous cell carcinoma is the sixth most common cancer worldwide. Despite 
significant advances in treatment modalities, the five-year survival rate is less than 50 
percent. This is often attributed to late detection of the disease. Clinical examination, 
white light endoscopic imaging and needle biopsies followed by histopathological 
analysis remains the gold standard for the diagnostic surveillance of oral cancer, but has 
a limited diagnostic accuracy of less than 55 percent. Hence, novel diagnostic methods 
for oral cancer are warranted. Optical-based diagnostic aids are promising new 
technologies for improving both screening and detection of cancer. During oral 
carcinogenesis, structural and biochemical changes alter the optical and biological 
properties of dysplastic and cancerous tissue. These changes act as molecular 
signatures or fingerprints that can be exploited by optical methods such as fluorescence 
and Raman in the diagnosis of malignant tissue.  

Here we report the use of novel nanogold SERS based photosensitisers 
(nanosensitisers) as optical diagnostic probes using an in vitro oral cancer cell model. 
Such multi-modal nanosensitisers were constructed by layering fluorescent 
photosensitisers (Hypericin, Chlorin e6) and a Raman reporter (DTTCI; 3,3′ diethyl- 
thiatricarbocyanine iodide) onto multi-branched gold nanoparticles. Nanosensitisers 
were also conjugated to tumour-specific antibodies to confer cancer cell specificity. A 
number of cell lines were cultured in vitro with various concentrations of nanosensitisers. 
Cellular uptake and intracellular localisation of nanosensitisers was assessed using 
confocal fluorescence microscopy and transmission electron microscopy. To 
demonstrate label free detection of nanosensitiser uptake, SERS spectra and large area 
scans were also examined. Data was collected using a WITEC Alpha 500 system using 
785 nm excitation.   

It was observed that nanosensitisers were taken up by cells and internalised. While the 
intracellular target of nanosensitisers appeared to be cell type-dependent, they were 
found to localise primarily to lysosomes. Raman images were collected enabling label 
free visualisation of nanosensitiser uptake in cells. While preliminary, results from this 
study suggest biocompatibility of these novel gold nanosensitisers in vitro, and highlight 
the potential of such novel nanosensitisers as multifunctional optical agents for cancer 
diagnosis. 



2D Raman imaging in research of new mineral phases – rondorfite 
and OH-rondorfite as a materials in future industrial applications 
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North Caucasus region has been shaped by geological processes, of which 
the most important role played the contact metamorphism and metasomatosis. 
These processes has lead to the formation of carbonate-silicate xenoliths, in which 
was found many new minerals like edgrewite, Cl-mayenite, calcio-olivine. Most of 
new minerals belong to neosilicates as e.g.  rondorfite. Its crystal structure is 
characterized by magnesiosilicate Si4MgO16 pentamer where four isolated SiO4 
tetrahedra are combined by four-coordinated Mg2+ cation, CaO6 and Cl- ions in 
structural cavities. Our research showed existence of strong fluorescence 
phenomenon changing depends on the excited laser line which may indicate a new 
potential application of rondorfite in optoelectronic.  

In rondorfite structure can occur isomorphic substitutions Ca2+ + Mg2+
→ Na+ + 

Al3+, Mg2+
→Fe2+, Ca2+ + Mg2+

→Li+ + Fe3+, Cl-→OH- which can change physical-
chemical properties of rondorfite. However, due to the high similarity between 
different minerals, macroscopic identification of new phases is difficult.  

Raman imaging technique was used to find new mineral phase where hydroxyl 
groups substituted Cl- ions. However, the OH-rondorfite grains are very small (~µm), 
which makes it difficult to detailed physical-chemical analysis using others 
experimental methods. Integration and correlation Raman analysis showed that the 
more OH groups in the structure, the lower fluorescence. This may suggest a gradual 
ordering of the crystal structure and the deterioration of the natural fluorescence 
effect. 

 



Raman Imaging at the Paper Cross Section for Coating Analysis 
 

M. Finger 1, E. Pigorsch 1, S. Thiele 2, E. Brunner 2 
1
 PTS Papiertechnische Stiftung, Heidenau, Germany 

2 Bioanalytical Chemistry, University of Technology Dresden, Germany 
 
Surface finishing of paper and paperboard plays an important role in the paper 
industry. It improves the optical appearance and printability of many paper products. 
To achieve the intended usage and working properties, multiple layers of coatings 
with different functionalities and compositions are often required. The quality of the 
paper coating depends strongly on the cross-sectional distribution of the different 
additives. It is therefore important, to gain in-depth knowledge about the structure of 
multi-layer coating systems in z-direction and the z-distribution of individual coating 
components. However, analytical methods investigating the structure and chemical 
composition of paper in z-direction have been lagging behind surface-analytical 
methods (x-y direction) to this day. They continue to present a major metrological 
challenge regarding both local resolution and material specificity.  
 
Raman spectroscopy offers new opportunities to analyse the z-distribution of 
substances in paper coating. It is capable of effectively detecting chemical 
compounds selectively and with a high spatial resolution of a few micrometers. The 
range of detectable coating components involves organic binders, inorganic pigments 
up to printing inks.  
 
The poster presents Raman spectroscopic studies on practically relevant paper 
systems [1]. This includes the structural analysis of a photo paper and a multi-layer 
curtain coating structure (Fig.1), the study of reaction gradients in UV cured coatings 
and measurements of offset ink-coating layer systems at high lateral resolution.  
 
[1] E. Pigorsch, M. Finger, G. Gärtner, S. Thiele and E. Brunner, Evaluation of coating layers in  
z-direction – New chances based on Raman microscopy, 26th PTS Coating Symposium, 
September 17-18, 2013, BMW Word, Munich, Germany 
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Fig. 1: REM and Raman Image of a two layer paper coating  



Synthesis and Characterization of Novel Polyamic acid composites. 
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Polyamic acid/polypyrrole polymer blends have been developed to produce novel 
sensing platforms for the detection of volatile organic pollutants in aqueous media. 
The influence of synthesis conditions on the porosity, structural, and mechanical 
properties have been investigated. The polymer composites retained the functional 
moieties of polyamic acid (PAA) with enhanced mechanical properties compared to 
those of the parent polyamic acid. Copolymerization with polypyrrole (PPy) 
significantly improved the porosity morphology and electrochemistry of polyamic acid.  
Cyclic voltammetry (CV), Osteryoung square wave voltammetry (OSWV), Fourier 
transform infrared (FTIR) spectroscopy, Raman spectroscopy, Atomic force 
microscopy (AFM) and Scanning electron microscopy (SEM) experiments were 
conducted on electrodeposited polyamic acid/polypyrrole composites. The Raman 
spectrum obtained for PAA/PPy composites shows the presence of characteristic 
amide and carboxylic acid absorption bands as seen in pure PAA Raman spectrum. 
The intensity of these bands increases, showing how PPy affects the Raman of pure 
PAA film on screen printed carbon electrodes (SPCE). From the Raman shift cm-1 vs. 
composite calibration plot it is evident that neither the PAA nor the PPy is dominating. 
When the PPy contribution is low, the Raman shift of amide bands from the PAA is 
small but as the PPy contribution increases, the Raman shift of the amide band 
increases. The concentration effect was evidenced as there is a clear shift from the 
original amide band of PAA. Evidence from SEM and AFM provide good support for 
the kinetic evaluation of interfacial electrochemistry. The polymeric composites were 
used as semiconducting platforms in the development of luciferase biosensors.  
 
 
Keywords: polyamic acid, polypyrrole, electrochemistry, SEM, FTIR, Raman. 
 



Investigation of the hydration of the cement clinker phase C3A  
using Confocal Raman Microscopy (CRM) 
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The aim of this study was to examine the applicability of CRM on issues relating to 
the hydration of the cement clinker phase C3A (cement chemist notation), which is an 
important constituent of Ordinary Portland Cement (OPC), by investigating and 
characterizing the reaction products of C3A during hydration at defined times. 
 
As shown in Fig. 1, the spectrum of hydrated C3A differs clearly from the anhydrous 
sample because of additional peaks at around 500 cm-1 and 3600 cm-1, which 
indicates the presence of C-A-H phases, for instance C4AH13 or C4AH19, respectively. 
Peaks at around 3600 cm-1 could be assigned to OH-stretching vibrations of an 
aluminum hydroxide species. It is discussed that these peaks are varying after 
different hydration times. The temporal conversion of the hydrate phases, where it 
can be assumed that there is a restructuring of the chemically bounded water, could 
be a plausible explanation therefore. 
 
The results of this study show that CRM is a convenient technique for studying 
special ongoing processes during the hydration of C3A. Hence, CRM measurements 
could also lead to a more precise understanding of fundamental hydration processes 
of many other hydraulic materials. 
 
 

         
 
Fig. 1: Average spectra of anhydrous (left) and 1d-hydrated (right) C3A. 
 



Sensitive Raman spectroscopy of Lipids from Drop Deposits Using 
DCDR and SERS Techniques 
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Our contribution demonstrates possibility of sensitive detection of lipids by Raman 
microscopy. Both DCDR1 and SERS can be used to study DMTAP lipid samples at 
very low concentrations.2,3 DCDR spectra measured from the “coffee ring” pattern of 
a drop dried on a SpectRIMTM plate provided well-reproducible spectra without any 
considerable loss of its solution properties (see Fig. 1 for DSPC liposomes). Cationic 
1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP) lipid was used to compare 
sensitivity of DCDR and SERS techniques. DMTAP at ~10 µM initial concentration 
was detected using DCDR, which is about three orders of magnitude lower than that 
necessary for conventional Raman measurement from lipid suspension. The lowest 
detectable concentration was ~8.5 µM, but in this case, the spectra differed 
substantially from that of solution.4 Ag hydroxylamine hydrosol mixed with DMTAP 
dropped on a clean glass slide formed the “coffee ring” pattern in the edge part of the 
drop in which almost all nanoparticles were accumulated. SERS spectra of DMTAP 
were obtained from this ring at 3 and 0.3 µM concentrations, which is about four and 
five orders of magnitude, respectively, lower than that for conventional Raman 
spectroscopy from lipid suspension. We suppose that DMTAP is adsorbed on Ag 
nanoparticles via its head and that structural properties (e.g. the phase) of DMTAP 
are significantly perturbed in the presence of Ag nanoparticles.4  
 
[1] D. Zhang, Y. Xie, M.F. Mrozek, C. Ortiz, V.J. Davisson, D. Ben-Amotz, Anal. 
Chem. 2003, 75, 5703.  
[2] E. Kočišová, M. Procházka, J. Raman Spectrosc. 2011, 42, 1606. 
[3] P. Šimáková, M. Procházka, E. Kočišová, Spectrosc.-Int.J. 2012, 27, 449. 
[4] P. Šimáková, E. Kočišová, M. Procházka, J. Raman Spectrosc. 2013, in press. 
 
This work was supported by Czech Science Foundation (grant No. P205/12/G118). 
 

 

Fig. 1: White-light micro-image of the drop edge of liposome suspension (DSPC) on 

the DCDR plate (left) and corresponding spectral intensity map (right) collected 

from 6x6 selected points. 



Imaging of Acid Site in H-Mordenites                                          
with Stimulated Raman Scattering Microscopy 
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Mordenites are important acid catalysts both in research and in large scale 

industrial process, e.g. hydrocarbon cracking reaction. The main active site in 
protonic mordenite (H-MOR) is the strongly acidic bridging Si–(OH)–Al group located 
in the internal 3-dimentional micropore networks. A comprehensive knowledge on the 
acidity, distribution, and accessibility of the acid sites is crucial for the rational design 
of efficient heterogeneous catalysts. However, most of the characterization work was 
done on bulk H-MOR samples, and less is known at the single crystal level: the 
spatial distribution and accessibility of acid sites.[1] 

 
We report the imaging of acid sites in two commercial H-MORs, ZM101 (Si/Al 

= 6) and ZM510 (Si/Al = 11), with stimulated Raman scattering (SRS) microscopy.[2] 
Upon adsorption of deuterated acetonitrile (DAN), the C≡N resonance shifts to higher 
frequency depending on the interaction with acid sites.[3] The distribution and local 
strength of acid sites can thus be monitored at sub-micrometer resolution by imaging 
adsorbed DAN with different C≡N stretch energy. The accessibility of acid sites, on 
the other hand, can also be assessed by adsorbing benzonitrile (BN).[4] 

 
In ZM101 crystal, C≡N stretch of DAN shifts from 2265 to 2275 cm-1, indicating 

one major type acid site, i.e. the bridging Si–(OH)–Al group. The SRS image exhibits 
homogeneous distribution of acid sites in ZM101. The polarization dependence 
shows that the orientation of C≡N stretching was preferentially aligned along the 
crystallographic b-axis (long side of the crystal). Two different shifts in C≡N stretching 
of DAN, 2 (low frequency, LF) and 10 cm-1 (high frequency, HF), were observed in 
ZM510 crystals. The two types of C≡N vibrations show similar polarization 
dependence (along crystallographic b-axis) and their separation is less than the 
spatial resolution (~0.3 µm) of the SRS microscope. The shift in HF C≡N vibration 
observed in ZM510 is similar to that in ZM101, which is due to interaction with the 
bridging Si–(OH)–Al group. The origin of the LF C≡N is not clear, which possibly 
arises from interaction with less acidic sites or from physisorbed nitriles. The SRS 
experiment with BN probes show similar shifts in CN vibrations, but various extent of 
accessibility of acid sites are observed among ZM510 crystals. The polarization 
dependence indicated the C≡Ns were aligned along the crystallographic 
crystallographic c-axis (short side of the crystal) due to greater steric hindrance. 
 

References 
[1] R. Ballmoos, W. M. Meier Nature, 1980, 782-783. 
[2] C. W. Freudiger, W. Min, B. G. Saar, S. Lu, G. R. Holtom, C. He, J. C. Tsai, J. X. 

Kang, X. S. Xie Science 2008, 322, 1857-1861. 
[3] S. Coluccia, L. Marchese, G. Martra Micropor. Mesopor mat.1999, 30, 43-56. 
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Raman studies on carbon based nano electronic and nano 
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In this presentation, we will introduce the Raman studies on carbon based nano 
devices. Among carbon based structures, single-wall carbon nanotube and graphene 
were chosen for the main materials of our studies. The in-situ Raman spectroscopy 
measurement of suspended individual single wall carbon nanotube under strain will 
be presented in the first part. The in situ measurement was possible thanks to the 
combination of the micro Raman with the atomic force microscope system[1]. The 
uniaxial strain of single wall carbon nanotube could be precisely controlled by atomic 
force microscope manipulation. The RBM and G band of Raman spectra of 
suspended carbon nanotube were investigated while the strain was being changed. 
The second part of this presentation covers our recent studies on the Raman and 
transport properties of graphene nano device. Various nano devices based on single 
or twisted bilayer graphene could be produced using micro contact transfer method 
combined with conventional nano lithography processes. The interface between 
graphene and substrate and the interlayer coherence of twisted bilayer graphene 
were investigated using Raman measurements[2]. 

 
Figure1: (a) Device structure and experimental set up for in-situ Raman 

measurement of suspended carbon nanotube (b) Optical image and device scheme 

of twisted bilayer graphene based electronic devices 
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Extending the applicability of Raman spectroscopy in biomedicine 
by using statistical analysis 
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Raman spectroscopy (RS) is a promising technique in biomedical studies due to its 
non invasive character and specificity. However, in order to be a fruitful optical 
technique in biomedicine some limitations need to be overcome. Micro-Raman 
spectra of biomedical samples are inherently complex and weak. One of the ways to 
improve the Raman output is to use statistical techniques but it has yet not broadly 
investigated. Specifically, to the best of our knowledge, we present in this poster the 
first study where a complex biological process is monitored in an organotypic tissue 
using Raman spectroscopy combined with Multivariate Curve Resolution (MCR).  We 
also present other cutting edge examples related to cancer research demonstrating 
the usefulness of our approach. 
Retinal nervous tissue sustains substantial damage during the inflammatory 
processes characteristic of Multiple Sclerosis (MS) [1], and can be accessed non-
surgically by Raman Spectroscopy. Neuroinflammation was induced by adding 
lypopolysacharide (LPS) to murine retina organotypic cultures. Combining RS with 
MCR, we monitored the molecular changes occurring in the retina during 24 H after 
the neuroinflammation is induced. The behavior of four different molecular 
components were deconvolved from the spectra by MCR, identified with our 
previously constructed molecular database and tracked along the 24H at different 
time points.  
In breast cancer the presence of cells undergoing the epithelial-to-mesenchymal 
transition (EMT) is indicative of metastasis progression. In this study Multivariate 
Curve Resolution (MCR) [3] was applied to RS to assess the metabolic composition 
of breast cancer cells undergoing EMT. MCR led to the conclusion that the EMT 
process affects the lipid profile of cells, increasing tryptophan and maintaining a low 
phosphatidylserine content in comparison with highly metastatic cells. A Partial Least 
Squares-Discriminant Analysis (PLS-DA) model classified MCF10A post-EMT cells 
with 94% sensitivity and 100% specificity.  
In a different project, in combination with flow cytometry, which allows for the 
isolation of the specific population of cancer stem cells (CSCs) in question, Raman 
microspectroscopy coupled with multivariate analysis enables the identification of 
cells with distinct intracellular molecular profiles in order to distinguish heterogeneity 
among an otherwise homogeneous population of tumor-initiating cells (TICs).  
In conclusion, Raman microspectroscopy coupled with MCR enables deconvolution 
and tracking of the molecular content of cancer cells during a biochemical process, 
being a powerful non-invasive tool for identifying metabolic features of breast cancer 
cell aggressiveness. 
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Traditional cancer therapy is based on the biology of the primary tumor. However, 
metastasis is responsible for over 90% of cancer related deaths. Circulating tumor 
cells (CTCs) play a crucial role in this metastatic process and, hence, have a high 
prognostic and predictive value. Unfortunately, isolation of CTCs out of peripheral 
blood is extremely challenging: only few CTCs are present per 109 blood cells and 
CTCs may change biology and biochemical marker expression. Consequently, 
present-day, biomarker-based capture and isolation techniques do not only give 
many false positives, but may also miss the more dangerous and prognostic part of 
the population. For this reason, it would be interesting to differentiate cells based on 
their physical properties and characteristics, rather than the biomarkers they express. 
 
Confocal Raman microscopy shows potential for recognition of CTCs. A study was 
done with different cancer cell lines, modeling prostate (LNCaP) and breast cancer of 
different metastasizing potentials (MCF-7 (low metastasizing) and MDA-MB-231 
(aggressively metastasizing)). It was possible to differentiate the different cell types 
based on their Raman spectra. Test cell samples could also be classified under the 
correct cell type. Cells were scanned with a confocal Raman microscope. The 
normalized Raman spectra ranging from 400 till 1900 rel. cm-1 were analyzed using 
principal component analysis. It was possible to differentiate between the different 
types of cancer cells based on one or more principal components. 
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Fungal competition for territory and resources is inevitable in habitats with overlap 
between the niches of different species or strains. Interactions between wood-
decaying basidiomycetes are excellent examples of such competition and the 
outcome determines the size of territory held by one mycelium, and hence access to 
nutrients. It is a major impetus of community change, and affects decay rates in 
woodland ecosystems. Competition is brought about by antagonistic mycelial 
interactions which elicit various responses. The basidiomycete Schizophyllum 
commune is a white-rot fungus which is most widely distributed world-wide. Its 
abundance can not only be attributed to its incredible mating ability, but also to its 
superior competition ability. S. commune produces secondary metabolites, especially 
in the zone of contact with competitor species. The nature of these compounds is 
unknown. They may be the result of the action of the fungal oxidative enzymes in 
response to stress caused in the face of a stimulans excreted from the competitor. 
We attempted to elucidate the composition of the compounds produced during these 
interactions. Using resonance Raman spectroscopy, we show the presence of indigo 
in the zones of interaction of the fungi. We confirmed these results with liquid 
extraction surface analysis – mass spectrometry and UHPLC-MS/MS. Thus, we show 
that Raman microspectroscopy is an efficient tool to identify the presence of 
compounds such as indigo which have a relatively low solubility in water and organic 
solvents, without extensive sample preparation and measurement time. 
 

 
 
FIGURE 1: Raman image of S. commune hypha from an interaction between S. 

commune 12-43x4-39 and K. mutabilis. The image were reconstructed using a VCA 

spectral unmixing algorithm showing fungal matrix (green) and indigo pigment (blue) 

We gratefully acknowledge financial support from the Jena School of Microbial 
Communication (JSMC). 
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Graphene and graphene hybrid materials having very high electron mobility can be 
utilized for several properties and is significant for the future energy, electronics, 
sensing etc. The synthesis in gram scale is very important for future technologies 
based on graphene.  Here we discuss our efforts to synthesize multilayer graphene, 
graphene like interconnected carbon sheets and its hybrid materials. Raman 
scattering being a unique spectroscopic tool for molecular analysis is used in 
microscopic and spectroscopic investigation of graphene. We have used Raman 
scattering to differentiate chemically synthesized graphene and graphene like carbon 
sheets. We have investigated defects in chemically synthesized graphene and its 
hybrids where CdS supraparticles are uniformly embedded on the graphene layers 
(Fig.1). G band and 2D band in Raman scattering of the graphene indicates 
multilayer graphene sheet and the ratio of 2D and G bands (I2D/IG) is very high. The 
amount of defects on the chemically synthesized graphene is observed uniformly all 
over the graphene sheet. We have investigated how the surface chemistry and 
distribution of the semiconductor material on graphene layers control their electronic 
and photophysical properties. 
 

 

 

Fig. 1: FESEM image of Graphene-CdS hybrid material (color adjustment has been 

done in photoshop) 
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Secondary low energy electrons (LEEs) play an important role in DNA radiation 

damage. Due to resonant electron attachment LEEs can induce DNA strand 

breakage even below the ionization energy [1]. The strand break yield varies with the 

nucleobase sequence and the energy of the incoming electrons owing to stacking 

interactions between the nucleobases, which modify their electronic states [2,3]. In 

connection with cancer treatment different types of radiosensitizers are used to 

increase the DNA damage caused by LEEs and therefore the effectiveness of 

radiation therapy. Thereby nucleobase analogues like bromouracil (BrU) increase the 

DNA sensitivity to ionizing radiation whereas gold nanoparticles (AuNP) generally 

enhance the production of LEEs [4]. 

We use the DNA origami technique to create templates that allow for the systematic 

identification of damages within well-defined oligonucleotides [5]. Via hybridization 

dimers of DNA coated AuNP can be attached to the DNA origami nanostructures with 

high local precision. In this way “hot spots” with well-defined sizes for highly sensitive 

Surface Enhanced Raman Spectroscopy (SERS) down to a single-molecule level are 

created. Apart from single SERS spectra this arrangement enables the study of 

damages within DNA containing structures placed in the “hot spot”. Therefore, LEEs 

are released from AuNP as a result of laser irradiation and thus DNA strand breaks 

can be investigated in situ.  

By the means of combined SERS and AFM imaging chemical and structural 

information shall be correlated to associate certain signals with defined structures. 

This system may allow a deeper insight to the mechanisms behind radiosensitizing 

effects. 
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The ordered, disordered and distorted perovskites have been extensively studied 
because of the considerable interest in structural variations and their correlation with 
physical properties. Well known LaGaO3 pure and doped crystals were proposed as 
a potential substrate materials due to their quite good lattice and thermal expansion 
match with HTS materials such as YBa2Cu3O7. Room temperature (RT) structure of 

LaGaO3 is the centrosymmetric of orthorhombic (OR) Pbnm ( 16

2h
D ) symmetry. The 

LaGaO3 crystal undergoes the structural phase transition at about 150°C to non-

centrosymmetric high temperature phase of rhombohedral (RH) cR3  symmetry. The 
orthorhombic Pbnm structure results from two equivalent anti-phase tilts around the x 

and y cubic axes and an in phase tilt around z axis  (
+−−

cbb  in Glazer notation), 

together with displacement of cation A along x, y OR directions. The high-
temperature rhombohedral phase of LaGaO3, in contrast, arises from equal anti-

phase rotations around all three cubic axes (
−−−

aaa ). No shifts of A and B cations 
occur in this case.  
 
The Raman mapping investigations of the oriented La1-xSrxGa1-xMnxO3 crystals with x 
= 0.005 and 0.01 at high-temperature phase were performed using Renishaw inVia 
spectrometer. The Raman spectra were recorded using as exciting source ion argon 
laser operating at 514.5 nm wavelength. The maps were obtained from the intensity 
at maximum of mode located at 164 cm-1. The Raman mapping measurements of 
crystals at high-temperature rhombohedral phase were performed using Linkam 
THMS 600 cooling/heating stage with temperature stability 0.1K.  
 
The optical images and Raman maps of La1-xSrxGa1-xMnxO3 crystals with x = 0.005 
and 0.01 were recorded at  418K and 408, respectively. 
 

 

 

 
 
Fig. 1: The optical image (left) and Raman map (right) of La1-xSrxGa1-xMnxO3 crystal 

with x = 0.005 recorded at 418K. 
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The current work summarizes the utilization of neutral lipid-Mg2+-plasmid DNA 
ternary complexes as gene carriers, by emphasizing the influence of the 
physicochemical features of these polyelectrolyte complexes on their functions, such 
as stability and gene transfer into cells. The major aim of the present study was to 
follow the DNA compaction with a model plasmid vector using vibrational 
spectroscopic approaches. The lypoplexes result from the self-assembly of a circular 
plasmid DNA with multilamellar (MLV) and unilamellar (ULV) zwitterionic 
phosphatidylcholine vesicles, controlled by simple addition of Mg2+ in the medium in a 
concentration dependent manner. We used conventional Raman and Surface 
Enhanced Raman Spectroscopy (SERS) to characterize the ternary complexes, 
monitoring the accessibility of nucleoside residues to silver colloids. The SERS 
spectra show a decrease of signal intensity when the vector/DNA charge ratio 
increases. The SERS intensity variations were in agreement with gel electrophoresis 
and zeta potential experiments. The overall study clearly demonstrated that the 
cationic charges neutralizing the negative charges of nucleic acid helix result in the 
formation of stable ternary lipoplexes. in vitro transfection efficiency of those DNA 
vectors were also performed and compared to the previously reported control DC-
Chol lipoplexes.  
 

                                

 

Fig. 1: Representative transmission electron microscopic images of Ag 
nanoparticles-liposomes complexes and the relevant SERS Raman spectrum of 
neutral lipid based lipoplexes undertaken in the study: (a) DPPC; (b) DPPC-Mg2+ ; (c) 
DPPC-phage T7 DNA; (d) DPPC- Mg2+-phage T7 DNA; (e) phage T7 DNA- Mg2+ ; (f) 
phage T7 DNA. 
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Organic and mineral colloids, i.e. humic substances and clay minerals and pedogenic 
oxides, form organo-mineral associations (OMA) upon pedogenesis. The OMA are 
most relevant for soil properties and functioning as they largely govern the colloidal 
and physicochemical character of soil and especially surface related properties such 
as sorption. However, the structural and sorptive properties are not simply the sum of 
the individual components. Organic matter will become more rigid upon the associa-
tion to the minerals and may be chemically altered due to surface reactions. Depend-
ing on the mechanisms and sites of the association, surfaces and micropores as 
sites for further sorption, e.g. of metal ions, may be spent or blocked. It is assumed 
that this leads to changes in subsequent sorption processes depending on sorbate 
and sorbent combinations.  
To investigate this, experiments with model substances were conducted. These were 
(i) catechol as a model for humic monomers and (ii) different minerals, i.e. clay-
minerals (kaolinite, montmorillonite) and pedogenic oxides (boehmite, pseudoboehm-
ite, gibbsite, goethite). Here, only results for montmorillonite and pseudoboehmite will 
be presented. Artificial OMA were gained by gas-solid phase sublimation of catechol. 
The OMA were further characterized for organic matter content, specific surface area 
and microporosity by CO2 adsorption, thermal properties by differential scanning cal-
orimetry (DSC) and surface coverage with catechol by confocal Raman spectrosco-
py. Batch sorption experiments were carried out to determine the sorptive properties 
of the OMA using Cu and Ni as sorbates. 
The results show a strong increase of organic C in the mineral samples after catechol 
sublimation. The catechol was stabilized on the mineral surfaces and most probably 
further oligo- and/or polymerized, which is indicated by strongly changed DSC com-
bustion profiles. This corresponds to the patchy surface coverage of montmorillonite 
with catechol as determined by confocal Raman spectroscopy. As a consequence, 
the outer and inner surface areas of the minerals and especially of pseudoboehmite 
very much declined upon association of catechol. Assumingly, pores were not filled 
but especially micropores were blocked by attachment of catechol to outer surfaces, 
because average pore width of pseudoboehmite even increased upon organo-
mineral association. Due to the more heterogeneous sorption sites, sorption of Cu 
and Ni to OMA was more non-linear than to the pure minerals. Sorption to organic 
associated pseudoboehmite very much declined. In contrast, Freundlich Kf increased 
for organic associated montmorillonite by a factor of 7. This indicates that micropores 
and their blockage are much more relevant for the sorption to pedogenic oxides, 
while the accessibility of clay minerals is less affected and in contrast even profits 
from the gain of organic sorption sites in organic-mineral associations. 
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Early cancer diagnosis and a preventive individual treatment urgently require an early 
assessment of target interaction and its influence on tumor cells. Tumor cells 
compared to normal human cells overexpress a number of proteases. This triggered 
the development of protease-activated siRNA molecules, which can act as tumor-
specific killers of malignant cells [1]. Coupling the siRNAs with a peptide can lead to 
their inactivation. However, the proteolytic cleavage activity inside tumor cells can 
reactivate such peptide-inhibited siRNA complexes. Because the protease is almost 
not expressed in healthy cells the inhibiting peptide remains on the siRNA. Specificity 
to tumor cells is thus obtained by utilizing their upregulated protease activity. 
To visualize and localize intracellular uptake of siRNA, several optical techniques can 
be used. In combination with Raman microscopy, as a non-invasive method that 
allows identifying components with subcellular resolution, high-resolution structure 
illumination microscopy (HR-SIM) provides high quality fluorescence images [2, 3]. 
By applying this technique, multicolor fluorescence images at a lateral resolution of 
100 nm can be obtained, thus doubling the optical resolution compared with 
conventional wide field light microscopy. The combination of both techniques allows 
to detect complexes of siRNA molecules during the uptake and to measure 2D and 
3D projections of this process with very high resolution. Moreover, it is possible to 
specify the intracellular localization of siRNA molecules by co-staining organelles in 
the cell. As an example an MCF-7 Breast cancer cell line was used for our studies. 
Raman spectra were recorded by using a confocal Raman microscope (WITec, Ulm, 
Germany) at 488 nm wavelength, providing the possibility to detect the signals of the 
deuterated siRNA in MCF-7 cells. The HR-SIM experiments were performed using an 
ELYRA-System S.1 (Carl-Zeiss Jena, Germany) at 405, 488 and 642 nm excitation 
wavelengths. For better visualization of the siRNA localization inside the MCF-7 cells 
their organelles were co-stained (membrane staining WGA-647 and Phalloidin 488 
and nuclear staining Hoechst 34580). The siRNA molecules were coupled to 6-FAM 
and Cy5 with oligopeptide-protease substrates. Both, Raman and HR-SIM 
reconstructed images confirmed that a significant amount of the labeled siRNA was 
taken up by the MCF-7 cells upon treatment with a transfection reagent. Depending 
on the uptake time, the siRNA was localized either in the cytoplasm or in the nucleus. 
In conclusion Raman microscopy combined with HR-SIM can be a potent tool to 
investigate intracellular drug localization and metabolism. 
Acknowledgements: Funding for this project from the BMBF through the 
Wissenschaftliche Vorprojekte. (13N12166) is highly acknowledged. 
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Over the last years a large effort has been made to optimize the production process of 
CVD diamond1. However, the growth of thick single crystal diamond films with a low 
defect density and ultra-high purity remains challenging.  
Luminescence spectroscopy and imaging techniques are important techniques for 
characterizing optical defects in diamond2. The DiamondViewTM (DV) instrument 
generates luminescence surface patterns visualizing growth and deformation structures. 
Raman and photoluminescence (PL) spectral imaging was performed using a Renishaw 
InVia Raman microscope in the high confocal mode.   
Results from a representative set of synthetic are discussed and illustrated in Figure 1. 
Depth slice profile maps are measured from table to pavilion through the whole depth of 
the gem stones. The maps show that the PL emission related to nitrogen- and silicon-
vacancy centres varies as a function of depth in the pavillion side of the polished gem 
stones.  
Combining spectroscopy and imaging techniques makes it possible to study the 
distribution and incorporation of these optical centres. Hence, in-depth structural and 
chemical information was obtained, providing insight in the growth history of the 
synthetic diamonds. This is crucial for better understanding thick, high-quality CVD 
diamond growth and optimize the identification of CVD synthetic diamonds. 
 

 
Figure 1: Luminescence behavior evidenced by DV and Raman-PL emission depth 

profiles recorded with a Raman microscope. 
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One major obstacle preventing a good portion of quantitative Raman measurements 
from being reliable and comparable follows from the limited availability of reference 
procedures. Collaborative metrological research and development is carried out at 
PTB to cover the needs for 2D/3D dimensional traceability of spatial mapping and 
depth-profiling as well as for amount-of substance measurements. To underpin 
industrial and bio-medical applications of Raman spectrometry, this work is funded 
through the European Metrology Research Programme (EMRP).The EMRP is jointly 
funded by the EMRP participating countries within EURAMET and the European 
Union. 
 
Quantitative (micro) Raman spectrometry places itself at the borderline between 
analytical chemistry and dimensional metrology. While traceability of the chemical 
composition of a sample is achieved via high purity reference compounds, reference 
samples and methodologies to provide traceability of the area distribution are of 
qualified acceptance. Since optics standards deal with some drawbacks concerning 
2D lateral Raman mapping especially in the micron range, PTB has designed and 
fabricated a new reference sample that allows step size calibration and determination 
of the optical resolution. Measurement and Calibration protocols are provided. The 
link to the SI unit of length was accomplished by scanning force and electron 
microscopy which are both traced back to the meter. Traceability of amount-of-
substance measurements to the mole has been achieved at PTB by the adaption of 
the isotope-dilution (ID) technique from mass spectrometry. In the so-called IDSERS 
approach, an isotopologue of the target analyte is added to the sample prior to the 
analysis to act as internal standard. The method has been validated by successful 
participation in two international ring trials on clinical chemistry. Recently, IDSERS 
was accepted as a higher order reference procedure for the determination of 
biomarkers in human serum and admitted to a publicly accessible database 
maintained by the International Bureau of Weights and Measures (BIPM). 

 

 

Fig. 1: Mapping of a 100 µm x 125 µm Raman portrait (gold on silicon). The 

dimensions are traced back to the international system of units (SI).  


