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APPLICATION NOTE

Confocal Raman Imaging and 
Correlative Techniques  
in Life Science



With confocal Raman imaging the 
molecules of a sample can be chemi-
cally identified and their distribution 
can be imaged three-dimensionally. 
These benefits gain more and more 
recognition in biological and medical 
research and confocal Raman micros-
copy (CRM) becomes a frequently used 
methods for the clarification of crucial 
questions in life sciences. Thereby 
diverse samples are investigated on 
a regular basis: CRM is applied for 
measurements in liquids and life cell 
imaging, to solid samples and soft 
tissues. By various examples the appli-
cation note explains the possible use 
of confocal Raman microscopy and its 
correlative techniques.

Working Principles

Confocal Raman Imaging

The Raman effect is based on light 
interacting with the chemical bonds 
of a sample. Due to vibrations in the 
chemical bonds this interaction causes 
a specific energy shift in the back scat-
tered light which appear in a unique 
Raman spectrum through which the 
molecular components of a sample 
can be detected. The confocal Raman 
Imaging technique combines Raman 
spectroscopy with a confocal micro-
scope. Thus the spatial distribution of 
the chemical components within the 
sample are imaged. High-resolution 
confocal Raman microscopes acquire 
the information of a complete Raman 
spectrum at every image pixel and 
achieve a lateral resolution at the 
diffraction limit (circa λ/2 of the exci-
tation wavelength). A confocal micro-
scope setup is furthermore character-
ized by an excellent depth resolution 
and features the generation of 3D 
Raman images and depth profiles. 

Confocal Raman microscopy can be 

coupled with correlative microsco-
py techniques such as fluorescence 
microscopy, electron microscopy and 
atomic force microscopy.

Atomic Force Microscopy (AFM)

In Atomic Force Microscopy the sam-
ple is scanned under the tip using a 
piezo-driven scanning-stage and the 
topography is displayed as an image. 
Atomic Force Microscopy provides 
spatial information parallel and per-
pendicular to the surface with reso-
lution in the nm range. In addition to 
topographic high-resolution informa-
tion, local properties such as adhesion 
and stiffness can be investigated by 
analyzing the tip-sample interaction 
forces. In combination with confocal 
Raman imaging the topographic in-
formation can be linked to molecular 
information.

Scanning Near-field Optical Microsco-
py (SNOM)

In Scanning Near-field Optical Mi-

croscopy is a high-resolution imaging 
technique with an optical resolution 
in the range of 60 – 100 nm. Therefore 
the excitation laser light is focused 
through an aperture with a diameter 
smaller than the excitation wave-
length, resulting in an evanescent field 
(or near-field) on the far side of the 
aperture. When the sample is scanned 
at a small distance below the cantile-
ver tip the optical resolution is limited 
only by the diameter of the aperture. 
The transmitted or emitted light is 
then detected point by point and line 
by line in order to generate an optical 
image. The aperture itself is located at 
the apex of a hollow pyramid on the 
micro-fabricated WITec SNOM canti-
lever.

Scanning Electron Microscopy (SEM)

SEM is a high-resolution imaging 
technique that can determine a 
sample’s topography, morphology, 
and surface structure The images are 
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acquired with nano- or micrometer 
resolutions and magnification ranges 
of 10 – 10.000x. Due to the large depth 
of field, it is also possible to generate a 
3D appearance of the surface. SEM is a 
non-destructive method which allows 
combinations with other imaging 
techniques such as confocal Raman 
imaging. This technique is known as 
RISE (Raman Imaging and Scanning 
Electron) Microscopy. Through RISE 
Microscopy, ultra-structural surface 
properties can be linked to molecular 
compound information. This unique 
combination opens up new dimen-
sions for more comprehensive sample 
characterization. 

Raman microscopy of living cells

To study living cells in their physiolog-
ical surroundings without damaging 

them is a highly sought after capa-
bility in life science. Confocal Raman 
imaging is a nondestructive method 
with the capability to identify chem-
ical components inside a cell. In this 
experiment, epithelial rat cells were 
investigated with the Spectral Imag-
ing Mode of a WITec alpha300 Raman 
microscopy. A spectrum at every pixel 
was taken (Scan Range: 40 x 40 μm2, 
100 x 100 pixel, 10,000 spectra) using 
a 60x Nikon water objective (NA=1.0). 
The sample was excited with a 10 
mW power 532 nm frequency doubled 
Nd:YAG laser. Using the integrated vid-
eo camera, a suitable cell was found 
(A). The Raman image in (B) shows the 
integral intensity of the CH-stretching 
band as indicated by the blue rect-
angle in (C) which shows one of the 
10,000 spectra, acquired with an inte-
gration time of 100 ms. The proteins 

and lipids can then spectroscopically 
identified by their particular Raman 
bands. 

In order to optimize the signal to noise 
ratio of the Raman images, a software 
tool performs a “fit procedure”: From 
a small region of interest, a “basic 
spectrum” is generated by averaging 
all spectra in this particular region. 
This basic spectrum can be fitted to 
the measured spectra of the complete 
measurement, resulting in an opti-
mized image. The three spectra in (D) 
represent basic spectra of different 
regions of the cell with their corre-
sponding images. The blue spectrum 
corresponds to the mitochondriae. The 
green spectrum is the generated basic 
spectrum of the ER region (endoplas-
matic reticulum). The basic spectrum 
of the nucleoli region is shown in red. 

(A) Video image. (B) Intensity in the CH 
stretching band (2800 cm-1 
- 3000 cm-1).

(C)  One of the 
10,000 spectra 
recorded.

(D) Determination of the basis spectra with corresponding images. The colors of the spectra correspond to the colors of 
the image frames.

Samples courtesy of Dr. Angelika Rück, ILM, Ulm, Germany



To distinguish the components of the 
cell, the three images generated by 
the fit procedure were illustrated with 
different colors and combined in one 
image (E). The blue features represent 
the mitochondriae and the red areas 
show the nucleoli inside the nucle-
olus. The endo-plasmatic reticulum 
and other different parts of the cell 
are clearly visible. Even the nuclear 
membrane is well-defined. Thus, using 
confocal Raman imaging, a “color-la-
belled” image can be created without 
dyeing the sample.

AFM measurement in liquids

Chromosomal dissection with AFM

AFM allows imaging of DNA in ambi-
ent as well as physiological conditions, 
and several experiments have also 
demonstrated the capability of the 
AFM to manipulate biological samples. 
Human metaphase chromosomes 
were dissected in the AFM mode of 
the alpha300 microscope. The chro-
matid was first cut using the WITec 
DaVinci Nanolithography package and 
then imaged with AFM. The topogra-
phy image shows the chromosome 
with the cut (3 x 3 μm2) and the corre-
sponding zoom-in of the cut region.

(E) Color-coded image of the different 
regions of the cell.

The image shows a large 
area topography AFM scan 
of a cell culture in fluid. 
Scan range: 250 x 100 μm2 

Maximum measured height: 
2.5 μm.

Chromosome after dissection and corresponding zoom-in of the cut.



Raman imaging on fluorescent cells

Fluorescence is a well-established and 
common method for the investigation 
of biological samples. For fluorescence 
experiments the expression of certain 
proteins is coupled to the expression 
of fluorescent proteins or fluorophore 
coupled antibodies against certain 
proteins are applied. 

However, Raman microscopy allows 
the investigation of the molecular and 
chemical components of a sample. 
Thus all components of the cells can 
be investigated and not just those 
once which are marked by fluores-
cence. Nevertheless it is sometimes 
challenging to identify the area of 
interest in Raman microscopy. In this 
case, fluorescence helps to enable the 

navigation to the specific region prior 
to the Raman analysis. Since fluores-
cence emission interferes with the 
Raman signal, it is important to select 
for fluorophores that are compatible 
with the Raman investigations. 

Fixed cells on a microscope slide were 
studied with the alpha300 Fluo-
rescence-Raman microscope. Cells 
expressing the Green Fluorescence 
Protein (GFP) in the cytoplasm were 
identified in the fluorescence mode 
(figure A) using a Nikon 40x (NA = 
0.6) air objective. Then the same cell 
was imaged with the integrated video 
camera (figure B) before imaging 
the cell in confocal Raman imaging 
mode with a ZEISS 63x (NA = 1.25) oil 
immersion objective. The sample was 
excited with a 532 nm diode laser. A 

Raman spectrum at every pixel was 
taken (scan range: 43 x 43 μm2, 120 x 
120 pixels, 14,000 spectra). With the 
color-coded Raman image the cell 
body, the cytoplasm, the nucleus and 
the nucleoli can be clearly distin-
guished (figure C). In further analysis, 
the Raman spectra obtained from the 
Raman measurement shown in figure 
C were analyzed by cluster analysis. 
Therefore the Raman spectra are 
automatically compared and similar 
spectra are grouped into several clus-
ters. From this analysis a reduced and 
simplified Raman image can be dis-
played (figure D) in which proteins are 
shown in blue, the nucleus is shown 
in red, the nucleoli are shown in green 
and lipids are shown in yellow. The 
corresponding Raman spectra are 
shown in figure E. 

(A) Fluorescence image of the GFP 
expressing cells, excitation from above

(B) Video image from above (C) Color-coded Raman image of the 
fluorescent cell.

(D) Color-coded cluster analysis image

(E) Corresponding Raman spectra of 
the four clusters.

Image courtesy of Dr. Claudia  
Scalfi-Happ,  ILM, Ulm, Germany
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Investigating the intracellular compo-
nents

Confocal Raman microscopy was used 
to image intracellular components 
of macrophages. Macrophages take 
up low density lipoproteins (LDL) for 
recycling and removement. If their 
export capabilities are overextended, 
macrophages store lipids and devel-
op into foam cells. These foam cells 
contribute to cardiovascular diseases 
such as arteriosclerosis. The subcel-
lular lipid distribution of an in vitro 
THP-1 monocytes cell model was 
analyzed. The monocytes were differ-
entiated into macrophages, incubated 
with deuterium labeled lipids and 
examined with the confocal Raman 
microscope alpha300 R with a 60x/
NA=1.0 water immersion objective, an 
excitation wavelength of 488 nm, and 
5mW laser power at the sample. For 
the lipid uptake quantification of each 
cell, the CD (2050-2275 cm-1) to CH 
(2800 – 3020 cm-1) ratio of the Raman 
scattering intensities were evaluated. 
Thereby the CD-stretching vibrations 
were used as marker for intracellular 
lipids, while the CH-stretching vibra-
tions reflects the general density of 
the cells composition. A complete Ra-
man spectrum was acquired at every 

image pixel. The WITec Project soft-
ware was used for data evaluation and 
processing. For further information 
please refer to the figure legends.

(A) Raman image of a macrophage cell 
incubated with 400 μM of oleic acid for 3 
hours, generated from the CH-stretching 
intensities. The image was recorded with 
488 nm excitation using a 60x/NA=1.0 
water immersion objective at a step size 
of 0.5 μm. (B) shows a Raman image 
reconstructed using a spectral unmixing 
algorithm, which decomposes the data 
set of the image into the most dissimilar 
spectral components. The associated spec-
tral information is plotted in (C). Clearly vi-
sible are the Raman signals that originate 
from the CH-stretching vibrations around 
2104 cm-1.

Raman images of macrophage cells incubated with 400 μM of oleic acid for different periods of time. After 30 hours macrophages store 
excessively lipids and develop into foam cells.

Images courtesy of Dr. Christian Matthäus, Leibniz-Institut für Photonische Technologien, Jena, Germany
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3D confocal Raman imaging of endo-
thelial cells

In this study Raman imaging was 
used to three dimensionally study the 
heterogeneity of single endothelial 
cells and to define size, volume, shape 
and biochemical composition of the 
cellular organelles. The ability of con-
focal Raman imaging to construct 3D 
maps without disrupting the spatial 
integrity of the cell provides a unique 
insight into biochemical architecture 
and cellular processes of endothelium. 
3D confocal Raman imaging can be 
obtained through subsequent mea-
surement of several sample layers. And 
can be used e.g. for the early diagnosis 
of cancer by detecting subtle bio-
chemical changes in cells and tissues 
associated with cancer development 
and progression or for morphological 
analysis of a tumor.

An alpha300 R confocal Raman mi-
croscope with a 60x water immersion 
objective for cells and an excitation 
wavelength of 532 nm was used 
for this study. The data acquisition 
was controlled by the WITec Project 
software package. All spectra were 
baseline corrected using a polynomial 
of degree 3 and the routine procedure 
for removal of cosmic rays was applied. 
The Image J processing program was 
applied to obtain 3D pictures of cells 
and tissues. For further information 
please refer to the figure legends.

Images courtesy of Prof. Malgorzata Baranska, Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Krakow, Poland

Confocal Raman imaging-stack of an EA.hy 926 endothelial cell (A). 2D Integration maps 
over the CH stretching vibration (2800–3020 cm-1 range) at different z-positions with 
corresponding single spectra (B) extracted from the same point in the maps (dotted line).



Raman microscopy in malaria diag-
nosis

Raman microscopy can be applied as 
rapid and accurate diagnostic tool for 
malaria. Malaria is caused by the para-
site Plasmodium that infects human 
blood cells. In the blood cells it catabo-
lizes large amounts of haemoglobin 
into an insoluble bio-mineral known 
as haemozoin (malaria pigment). Besi-
des serological antigen detection, this 
pigment is widely used for malaria 
diagnosis. A common microscopic me-
thod to detect haemozoin in malaria 
diagnosis is the darkfield microscopy. 
Through dark-field microscopy haemo-
zoin is presented as bright intracellu-

lar spots. The combination of darkfield 
and Raman microscopy enables the 
comprehensive characterization of 
these spots and provides information 
about the stage of the disease. In the 
following study Raman spectroscopy 
was applied to detect and image small 
inclusions of haemozoin in Plasmo-
dium falciparum infected red blood 
cells. Therefore the confocal Raman 
microscope alpha300 R with a 532 nm 
Nd:YAG laser and a 60x/NA=1.0 water 
immersion objective was used. The 
presence or absence of haemozoin 
was detected by the strong 1569 cm-1 
Raman band, which was used as 
marker band for haemozoin. After 
data acquisition the spectral data was 

further processed with the WITec soft-
ware. A cluster analysis was applied in 
order to facilitate the identification of 
haemozoin within the cells and to en-
able the classification of the different 
stages of disease. A cluster analysis is 
suitable for the automatic identifica-
tion of similar spectra and the classi-
fication of multi-spectrum data into a 
user-defined number of clusters. Thus 
color-coded, user-selected clusters 
images can be generated. The Raman 
results were compared with the dark-
field micrographs in order to verify the 
analyzing method. For more details 
please refer to the figure legends.

Verification of the method by comparison of dark-field and Raman microscopy (A) Visible micrograph showing the partial dark-field effect lighting up 
haemozoin deposits in several parasite infected cells. (B) Zoom-in of the red square in (A): The infected erythrocyte towards the bottom right corner is 
triply infected. (C) Chemical Raman map generated by integrating the region between 1700 and 1500 cm-1. The lighter color shows regions of stronger 
counts. (D and E) Unsupervised Hierarchical Cluster Analysis (UHCA) map generated for the 1700–1500 cm-1 range for 2 clusters (D) and for 5 clusters (E). 
The haemozoin particles can be clearly identified by Raman cluster analysis.

Identification of haemozoin in different stages of disease (A) Visible partial dark-field micrograph of a thick film of malaria infected cells showing 
the malaria pigment haemazoin as light intracellular dots (B) Chemical map of the 1569 cm-1 Raman band of approximately the area bounded by the 
red square in (A). The yellow and red colors show the haemozoin deposits in the blood cells. (C) Cluster analysis performed using the range between 
1700 cm-1 and 1300 cm-1 showing 5 clusters. The pink cluster correlates to the haemozoin deposits within late-stage of infected blood cells. The green 
and grey clusters are a mixture of haemoglobin and haemozoin. The light blue cluster correlates well with haemoglobin within the cell while the red-
sub-micron sized dots (300 nm) appear to be inclusions of haemozoin observed in cells of different infection stages. (D) Mean extracted spectra from 5 
cluster showing the region between 1600 and 1500 cm-1. The colors correspond to (C) Note the differences in the red and light blue spectra. The strong 
shoulder on the pink spectrum centered at 1569 cm-1 indicates that the sub-micron-dots observed in (C) and are from inclusions of haemozoin.

Images courtesy of Prof. Bayden Wood, Centre for Biospectroscopy, School of Chemistry, Monash University, Clayton, 3800, Victoria, Australia
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Characterization of wood cells

Cell walls of wood cells consist of 
crystalline cellulose fibrils embedded 
in an amorphous hemicellulose-lignin 
matrix with a multilayer arrangement. 
The proportion of these three poly-
mers varies between each layer. The 
individual layers are formed at diffe-
rent periods during cell differentiation. 
After the cell wall reaches its final 
structure and thickness, the mecha-
nically crucial secondary cell wall, 
consisting of three different sublayers 
(S1, S2, and S3), is formed. The cellulose 
microfibril arrangement and the speci-
fic chemical composition vary bet-
ween sublayers. The S2 layer is thickest 

(75-85 percent of the total cell wall 
thickness) and most important for 
mechanical stability, with the highest 
carbohydrate content. The middle- la-
mella layer, mostly lignin, is attached 
to the primary cell wall and ensures 
the adhesion of a cell to its neighbou-
ring cells. The chemical composition of 
the cell wall and the alignment of the 
cellulose microfibrils show significant 
interspecies and intraspecies variabi-
lity. Confocal Raman microscopy was 
used to illustrate changes in molecu-
lar composition of secondary plant cell 
wall tissues of poplar (Populus nigra 
and Populus deltoids) wood. In this 
experiment, a cross section of Populus 
nigra (20 μm thick) was investigated 

in water using the alpha300 R con-
focal Raman microscope. Figure A 
shows an overview of 30 x 30 μm2 (150 
x 150 pixels) including 22,500 spectra 
with an integration time of 100 ms 
per spectrum using a 532 nm NdYag 
laser for excitation. The three images 
in figure B-D (zoom-in at 14 x 14 μm2) 
were obtained by integrating over 
selected Raman lines. Figure E shows 
the color-coded image produced from 
the three images in figure B-D. The 
corresponding spectra are shown in 
figure F. The red spectrum represents 
the distribution of the G-layer, the 
green spectrum corresponds to the 
S2-layer and the yellow spectrum is 
mainly found in the middle lamella. 

Figure A: 30 x 30 μm2 overview of Populus nigra in water. Figure B-D: Zoom-in, 14 x 14 μm2. 
Integrating over different Raman lines Figure E: Color-coded image created of the three 
images in figure B-D. Figure F: Corresponding spectra. Red= G-layer, green= S2-layer, yel-
low= middle lamella.
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Imaging of banana starch

The image shows a white-light 
microscopy and color-coded Raman 
image overlay of a squashed banana 
pulp sample. The Raman image was 
acquired with the automated WITec 
apyron microscope attached to the 
600 mm focal length UHTS spectro-
meter system to provide the highest 
spectral performance. Red: beta-Ca-
rotene-rich areas, Green: Starch, Blue: 
Water. Excitation: 532 nm, Laser Power: 
49.9 mW, Scan area: 400 x 300 μm2, 
1200 x 900 pixels, Integration time: 
2 ms/spectrum/pixel.

Bacteria studies

It has been reported that Raman 
Microscopy can be used to classify 
bacteria by their individual Raman 
spectra down to the substrain level. A 
high-resolution Raman imaging sys-
tem also allows a single bacterium to 
be evaluated for metabolic products or 
drug detection inside the bacterium or 
to distinguish the intra- and inter-cel-
lular heterogeneity. In the following 
study, Legionella Bozemanii and Ba-
cillus Cereus are investigated with an 

alpha300 R Confocal Raman Imaging 
system at the single cell level. 

Legionella Bozemanii 
Legionella strains can produce Po-
ly-ß-hydroxybutyric acid (PHB) in 
response to physiological stress, which 
serves as an energy storage molecu-
le that can be detected with Raman 
spectroscopy. In this experiment a 
Raman image was acquired with a 
scan range of 25x25 μm2.  The blue  
area in the color-coded Raman image 
corresponds to the integral intensity 

of the C=O ester stretching band at 
1726 cm-1. The red area depicts the cell 
body imaged using the protein amide 
I band at 1662 cm-1. The corresponding 
Raman spectra are shown below. The 
Raman image clearly  reveals that the 
bacteria cells can contain different le-
vels of PHB. Cells that contained little 
or no PHB could be discriminated from 
cells with a very high concentration.

(A) Raman Image of Legionella Bozemanii 
and corresponding Raman spectra (B): 
Vegetative cells (red) and PHB (blue). 

BA



Bacillus Cereus
In a second experiment Raman 
Imaging was performed on Bacillus 
Cereus. This strain is also able to 
produce PHB as a storage material, ac-
cumulating it as intracellular granules. 
(C) shows the video image indicating 
the region where the Raman image 
was acquired, which is shown in (D). 
The Bacillus strain used here is also 
able to form three different cellular 
components which can be observed 
in the Raman image: Vegetative cells 
without PHP (yellow) and vegetati-
ve cells incorporating traces of PHB 
(green). Additionally, Bacillus Cereus 
can form spores after entering the sta-
tionary phase of growth and accumu-
lation of PHB. In the Raman image four 
spores can be seen at the right edge 
of the chain (magenta). The fact that 
all three components can be detected 
together highlights the diagnostic 
power of Confocal Raman Imaging for 
identifying phenotypic heterogeneity 
at a single cell level.

Imaging of bacterial biofilms

In this confocal Raman study complex 
microbial aggregates formed of dense, 
highly hydrated, highly structured 
clusters of bacterial cells are analyzed 
and imaged. With confocal Raman 
microscopy it was possible to achieve 
an in-depth analysis of the targeted 
microbial communities without ad-
ditional, more invasive techniques or 
prior knowledge of the sample being 
required. A WITec confocal Raman 
microscope with a 60x/NA=1.0 water 
immersion objective, and 532 nm 
excitation wavelength was used to 
acquire x-z-Raman depth profiles. Dif-
ferent bacterial micro-colonies could 
be distinguished and visualized. The 
spatial resolution was 350 nm laterally 
(x-direction) and 2 μm in z-direction. 
For further information please refer to 
the figure legend.

(C) Video image of Bacillus Cereus (D) 
Raman Image of Bacillus Cereus from the 
region indicated with the rectangle in 
(C): Vegetative cells (yellow), PHB (green), 
spores (magenta).

Images courtesy of Dr. Antje Hermelink, 
Robert-Koch-Institute, Berlin, Germany

Spectral imaging based on (resonance) 
Raman imaging focused on the heme moi-
ety in cytochrome-c. Set of two spectral 
images cutting through the outer layer 
of a nitrifying biofilm granule, revealing 
a dense multilayer of different bacterial 
micro-colonies: two types of Nitrosomo-
nas (green and red) and one unidentified 
species (blue). Image dimensions: 140 
x 80 spectra covering 70 x 80 μm2 (x/z 
depth image).

Images courtesy of Dr. Ann-Kathrin Kniggendorf, Hannoversches Zentrum für Optische 
Technologien, Gottfried Wilhelm Leibniz Universität Hannover, Germany
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Programmable Large Area Scan – 
Hamster brain cross section 

For Raman large-area scanning on 
biological tissues one quite often fa-
ces a variety of obstacles. For example, 
fluorescence might influence the 
quality of the Raman spectra or the 
sample might not be entirely flat over 
the complete scan range. In order to 
reduce the fluorescence, a bleaching 
sequence before acquiring the Ra-
man spectra sometimes eliminates 
the fluorescence signal. To correct for 
insufficient sample flatness or tilt, 
one approach can be to measure the 
sample height at selected spots. These 

values can then be used to adjust the 
focus accordingly over the complete 
scan range. With the alpha300 Raman 
microscope, bleaching and tilt com-
pensation can be achieved by per-
forming a programmable large-area 
scan. In the following study a hamster 
brain cross section is moved under the 
laser beam and the focus position is 
set using the values from the prede-
fined tilt compensation. At each image 
pixel a pre-bleaching sequence of 2 s 
is executed before the Raman spec-
trum acquisition which took 1 s. In (A) 
a video image of the complete brain 
cross section can be seen. (B) shows 
the corresponding Raman image after 

evaluating the integral intensity of the 
CH-stretching band (a) and its center 
of mass (b), respectively.
A second large-area scan was perfor-
med at the area indicated in (A). The 
results are depicted in (C) - (E) sho-
wing different images of the gray and 
white brain matter of that region with 
the corresponding spectra. This can 
be achieved by evaluating the Raman 
imaging data in more detail. Following 
the large-area scans a high resolution 
zoom-in image was acquired at the 
position indicated in (C), revealing 
differences in the chemical properties 
on the sub-micron scale (Fa+b).

(A) Video Image B) Raman Images of the complete brain 
cross section; (a) Intensity of the CH-stret-
ching band (2800 cm-1 – 3000 cm-1) (b) 
Center of Mass of the CH-stretching band

(D) Raman spectra of the gray 
(green) and white (red) brain mat-
ter used for the image generation 
as shown in (C). 

(C) Raman image of the gray (green) 
and white (red) brain matter as 
indicated in (A).

(E) Detailed evaluation of the gray (left) and white (right) brain matter 
using further characteristic spectral features of the individual material. 

(F) a+b: Zoom-in images at the 
border position between gray and 
white brain matter as indicated in 
(C). It shows the submicron differen-
tiation of chemical properties of the 
brain material.

Images courtesy of Dr. Peter Lasch, Robert-Koch-Institute, Berlin, 
Germany
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RISE Microscopy - Correlative Ra-
man Imaging and Scanning Electron 
Microscopy (Raman-SEM)

Rat liver - near-field microscopy

With Scanning Near-field Optical 
Microscopy, it is possible to study 
biological subjects in liquid and in air 
with high resolution. Thus biological 
samples can be examined in their 
typical environments, for example in a 
buffer solution or special culture me-
dium, without time consuming samp-
le preparation. Histological microtome 
cuts of 130 nm thickness have been 
color labeled with toluidine blue. After 
being embedded in resin, the sample 
was sectioned with a microtome and 
floated on a cover slip. For the mea-
surement in liquid, the cover slip was 
put in a petri dish with solution. The 
WITec SNOM objective was equipped 
with a sapphire window for liquid 
measurements. Figure A shows a 100 x 
100 μm2 overview of several liver cells 
(= hepatocytes, Hec) with a nucleus 

(N) of 10 μm diameter. Inside the 
nucleus, the nucleolus is visible as a 
dark spot. The cells are surrounded by 
the intercellular clefts (I). The bright 
patches are hepatic sinus (S) and the 
little bright spots are bile canaliculis 
(B). Figure B is a zoom-in of a nucleus. 
Inside the nucleolus (Nc), euchromatin 
(Ec) as well as heterochromatin (Hc) 

is visible. The nucleus is surrounded 
by the nuclear membrane (Mn). The 
membrane pores (Mp), which are 
necessary for the transfer between the 
cell and the nucleus, can also be seen. 

(A) Raman-SEM image overlay of a hams-
ter brain tissue sample. In the color-coded 
Raman image the white brain matter is 
shown in Green and the gray brain matter 
in Red. Raman image: 100 x 100 μm2, 300 
x 300 pixels = 90,000 spectra, 50 ms 
integration time per spectrum. (B) The 
corresponding Raman spectra reveal the 
different spectral characteristics of the 
white and gray brain matter.

(A): Hepatocyte (liver cells), overview 
100 x 100 μm2, Hec = Hepatocyte, N = Nucleus, 
I = Intercellular cleft, S = Hepatic Sinus, B = Bile 
Canaliculi. (B) Hepatocyte nucleus, zoom-in 
10 x 10 μm2, N = Nucleus, Nc = Nucleolus, Ec = 
Euchromatin,
Hc = Heterochromatin, Mn = Nuclear membra-
ne, Mp = Membrane pores.
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Depth profiles of human skin

In the following study the trans-
dermal delivery of pharmaceutical 
agents was investigated with Raman 
depth profiles of human skin tissue. 
Skin penetration experiments were 
performed by applying beta-carotene 
to the skin biopsies. After incubation 
x-z-Raman profiles of the intact full 
thickness skin biopsies were genera-
ted and spectral images were acquired 
using an alpha300 R microscope with 
a 50x 0.9NA objective and 785 nm 
excitation wavelength. Depth profiles 
were collected employing the x-z-scan 
modus starting at the bottom end of 
the image. The spectral information 
in the images highlight the different 
components of the tissue and the 
presence of the agents. Presented are 
Raman images of untreated skin and 
diffusion patterns for beta-carotene. 
For further information please refer to 
the figure legend.

Raman depth profile images of human skin. Images where collected using a 785 nm 
excitation at a step size of 1 μm. (A) and (B) show Raman images of normal untreated 
skin(B) was preprocessed using a spectral unmixing algorithm. The associated spectra 
plotted in (C) exhibit the typical protein characteristic peaks at 1650 – 1800 cm-1. The 
Raman images (D) and (E) show depth profile images of skin treated with a betacarotene 
formulation. The distribution of beta-carotene is plotted in red and magenta. The associ-
ated spectra plotted in (F) show the characteristic Resonance Raman bands of beta-caro-
tene at 1524 and 1153 cm-1.

Images courtesy of Dr. Christian Matthäus, Leibniz-Institut für Photonische Technologien, Jena, Germany



Imaging of vessels with combined 
Raman- AFM

Vessels consist of three main parts 
including tunica intima, media, and 
adventitia. Changes within the vessel 
tissue structure and biochemical 
composition can indicate pathological 
alterations of the tissue, especially in 
endothelial cells. Those changes can 
be symptoms of vessel diseases e.g. 
diabetes, hypertension and atherosc-
lerosis. Immunohistochemical (IHC) 
staining is a well-established method 
in pathology to analyze the cellular 
compartments of a sample. While for 

IHC staining the sample is treated 
with fluorescent dyes, Raman spec-
troscopy distinguishes specific tissue 
and cell constituents by integration of 
the appropriate Raman band. In many 
cases the information obtained with 
these two methods is the same. In 
the following study, an alpha300 RA 
fully integrated Raman-AFM micros-
cope was used to investigate murine 
vessels. The Raman-AFM cross-section 
analyses of the vascular wall status 
are useful to monitor ex vivo disease 
progression and effects of treatment 
in experimental diabetes, atherosc-
lerosis or hypertension. While Raman 

spectroscopy provides specific bioche-
mical information about the sample 
composition, AFM (Atomic Force 
Microscopy) detects the topography, 
structure, and physical properties, e.g. 
stiffness, adhesion, of the sample’s 
surface. Thus combined Raman- AFM 
analyses are useful for a comprehensi-
ve characterization of the vessel status 
and both pathological and physiologi-
cal conditions can be investigated and 
distinguished. In the following figure 
an exemplary Raman-AFM analysis of 
a vessel wall cross section is shown. 
For further information please refer to 
the figure legend.

Images of the vessel wall cross section: Ra-
man distribution image of organic vessel 
specimens (A). AFM AC (intermittent or 
tapping mode) images of the vessel topo-
graphy shown in (B) and the phase image 
shown in (C). The phase image reveals e.g. 
the tissue stiffness. The 3D topography 
imaging (D) was used to position cross 
section (black and red lines). Through the 
cross section profiles (E) the thickness of 
the vessel walls can be determined. Data 
acquired with an alpha300 RA fully integ-
rated microscope, 100x/NA=0.9 air objec-
tive, 532 nm excitation wavelength, 10 mW 
laser power at the sample. The integration 
time per Raman spectrum: 0.2 s. AFM topo-
graphy image: AC (tapping) mode.

Images courtesy of Prof. Malgorzata Baranska, Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Krakow, Poland



Detecting pathological changes in 
liver tissue by confocal Raman ima-
ging
The liver is involved in most meta-
bolic processes of the human body. 
Thus metabolic dysfunctions often 
affect the liver and cause altered 
tissue structures or composition. For 
instance a relation between diabetes 
mellitus type II and liver steatosis 
and cirrhosis has been described in 
literature. Furthermore liver dysfunc-
tions may be associated with athero-
sclerosis. Raman spectroscopy has 
been widely applied to biological and 
biomedical samples as it has a num-
ber of useful advantages for studying 

such materials: Minimal or no sample 
preparation, nondestructively and the 
possibility to gain molecular infor-
mation without the use of stains. In 
the following study the biochemical 
alterations in diabetic and atherosc-
lerotic tissue compared to normal liver 
tissue were investigated by confocal 
Raman imaging. Therefore liver tissues 
of atherosclerotic and diabetic mice 
models were used. The analyses were 
performed on a confocal Raman 
microscope alpha300 R equipped 
with a frequency-doubled Nd:YAG 
laser for 532 nm excitation and a 100x 
objective (NA=0.9). The Raman results 
were evaluated as follows: The Raman 

signal of the C-H stretching vibrations 
(2800 – 3020 cm-1) originates from 
both lipids and proteins. To image 
saturated and unsaturated lipids the 
range between 1240 cm-1 and 1340 cm-1 
was selected. The amide III region 
(1215 – 1275 cm-1) was chosen to detect 
proteins. Thus protein- and lipid-rich 
regions within the liver tissue could be 
determined and distinguished. It could 
be shown that the lipid content in the 
diabetic mouse tissue was highest 
and relatively high in atherosclerotic 
mice. These data strengthen the 
assumption that liver steatosis and 
metabolic diseases such as diabetes or 
atherosclerosis are correlated.

A microphotograph of the cross-section of liver tissues taken from control (top), diabetic (middle) and atherosclerotic (bottom) mice. 
The red square indicates investigated areas (26.1 x 21 μm2, 18.8 x 15.5 μm2 and 19.2 x 16.7 μm2 respectively). Raman maps of the lipid 
and protein distributions obtained by integration of the marker bands in the regions of: 3020–2800 cm-1 (lipids and proteins), 1240–
1340 cm-1 (lipids) and 1215–1275 cm-1 (amide III, proteins). Scale bars as presented in each image.

Images courtesy of Prof. Malgorzata Baranska, Faculty of Chemistry, Jagiellonian University, Ingardena 3, 30-060 Krakow, Poland



Histopathological human breast can-
cer tissue

For histopathological diseases or 
cancer detection, Raman imaging is 
considered to be a potential alterna-
tive for the currently used techniques, 
which require staining of the biopsy 
tissue before the manual microscopic 
investigation. As Raman imaging is a 
label free characterization method for 
the sample’s compounds, it is well-sui-
ted to generally accelerate the detecti-
on process or to establish automated 
and more reliable detection procedu-
res. However, extended basic research 
must still be made in order to achieve 
clinical relevance for Raman imaging 
as a standard method for diagnosis.
In the following study untreated histo-
pathological breast cancer tissue was 
investigated with the WITec alpha500 
Confocal Raman Microscope using its 
large area scanning capabilities. (A) 
shows an overview video image of the 
sample. Based on this image, the scan 
ranges for the Raman imaging scans 
can be selected as indicated by the 
rectangles. The first large-area scan 
(red rectangle) was acquired in order 
to obtain an overview Raman image 
of the tissue sample followed by a se-
cond large area scan (green rectangle) 
at the area with potentially carcinoge-
nic tissue. (B) - (D) show the resulting 
Raman Images and corresponding 
spectra. The imaging parameters 
for the first large area scan are 10.2 
x 9.7 mm2, 150 x 150 pixels (= 22,500 
spectra). The scan range of the second 
scan was 4.85 x 4.00 mm2 and 150 x 
150 pixels. Focusing on (D) reveals 
differences in the chemical compo-
sition of the tissue. Especially the 
tissue in the areal indicated with the 
orange area shows clear differences 
in the spectral characteristics (no red 
spectrum detectable). Using staining 
techniques (results not shown here) it 
could be shown that the carcinogenic 

tissue is located exactly at this area of 
the image. This results suggest, that a 
differentiation of healthy and carcino-
genic tissue with Raman Imaging can 
be possible.

(A) Video Image of the unstained breast 
cancer tissue area indicates the location of 
the carcinogenic tissue.

(B) Large-area scan I (red rectangle in A) 

(C) Basis spectra used for image generati-
on for the images in (B) + (D)

(D) Large-area scan II (green rectangle in 
A). The orange area indicates the location 
of the carcinogen tissue.



Comparison of noncancerous and 
cancerous tissue

Through confocal Raman imaging the 
general tissue composition as well as 
the appearance of tumor markers can 
be identified. Thus noncancerous and 
cancerous tissue can be distinguished 
and characterized without any exter-
nal agent and stain or sample prepa-

ration prior to the experiments. In this 
study noncancerous and cancerous 
human breast tissue of the same pa-
tient was examined with an alpha300 
R confocal Raman microscope, a 50x 
objective, and a 532nm excitation 
laser with 10 mW laser intensity at 
the sample. The WITec Project plus 
software was used for data acquisi-
tion and processing. The appearance 

of different tissue components was 
determined through their unique 
Raman spectra and the noncancerous 
and cancerous tissues could be distin-
guished by the altered appearance of 
carotenoids, lipids, and proteins. For 
further information please refer to the 
figure legends.

Breast tissue from the margin of the 
tumor mass: 
Raman image (350 x 350 mm2), integrati-
on time 0.03 sec, 1 accumulation; average 
spectra used for the basis analysis method, 
colors of the spectra correspond to the 
colors of the different areas in the Raman 
image; images for the filters for spectral 
regions: carotenoids (1490 – 1580 cm-1), 
lipids (2850 – 2950 cm-1), proteins (2900 
– 3010 cm-1), and fluorescence (2200 – 
2300 cm-1). Please note that carotenoids 
are clearly detectable in the tissue.

Breast tissue from the tumor mass (car-
cinoma ductale G3 infiltrans mammae): 
Raman image (150 x 150 mm2,) integration 
time 0.03 sec, 1 accumulation; average 
spectra used for the basis analysis method, 
colors of the spectra correspond to the 
colors of the different areas in the Raman 
image; images for the filters for spectral 
regions: carotenoids (1490 – 1580 cm-1), 
lipids (2850 – 2950 cm-1), proteins (2900 
– 3010 cm-1), and fluorescence (2200 – 
2300 cm-1). Please note that the amount of 
detectable carotenoids is strongly reduced.

Images courtesy of Halina Abramczyk and Beata 
Brozek-Pluska, Lodz University of Technology, Ins-
titute of Applied Radiation Chemistry, Laboratory 
of Laser Molecular Spectroscopy, Wroblewskiego 
15, 93-590 Lodz, Poland.


