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Abstract: Raman spectroscopy increasingly becomes a valuable analytical tool in biomedicine. A novel 
Raman microscope designed for biomedical applications was used to discriminate viability states and cell 
types of Hodgkin’s disease as well as different neural and invading glioblastoma cells within a human 
engineered neural tissue (ENT). 
OCIS codes (170.0170) Medical optics and biotechnology, (170.5660) Raman spectroscopy 

 
 
1. Introduction 
 
Since decades Raman spectroscopy is well established in chemistry, pharmacology and physics. Especially 
designed Raman microscopes for biomedical application were only recently introduced as novel tools to investigate 
microorganism and cells. Meanwhile, several research teams have independently shown that Raman spectroscopy 
of biological specimen yield distinct information about their metabolome and allow highly specific discrimination 
of cell types, cell activity or cell differentiation.  
The BioRam® is a fully integrated Raman system that is easy to use and broadly applicable. The inverted 
microscope platform, the laser wavelength as well as the spectrograph have been especially designed to allow cell 
analysis without harming their viability or interfering with tedious biomolecules such as RNA, DNA, lipids or 
proteins. Biological specimen can be analyzed and identified without stains, biochemical markers, fluorescent 
labels, antibodies or magnetic beads and even under physiological conditions. As a result, cells remain untouched 
and viable, and can be subjected to further tests as desired. Potential applications range from stem cell research and 
cancer diagnosis to drug development, quality control and clinical practice.  
The determination of cell viability is a recurring issue in Regenerative Medicine and during manufacturing of tissue 
engineered products. Standard cell viability tests such as fluorescence microscopy or flow cytometric analysis 
depend on cell labeling. Other common methods are Caspase assays, MTT or LDH tests [2-5].  
In opposite Raman spectroscopy is a non-invasive method that can be performed on fixed cells, tissue and cryo-
sections without labeling procedures. As Raman works in liquid also living cells and even 3D tissue can be 
investigated under physiological conditions and without additional preparation steps. Thus, cancer cells were 
discriminated from normal cells, and different cell types were identified in a fast and reliable manner [6]. 
Suitability of Raman spectroscopy to research cell viability was proven by discriminating vital A549 from dead 
cells [7]. Further investigation of necrosis [8] and the distinction of chemically induced apoptosis versus necrosis 
demonstrated the capability of Raman spectroscopy as a quantitative measure [9].  
In this work we compared Raman analyses of temperature induced apoptosis and necrosis with standard cell 
viability tests. The potential of Raman spectroscopy to support early cancer diagnosis was demonstrated by 
discriminating Hodgkin from non-Hodgkin Burkitt cells as well as B-cell from T-cell derived lymphoma. 
Furthermore, the feasibility of Raman spectroscopy to detect invading glioblastoma cells within an ENT (that was 
differentiated from human pluripotent stem cells) shows the capabilities of this non-contact and marker-free Raman 
method for quality control in disease model engineering as well as for monitoring cell culture automation or 
bioprocessing, and thus potentially for regenerative medicine. 
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2. Methods 
 
Cell preparation 
 
Lymphoma cell lines (Hodgkin B cell lines: L1236 and L428 and Hodgkin T-Cells: HDLM2) were derived from 
Hodgkin lymphoma and compared to non-Hodgkin lymphoma cells (Burkitt: BL2 and Ramos). Raman 
measurements were performed on dried cells plated on a coverslip. From the total of 135 measurements 69 were 
from Burkitt cells and 66 from Hodgkin cells. 

ENTs were established from human pluripotent stem cells and grown on a semi-permeable membrane. To generate 
the disease model, patient-derived glioblastoma cells were co-cultured on top of the ENTs to allow a gradual 
invasion of the tissue. After 2 weeks, tissues were fixed and cut into 30um slices. The embedding medium was 
removed and the slices were rehydrated for Raman measurements. As separate internal controls, glioblastoma 
spheres and "healthy" ENTs (containing exclusively neural cells) were respectively tested in parallel.  

Viability tests were performed with SAOS-2 (Osteosarcoma) and SW-1353 (Chondrosarcoma) cells cultured in 
DMEM/Hams F12 media supplemented with 10% FCS and 1% Gentamycin at 37°C and 5% CO2. Media were 
changed every 3 to 4 days and cells were grown to confluence. Necrosis was induced incubating detached and in 
culture medium resuspended cells in a preheated water bath at 55°C for 90 minutes. Successful induction of 
necrosis was confirmed by propidium iodide (PI) staining (Invitrogen, Carlsbad). Apoptosis was induced 
incubating the cells at room temperature (21°C) for 96 up to 168 hours. Apoptotic cells were harvested from 
supernatant of the cell culture. Successful induction of apoptosis was confirmed by fluorescence microscopy and 
flow cytometrie of Annexin-V FITC and PI counter-stained (Invitrogen, Carlsbad) cells. Staining was performed in 
suspension of 2-3*106 cells / ml diluted in 1x Annexin V binding buffer. 100 µl of this suspension were transferred 
into 1,5 ml tubes and incubated for 15 min with 5µl of Annexin-V/ Fluoresceinisothiocyanate (FITC) and 10 µl PI 
at room temperature. Afterwards the cell suspension was diluted 1:5 in Annexin V binding buffer and directly 
analyzed with Raman spectroscopy and flow cytometry.  
Additional to these measurements a Caspase colorimetric Protease assay (Invitrogen, Carlsbad) was performed for 
the activity of Caspase-3 and -6 to specify apoptosis induction. After cell lysis for 10 min on ice, protein 
concentration was determined by a Micro BCA Protein Assay Kit (Pierce, Rockford) to get comparable results. 
Protein concentrations were 75 µg / 50 µl Cell lysis buffer for SAOS-2 and 100 µg / 50 µl buffer for SW-1353. 
After incubation for 2 hours in the reaction buffer containing 10 mM DTT and 200 µM Caspase substrate the read 
out was done at 405 nm in a microplate reader. 
 
Raman system 

The BioRam® system (Fig.1 - CellTool, Bernried, Germany) consists of an inverted microscope platform with a 
784 nm diode laser focused through a 60x water immersion objective (N.A. 1,2). Raman measurements are 
performed within petridishes, microtiterplates or on glass slides. Detection is done with a diffraction grating and a 
Charge-coupled device (CCD, Andor, Belfast, UK). Processing of data is done with CellTool’s data processing 
software and data analysis is performed with the Unscrambler® statistical software (Camo, Norway).  
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Figure 1: BioRam® system - with different holders 
 
 

Data analysis  
 
Principal Component Analyses (PCA) is one the most common multivariate techniques used for the analysis of 
spectral data. This technique generates principal components, which contain spectral features corresponding to the 
molecules responsible for statistical variations between spectra. Thereby, it describes major trends in a data set by 
finding combinations of variables. Briefly, each Raman spectrum consists of many data points; however, only a few 
of them contain useful information for cell analysis. During multivariate analysis of data sets, the transformation of 
these data to a new dimensional space is described in terms of scores and loadings. Each score corresponds to one 
Raman spectrum whereby the loading values provide information of the relative importance of each of the original 
Raman spectra. Basically, the higher the loading value the higher the variation in the spectral data set and the 
greater the contribution to the PCA. (Note: circles within the PCA plots are only for clarification and have no 
statistical meaning). 
 
The Support Vector Machine (SVM) is a supervised technique to quantify multivariate data sets. Support vector 
machines are one of the state-of-the-art supervised machine learning methods. The classification function is defined 
by a hyperplane, which maximizes the distance between two classes. Detailed information to SVM are described 
elsewhere [10]. For the calculations a Nu-SVM with a Nu-value of 0.5 and a linear kernel was used.  
 
 
3. Results 
 
Microscopic images from lymphoma and neuronal cells show similar morphologies. Neither lymphoma (Fig.2a,b) 
nor neuronal cells (Fig.3a,b) can be discriminated by bright field microscopy. In contrast, Raman spectra recorded 
in a spectral range from 780 to 3200 wavenumbers for lymphoma cells and from 780 to 2900 wavenumbers for 
neuronal cells clearly illustrate strong differences of the examined cell groups. 
 
Lymphoma cells:  
Differences in mean spectra from Hodgkin versus non-Hodgkin Burkitt cells are visualized in peak form and height 
within the spectra (Fig.2c). A total of 135 cells were measured. Statistical evaluation of the spectral data using PCA 
analysis yield two clearly separate clusters of Hodgkin and Burkitt cell lines (Fig.2d). Further investigations of 
subpopulations of Hodgkin cells (L428 and L1236) and of non-Hodgkin Burkitt cells (BL2 and Ramos) reveal, that 
they cluster within their domains. Whilst no differences are visible between Ramos and BL2 (not shown) the two 
Hodgkin cell lines seem to accumulate in slightly diverse regions (Fig.2e). For further evaluation of these 
differences additional measurements are required. The comparison of Hodgkin B-cells with Hodgkin T-cells 
(HDLM2) reveals clear-cut differences. Measurements of T-cells at two different time points after cultivation 
assemble within the same area. 
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Figure 2: Brightfield image of a) Hodgkin L1236 and b) Burkitt BL2 cells, respectively. c) Mean spectra of Hodgkin (blue) and 
Burkitt (red) cell lines. d) Principal component analysis (PCA) of Hodgkin (blue) and Burkitt (red) cell lines show clearly 
distinct clusters; e) PCA of Hodgkin B-cells subpopulations L1236 and L428 cells (bluish) cluster within the same region. 
Raman spectra of Hodgkin T-cells HDLM2 (redish) taken from two different time points (16 hrs of culturing in between) 
assemble at the same area but clearly differ from Hodgkin B-cells. 
 
Neural cells: The results of Raman measurements from neural and glioblastoma cells are demonstrated in Figure 3. 
After initial testing on glioblastoma spheres and ENTs exclusively made of neural cells respectively, spectra were 
taken from different areas of the co-cultured ENT/glioblastoma cells. Principal Component Analysis (PCA) of a 
total of 75 spectra from neuronal and glioblastoma cells shows significant differences as visualized in the PCA plot 
(Fig.3c). The two cell populations cluster in clearly distinct regions. With those data from pure samples a support 
vector machine (SVM) model was trained. Now 43 cells from a mixture of unknown composition were measured 
and compared to this database. We found 35 ENT and 8 GB cells - i.e. 82% ENT and 18% GB cells in the mixture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Microscope images of a) neural and b) glioblastoma cells, respectively. The bright spots mark the focus of the Raman 
laser. c) Principal component analysis (PCA) of a total of 75 spectra from ENT neural cells (blue) and glioblastoma cells (red).  
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Raman measurements of necrosis: Necrosis of heated cells was visualized by propidium iodide (PI) staining 
(Fig.4a). Apoptotic chilled cells were stained with Annexin-V FITC and PI and analyzed with fluorescence 
microscopy and flow cytometrie. Average spectra of vital and necrotic SW-1353 and SAOS-2 cell lines are shown 
in Fig.4b. The light grey lines indicate the standard deviations for 30 measurements. The differences between 
viable and necrotic cells were analyzed by the difference spectra and the loadings of the PCA. The results for the 
spectral analysis are shown in Table 1. The PCA was performed for 90 measurements of three appendages for each 
analysis of viable and necrotic cells. The spectral analysis reveals some clear differences between viable and 
necrotic cells. Some of them can be assigned to changes in the DNA for example the well-known peak around 769-
822 [1/cm] and 879-912 [1/cm]. Some correspond to lipids and carbohydrates 1289-1317 (lipid, protein), 922-952 
(carbohydrate) and 1047-1081 [1/cm] (carbohydrate, protein and lipid), but some changes in the spectrum can be 
assigned to changes in proteins. Most prominent are here the amide I and III bands at 1289-1317 and 1629-1665 
[1/cm]. Especially the amide I peak shows a decrease in intensity and a shift of the peak maximum to higher 
wavenumbers. This can be assigned to conformational changes of the proteins in the necrotic cells. Spectral areas 
with the highest changes are listed in Table 1. These areas were collected by the analysis of the loadings of the 
PCA of the whole spectra and the difference of the mean spectra of viable and necrotic cells.  
For characterization of necrotic SAOS-2 cells a PCA with 90 measurements from 3 different samples of viable and 
necrotic cells was done over the whole spectrum resulting in a clear separation. The same type of analysis was done 
for vital and necrotic SW-1353 cells where PCA also yields two distinct clusters. 
In order to define spectral areas to discriminate vital from necrotic cells a further PCA was done with both cell 
types (Fig.4c). The explained variance of the first two PC´s is 40 and 17%. Both PC´s have to be taken into 
account for the discrimination. The analysis of loadings of PC 1 and PC 2 and the spectra of vital and necrotic 
cells show differences in several spectral areas. These areas are listed in Table 1. To test these findings a further 
PCA was done over the spectral areas defined through this analysis (Fig.4d). The analysis shows an even clearer 
separation of vital and necrotic cells with smaller internal scattering of each “class” of cells.  

  
Fig.4: a) AnnexinV-FITC and propidium iodide staining of apoptotic and necrotic SAOS-2 cells. b) Mean Raman spectra of vital 
and necrotic SAOS-2 and SW-1353 cells. The light grey lines indicate the standard deviation of 30 measurements. Spectra are 
shifted on the intensity scale for clarity. c) PCA of vital and necrotic SAOS-2 and SW-1353 cells over the whole spectra. Clearly 
visible is the difference between vital and necrotic cells. (PC 1: 40%, PC 2: 17%). d) PCA of vital and necrotic SAOS-2 and SW-
1353 cells from spectral areas gained by the analysis of the PC1 and PC2 loadings. The discriminating spectral areas and 
corresponding molecules are listed in Table1. 

Proc. of OSA-SPIE Vol. 8798  87980J-5



 
Table 1: Spectral areas for the discrimination of viable and necrotic cells. (A, U, C, T correspond to the bases Adenosine, Uracil, 

Cytosine and Thymine) 
 

Raman measurements of apoptosis: PCA of early apoptosis was performed only with Annexin V / FITC positive 
cells. All measurements of different culturing times were combined to include possible differences into analysis. 
Mean Raman spectra of vital and early apoptotic SAOS-2 and SW-1353 cells and the corresponding PCA are 
shown in figure 5. There are slight differences between vital and apoptotic cells with an area of overlapping 
measurements.  
The comparison of the whole cell spectra in one PCA shows slight differences between vital and apoptotic SW-
1353 and SAOS-2 cells (Fig. 5). Compared to vital and necrotic cells the differences between the spectra seem to 
be smaller. Besides the clustering of vital and apoptotic cells, there is a broad range of overlap between these two 
conditions. To define the different areas of the discriminating spectra from vital and apoptotic cells the loadings of 
PC 1 and PC 2 were analyzed. This analysis revealed seven areas to be important for the discrimination. The areas 
are listed at table 2. Chemical changes between vital and apoptotic cells can be assigned to all general kinds of 
components (DNA, RNA, proteins, lipids, carbohydrates). 
To verify the results for the PCA a Support Vector Machine (SVM) was performed on the spectroscopic data. From 
a total of 678 spectra 50% were used to train the SVM, the other 50% were predicted from this model. The results 
are summarized in Table 3. The SVM type used was the nu-SVM with a linear kernel and a nu-value of 0.5. The 
cross validation accuracy of the model is 92.3%. The overall correct classification is 92%, for viable cells 99.7%. 
 

Start [cm-1] End [cm-1] DNA Proteins Lipids Carbo- 
hydrates Reference 

705 730 A  CN+(CH3)3  [7, 11] 

769 822 U,C,T,  
O-P-O    [7, 11] 

841 871  Tyr   [7, 11] 
879 912 backbone    [7] 

922 952  C-C BK str 
Į-Helix  C-O-H [7, 11] 

998 1009  Phe, C-C   [7, 11] 
1047 1081 PO2

- C-N Chain C-C C-O/C-C [7, 11] 

1119 1185  C-N, C-H, 
Tyr, Phe C-C  [7] 

1289 1317  Amide III CH2  [7, 11] 

1629 1665  Amide I C=C  [11] 
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Fig.5: a) Mean Raman spectra of vital and early apoptotic SAOS-2 and SW-1353 cells. The light grey lines indicate standard 
deviation of 30 measurements. Spectra are shifted on the intensity scale for clarity.  b): PCA of vital and apoptotic SAOS-2 cells 
and c) of vital and apoptotic SW-1353 cells. The main parts of the measurements are separated with an overlapping area (PC 1: 
48%, PC 2: 11% and PC 1: 43%, PC 2: 15%, respectively). d): PCA of vital and apoptotic SAOS-2 and SW-1353 cells over 
spectral areas gained by the analysis of the loadings of PC 1 and PC 2. The areas for this analysis are listed in Table 2. The 
separation is clearly visible with only a small overlapping area. 
 

Table 2: Spectral areas for the discrimination of vital and apoptotic cells. (A, U, C, T, G correspond to the DNA and RNA 
compounds Adenosine, Uracil, Cytosine, Thymine and Guanosin) 

 

Start [cm-1] end [cm-1] DNA/RNA Proteins Lipids Carbo-
hydrates Reference 

753 802 U, C, T, 
O-P-O Trp   [11] 

804 850 O-P-O Tyr   [11, 12] 

920 971  C-C C-C-N+ C-O-H [11] 

1037 1059  C-O, C-N   [12] 
1112 1140  C-N  C-O [11, 12] 

1152 1185  
C-C / C-N, 

C-H, 
Tyr, Phe 

  [11, 12] 

1274 1319 G, T, A Amide III, 
CH CH2 , CH  [11, 12] 
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Table 3: Confusion matrix of the test set (339 spectra) of the Support Vector Machine (nu-SVC, nu=0.5, linear kernel) 
calculation. The overall correct classification is 92 %. The separation of viable and not viable cells is 99.7 %. The model was 

calculated with the other half of the data with a cross-validation accuracy of 92.3 %. 
 

 Vital Early 
apoptosis Necrosis Double 

stained 

Vital 90 0 0 1 

Early apoptosis 0 86 4 11 

Necrosis 0 0 84 5 

Late apoptosis 0 4 2 52 

 
 
Verification of Raman results: In order to verify the Raman spectroscopic results standard flow analysis and 
Caspase activity tests were performed. Apoptotic and necrotic cells were labeled with fluorescence markers 
Annexin V-FITC and Propidium iodide (PI). Flow cytometric results are shown in figure 6 a,b.  
Within the apoptotic SAOS-2 cell population between 37% to 45% cells were Annexin V positive  - depending on 
time of exposure to room temperature. Only a few cells (3 to 9%) were solely PI positive. Double positive for 
Annexin V and PI were 45% to 57% of the cells.  
Within the apoptotic SW-1353 cell population 46% to 68% cells were Annexin V positive. Only 1% -10 % cells 
were PI positive. Double positive for Annexin V and PI were 27% to 36% of the cells.  
Within the necrotic cell population flow cytometric analysis show mainly double positive cells. 85% of the 
analyzed SAOS-2 cells were double positive for Annexin V and PI. Solely PI positive were 12% of the cells. The 
fraction of the solely Annexin V labeled cells was less than 1% (0,42%).  
52% of the analyzed SW-1353 cells were double positive for Annexin V and PI and 39 % positive for PI only. The 
fraction of solely Annexin V positive cells was here 1,13 %.  
 
As a further test the activity of Caspases 3 and 6 of apoptotic cells was measured (figure 6 c,d). For both cell types 
there is an increase in the Caspase activity detectable depending on the incubation time at room temperature. For 
SAOS-2 cells this increase is significant after 120 h of incubation, for SW-1353 cells after 96 h of incubation.  
 
Raman analysis was only performed on cells expressing a single fluorescence signal either from Annexin V/FITC 
that is characteristic for apoptosis or from PI that is significant for necrosis. The Annexin V/FITC has an excitation 
wavelength at about 495 nm. PI intercalates in the DNA of necrotic and late apoptotic cells and has a maximum 
excitation at 538 nm.  
 
The influence of PI labeling on Raman measurements was checked by comparing Raman spectra of labeled 
necrotic with those of unlabeled necrotic SAOS-2 cells. Labeled as well as unlabeled necrotic cells clustered within 
the same region and were clearly distinct from vital cells. Thus, we conclude that Raman results depend on cell 
specific information and are not due to fluorescence labeling. 
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Fig. 6: Flow cytometric analysis of SAOS-2 and SW-1353 cells, labeled with Annexin V/PI. Temperature stress induced 
apoptosis (a) and necrosis (b). Analysis of Caspase 3 and 6 activity of apoptotic c) SAOS-2 cells and d) SW-1353 cells. 

ANOVA: p= 0,002 (SAOS-2), p=0,019 (SW-1353) 
 
 

 
 

Fig. 7: PCA of PI labeled and unlabeled necrotic and vital SAOS-2 cells. Necrotic labeled and unlabeled cells cluster within the 
same region and differ clearly from vital cells. 
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4. Discussion and Outlook 
 
Raman spectroscopy has become a valuable tool to investigate biological specimen and has shown its applicability 
in many different areas of biology, biotechnology and medicine. Label-free and non-destructive methods to detect 
microorganisms, cells and tissue are increasingly important in biological research, Tissue Engineering and 
personalized medicine. Raman spectroscopy matches these requirements and has huge potential as supplement to 
cancer research as well as routine medical diagnosis and cell therapy [1, 6, 13]. 
One important assay in this area is the detection of cell viability in vitro by Raman spectroscopy [8, 9]. The aim of 
our work was to directly correlate the results of standard cell viability tests such as fluorescence labeling and 
caspase assay with Raman spectroscopic measurements. We demonstrated the feasibility of Raman spectroscopy to 
detect and discriminate apoptosis and necrosis from vital states in different cell types. Previous work has shown 
that fluorescent labeling in bacteria is not critical as long as the deployed laser wavelength does not excite the 
fluorescence labels [14, 15]. 
The difference of Raman signal in biological samples is generally small as for example between cell types, cell 
status or stem cell differentiation states. Therefore, we tested the feasibility to use fluorescence labeling to 
discriminate dead from vital cells in parallel to Raman analysis, which enables to concentrate on analyzing living 
samples and to speed up Raman examination. 
The Raman signal in heat-treated necrotic cells seems to be affected from denaturation of proteins. Structural 
changes of the proteins can be seen in a shift of the Amide I band within the spectral range from 1657 to 1664 cm-1. 
Notingher [7] has described structural changes of proteins within dead cells resulting in a shift of amide I band and 
a change in further protein related spectra. Analyzing the loadings of PCA of viable and necrotic cells several other 
differences can be found which are related to DNA, RNA, proteins, lipids and carbohydrates. 
 
In this study we also demonstrate the feasibility of Raman spectroscopy to discriminate Hodgkin from non-
Hodgkin cells as well as neural cells from glioma cells without the need of stains or antibody-based markers. 
Raman spectroscopy gives simultaneously information about protein, DNA or lipid content of the cell without 
destroying its entity. As a unique specialty Raman can work within liquids so that even living cells can be analyzed 
within their physiological environment. Raman spectroscopy provides highly sensitive information about 
biochemical states and changes on a single cell level. As Raman works entirely non-destructive, it can be used to 
monitor cell response towards agents or drugs, which may become important in patient specific therapies. Thus, 
Raman spectroscopy can enrich nearly all fields of cancer and stem cell research. Even though Raman spectroscopy 
and multivariate data analysis are sophisticated techniques, the Raman microscope system BioRam� allows the 
clinician easy access to valuable information about spectral changes of cells and tissue in order to assist medical 
diagnosis and to support therapy [16-19].   
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