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 Introduction 

Raman spectroscopy (RS) is a fast and non-destructive method to characterize cells and 
cell states and to check for cell functionality. In the current work we analyzed if RS also 
allows to detect and discriminate microorganisms and to monitor cellular infection.  
We could provide evidence that RS is a suitable tool to distinguish different air-borne 
microorganisms as well as patient derived bacterial strains and sub-clones. In addition, 
we could provide evidence that RS can detect infection of monocytes in a fast and 
reliable way.  

Raman spectroscopy is a powerful tool for analysis of microbial cells as well as 
eukaryotic cell infection. Combined with multivariate data analysis the method 
is highly accurate and sensitive, and applicable in a wide range of biomedical 
research, analysis and diagnosis. RS works label-free and non-invasive providing 
highly specific molecular information about the entire metabolome of a single 
cell - as characteristic as a “fingerprint” - without impairing cell viability. With 
this, RS can be used to ensure quality of a wide range of cell based products.   

2. Sample preparation 

Air-borne microorganisms: 
Grown on petri dish. Analysis of living cells. 
Patient derived bacterial strains: 
Grown on culture dishes and  separated several times to ensure growth 
of pure clones. Clones were fixed in Ethanol and stored until analysis. 
Human blood monocyte infection: 
Cells were infected with intracellular pathogen Chlamydia pneumoniae 
for 6 and 24h and subsequently fixed in PFA for Raman analysis. 

3. Raman Measurement 
Single cells were analyzed in BioRam® Raman microscope using a 

60xwater objective and measured with a 785nm laser (Laserpower: 

80mW) for an accumulated time of minimun 10x3sec. Laser trapping 

effect ensured that cells stayed in laser focus during spectra 

acquisition. 
 

To ensure statistical significance, Raman spectra were taken from at 

least 30 cells per sample. 

4. Data preprocessing 
Before analysis with PCA, spectra were preprocessed. This 
included scaling of spectra (intensity, nm, pixel and 
wavenumbers), background subtraction, baseline correction, 
normalization, smoothing and cutting of spectral areas. 

5. Data analysis 
Spectra analysis and multivariate data analysis 
was performed using Principal Component 
Analysis (PCA). 

Raman trapping microscopy is an innovative bio-analytical method for label-
free identification of living cells purely based on their interaction with laser 
light. A 785nm laser coupled into an inverted microscope and focused 
through the objective is used to excite intracellular molecules. The resulting 
molecular vibrations cause a frequency shift of the laser light to longer 
wavelengths, so-called Raman spectra. Just like ‘photonic fingerprinting’ 
Raman spectroscopy (RS) provides specific information about the overall 
chemical composition of the specimen. It enables identification of different 
cell types, discrimination of cell phase and cell differentiation and  
monitoring of cell reactions upon drugs or toxins without any biochemical 
labeling such as antibody-based markers or fluorescence molecules.  
 

Here we present the feasibility of Raman spectroscopy as label-free and non-
invasive tool to analyze microorganisms and cellular infection. 
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Figure 3 - Discrimination of EHEC subtypes. Mean spectra (A) and PCA scores plot (B) from two EHEC subtypes. 

In a second approach, we analyzed if RS is also suitable to discriminate known bacterial 
strains and subtypes. To do so, patients derived Pseudomonas aeroginosa and 
Staphylococcus aureus (see Fig 2), as well as EHEC bacteria (see Fig. 3) were analyzed 
using BioRam® device. In all cases, combined RS and Principal Component Analysis 
(PCA) were able to discriminate between bacterial strains and subpopulations. 

Setup 2 - Analysis of cellular infection 
 

Microbial pathogens have developed various strategies to escape and alter host immunity 
to survive within the host. Detection of pathogens within immune cells is challenging and 
their intracellular growth may prevent correct diagnosis and appropriate treatment. Here, 
we show how monocyte infection with Chlamydia pneumoniae can be detected using RS. 

Figure 4 - Raman spectroscopy of monocytes infected with C. pneumonia. A: Representative microscopic images of 
uninfected (top) and infected (bottom) monocytes. B: Mean spectra of uninfected (ctrl), 6h and 48h infected cells. C: 
Score plot of monocytes infected with C. pneumoniae for 48 h (red dots), for 6 h (green dots) and uninfected cells as 
control (blue dots). D: Mean spectra plot of PC-1 indicating wave number regions, which were mainly responsible for 
discrimination of the cells.  

For infection analysis, human monocytes were infected with C. pneumoniae for 6h or 48h 
and analyzed using RS. PCA of Raman data provided two clusters for uninfected and infected 
monocytes after 48h, which could be separated on PC1, while no separation was seen after 
6h of infection (Fig. 4C). Certain wave number areas specific for infection were re-analyzed 
by PCA for clear separation (data not shown). According to this analyses, differences 
between infected monocytes and uninfected controls were found in wavenumber regions 
1645-1660 cm-1, 1430-1451 cm-1, 1327-1356 cm-1, 1290-1306 cm-1, and 888-934 cm-1 (Fig. 
4D), indicating changes in lipids, fatty acids and nucleic acids in infected monocytes. 
In addition, we could provide evidence that, besides detecting bacterial infection, RS also 
allows to monitor viral infection of cells (data not shown). 

Figure 1 - Airborne microorganism. A: Culture plate with colonies of airborne bacteria and fungi. Circles depict 
the selected colonies. B+C: Mean spectra (B) and microscope images (C) of selected colonies scraped off the 
culture plate and diluted within buffer. Spectra were taken from 30 individuals with 100 sec exposure time. 

Setup 1 - Analysis of air borne microorganism and discrimination of bacterial strains 
and subtypes  
 

Epidemiological characterization of pathogens is essential for preventing disease 
outbreaks in the human population. Additionally, in places with susceptible individuals, 
like in hospitals or other public institutions, bacteria of hygienic relevance should be 
kept to a minimum. An outbreak of a disease is usually caused by one specific 
pathogen. Therefore, it is crucial to identify the pathogen as quickly and exactly as 
possible to be able to begin treatments and precautions accordingly. 
 

In a first test, Raman spectra were taken from airborne microorganism that were 
harvested from a conventional agar plate, which was opened for about 2 minutes and 
incubated at room temperature for five days. Some of the sprouted colonies (Fig. 1A) 
were scraped off, diluted in 0.9% NaCl buffer and analyzed using BioRam® device. Cells 
are kept within the laser focus due to laser trapping effect of the Raman microscope. 
 

Mean spectra show differences between fungi and bacteria from yellow (purple circle) 
and uncolored colonies (blue circle). Spectra of bacteria from the orange colored colony 
(red circle) differ strongly which could mainly be assigned to high concentration of 
carotenoids (Fig. 1B+C). 
 

Methods 

Results 

Discussion 

1. Samples 

Air-borne microorganisms, patient derived 
bacterial strains and human blood 
monocytes infected with Clamydia 
pneumoniae for 6 and 24h. 
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bacteria 

bacteria 

bacteria 
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A                           B                                                                                      C 

Figure 2 - Discrimination of P. aeroginosa and S. aureus subtypes. A: Representative pictures of Pseudomonas 
aeroginosa (top) and Staphylococcus aureus (bottom). B+C: PCA scores (B) and loadings (C) plot from Raman 
analysis. Raman spectroscopy allowed discrimination of bacterial strains and subtypes (blue circle: 
Pseudomonas aeroginosa subtypes, red circle: Staphylococcus aureus subtypes). 
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