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ABSTRACT 
 
Raman spectroscopy, as an evaluation of the products of ionising radiation exposure in biological 
systems, has been utilised mainly in the evaluation of the impact of exposure in tissue, cellular 
constituents and live animals. It has also been recently demonstrated that Raman spectroscopy can 
demonstrate key spectroscopic changes in the live cell associated with significant apoptotic and 
necrotic chemical damage. The present preliminary work utilises Raman spectroscopy at 514.5 nm to 
evaluate the results of exposure to γ-rays in HaCaT cells from a Co-60 therapy source, in tandem with 
other biological assays. The results demonstrate that a number of spectral changes may be correlated 
with changes in the cell also identified in parallel biochemical assays. 
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1. INTRODUCTION  

 
Vibrational spectroscopy, as a tool for the characterisation of tissue and other biological specimens, has 
undergone very significant expansion over the past decade1,2,3. Both FTIR and Raman spectroscopy 
have seen new applications as a tool for the analysis of the morphological structure of tissue and 
cellular media and also for the analysis of cellular function in live samples3,4,5,6,7,8. 
 
This approach to the characterisation of biological specimens is particularly useful given its non-
destructive nature. Vibrational spectroscopy characterises the structure and conformation of biological 
macromolecules within a biological sample.  This potentially allows the simultaneous assay of a variety 
of molecular specimens. Raman spectroscopy is particularly suited to this application given the absence 
of an obscuring water-associated signature in the spectra of biological samples. Raman spectroscopy is 
based on the inelastic scattering of incident light photons by molecular vibrations that are ‘Raman 
active’ within a sample. Cellular spectra are composed of combinations of the individual spectra of 
each of the biological macromolecules (amino acid, protein, lipid, nucleic acids etc.) that compose the 
cell. Changes in structure or conformation of these samples are indicative of changes in structure or 
function of the biological sample.  
 
Raman spectroscopy has previously been applied in a limited number of studies as a tool for the 
characterisation of the cellular damage induced by ionising radiation. These studies investigated the 
damage induced by proton irradiation of mouse and swine tissue11, γ (137Cs) irradiation of liposomes 
and cell membrane12-14 and γ (Co-60) irradiation of cerebral tissue in mice15. To date no study has 
employed Raman spectroscopy as an assay of specific radiation induced damage and as a progression 
of this damage with respect to the functionality of living cells. The present preliminary study 
demonstrates the potential of Raman spectroscopy as an assay tool for γ-irradiation damage in a human 
keratinocyte cell line (HaCaT) with respect to assays of cellular metabolism.  
 



 
2. MATERIALS AND METHODS 

2.1 Raman spectroscopy 
A bench-top Instruments S.A. Labram 1B spectrometer was used throughout these measurements 
(shown in figure 1), fed by an Argon-Ion laser operating at 514.5 nm. A x100 objective was employed 
which gave a spatial resolution of ~1 µm at the sample. The laser power at the objective focus was 
found to be 4 MW. The Labram imaging system is a fully confocal Raman microscope system, 
including a stigmatic spectrometer with two motorised gratings, of which the 1800 lines/mm grating 
was used. The resolution of the system operating with the 1800 lines/mm was 1.65cm-1/pixel. The 
detector system used was a Peltier cooled, 16-bit dynamic range CCD detector with 1024x256 pixels. 
The scattered Raman signal was integrated for 120 seconds over the spectral range from 400 to 1888 
cm-1 with respect to the excitation frequency. 

 
 

Fig. 1 Schematic layout of Labram Raman Spectrometer. 

 
2.2 Cell Culture, Preparation and Irradiation 
The human keratinocyte cell (HaCaT) line was used from existing laboratory stocks in all the 
experiments. All cells were from the same passage from a single sample. The cells were cultured at 
37oC in a 5% CO2 environment in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco/BRL) 
containing 10% FCS, 1% L-glutamine, 1% penicillin-streptomycin and 0.2% hydrocortisone. Cells 
were removed from their culture flasks using a 50-50 trypsin/versene mixture. Three independent 
samples of cells were seeded on circular glass substrates (radius 2cm) 36 hours prior to irradiation, at 
approximately 1 x 105 cells per substrate, in order to produce a minimum of a 50-60% confluent 
monolayer on the substrates at all times post irradiation. The same three independent samples of cells 
were also seeded, at concentrations of 5 x 103  and 1 x 104  cells per well, on 96-well microplates for 
the purposes of biochemical assays. These concentrations were shown to produce 70-90% confluent 
monolayers in the culture wells at all times post-irradiation. Cells were washed and fixed in formalin at 
6 and 12 hours post-irradiation. 
 
All samples were irradiated by a Co-60 γ-ray radiotherapy source. Glass-seeded samples and 96-well 
plates were irradiated to doses of 5 mGy, 20 mGy, 50 mGy, 200 mGy, 500 mGy, 750 mGy, 1 Gy, 2.5 
Gy and 5 Gy, and a control sample was sham-irradiated for comparison purposes. For the purposes of 
assessing the susceptibility of HaCaT cells to γ-irradiation, a clonogenic assay was also performed. A 
known number of cells (300-400) from three independent samples were attached to 50 ml flasks and 



Wavenumber (cm
-1

) Assignment 

3070 Amide B (CNH bend) 
2960 CH3 stretch 
2936 CH3 stretch 
2886 CH2 stretch 
2854 CH2 stretch 
2739 CH stretch 
1736 C=O stretch 
1667 Amide I (protein) 
1657 C=C stretch (lipids), 

Amide I (α-helix, protein) 
1611 Tyr (aromatics) 
1566 Phe, Trp (phenyl, 

aromatics) 
1509 C=C stretch (aromatics) 
1452 CH2 stretch (lipids) 
1439 CH2 def. 
1420 CH3 asymmetric stretch 

(lipids, aromatics) 
1382 COO- symmetric stretch 
1367 CH3 symmetric stretch 
1336 Adenine, Phenylalanine,  

CH deformation 
1304 Lipids CH2 twist, protein 

amide III band, adenine, 
cytosine 

1267 Amide III (α-helix, 
protein) 

1250 Amide III (β-sheet, 
protein) 

1206 C-C stretch, C-H bend 
1165 C-O stretch, COH bend 
1130 C-C asymmetric stretch 

1100, 1081 PO2
- symmetric stretch  

(nucleic acids) 
1065 Chain C-C 
1003 Phenylalanine (ring-

breathing) 
967 C-C and C-N stretch  

PO3
2- stretch (DNA) 

957 CH3 deformation (lipid, 
protein) 

936 C-C residue α-helix 
921 C-C stretch proline 
898 C-C stretch residue 
853 Ring breathing Tyr – C-C 

stretch proline 
828 Out of plane breathing Tyr  

PO2
- asymmetric stretch 

DNA 
786 DNA – RNA (PO2

-) 
symmetric stretching 

746 Thymine 
727 Adenine 
661 Cysteine C-S 

512-545 Cysteine C-S 
Table 1. Peak assignments derived from Krishna et al7, 
Nijssen et al8, Synytsya et al11, and Gremlich and Yan20. 

irradiated to 5mGy, 500 mGy and 5 Gy, along with a control sample. The number of colonies formed 
12 days post-irradiation within each flask were counted manually after staining with Carbol-Fuschin. 
The mean number of colonies formed was then plotted against dose. 
 

2.3 Biochemical Assays 

Alamar Blue (AB) is an assay of cellular 
mitochondrial activity. Alamar Blue is taken up in 
its  
oxidized (blue) form by the cell and reduced by 
phosphorylation within the cell15,16. Its reduced 
form (pink) is then allowed to leak out of the 
cell16,17. The reduced form of the AB may be 
assayed spectrofluorometrically by excitation at 
530-560 nm and measurement at 590 nm. In this 
study 100 µl of a 10% concentration Alamar Blue 
sample was added to PBS-washed (Phosphate 
Buffered Saline) wells of a 96-well plate 30 mins 
before the spectrofluorometric assay (this time was 
found by a previous range-finding study). It was 
not removed prior to the spectrofluorometric assay. 
The Alamar Blue working-solution was created by 
adding pure Alamar Blue to DMEM medium 
(pH=6.9) that did not contain the phenol red 
indicator commonly present in DMEM, as this 
interferes with its fluorescence at 535 nm15,16. In 
addition to the assay wells containing cells, other 
empty wells were infused with AB and their 
fluorescence taken as a measurement of 
background, which was subsequently subtracted 
from fluorescence measured from the assay wells. 
 
Fluorescence as fluorescent units was quantified 
with a microplate reader (TECAN GENios, 
Grodig, Austria), for separate wells assigned for 
use for assay by AB and DCF-DA. Nine wells 
were assayed for AB fluorescent at each time point, 
with three wells assayed for DCF-DA at each time 
point. 
 
2.4 Spectral Analysis 
 
All Raman spectra acquired contained 
contributions from both sample fluorescence and 
the glass substrate. These contributions were 
removed manually from all spectra. Spectra were 
acquired from 20 random locations on the surface 
of each sample. Final spectra for a single sample 
were taken as the average of the 20 spectra for a 
single sample to remove variation associated with 
the location of the laser spot within the sample and 
cell-to-cell biological variation. Final spectra at 
each dose point were taken as the mean of the 
spectra for each of the three independent biological 
samples. 
 
Peak assignments within the spectra were assigned 
from the data in Table 1. This data has been taken 
from a number of publications that list assignments 
for biological samples. 
 



 
3. RESULTS AND DISCUSSION 

3.1 Clonogenic Assay 
 

The results of the clonogenic assay are presented in figure 2. This demonstrates that there is clearly no 
statistically significant loss of reproductive capacity in HaCaT cells at doses up to 0.5 Gy, with a 
significant degree of loss of function in this regard at 5 Gy. While this focuses on one of the many 
functional aspects of the cell, it does demonstrate that the HaCaT cell maintains a high level of 
functionality post-ionising radiation exposure in comparison to other cell types17.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 2. Clonogenic assay result depicting loss of reproductive ability in HaCaT cells with dose. 
 
 

3.2 Biochemical Assays 
 

From a biological perspective the outcome of the AB assay proved to be interesting. The profile of AB 
fluorescence with time p.i. (post-irradiation) and dose is depicted in figure 3. This data indicates that 
there is an unexpected and consistent increase in metabolism at high doses within HaCaT cells post-
irradiation, an effect which is not seen in control cells, nor in those irradiated to substantially lower 
doses. This profile of response is consistent with time post-irradiation, while there is, in the present 
sample, no statistically significant decrease in overall response with time post-irradiation. This 
particular result is of note as it has not been observed previously, and is an unexpected one. It is 
possible that this is due to an increase in metabolism as part of a repair process in the cell post 
irradiation, although present literature indicates that it should not occur. It is clear at leastfrom the 
clonogenic assay results that the HaCaT cell is robust in the presence of ionising radiation. The 
elucidation of the trigger of increased metabolism and mechanisms of this repair, if any, will be the 
subject of further investigations. 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. AB fluorescence with time post-irradiation and dose. 
 
3.3 Raman Spectral Measurements 
 
The typical profile of the Raman spectra observed in the un-irradiated HaCaT cell is depicted in figure 
4a and figure 4b. In figure 4b the observed spectral peaks in the region above 2400 cm-1 are shown. 
The main features are associated with vibrations of groups within lipid molecules (C-H stretch at 2739 
cm-1 and CH2/CH3 stretch from 2870 to 2975 cm-1). There is limited spectral information in this portion 
of the spectrum, and indeed little change in either shape or intensity of these features was observed 
between control and irradiated samples. 
 
Raman spectra of HaCaT cells are characterised by strong Amide I (1664 cm-1), CH2 and CH3 bend 
(1450 cm-1), an intense phenyl ring breathing peak (1003cm-1) and a composite band prior to this from 
1188 to 1412 cm-1 including Amide III, C-C and C-O stretch, amino acid and lipid assignments. In the 
fingerprint region vibrations assigned to DNA/RNA (780 and 830 cm-1), cysteine bonds (665 and a 
broad peak from 545-470 cm-1). This profile is consistent with the spectral profile observed previously 
for normal human skin tissue8,11. 
 
During the performance of the spectral measurements, no spectral changes indicative of sample 
degradation were observed as have been reported previously in experiments using the 514.5 nm laser 
line10,18,19. The only notable and consistent change in the spectra during measurement was a general 
decrease in baseline with duration of exposure to the laser, indicating a decrease in fluorescence in the 
sample with time.  
 
Fixation of cells and tissue with formalin chemically freezes the cell in time. This process also causes 
the formation of N-N cross-links between protein amide terminals and side chains. This should 
consequently alter the amide bands within cellular spectra if fixation alters the freedom of amide 
centres to vibrate. Currently no conclusive evidence exists regarding the effect of formalin fixation on 
the Raman spectra of biological samples, particularly so for cellular samples. However, it is known7 
that contamination of samples by formalin produces peaks at 1041 cm-1 and 1492 cm-1. No such 
evidence of contamination by formalin was seen in the spectra reported here22. 
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Fig. 4a. Observed Raman spectrum in typical control sample; 400 to 1888 cm-1. 

 
 

 
 

Fig. 4b. Observed Raman spectrum in typical control sample. 

 
The spectra of the irradiated samples (figure 5 and 6) display no peak shifts but generalised peak 
intensity variations relative to the control sample. This effect is consistent with time post-irradiation. 
Consistent peak intensity changes occur across all wavenumbers. Of particular interest is the apparent 
increase in the amide band intensity with lower doses and its subsequent decrease at higher doses. This 
variation has been quantified with respect to the control sample in the Amide I band, and is displayed 
in figure 7. The error bars display the standard errors on the peak intensities across all samples. 
 
 
 



 

 
Fig. 5. Observed Raman spectra at 6 hours p.i. 

 

 

 
Fig. 6. Observed Raman spectra at 12 hours p.i. 

 
 



 
Fig. 7. Observed variation in Amide I band intensity with respect to control sample at 6 hours p.i. 

 
There is a marked similarity in the variation in Amide I band intensity and the variation in AB 
fluorescence seen with dose in figure 3. If there is indeed a variation in the metabolism within the cell 
with dose p.i. as a consequence of repair mechanisms, then this should be expressed in an increase in 
protein concentration, which is exemplified by the data in figure 7. The most notable changes are 
within the region between 0.5 and 5Gy consistent with results of figures 2 and 3. This postulates that 
the Raman spectrum of the cellular samples might have opportunities for use as an assay of cellular 
function post-irradiation. Further studies are required if this tentative and preliminary result is to be 
confirmed. 
 
 

4. CONCLUSION 
 

The preliminary results in this report postulate opportunities for applications of Raman spectroscopy as 
a biological assay tool in cells post-irradiation. More doses Substantial confirmatory work still remains 
to be carried out in order to demonstrate similar effects both in other cellular systems and also with 
respect to other assays of cellular function and response to irradiation. 
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