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 It is currently very difficult to measure the radiation dose of a person exposed to ionizing radiation if 
they were not wearing an external dosimeter at the time of exposure.  This project seeks to examine the 
viability of hemoglobin (Hb) as a biological dosimeter.  Previous techniques used to measure radiation 
damage done to Hb were not sensitive enough to measure minute changes to the molecule which occur 
at low doses.  We used Raman spectroscopy to examine the changes in the vibrational modes of the Hb 
molecule after radiation exposure.  We performed a number of experiments where Lyophilized Hb was 
exposed to X-ray radiation, characterized using Raman spectroscopy, and analyzed using principal 
component analysis (PCA).  The information gained in this research can be used to better understand 
the way hemoglobin is damaged by X-ray radiation and can be used to establish a method to measure 
the dose a person has accrued.   



 

Introduction 

It is currently very difficult to measure the radiation dose a person has been exposed to without the use 

of an external dosimeter.  Hospitals in the vicinity of large scale accidental radiation leaks are quickly 

inundated with patients which creates a need for a rapid and reliable procedure for measuring radiation 

dose in humans.  The current protocol is to treat according to estimated exposure based on the person’s 

physical location during the leak, and then do repeated blood tests measuring lymphocyte depletion to 

verify exposure levels.  This method is time-consuming and does not reveal exposure levels to a high 

degree of accuracy. Hemoglobin (Hb) has been considered a viable biodosimeter for some time, but 

detecting radiation damage to the molecule at useful levels has been challenging.  Previous attempts to 

quantify radiation damage to Hb have focused on damage at levels hundreds of times what it would 

take to kill a person which removes any possibility of an application in the medical field (1,3,5).  This 

paper describes how we used Raman spectroscopy to detect minor changes in the vibrational modes of 

Hb within dosage ranges useful for medical application.   

 

Background 

 

Raman Spectroscopy  

Raman spectroscopy is a chemical analysis technique which can measure the vibrational properties of a 

substance. To perform Raman spectroscopy, a substance is exposed to a monochromatic light source 

and a detector measures the shift in the photon wavelength after interacting with the sample. When a 

photon strikes a sample, the molecules in the sample are excited to a virtual state which quickly decays 

back to a stable state. There are three types of vibrational decay which are relevant in discussing Raman 

spectroscopy: Stokes scattering, Reyligh scattering, and Anti-Stokes scattering. The Stokes and Anti-

Stokes scattering are caused by the photon’s energy interacting with phonons in the sample. Phonons 

are quantization of the vibrational states of the sample and their energies are determined by the 

physical structure of the sample.  

Measuring the shift in wavelength allows us to measure the energy of the phonons in the sample and 

probe the vibrational energies of the sample [2].  

Radiobiology  

The effects of ionizing radiation on biological samples have been studied since the late 19th century.  

These studies have given rise to invaluable medical applications like chemotherapy and X-ray imaging.  

However, radiation can also do significant harm to the human body.  Biological damage induced by 

radiation is typically greatest when it affects the DNA of an organism, typically resulting in cell death or 

an increased chance of mutation.  Though the damage done by radiation can be lethal, the energy 

threshold for the absorption of such a dose is very low.  A dose of 4Gy can be lethal if left untreated, but 



a person absorbs an equal amount of thermal energy from a single sip of a hot cup of coffee.  There are 

two methods by which ionizing radiation causes damage to biological tissue, direct action and indirect 

action.  Direct action causes damage to a cell’s DNA (and the surrounding material) through a collision 

with the radiating particle.  However, indirect action interacts with water surrounding a biological 

sample, ionizing it and producing an alkylying substance which does damage to biological material.  

Specifically, the reaction takes place as follows. 

   
           

     

(equation 1) 

The OH radicals then tend to interact with biological material, resulting in substantial damage [4]. 

Previous Attempts to Detect Radiation 

Attempting to use Hb as a dosimeter is not a novel concept.  It is an attractive candidate for a number of 

reasons, chief among them its presence in a large number of animals and its ease of extraction.  Though 

previous attempts to detect and measure radiation damage in Hb were successful, they did not detect 

significant changes in the molecule at dosages applicable to the medical field [1,3,5].  Instead, they 

measured radiation damage done to Hb at levels over 100 times what it would take to kill a person, even 

with medical treatment.  At these levels the Hb molecule seems to be completely destroyed[1]. 

However, radiation damage at low doses may still produce visible change in the vibrational spectra of 

Hb, before evidence of such a change is detectable in GCMS or gel-electrophoresis. 

Principal Component Analysis 

Principal Component Analysis (PCA) is a commonly used computational method in the analysis of 

multivariate data.  This method relies upon simplifying the analysis of complex multivariate data by 

transforming the data into new variables called principal components (PCs) which are linear 

combinations of the old variables.  All of the PCs are orthogonal, which allows them to be plotted 

against one another.   

 

Methods 

Sample acquisition & irradiation 

Lyophilized Hemoglobin was obtained and diluted to typical physiological concentration of 0.18g/mL in 

distilled water.  The resulting solution was then distributed into four plastic 1mL containers to undergo 

irradiation.  The samples were then irradiated using a Westinghouse Coronado X-ray machine for 

varying lengths of time to produce samples with a 0Gy, 2Gy, 4Gy, and 40Gy dose.  These samples were 

then removed from the machine and kept in storage until they were needed.   

 

Mounting process 

The irradiated hemoglobin was mounted between a slide and coverslip made of fused quartz.  Several 

different mounting methods were considered and tested with varying degrees of success.  Though many 



different mounting techniques were attempted, the most successful techniques deposited very thin 

layers of dried hemoglobin.  This was typically done by placing a small drop of sample solution onto a 

coverslip and allowing it to dry.  The coverslip was then placed onto a slide and gently pressed down to 

force the coverslip to lie evenly on the slide.  The coverslip was then sealed to the slide using an epoxy 

to ensure no biological samples could contaminate the Raman spectrometer. 

Spectral acquisition 

The samples were placed in a Raman spectrometer to be analyzed.  A 532 nm wavelength laser was 

used during the scanning process for signal optimization.  To further enhance the Raman signal and 

eliminate some background, a Nikon 60x oil immersion objective was used to image the sample.  The 

selection of an optimal spot to gather the Raman signal was of great importance, as very little signal 

could be gathered from regions where the sample was thick.  Thin spots on the edge of the sample 

seemed to have the greatest signal to noise ratio.  The figure below (Figure 1) represents areas where 

both good signal and poor signal were obtained.  Good signal was gathered in the center region of the 

photograph, while poor signal was obtained in the lower right corner of the photograph.  It was 

important to expose a region of Hb to the laser for a long period of time to reduce background 

florescence, a technique referred to as photo bleaching.  This technique was used extensively in the 

acquisition of data for this report to enhance signal strength. 

 

(Figure 1) 

Spectral Analysis 

The Raman spectra gathered through the duration of this project were analyzed using Principal 

Component Analysis (PCA).  A Matlab program written by Quinn Matthews was used to perform PCA.  

The datasets had to be renamed in order to run properly in the PCA program, so text files were 

constructed detailing the change for ease of analysis.  The program subtracts background from the 

entered samples and performs PCA to establish and quantify differences in the datasets.  The PCA data 

was then plotted and color coded to match sample types. 



 

 

 

 

 

Results 

 
(Figure 2) 

Figure 2 displays the Raman signal given by an aqueous sample.  It was very difficult to obtain significant 

signal from aqueous solutions.  We theorize that the two prevailing reasons for this difficulty are the low 

concentration of Hb in the solution and the inability to perform photo bleaching of the sample in 

aqueous solutions.  There are still Hb peaks visible in this sample in the 1300cm -1 to 1600cm-1 range, but 

they are largely obscured by a high level of background. 
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(Figure 3) 

Figure 3 is a spectrum of dry hemoglobin, but over a very thick portion of the sample.  It is unknown as 

to why there is an increased level of background in thick spots of Hb, but we theorize that out of focus 

Hb contributes a large amount to this data.  It is also theorized that it is more difficult to photo bleach 

large chunks of Hb, as out of focus Hb will be photo bleached to a much lower degree than in-focus Hb.  

This disparity in photo bleaching levels could leave portions of the sample unbleached, resulting in high 

background. 
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(Figure 4) 

The above figure (Figure 4) displays Raman spectra for three different hemoglobin samples.  The three 

samples were prepared identically by allowing Hb to dry on quartz coverslips and then sealing the 

coverslips onto quarts slides, as detailed in the methods section of this report.  The peaks displayed in 

this graph correspond to known peaks in Hb [6].  It should be noted that there does not seem to be any 

profound visible change in the Raman spectra as a function of radiation.  No new peaks appear in the 

spectra, and no old peaks are eliminated, so it is safe to say that there are no large scale chemical 

changes taking place. 

 

 

 

          (Figure 5)          (Figure 6) 
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The above figures (Figure 5, Figure 6) are the first PCA score and the first component respectively.  

Figure 5 shows that there is some grouping among the samples, with irradiated samples largely 

inhabiting the region around 0.005 and control scores being distributed over a wide range of principal 

component values.  Figure 6 shows the first principal component, where the greatest amount of 

variance is found in the data.  The largest levels of variance are found at 750cm-1, 1150cm-1, and around 

1600cm-1.  All of these peaks can be attributed to hemoglobin or molecules typically found in Raman 

spectra of blood samples.  This implies that there is a change in our hemoglobin Raman spectra. 

 

             (Figure 7)           (Figure 8) 

The above figures (Figure 7, Figure 8) are the second PCA score and the second component respectively.  

Figure 7 shows that there is some grouping among the samples, with irradiated samples drifting toward 

the positive PCA score and control scores inhabiting a lower PCA score.  Figure 8 is the second principal 

component, responsible for 18.5% of the variance found in our data.  Again, the largest levels of 

variance in our data are found in established Hb peaks.  The first and second principal components both 

having large variance levels at these wavenumbers is a strong indicator that something has changed in 

our Hb sample as a function of radiation. 

 

   (Figure 9)     (Figure 10) 
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            (Figure 11)         (Figure 12) 

The above four figures are the third PCA score for our data set, the 3rd principal component, the fourth 

PCA score for our data set, and the 4th principal component respectively (Figures 9, 10, 11, 12).  Both 

PCA scores exhibit some minor sample grouping, but after examining the principal components driving 

this grouping action their relevance is questionable.  The 3rd and 4th principal components have lost 

many of the defining features of the first two principal components which link them to hemoglobin.  

They also constitute a much lower percentage of the variance between the data sets than the first two 

principal components.  Combined, the first two principal components account for almost 85% of the 

variance in the data, while the 3rd and 4th principal components account for less than 4% of the variance. 
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(Figure 13) 

The above graph (Figure 13) is a plot of the First and Second Principal Component scores.  The data 

exhibits a high degree of grouping in a downward sloping line.  This grouping pattern implies that there 

is a detectable change in our hemoglobin samples as a function of radiation. The fine grouping of the 

data also implies that the detectable change could possibly be found at levels less than 4 Gy. 
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(Figure 14) 

The above graph (Figure 14) is a 3-D representation of the 1st, 2nd, and 3rd principal component scores for 

our data set.  This graph displays the grouping exhibited in our data set.  In contrast with the previous 

graph, this graph also shows the distribution as a function of the 3rd principal component, so it becomes 

even more apparent that there seems to be a change taking place in our irradiated Hb samples.  

Conclusion 

Hemoglobin samples were prepared and irradiated at a number of different dosages.  The samples were 

then analyzed using Raman spectroscopy, and the resulting data sets were analyzed using PCA.  The data 

retrieved from PCA seems to indicate that there is detectable damage done to Hb from low doses of 

radiation.  The conclusions that can be drawn from this data are preliminary, as much more data needs 

to be acquired in order to ensure that these results are reproducible.   

Future Work 

In the future, we will attempt to gather more data from our samples.  We will also develop a protocol 

which can reliably produce samples that are easy to image.  We will also attempt to irradiate samples at 

lower does to attempt to measure radiation damage at even lower levels.  The usage of SERS substrates 

to enhance Raman signal may also be employed to improve our signal to noise ratio. 
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