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Abstract 

Comet assay analysis is a useful method which can be used to quantify systemic oxidative stress. 
Different laboratories use slightly different approaches when performing comet assay analysis. 

While some use cryopreserved leukocytes, others perform comet assays on freshly prepared cells. 

The purpose of this investigation was to compare comet assay results for single-stranded (ss)-

DNA breaks in freshly prepared and cryopreserved leukocytes. A comparative quantification of 

ss-DNA breaks was performed on circulating leukocytes from two groups of ten healthy subjects 

(age- and sex-matched). Comet assay analysis of ss-DNA breaks was performed on all individuals 
on the same day. In the first group of ten subjects (group 1), leukocytes were isolated from the 

whole blood and comet assay was directly performed on the freshly isolated leukocytes. In the 

second group of ten subjects (group 2), blood samples were taken the day before comet assay 
analysis and the leukocytes were isolated and cryopreserved for 24 h. DNA damage (ss-DNA 

breaks) was quantified in the two groups, and the values of DNA breaks were calculated as comet 

tail moment. As result, group 2, where cryopreserved cells were used for comet assay analysis, 
had a significantly higher amount of ss-DNA damage in the circulating leukocytes than group1, in 

which freshly prepared leukocytes were used for analysis (tail moment: 3.28 AU in comparison to 

0.38 AU, respectively). In conclusion, cryopreservation of leukocytes increases the number of ss-
DNA breaks, and therefore, affects the results of comet assay analysis. Performing comet assay 

analysis on freshly prepared leukocytes is an approach that is likely to yield more accurate results. 

© 2013 GESDAV 

 
INTRODUCTION 

Twenty-five years ago, two Swedish scientists, namely 

stling and Johanson [1], developed a new method for 

analysing DNA damage. This method, used in 

biological research, imports the word ‘comet’ from the 

realm of astronomy as its name. This method quantifies 

DNA breaks. The concept behind ‘comet assay’ 

methodology is that undamaged DNA retains a highly 

organized association with matrix proteins in the 

nucleus. When damaged, this organization is disrupted. 

When an electric field is applied to the DNA, which 

has an overall negative charge, it is drawn towards the 

anode, which is positively charged [2]. Intact DNA (i.e. 

no DNA breaks) is such a large molecule that it hardly 

moves when exposed to an electrical field. DNA 

breaks, however, lead to smaller pieces of DNA which 

migrate away from the intact DNA nucleus. The 

amount of migrated DNA is a measure of the extent of 

DNA damage [3]. This method is currently being 

increasingly used to indirectly quantify oxidative stress, 

as oxidative stress is a well-recognized pathogenetic 

mechanism for various diseases [4-7].  

Oxidative stress in cells is caused by an imbalance 

between the production of reactive oxygen species 

(ROS) and our biological system's ability to neutralize 

these ROS and repair the resulting damage [8]. We are 

constantly exposed to factors which induce the 

production of ROS (e.g. UV irradiation, blood flow 

disturbances, chemicals) [9]. Under optimal conditions, 

the magnitude of ROS formation is balanced by the rate 

of ROS elimination by the diverse antioxidants in our 

bodies [10-12]. If, however, the production of ROS is 

larger than a body’s coping capacity, the resulting 

oxidative stress damages cell structures and 

macromolecules such as DNA [13]. Fortunately, nature 

has also developed mechanisms to repair (e.g. DNA) or 
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eliminate (e.g. proteins via proteasomes) damaged 

molecules. If this capacity is also exhausted, the 

damage accumulates over time, leading to clinically 

relevant damage known as ‘disease’ [14].  

In humans, oxidative stress is involved in many 

diseases [9, 15-19]. Oxidative stress plays an important 

role in the pathogenesis of neurodegenerative diseases, 

including Parkinson's disease [20], Alzheimer's disease 

[21], and Huntington's disease [22]. Oxidative stress is 

thought to play a role in certain cardiovascular 

diseases, since oxidation of LDL in the vascular 

endothelium is a precursor to plaque formation 

[23, 24]. Oxidative stress has become increasingly 

accepted as playing a role in the aging process [25] as 

well as in the development of cancer [26, 27]. It is also 

known to be a well-recognized pathogenetic 

mechanism leading to various ophthalmic diseases, 

such as age-related macular degeneration [28], cataract 

[29], uveitis [30], retinopathy of prematurity [31], 

keratitis [32] and glaucoma [4, 33]. The quantification 

of oxidative stress has therefore gained importance 

over the past few years. 

There are many different ways of measuring oxidative 

stress, such as by quantifying the amount of anti-

oxidants or by indirectly measuring the amount of 

oxidation of certain molecules (e.g. lipids) [34, 35]. We 

will focus on the comet assay methodology, also 

known as single-cell gel electrophoresis. Although this 

method reliably and reproducibly quantifies DNA 

breaks [3, 36], it is not completely standardized. For 

this reason, different laboratories use slightly different 

approaches: whereas some prefer to cryopreserve 

leukocytes prior to comet assay analysis, others 

perform comet assay on freshly prepared cells. We 

questioned whether the use of cryopreserved leukocytes 

-rather than freshly prepared leukocytes- would alter 

the final outcomes of single-stranded (ss)-DNA breaks 

in comet assay. The purpose of this study was to 

investigate the outcomes of comet assay analysis using 

both freshly prepared and cryopreserved leukocytes. 

 

MATERIALS AND METHODS 

Subjects 

Two groups of ten healthy age- and sex-matched 

volunteers were recruited after a notification from the 

University of Basel informed potential volunteers of 

the opportunity to participate in a scientific research 

project. Ethical approval was obtained from the local 

medical ethics committee, and written informed 

consent was received from all subjects before entry into 

the study. The study was designed and conducted in 

accordance with the tenets of the Declaration of 

Helsinki. Exclusion criteria for both groups included 

history of ocular or systemic disease, smoking, drug or 

alcohol abuse, trauma, infection or inflammation. 

Demographic data for the different groups of subjects 

are given in Table 1. 

Study design 

Comet assay was performed on the leukocytes of 20 

healthy subjects on the same day. Blood samples 

(20 ml) anticoagulated with heparin were obtained by 

venipuncture from all volunteers. The protocols for the 

study groups were the same, except for an additional 

round of cryopreservation and thawing for one 

experimental group. In the first group of ten subjects 

(group 1), leukocytes were isolated from the whole 

blood and comet assay was performed directly on the 

freshly isolated leukocytes. In the second group of ten 

subjects (group 2), blood samples were taken the day 

before comet assay analysis and the leukocytes were 

isolated and cryopreserved for 24 h. Details of the 

individual steps in the methods used for the two groups 

are described below. 

Isolation of leukocytes (performed in both groups)  

Blood samples (20 ml) anticoagulated with heparin 

were obtained by venipuncture from the two groups of 

patients. The leukocytes were isolated using Ficoll-

Histopaque gradients (Histopaque 1077; Sigma-

Aldrich, St. Gallen, Switzerland), as previously 

described [37]. The leukocyte bands were removed 

from the interface between the plasma and the 

histopaque layers of each tube and collected into one 

50-ml tube. The total volume was brought to 50 ml 

with cold Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco, Invitrogen, Basel, Switzerland). The 

cell suspension was washed three times with DMEM, 

and the total number of cells was determined. Cells 

were finally suspended in phosphate buffered saline 

(PBS) and aliquoted into Eppendorf tubes at 

10
7
 cells/tube.  

Freshly prepared leukocytes for direct comet assay 

analysis (group 1) 

The freshly prepared leukocytes from the first group 

were used directly for gel-electrophoresis and 

quantification of DNA breaks as described below. 

Cryopreservation and thawing of leukocytes 

(group 2) 

Aliquots of the isolated leukocytes were cryopreserved 

in freezing medium containing 90% heat inactivated 

fetal calf serum (FCS) and 10% dimethylsulfoxide 

(DMSO). The leukocytes for cryopreservation were 

immediately transferred into 1-ml cryopreservation 

tubes (Greiner Bio-One; Frickenhausen, Germany) at a 

concentration of 3 x 10
6 

in 1 ml of freezing medium 

and frozen at a cooling rate of approximately –1°C/min 

to –80°C using a standard cryopreservation container 

where cell tubes are surrounded by isopropyl alcohol 
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(Nalgene; Roskilde, Denmark). The cells were stored at 

–80°C for 24 h. For further comet assay analysis, the 

cells were rapidly thawed in a water bath at 37°C for 

20 min until detachment of cells became visible. The 

leukocytes were then centrifuged for 3 min (1500 rpm) 

at 4°C to remove the freezing mix, and the leukocyte 

pellet was gently resuspended in 0.4 ml of FCS. 

Aliquots of this lymphocyte suspension were used for 

subsequent comet assay analysis. 

Gel electrophoresis (performed in both groups)  

Gel electrophoresis separates damaged DNA from 

undamaged DNA. The cells under study were 

embedded in agarose gel on a slide and subjected to 

lysis followed by electrophoresis under specific 

conditions. Electrophoresis was performed for 20 min 

at 300 mA and 25 V. To detect DNA after 

electrophoresis, the slides were stained with cyber-

green and examined by fluorescence microscopy 

equipped with a personal computer-based analysis 

system (Kinetic Imaging; Nikon, Zurich, Switzerland), 

which enables quantification of DNA damage. Cells 

containing damaged DNA have the appearance of a 

comet with a bright head (undamaged) and tail 

(damaged; see Fig.1, arrow).  

Quantification of DNA damage (performed in both 

groups)  

It is recommended by the manufacturers of the comet 

microscope and imaging software (Nikon, Zurich, 

Switzerland) that 50 cells on each slide are chosen at 

random for the quantification of DNA damage using 

the computer software. Tail moment is defined as the 

product of the tail length and the tail DNA percentage 

of the total DNA: 

Tail moment = tail length x tail DNA / 100 

In addition, a function known as olive tail moment was 

evaluated. Olive tail moment represents the product of 

the distance between the centers of the mass of the head 

and tail regions and the tail DNA percentage of the 

total DNA: 

Olive moment = (tail mean – head mean) x tail DNA / 100 

Tail moment and olive tail moment are calculated by 

the computer software system as an average of the 50 

cells selected for measurement. All the comets were 

quantified by a single observer. 

 
Table 1. The demographic results for the two groups of 

subjects 

 Age (Mean ± SD) sex (m/f)  

Group 1 49.5(14.5) 5/5  

Group 2 50.5(14.22) 5/5  

P value 0.88 (t-test) 1 (Fisher’s exact test)  

Comet assay analysis of ss-DNA breaks was performed on freshly 

prepared leukocytes in group 1 and on cryopreserved leukocytes in 
group 2 

 
Figure 1. The cells analysed by comet assay analysis [38]. 

Each spot represents the DNA of an individual cell. Intact 

DNA is a large molecule that does not migrate much in the 

electrophoretic field. The less-bright green ‘comet- shaped’ 

area adjacent to the nucleus (arrow) represents DNA breaks 

that are small enough to move in the gel. 

 

Statistical Analysis 

The statistical evaluation was done in two steps: first, 

descriptive statistics, and then a test-statistical analysis. 

The test-statistics was done with both the parameter tail 

moment and the olive tail moment. As both parameters 

were zero-inflated (had many zeros), their distributions 

were heavy-tailed. To overcome this problem, the 

fractions of non-zero values compared to the total 

number of observations were counted for each subject. 

These fractions were approximately normally 

distributed. To compare the results of group 1 (freshly 

prepared leukocytes) to group 2 (cryopreserved 

leukocytes), Welch Two-Sample tests were performed. 

In comparison to the t-test, the Welch test allows for 

different standard deviations for each study group. 

Results of the tests are presented as differences of 

means between both study groups with corresponding 

95% confidence intervals and P values. A P value less 

than 0.05 is considered significant. All evaluations 

were performed using the statistical package R version 

2.8.1. 

 

RESULTS 

Demographic results for the two groups of subjects are 

presented in Table 1. The descriptive statistics for tail 

moment and olive moment for the two groups are 

shown in Table 2. Group 2 (cryopreservation of 

leukocytes) induced a significantly higher amount of 

single-stranded DNA damage in the circulating 

leukocytes than group 1 (freshly prepared leukocytes): 

tail moment 3.28 AU in comparison to 0.38 AU, and 

olive moment 1.89 AU in comparison to 0.25 AU, 

respectively; both P < 0.01 (Tables 2 and 3).  
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Table 2. The descriptive statistics of the tail moment and the olive moment in the two groups 

 Mean Median SD IQR Minimum Maximum N 

Tail moment        

Freshly prepared (group 1) 0.38 0 2.71 0 0 31.18 200 

Cryopreserved (group 2) 3.28 0 15.32 0.11 0 197.88 436 

All 2.37 0 12.84 0.03 0 197.88 636 

Olive moment         

Freshly prepared (group 1) 0.25 0 1.54 0 0 17.31 200 

Cryopreserved (group 2) 1.89 0.03 8.31 0.2 0 113.93 436 

All 1.37 0 6.98 0.12 0 113.93 636 

IQR = interquartile range; SD = standard deviation 

 

Table 3. Differences between the means of the independent 

study groups 

 
Tail 

moment 

Olive 

moment 
 

Differences of means of the 

independent groups 

(group 2 vs group 1) 

0.33 0.42  

95% confidence interval 0.15 - 0.52 0.32 - 0.64  

P value 0.003 < 0.001  

 

The fraction of ss-DNA breaks comparing the results in 

groups 1 and 2 are shown by the parameters tail 

moment (Fig.2) and olive moment (Fig.3). As shown in 

both figures, the inter-individual difference in group 2 

(cryopreserved leukocytes) was markedly higher than 

in group 1 (freshly prepared leukocytes). 

 

DISCUSSION 

Over the past twenty years, the comet assay has 

developed into an internationally recognized method 

for the detection of DNA breaks in various cell types 

[38, 39], particularly in leukocytes. The assay is 

considered to have high potential as a reliable method 

for detecting DNA breaks [40]. Although the method 

renders reproducible results, a number of steps in the 

method rely heavily on the skill of the individual 

examiner performing the assay. One of the factors that 

may influence the outcome of the assay is whether or 

not the leukocytes are cryopreserved. The purpose of 

our study was to evaluate this factor. 

Leukocytes are cryopreserved using slightly different 

techniques in different laboratories [41-44]. Generally, 

cell damage in the freeze-thaw processes is either 

caused by extensive cell dehydration, by intracellular 

ice crystallization or a combination of both [45, 46]. 

The cooling rate is a critical step during freezing [47]. 

If cooling is sufficiently slow, the cell loses water 

rapidly enough by exosmosis to concentrate the 

intracellular solutes sufficiently to eliminate 
 

 
Figure 2. The fraction of ss-DNA breaks as measured by the 

parameter tail moment 

 

 
Figure 3. The fraction of ss-DNA breaks as measured by the 

parameter olive moment 
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supercooling and maintain the chemical potential of 

intracellular water in equilibrium with that of 

extracellular water. The result is that the cell 

dehydrates [48] and does not freeze intracellularly. 

However, if the cell is cooled too rapidly, it is not able 

to lose water fast enough to maintain equilibrium; it 

becomes increasingly supercooled and eventually 

attains equilibrium by freezing intracellularly [49]. 

Intracellular ice formation leads to cell death. 

Leukocyte cryopreservation is usually performed using 

standard cryopreservation containers, where cell tubes 

are surrounded by isopropyl alcohol and simply placed 

inside a –80°C freezer (approximate cooling rate of  

–1°C/min) [50]. This was the cooling technique that we 

applied in our research. Perhaps a safer technique for 

cryopreservation is using computer-assisted controlled-

rate freezers, which are thought to minimize the effects 

of both ice crystallization and cell dehydration [51]. 

Another important step in cryopreservation is the 

choice of the cyroprotectant added. The general 

properties required for cryoprotectant compounds are 

that they have low molecular weight, are nontoxic and 

are inexpensive [52, 53]. Cryoprotectants are divided 

into two main classes: intracellular agents which 

penetrate inside the cells, preventing ice crystal 

formation and membrane rupture (e.g. DMSO) [54], 

and extracellular compounds (e.g. sucrose, dextrose) 

[55] that do not penetrate the cell membrane and act by 

reducing the hyperosmotic effect present in the freezing 

procedure. The most commonly used cryoprotectant, 

DMSO, which was used in our study, provides a high 

rate of post-freezing cell survival, but it has been 

shown to have cytotoxic effects [56]. Disaccharides 

such as sucrose are not cytotoxic and have also been 

widely used as cryoprotectants [57]. The fact that they 

do not enter into cells is the main advantage, 

facilitating their removal after thawing. However, the 

precise mechanism by which disaccharides act to 

preserve biological systems during freezing is not well 

understood [58].  

In conclusion, we found that cryopreservation of 

leukocytes evoked DNA damage. The use of 

cryopreserved leukocytes for comet assay analysis may 

therefore falsely alter the outcomes. Since the comet 

assay analysis method is gaining importance and many 

new users each year, we recommend that researchers 

either not use cryopreserved leukocytes for the assay, 

use freshly prepared leukocytes instead or be aware of 

the challenges involved. 
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