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Abstract  

The comet assay is widely used for quantification of genomic damage in humans. Peripheral 

blood derived mononuclear cells (PBMCs) are the most often used cell type for this purpose. 

Since the comet assay can be performed in an enhanced throughput format, it can be applied to 

large sample collections such as biobanks. The European Prospective Investigation into Cancer 

and Nutrition (EPIC) study is one of the largest existing prospective cohort studies, and the 

German Cancer Research Institute (DKFZ) in Heidelberg is a participating center with 25.000 

frozen blood samples stored from around 25 years ago, enabling retrospective assessment of 

disease risk factors. However, experience with decades long frozen samples in the comet assay 

is so far missing. In Heidelberg, 800 study participants were re-invited twice between 2010 and 

2012 to donate further blood samples. Here, we analyzed 299 Heidelberg-EPIC samples, 

compiled from frozen PBMC and buffy coat preparations selected from the different sampling 

time points. In addition, 47 frozen PBMC samples from morbidly obese individuals were 

included. For buffy coat samples, we observed a poor correlation between DNA damage in the 

same donors assessed at two sampling time points. Additionally, no correlation between DNA 

damage in buffy coat samples and PBMCs was found. For PBMCs, a good correlation was 

observed between samples of the same donors at the two time points. DNA damage was not 

affected by age and smoking status, but high BMI (>30; obesity) was associated with increased 

DNA damage in PBMCs. There was no indication for a threshold of a certain BMI for increased 

DNA damage. In conclusion, while 25 year-long stored buffy coat preparations may require 

adaptation of certain experimental parameters such as cell density and electrophoresis 

conditions, frozen PBMC biobank samples can be analyzed in the comet assay even after a 

decade of storage.  
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1 Introduction 

Mutations are considered one of the causes for cancer development [1] and can be the result of 

exposure to DNA damaging compounds. Therefore, to assess exposure of humans to mutagenic 

compounds, usually genomic damage is quantified. Several biomarkers can be applied to detect 

DNA damage, and the most popular ones are the micronucleus assay [2, 3] and the comet assay 

[4, 5], for which peripheral blood derived mononuclear cells (PBMCs) are the most frequently 

used cell type. It has been demonstrated that the micronucleus frequency is associated with 

cancer incidence [6] as well as other diseases [3]. DNA damage as measured with the comet 

assay is also associated with various diseases including several types of cancer [7]. Therefore, 

both endpoints, micronuclei and DNA damage in the comet assay, might be useful markers for 

prediction of an elevated disease risk [8-11].   

The comet assay, a method for quantifying DNA strand breaks, involves microscopic 

quantification. In this assay, cells embedded in agarose are lysed to remove membranes and 

soluble components, leaving 'nucleoids' - supercoiled DNA attached to a matrix. A strand break 

relaxes supercoiling and allows the DNA to extend towards the anode under electrophoresis, 

forming an image resembling a comet; the % of DNA in the tail is a measure of the break 

frequency [12]. Because it is fast, easy to run and inexpensive, its use has expanded 

tremendously despite large interlaboratory variations [7, 11]. In the Fpg-modification of the 

comet assay, the enzyme DNA-formamidopyrimidine glycosylase (Fpg) is added to convert 

oxidized purine DNA bases to detectable lesions, increasing the assay’s sensitivity [13]. An 

OECD guideline [14] exists for its use as an endpoint for tissue-specific detection of genomic 

damage in rodent models. In the context of the EU-funded international network hCOMET 

(COST Action CA15132) [15], the development of the Fpg-modified comet assay in human 

biomonitoring has been advanced (e.g. [5, 16]).  

The comet assay can be performed in an increased throughput format and is thus applicable to 

large sample numbers within one lab. The idea in human biomonitoring is to stratify large 

groups of exposed individuals or patients according to molecular risk factors, such as DNA 

damage, as the basis of further screening, diagnoses, and targeted medical interventions [17]. 

To this end, analysis of DNA damage in archived samples from biobanks of well-characterized 

epidemiological cohorts facilitate the evaluation of etiological associations between DNA 

damage and risks for chronic diseases.     
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The European Prospective Investigation into Cancer and Nutrition (EPIC) study is one of the 

largest existing prospective cohort studies in the world, with more than half a million 

participants enrolled across 10 European countries [18]. Information on diet, lifestyle 

characteristics, anthropometric measurements, and medical history from the time of recruitment 

(1994—1998, t0) is available and would allow an analysis of early detectable markers for 

elevated risk based on current disease cases. The German Cancer Research Center (DKFZ) in 

Heidelberg is one of the participating centers and is in charge of the EPIC-Heidelberg cohort 

with around 25.000 study participants [19]. These study participants provided blood samples at 

recruitment between 1994 and 1998. Moreover, 800 study participants were invited again 

between 2010 and 2011 (re-invitation I, t1), and between 2011 and 2012 (re-invitation II, t2) to 

donate further blood samples [20].   

Blood samples can be frozen as whole blood, isolated PBMCs or buffy coat, which is the cell 

fraction forming as layer between red blood cells and plasma after centrifugation, enriched in 

white blood cells and platelets. Most biobanks, especially earlier collections, store buffy coat. 

Original EPIC samples are also of the buffy coat type, but during the re-invitations, PBMCs 

were stored as well. We and others have shown that frozen whole blood samples, buffy coat 

and PBMCs can in principle be used for comet assay analysis [21, 22]. Here, we wanted to 

investigate whether long stored buffy coat samples or PBMCs from the EPIC-Heidelberg 

biobank are suitable for comet assay analysis, so as to assess the feasibility of using the comet 

assay in large-scale epidemiological cohorts with archived biosamples. Specifically, our first 

aim was to evaluate the medium- and long-term reproducibility of DNA damage parameters 

within individuals over one (t1- t2) and fourteen (t0- t1) years. For the analyses on long-term 

reproducibility only stored buffy coat samples were used, as PBMC samples were not available 

from the baseline of the EPIC Study in the 1990s. Our second aim was to compare the 

agreement between DNA damage parameters measured in PBMC and buffy coat samples 

derived from the same initial blood samples in a subset of the EPIC-Heidelberg population. For 

comparison purposes, 47 frozen PBMC samples from morbidly obese individuals, a group for 

which we had found elevated DNA damage in the comet assay earlier [23-25], were included.  
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2 Material and Methods 

2.1 Material  

GelRed was obtained from Biotrend (Köln, Germany). Normal melting point agarose, dimethyl 

sulfoxide (DMSO) and sodium hydroxide were from Carl Roth (Karlsruhe, Germany). Low 

melting point agarose, RPMI 1640 medium, L-glutamine, Tylosin, Sodium pyruvate, non-

essential amino acid solution (100x), penicillin (100 µg/ml) and streptomycin (1 mM) were 

from Sigma-Aldrich (Steinheim, Germany). Fetal calf serum was obtained from Anprotec 

(Bruckberg. GelBond was from Lonza (Köln, Germany). Formamidopyrimidine-DNA 

glycosylase (Fpg) of Escherischia coli was isolated from E. coli strain JM105, carrying the 

plasmid pFpg230. E. coli strain JM105 was kindly supplied by Prof. Dr. Bernd Epe, University 

of Mainz, Germany. The same batch of Fpg preparation was used for the whole study. 

2.2 General characteristics of subjects 

2.2.1 EPIC-Heidelberg samples  

Initially healthy study participants of the German EPIC-Heidelberg study center were recruited 

during the years 1994-1998. Anthropometric indices were measured and biological samples 

collected and participants provided comprehensive information on lifestyle, diet, health and 

disease (t0). Blood samples were aliquoted into citrate plasma, serum, erythrocytes, and buffy 

coat for DNA and stored in liquid nitrogen at -196°C [18]. Later, 800 of the original participants 

were re-invited to a so called “Sub-Study” and donated blood samples on two occasions (t1, t2) 

1 year apart between 2010 and 2012. Again, serum, erythrocytes and buffy coat, but this time 

EDTA plasma and additionally PBMCs were prepared and frozen at -185°C [26]. As at 

baseline, anthropometric indices were assessed, and questionnaire data collected. For the 

current study, 50 men and 50 women were selected. PBMCs from t1 and t2 from 100 

participants, and buffy coat samples from 50 of these individuals from t0 plus t1 were retrieved 

and transported to the laboratory at the University of Wuerzburg. One sample went missing 

during sample preparation and thus the overall number of analyzed samples is 99 t1 PBMCs, 

100 t2 PBMCs, 50 t0 buffy coat, and 50 t1 buffy coat.   

2.2.2 Wuerzburg obesity samples 

As described in our previous papers [23-25], recruitment of blood samples was achieved in the 

Surgery and Endocrinology Departments, University Hospital of Wuerzburg during the years 

2015-2016. Blood samples were collected into commercially available EDTA tubes and 
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peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation 

and then cryopreserved and stored at −80 °C. This study was approved by the Ethics Committee 

of the University of Wuerzburg (Study No: 186/14 and 279/18). Previously, we had analyzed 

samples from this group of obese patients before and after bariatric surgery induced weight loss 

in the comet assay using fresh whole blood [25] and frozen PBMC samples [27]. Here, we 

analyzed samples of the same patient group, but only before surgery which yielded a patient 

number of 47, deviating from our previously publications. Samples were thawed, run in 

electrophoresis and analyzed in a blinded fashion together with the EPIC samples. 

2.3 Methods 

2.3.1 Fpg-modified Comet assay 

The bacterial DNA repair enzyme Fpg was used to assess the oxidatively damaged purines 

beside the basal level of DNA strand breaks detected with the buffer control. Samples were 

thawed in a water bath at 37 oC and then immediately placed on ice. PBMCs were collected in 

a 15ml tube, diluted with 3 ml cold PBS and then centrifuged at 4 oC, 400 x g for 5 min. This 

step was repeated twice and then PBMCs were diluted in 4 ml cold medium (RPMI 1640 

medium containing 15% fetal calf serum, 1% L-glutamine, 100 Unit/ml penicillin, 0.1 mg/ml 

streptomycin, 0.1% Tylosin, 1% sodium pyruvate and 1% non-essential amino acid solution). 

The numbers of PBMCs from randomly selected samples were counted with the help of a cell 

counting chamber. According to the average cell density, samples were diluted further to reach 

about 300.000 cells / ml. For PBMCs, 50 μl of cell suspension were used for mixing with 120 

μl of pre-warmed low melting point agarose (0.8%). For buffy coat, 5 μl of undiluted buffy coat 

samples were mixed with 200 μl of pre-warmed low melting point agarose (0.8%) at 37 °C. 5 

μl of these mixtures were used for the preparations of each minigel on a Gelbond film as matrix 

in a 96-well plate format. After solidification of the minigels, Gelbond films were dipped into 

a cold lysis solution (1% Triton X-100, 10% dimethyl sulfoxide and 89% lysis buffer containing 

10 mM Tris, 2.5 M NaCl and 100 mM Na2EDTA with pH 10) for an hour. After lysis, GelBond 

films were washed three times 10 min in Fpg reaction buffer (40 mM Hepes, 0.1 M KCl, 0.5 

mM EDTA and 0.2 mg/ml BSA, pH 8) and then either incubated with Fpg (1.6 μg protein / ml) 

or with Fpg reaction buffer for an hour at 37 °C in a jar. Then, Gelbond films were placed in a 

horizontal electrophoresis chamber filled with cold alkaline solution (1 mM Na2EDTA, 300 

mM NaOH, pH > 13) and incubated for 20 min in the dark for DNA unwinding and then 

electrophoresis was performed (1 V/cm, 20 min). For neutralization, Gelbond films were 

washed in PBS and in bidistilled water, each for 10 min. For dehydration of minigels, GelBond 
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films were placed in 70% ethanol for 15 min and then in 100% ethanol for 30 min. After air-

drying, Gelbond films were cut into small portions (size of a microscope slide) and stained with 

GelRed for scoring. The percentage of DNA in tail was scored using Komet6 software in 50 

randomly selected comets per sample. The basal level of DNA damage (buffer control) and the 

total damage with Fpg were measured. The net Fpg-sensitive sites were calculated by 

subtracting the percentage of DNA in tail in buffer controls from respective Fpg-treated 

samples. Tables and graphs show the basal level (buffer control) and the net Fpg-sensitive sites. 

2.3.2 Comet assay controls  

Water (1% water for 1 h) treated TK6 cells were used as negative assay control and TK6 cells 

treated with potassium bromate (2 mM KBrO3 for 1 hour) were used as positive assay control. 

After treatment, TK6 cells were diluted in freezing medium (RPMI 1640 containing 10% fetal 

calf serum, 1% L-glutamine and 10% DMSO) with a cell density of 1 × 106/ml and aliquoted 

in 250 μl volumes. These aliqouts were frozen in a freezing container with isopropanol at − 80 

°C overnight and stored at − 80 °C. On the day of experiment, two aliquots from each negative 

and positive control were thawed rapidly and then without washing steps placed on ice and then 

processed as described above. The percentage of DNA in the tail from these technical negative 

and positive assay controls is listed in Table 1. All samples were prepared within 5 runs on 5 

successive days and in total 10 negative and positive controls were used. 

Table 1. The percentage of DNA in tail from technical negative and positive assay controls. 

 DNA in tail (%) 

(mean ± sd, n= 10) 
Significance 

1 % Water 
Buffer: 4.42 ± 0.87 

Fpg: 8.99 ± 3.16 
*p≤0.05 1 % Waterbuffer vs. 1 % WaterFpg 

2 mM KBrO3 
Buffer: 4.25 ± 1.35 

Fpg: 14.92 ± 2.60 

*p≤0.05 2 mM KBrO3buffer vs. 2 mM KBrO3 Fpg 

1 % WaterFpg vs. 2 mM KBrO3 Fpg 

 

2.4 Data analysis and statistics 

We evaluated the short- and long-term reproducibility of the assay by assessing the correlation 

between %DNA in tail measurements taken at the start of the interval, i.e., from t0 (1994 – 

1998) to t1 (2010 – 2011) for the long-term reproducibility using buffy coat samples and from 

t1 (2010 – 2011) to t2 (2011 – 2012) for the short-term reproducibility of measurements using 

PBMCs. We also assessed the correlation between measurements obtained using buffy coat and 
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those from PBMCs measured at the same time point, t1. Crude and partial Spearman’s 

correlation coefficients were calculated using the ppcor package in R. The partial correlation 

coefficient shows the correlation after controlling for potential confounders. We also evaluated 

possible differences in correlation in subgroups of the study population based on sex, age 

(below or above median age at recruitment), BMI (<25 and ≥25), and smoking status (ever 

smoker and never smokers).  

Further, we combined the data of PBMCs from EPIC participants with data from obese 

participants from the Wuerzburg study. For the EPIC participants for whom there were two 

measurements of %DNA in tail using PBMCs (i.e. at t1 and t2), we used the mean of the two 

measurements. Visual assessment of the density distributions of percent %DNA in tail 

measurements revealed that they were approximately normally distributed. We therefore 

summarised %DNA in tail between groups using means and standard deviation and boxplots. 

We tested the hypothesis that mean DNA damage did not differ between groups (men vs 

women, aged above vs aged below median age, BMI <30 vs BMI ≥ 30 and ever smokers vs 

never smokers) using t-tests. All analyses were performed using R version 1.4. 
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3 Results 

Our technical assay control treated with 2 mM KBrO3 showed a significant increase in Fpg-

sensitive sites compared to solvent control (Table 1), which is an indication that our assay was 

capable of detecting the differences in DNA damage and that negative controls did not have 

unexpectedly high DNA damage. 

The characteristics of the study participants are presented in Table 2 and the %DNA in tail for 

each group in Table 3. Of the 99 participants from the EPIC study, 55 (55.6%) were women, 

80 (80.8%) had BMI <30 and about half, 52 (52.5%) had ever smoked. All participants from 

Wuerzburg had BMI > 30 and the majority of them, 37 (78.7%) were women. 

Table 2. Characteristics of study participants 

  EPIC  Wuerzburg 

Characteristic n (%)  n (%) 

Sex    

Men 44 (44.4)  10 (21.3) 

Women 55 (55.6)  37 (78.7) 

Age (years)    

Median (min, max) 46.7 (35.5, 64.1)  45.1 (26.1, 65.9) 

Age < Median 46 (46.5)  27 (57.4) 

Median age and above 53 (53.5)  20 (42.6) 

BMI (kg/m2)    

Mean (sd) 26.3 (3.7)  51.4 (7.7) 

BMI <30 80 (80.8)  0 (0) 

BMI 30 and above 19 (19.2)  47 (100) 

Smoking    

Ever smokers 52 (52.5)  0(0) 

Never smokers 47 (47.5)   0(0) 
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Table 3. Mean (sd) of %DNA in tail 

      Buffer  FPG-sensitive sites 

      Buffy coat  PBMCs  Buffy coat  PBMCs 

      t0 t1 t2  t0 t1 t2  t0 t1 t2  t0 t1 t2 

      mean (sd) mean (sd) mean (sd)  mean 

(sd) 
mean (sd) mean (sd)  mean (sd) mean (sd) 

mean 

(sd) 
 mean 

(sd) 
mean (sd) mean (sd) 

All  All   3.06 (0.62) 3.80 (0.77) -  - 5.28 (1.61) 5.29 (1.63)  1.90 (1.05) 3.45 (1.95) -  - 3.08 (2.53) 3.06 (2.51) 

Sex Men   3.14 (0.69) 3.62 (0.87) -  - 5.31 (1.45) 5.37 (1.53)  1.90 (1.12) 3.50 (1.74) -  - 3.29 (2.63) 2.94 (2.49) 

  Women   3.00 (0.58) 3.93 (0.67) -  - 5.26 (1.74) 5.21 (1.72)  1.90 (1.02) 3.42 (2.12) -  - 2.92 (2.46) 3.16 (2.54) 

Age <median age   3.01 (0.62) 3.81 (0.90) -  - 5.32 (1.61) 5.16 (1.67)  2.11 (1.04) 3.24 (1.73) -  - 3.16 (2.59) 3.15 (2.73) 

  ≥median age   3.09 (0.64) 3.80 (0.66) -  - 5.24 (1.63) 5.41 (1.59)  1.72 (1.04) 3.63 (2.13) -  - 3.01 (2.50) 2.98 (2.30) 

BMI <25   3.04 (0.63) 3.93 (0.76) -  - 5.17 (1.65) 5.27 (1.89)  1.70 (0.89) 3.44 (1.99) -  - 3.24 (2.69) 2.91 (2.63) 

  ≥25   3.08 (0.63) 3.67 (0.78) -  - 5.39 (1.58) 5.30 (1.34)  2.12 (1.18) 3.47 (1.95) -  - 2.92 (2.38) 3.21 (2.40) 

Smoking 

status 

Never 

smoker 
  2.95 (0.60) 3.94 (0.79) -  - 5.43 (1.80) 5.27 (1.77)  2.00 (1.09) 3.48 (2.10) -  - 3.18 (2.45) 2.96 (2.49) 

  Ever smoker   3.19 (0.64) 3.64 (0.72) -  - 5.14 (1.43) 5.30 (1.51)  1.77 (1.01) 3.42 (1.80) -  - 2.99 (2.63) 3.26 (2.55) 
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Long- and short-term reproducibility 

We observed weak correlations (Spearman’s correlation coefficients from 0.1 to 0.26) between 

%DNA in tail measurements using buffy coat taken at baseline (t0) and at re-invitation I (t1) 

(Table 4), although correlations were slightly stronger for the Fpg-sensitive sites.  Incrementally 

controlling for age, sex, BMI and smoking status did not substantially alter the correlation 

coefficients. For instance, for buffy coat measurements using Fpg-sensitive sites, the crude 

correlation coefficient between %DNA in tail at t0 and t1 was 0.26 and slightly increased to 0.29 

after controlling for age, sex, BMI and smoking status. Additionally, percent DNA in tail using 

buffy coat samples at t1 very poorly correlated with %DNA in tail obtained using PBMCs from 

the same individuals at the same sampling occasion, with correlation coefficients ranging from 

-0.14 to -0.02. However, using PBMCs, %DNA in tail in samples collected at t1 showed good 

correlations (Spearman’s r ranging from 0.46 – 0.58) with samples collected at t2. Correlations 

were better for buffer measurements (r ~ 0.57) compared to Fpg-sensitive sites (r~0.46). 

Table 4. Crude and partial correlation between comet assay DNA damage measurements at 

different time intervals using different blood preparations 

      

Buffy coat t0 - Buffy 

coat t1 (n = 44) 
  

Buffy coat t1 - PBMCs 

t1 (n = 46) 
  

PBMCs t1 - PBMCs 

t2 (n = 99) 

Parameter type   r p-value   r p-value   r p-value 

Buffer Crude  0.10 0.518  -0.05 0.754  0.57 <0.001 

 Partial*  0.12 0.436  -0.04 0.778  0.58 <0.001 

 Partial**  0.13 0.432  -0.04 0.795  0.57 <0.001 

 Partial***  0.18 0.280  -0.02 0.899  0.57 <0.001 

Fpg-sensitive sites Crude  0.26 0.093  -0.13 0.392  0.46 <0.001 

 Partial*  0.28 0.069  -0.14 0.364  0.46 <0.001 

 Partial**  0.28 0.071  -0.13 0.408  0.46 <0.001 

 Partial***   0.29 0.065   -0.13 0.417   0.46 <0.001 

r = Spearman's correlation coefficient        

* Adjustment for sex and age (at start of interval)       

** Adjustment for sex, age and BMI (at start of interval)       

*** Adjustment for sex, age, BMI, smoking status (at start of interval) 
 

Sub-group analysis revealed some differences in the longer-term reproducibility of %DNA in 

tail measurements with respect to the age, BMI and smoking status, particularly when using 

Fpg-modified measurements (Table 5). For instance, although the overall correlation of buffy 

coat %DNA in tail between t0 and t1 was poor, the correlation coefficient for measurements in 

participants who were older (above median age) at recruitment was higher compared to that in 
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younger participants (0.5 vs -0.05). Similarly, the correlation was higher for measurements from 

participants with BMI ≥ 25 compared to those from participants with BMI <25 (0.47 vs -0.07) 

and for never smokers compared to those from participants who had ever smoked (0.46 vs 0.06). 

Additionally, there were differences in correlations in %DNA in tail using PBMCs between t1 

and t2 with higher correlations for older participants as compared to younger participants at 

recruitment (0.57 vs 0.33) and for samples from participants with BMI ≥ 25 compared to sample 

from those with BMI <25 (0.56 vs 0.33).  

Table 5. Correlation coefficients by subgroups of the population 

    

Buffy coat t0 - Buffy 

coat t1 (N = 44)   

Buffy coat t1 - PBMCs 

t1 (N = 46)   

PBMCs t1 - PBMCs t2 

(N = 99) 

Parameter Subgroup n r p-value  n r p-value  n r p-value 

Sex*             
Buffer Male 17 0.13 0.661  19 -0.52 0.039  44 0.57 <0.001 

Buffer Female 27 0.17 0.426  27 0.23 0.273  55 0.60 <0.001 

Fpg sensitive sites Male 17 0.22 0.445  19 0.08 0.774  44 0.34 0.027 

Fpg sensitive sites Female 27 0.29 0.163  27 -0.26 0.215  55 0.49 <0.001 

Age**‡             
Buffer Age < median age 21 0.40 0.101  21 -0.09 0.718  49 0.48 0.001 

Buffer Age ≥ median age 23 -0.13 0.576  25 0.01 0.953  50 0.59 <0.001 

Fpg sensitive sites Age < median age 21 -0.05 0.836  21 0.08 0.744  49 0.57 <0.001 

Fpg sensitive sites Age ≥ median age 23 0.50 0.026  25 -0.30 0.168  50 0.33 0.023 

BMI***             
Buffer BMI < 25 21 0.44 0.071  21 -0.19 0.444  49 0.54 <0.001 

Buffer BMI ≥ 25 23 -0.15 0.525  25 -0.01 0.981  50 0.55 <0.001 

Fpg sensitive sites BMI < 25 21 -0.07 0.771  21 0.07 0.773  49 0.56 <0.001 

Fpg sensitive sites BMI ≥ 25 23 0.47 0.037  25 -0.32 0.140  50 0.33 0.022 

Smoke status****             

Buffer Never smoked 25 0.29 0.193  25 0.31 0.155  47 0.72 <0.001 

Buffer Ever smoked 19 -0.12 0.658  21 -0.52 0.026  52 0.36 0.011 

Fpg sensitive sites Never smoked 25 0.46 0.030  25 -0.36 0.100  47 0.38 0.011 

Fpg sensitive sites Ever smoked 19 0.06 0.821  21 0.12 0.638  52 0.44 0.002 

‡ Median age at recruitment = 46.7 years 

*Adjusted for age at recruitment, smoking status (Never, Former, Smoker) and BMI (at start of interval) 

**Adjusted for Sex, smoking status (Never, Former, Smoker) and BMI (at start of interval) 

***Adjusted for sex, age at recruitment, and smoking status (Never, Former, Smoker) 

****Adjusted for sex, age at recruitment and BMI (at start of interval) 
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Table 6. Differences in mean % DNA in tail in PBMC samples of participants in the EPIC and 

Wuerzburg studies 

Characteristics n (%)   Buffer   Fpg-sensitive sites 
   Mean ± SD p-valueꝉ   Mean ± SD p-valueꝉ 

Sex        

Men 54 (37)  6.02 ± 1.86   3.71 ± 3.13  

Women 92 (63)  6.00 ± 1.79 0.948  4.13 ± 3.21 0.436 

Age*        

Age < median age 73 (50)  5.89 ± 1.57   4.53 ± 3.52  

Age ≥ median age 73 (50)  6.12 ± 2.03 0.456  3.42 ± 2.7 0.034 

BMI        

<30 80 (54.8)  5.24 ± 1.47   2.98 ± 2.15  

≥30 66 (45.2)  6.93 ± 1.76 <0.001  5.18 ± 3.77 <0.001 

Smoking**        

Never 47 (47.5)  5.35 ± 1.64   3.07 ± 2.07  

Ever 52 (52.5)   5.22 ± 1.18 0.652   3.08 ± 2.21 0.987 
ꝉ  t-test p-value for difference in means 

* Median age = 46.1 years 

** Smoking data not available for samples from Wuerzburg 

 

Further, we evaluated whether there were differences in mean %DNA in tail in PBMCs between 

groups according to sex, age, BMI and smoking status. For these analyses, we combined the 

data from EPIC participants with data from obese participants from the Wuerzburg study. 

Smoking status data was not available for the Wuerzburg participants. For the EPIC participants 

for whom there were two measurements of %DNA in tail using PBMCs (i.e. at t1 and t2), we 

used the mean of the two measurements. Mean DNA damage did not significantly differ by sex, 

age and smoking status. Mean %DNA in tail was significantly higher for samples from 

participants with BMI ≥30 using both buffer and the Fpg – modified assay (Table 6 and Figure 

1). For instance, for Fpg-sensitive sites, the mean %DNA in tail was 2.98 ± 2.15 for participants 

with BMI <30 and was significantly (t-test p-value <0.001) lower than that for participants with 

BMI ≥ 30. Correlation between %DNA in tail and BMI did not deviate from linearity (Figure 

2). 
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4 Discussion 

This is to our knowledge the first analysis of biobank-derived decade-long stored blood samples 

in the comet assay. Previously, frozen PBMCs stored up to about one year had been evaluated 

successfully by us and others [21, 28, 29], and also frozen buffy coat samples stored for one 

year [21, 28, 30], but these studies were limited in size with less than 20 samples. Here we 

found that it is possible to use a larger number of samples (n=299) from biobanks for comet 

assay analysis. Technical assay controls showed good consistency between the five required 

experimental runs. However, we do consider that it is important to run as many samples as 

possible together and to perform the required runs with the same setup in the shortest possible 

time. In principle, it should be possible to plan retrospective cohort studies in the future in which 

DNA damage measured in the comet assay is related to later occurring diseases such as cancer, 

neurodegenerative diseases etc., using biobank collections. However, the measurable DNA 

damage should be consistent over time for an individual, as long as living conditions (e.g. 

smoking status, nutrition, physical activity, BMI) and basic health parameters (e.g. blood sugar, 

blood pressure) are unaltered. Furthermore, it needs to be determined whether both blood 

preparations, isolated PBMCs and buffy coat, are equally suitable for analysis, because most 

biobanks store buffy coat and not PBMCs. It is also relevant to see whether both sample types 

yield consistent results for an individual. Importantly, the suitability of long term stored frozen 

samples needs to be ascertained.    

For buffy coat, we observed a poor correlation over time, although values for Fpg-sensitive 

sites were slightly better, but still not statistically significant. Fpg is applied to detect oxidative 

DNA alterations and it leads to higher DNA damage values by converting oxidized purines to 

breaks. For PBMCs, a good correlation was observed for basal and Fpg-sensitive sites. Buffy 

coat samples were from two time points, which were more than a decade (14 years) apart, while 

the two time points for PBMCs were only one year apart. Additionally, basal values of DNA 

damage in buffy coat samples were generally lower when compared to PBMCs, which we also 

observed in an earlier study [21]. This might increase the relative influence of normal sample 

variations in buffy coat samples. The same factor of normal variation relative to DNA damage 

level may also be the reason why Fpg-treated buffy coat samples – which had higher DNA 

damage values - yielded better results. The lower basal values could be increased in future 

studies if electrophoresis conditions would be adjusted, and this is one aspect which could be 

optimized for biobank samples.  
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There was no correlation between buffy coat and PBMCs at the one analyzed time point. This 

suggests the need for further work for clarification. To our knowledge, no available publications 

investigated a possible correlation between buffy coat and isolated PBMCs. There are some 

small studies (with samples from up to 10 individuals) including our own that studied the effect 

of cryopreservation in different blood preparations including buffy coat and PBMCs [21, 28]. 

However, all such studies presented the mean DNA damage, did not report any significant 

difference between buffy coat and PBMCs and did not perform a correlation analysis between 

the two. We have now re-analyzed the net Fpg sensitive sites for buffy coat and isolated PBMCs 

either fresh or short-term cryopreserved from our previous paper. Our correlation analysis 

showed a moderate positive correlation between buffy coat and PBMCs for fresh (spearman`s 

r= 0.39, p= 0.26), but not for cryopreserved samples (spearman`s r= -0.07, p= 0.86). However, 

further studies using larger sample numbers are required to elucidate the suitability of (long-

term frozen) buffy coat samples for human biomonitoring studies. One point, which we noted 

is that cell density was very heterogeneous between samples for buffy coat (but not for PBMCs). 

Because overlapping cells cannot be scored in the comet assay, this might have caused a bias 

in the evaluation of samples with very high cell densities. Cell counting for each sample was 

not possible due to time constraints, because many samples had to be prepared concurrently. 

This could be optimized in further biobank studies. Another way to study this is to isolate 

leukocytes from buffy coat, which has been done successfully for comet assay application by 

other investigators [30] and which might be another option for the use of buffy coat biobank 

samples for comet assay analysis.  

Within PBMC samples, further analysis was conducted. For this, a collection of samples of 

obese individuals was analyzed together with the EPIC samples. It is important to note that the 

storage time differed between the two sample collections. While EPIC PBMC samples had been 

stored for about 10 years, samples from obese individuals had been cryopreserved for about 5 

years. For the present study, samples from both collections were prepared (thawing, 

electrophoresis run, analysis) together. Age and smoker status did not alter the observed DNA 

damage. This is in agreement with recent publications, in which DNA damage showed no 

association with age or with smoking status [4]. Milic and colleagues observed a non-significant 

increase in DNA damage with increasing age. However, they concluded that due to the limited 

number of individuals over 65 years further evidence is required for the association between 

DNA damage and age. In this study, the age distribution for the subjects was between 26 to 66 

years of age and the lack of subjects older than 65 years of age was also a limiting factor. A 

previous study from Hoffmann et al. [31] reported also no correlation between the DNA damage 
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measured in comet assay and smoking habit. As discussed by Milic et al. [4] lack of association 

between DNA damage and smoking habit might be due to the high heterogeneity of information 

regarding the smoking frequency and amount. Bonassi et al. [32] determined an increase in 

micronucleus frequency only in heavy smokers. Including our own study, the data regarding 

the smoking habit were limited to `never-smoked´ compared to `ever-smoked´, but the quantity 

of exposure and the present smoking status might be important to investigate this association.  

Several previous publications showed an elevated DNA damage in samples from obese 

individuals (e.g. [33-35]) and we had seen a decrease of damage after bariatric surgery-induced 

weight loss [23-25]. Since cancer incidence is elevated in obesity, DNA damage levels might 

be an early indicator of elevated risk in this group. This is the first time an analysis of DNA 

damage has been carried out with the comet assay over such a wide range of BMI (from 18 to 

70 kg/m2). Group comparison with a cut off at BMI 30 shows significantly elevated DNA 

damage in basal values and Fpg-sensitive sites for higher BMI. Correlation analysis does not 

reveal a deviation from a linear or near-linear increase or a threshold of a certain BMI for 

increased DNA damage, which might be due to the relatively low number of subjects/data 

points between BMI 30 to 40. Analysis of more samples in this BMI region would be crucial 

to either support or modify the current interpretation. If the absence of a threshold holds true in 

future studies, any amount of weight loss reduces DNA damage and no amount of overweight 

remains without consequences regarding DNA damage. Bhaskaran and colleagues [36] 

investigated the relationship between BMI and risk of 22 specific cancers in a cohort study. 

According to their findings, each 5 kg/m2 increase in BMI shows linear association with several 

type of cancers including uterus, gallbladder and kidney. They concluded with the estimation 

that an average 1 kg/m2 population increase in BMI would cause a further 3790 cancer cases in 

UK among the ten cancers which showed positive association with BMI. Our findings are in 

accordance with this, indicating that there is no safe increase in BMI outside of the normal 

range in relation to the DNA damage. Here we observed a significant increase in Fpg-sensitive 

sites with increasing BMI values, which is an indication of elevated DNA oxidation damage. 

Oxidative stress is considered to play an important role in the pathology of several diseases 

including obesity [37, 38]. Our study supports the role of oxidative stress and DNA oxidation 

damage in obesity once again. 

In obesity and during weight loss, micronucleus analysis in PBMC has provided reliable results 

[39]. Overall, micronucleus frequency has been established as a reliable marker in human 

biomonitoring [3]. However, micronucleus analysis requires cell division of peripheral 
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lymphocytes and has therefore mostly been used in fresh PBMCs. There is limited experience 

[40-44] with cryopreserved samples and to our knowledge no experience with long stored 

biobank samples. We found only one publication from Sioen and colleagues [42] that compared 

fresh and cryopreserved PBMCs in the micronucleus test and found a significant increase in 

micronucleated cells due to the cryopreservation. For analysis of biobank samples containing 

buffy coat preparations, PBMCs would have to be isolated from long stored buffy coats and it 

has not been investigated whether this will yield suitable data. Regarding EPIC samples, 

available buffy coat volumes would not have allowed for that in combination with the present 

comet assay analysis, but it would be an interesting approach to be followed up.  
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Conclusions 

For the first time, hundreds of long frozen biobank blood samples were analyzed in the comet 

assay. PBMCs from frozen samples appeared suitable for further analysis regarding relations 

of individual factors with DNA damage. Regarding buffy coat preparations, further work is 

required investigating their suitability for analysis of genomic damage in human biomonitoring.  

This study seems to be the first to assess the association of DNA damage over a broad range of 

BMI including underweight and morbidly obese subjects using the comet assay. A correlation 

was found and it did not seem to deviate from linearity, which might mean that any additional 

weight increases the risk for DNA damage and possibly resulting health consequences. It also 

means that any amount of weight reduction could lower a health risk that might be indicated by 

DNA damage.  
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Figure legends 

Figure 1. Distribution of percent DNA in tail using buffer and Fpg – modified comet assay 

(Fpg-sensitive sites) by sex, age, BMI and smoking status.  

Figure 2. Relationship between BMI and %DNA in tail. A: linear model without quadratic 

term; B: linear model with a quadratic term (not significant). Blue dots are for participants from 

the EPIC – Heidelberg study and the red dots are for participants from the Wuerzburg study. 

Values shown are for buffer (control) and Fpg-treated (Fpg-sensitive sites) cells. 
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