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Abstract
The comet assay is a commonly used method to determine DNA damage and repair activity in many types of samples. In 
recent years, the use of the comet assay in human biomonitoring became highly attractive due to its various modified versions, 
which may be useful to determine individual susceptibility in blood samples. However, in human biomonitoring studies, 
working with large sample numbers that are acquired over an extended time period requires some additional considera-
tions. One of the most important issues is the storage of samples and its effect on the outcome of the comet assay. Another 
important question is the suitability of different blood preparations. In this study, we analysed the effect of cryopreservation 
on DNA damage and repair activity in human blood samples. In addition, we investigated the suitability of different blood 
preparations. The alkaline and FPG as well as two different types of repair comet assay and an in vitro hydrogen peroxide 
challenge were applied. Our results confirmed that cryopreserved blood preparations are suitable for investigating DNA 
damage in the alkaline and FPG comet assay in whole blood, buffy coat and PBMCs. Ex vivo hydrogen peroxide challenge 
yielded its optimal effect in isolated PBMCs. The utilised repair comet assay with either UVC or hydrogen peroxide-induced 
lesions and an aphidicolin block worked well in fresh PBMCs. Cryopreserved PBMCs could not be used immediately after 
thawing. However, a 16-h recovery with or without mitotic stimulation enabled the application of the repair comet assay, 
albeit only in a surviving cell fraction.
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Introduction

Human biomonitoring is increasingly appreciated due to its 
relevance to public health. To study human exposure and 
effects of occupational or environmental factors on human 
health, mostly blood preparations are used because of rela-
tively easy availability (Azqueta et al. 2020). Increased DNA 

damage in blood derived cells has been found to correlate 
with increased risk of cancer and degenerative diseases 
(Bonassi et al. 2007; Møller et al. 2020). DNA repair can 
reduce genomic damage, or in the case or erroneous repair 
or overwhelmed repair enzymes lead to its manifestation 
(Langie et al. 2015). Therefore, DNA damage and DNA 
repair activity are both important endpoints to be assessed. 
In addition, these parameters can be used to study individual 
DNA damage or repair levels, which can be influenced by 
life style factors. While the latter can more easily be done 
with freshly obtained samples, studies regarding occupa-
tional or environmental influence on DNA integrity require 
large sample numbers, which have to be collected over an 
extended time period. Only assays, which allow the use of 
stored samples are suitable for such studies.

The comet assay is a simple technique, which offers 
with its several modified versions a useful tool for human 
biomonitoring (Collins and Azqueta 2012a). It allows to 
determine and characterise DNA damage and DNA repair 
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activity. One of the main challenges is working with large 
sample numbers. To overcome this issue, an enhanced 
throughput version can be used (Azqueta et al. 2013; Gutz-
kow et al. 2013). Another problem in large studies is that 
samples are collected on different days at different locations 
and must be stored. For the comet assay, they must be pro-
cessed simultaneously. The storage of human blood cells is 
commonly done as frozen whole blood or buffy coat prepa-
rations. It has been shown already that frozen whole blood 
preparations can be used in the comet assay if they were fro-
zen in a suitable manner, which is not yet the case for many 
long-existing biobanks and sample collections (Al-Salmani 
et al. 2011; Koppen et al. 2017; Milić et al. 2019). Some 
recent studies investigated the effect of cryopreservation 
on DNA damage in different blood preparations (Ladeira 
et al. 2019). However, these studies are mostly limited to 
DNA damage and do not assess DNA repair activity. Fur-
thermore, sample numbers are small. There is still a need 
for investigation of the suitability of frozen buffy coat or 
peripheral blood mononuclear cells (PBMC) with a bigger 
sample size. Furthermore, the applicability of protocol vari-
ations for characterisation of the DNA damage and DNA 
repair activity still needs to be established. DNA repair is 
an important parameter for susceptibility to accumulations 
of mutations and cancer risk. Individual differences in DNA 
repair are sometimes analysed by measuring expression of 
repair genes, but the activity of repair proteins, which can 
only be assessed in a functional assay, is not usually reported 
in biomonitoring type studies (Azqueta et al. 2019; Collins 
and Azqueta 2012b). This is partly due to the lack of well-
established methods. The comet assay offers a good alter-
native with its various modified forms for measuring DNA 
repair activity, although further understanding is necessary. 
In this study, we aimed to fill this gap by investigating the 
use of cryopreserved PBMCs in the aphidicolin block repair 
comet assay. For this, we studied the effect of cryopreserva-
tion, using different blood preparations and various modified 
versions of the comet assay to assess DNA damage and DNA 
repair activity.

Materials and methods

Materials

GelRed was from Biotrend (Köln, Germany). Normal melt-
ing point agarose, dimethyl sulfoxide (DMSO) and sodium 
hydroxide were from Carl Roth (Karlsruhe, Germany). 
RPMI 1640 medium, l-glutamine, Triton X-100, pyhto-
haemaglutinine, histopaque, methyl methanesulfonate, 
potassium bromate and low melting point agarose were 
from Sigma-Aldrich (Steinheim, Germany). Formamidopy-
rimidine-DNA glycolase of Escherischia coli (FPG protein) 

was isolated from E. coli strain JM105, carrying the plasmid 
pFPG230 (kindly supplied by Prof. Dr. Bernd Epe, Univer-
sity of Mainz, Germany).

Methods

Sample preparation

The study was intended to investigate the effect of cryo-
preservation on DNA damage and DNA repair in different 
blood preparations. For this aim, we used 20 anonymized 
blood samples. These were remaining blood volumes from 
studies with University Wuerzburg ethical approval numbers 
186/14 and 202/19, partially published in (Bankoglu et al. 
2020, 2018), which were used fresh and also cryopreserved 
as whole blood or isolated peripheral blood mononuclear 
cells. Whole blood samples were aliquoted as 250 µl por-
tions and frozen without cryoprotectant. For buffy coat, 1 ml 
of blood was centrifuged at 200 g for 10 min at room temper-
ature. The buffy coat layer between erythrocytes and plasma 
was collected with a Pasteur pipette. The isolated buffy coat 
was cryopreserved as 250-µl aliquots without cryoprotectant. 
Isolation of peripheral blood mononuclear cells (PBMCs) 
was done using 3-ml blood diluted with PBS. This solu-
tion was layered on an equal amount of histopaque and then 
centrifuged at room temperature at 535 g for 30 min. After 
centrifugation, the PBMC layer was collected with the help 
of a Pasteur pipette and washed twice with medium (RPMI 
1640 containing 10% fetal calf serum and 1% l-glutamin) 
at room temperature at 300 g for 10 min. Finally, PBMCs 
were resuspended in 3 ml medium and the cell number was 
determined using a cell counting chamber. Samples were 
cryopreserved by diluting 2 × 106 cells/ml freezing medium 
(RPMI 1640 medium containing 10% fetal calf serum, 1% 
L-glutamin and 10% DMSO). Aliquots of whole blood, buffy 
coat and isolated PBMCs were frozen overnight in a freezing 
container with isopropanol at − 80 °C and stored at − 80 °C.

For thawing samples, we used a 37 °C water bath. Whole 
blood and buffy coat samples were then placed on ice until 
use. PBMCs were centrifuged at 4 °C, 750 g for 5 min and 
then the cell pellet was diluted in PBS to reach the desired 
cell density and kept on ice.

Exogenous DNA damage induction

An ex vivo hydrogen peroxide treatment (40 µM at 4 °C for 
5 min) was performed for all blood preparations to inves-
tigate the effect of cryopreservation as well as to compare 
the sensitivity differences between the blood preparations.

In addition, 40 µM hydrogen peroxide (H2O2) was used 
to induce oxidative DNA lesions to determine the base exci-
sion repair (BER) activity. An UVC treatment (5 J/m2) was 
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used for inducing photoadducts and to monitor nucleotide 
excision repair (NER) activity.

Positive and negative assay controls

In the alkaline comet assay, DMSO (1% DMSO for 4 h)-
treated TK6 cells were used as negative control and methyl 
methanesulfonate (100 µM MMS for 4 h)-treated TK6 cells 
were used as positive control. In the FPG comet assay, water 
(1% water for 1 h) treated TK6 cells were used as negative 
control and potassium bromate (2 mM KBrO3 for one hour) 
treated TK6 cells were used as positive control. After treat-
ment, TK6 cells were diluted in freezing medium (RPMI 
1640 containing 10% fetal calf serum, 1% L-glutamin 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, one aliquot from 
each negative and positive control were thawed rapidly and 
then without washing steps placed on ice. The percentage 
of DNA in the tail from these methodological negative and 
positive controls is listed in Table 1.

Alkaline comet assay

5 µl of undiluted whole blood or buffy coat were mixed with 
200 µl of pre-warmed low melting point agarose (0.8%) at 
37 °C. For PBMCs, 50 µl of cell suspension were used for 
mixing with 120 µl of pre-warmed low melting point agarose 
(0.8%). 5 µl of these mixtures were used for the preparations 
of each minigel on a Gelbond film as matrix. After solidi-
fication of the minigels, Gelbond films were dipped into a 
cold lysis solution (1% Triton X-100, 10% dimethyl sulfox-
ide 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 placed in a horizontal electrophoresis 
chamber filled with cold alkaline buffer and incubated for 
20 min in the dark for DNA unwinding and then electropho-
resis was performed (1 V/cm, 20 min). For neutralization, 
Gelbond films were washed in PBS and then in bidistilled 
water each for 10 min. For dehydration of minigels, Gelbond 
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 100 random nuclei 
per sample (50 nuclei/minigel).

FPG comet assay

All steps until lysis were done as described above ("Alka-
line comet assay" section). After lysis, Gelbond films were 
washed three times 10 min in FPG enzyme 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 enzyme 
(1.6 µg protein / ml) or with FPG enzyme reaction buffer for 
an hour at 37 °C in a jar. After this, alkaline unwinding and 
the following steps were done as described above ("Alkaline 
comet assay" section).

Repair comet assay

Isolated PBMCs were resuspended in RPMI 1640 medium 
supplemented with 10% fetal calf serum, 1% L-glutamin and 
then split in a 48-well plate (400.000 cells/well) for treat-
ment. A sub-group of the cryopreserved samples was used 
for testing an alternative protocol with mitogen stimulation. 
For this, PBMCs were split in a 48-well plate and then either 
incubated with phytohaemaglutinine (PHA, 2.4 µg/ml) or 
without PHA for 16 h at 37 °C. On the next day, these sam-
ples were treated as described and comet assay was per-
formed. To determine BER activity, some of the wells were 
treated with 40 µM of H2O2 for 5 min on ice and to deter-
mine NER activity, some of the wells were treated with UVC 
(5 J/m2) either in the presence or in the absence of DNA 
polymerase inhibitor aphidicolin (APC, 5 µM). After treat-
ment, cells were used either immediately or after a repair 
time (1 h for BER and two hours for NER at 37 °C). Then 
comet assays were performed as described above ("Alkaline 
comet assay" section).

Vitality test

A dye exclusion/activation fluorescent vitality test was per-
formed to determine the percentage of viable cells directly 
after thawing cryopreserved PBMCs and either after 16 h 

Table 1   The percentage 
of DNA in tail from 
methodological negative and 
positive control

DNA in tail (%) (Mean ± SD, n = 4) Significance

1% DMSO 4.92 ± 1.37
100 µM MMS 8.18 ± 1.35 * p ≤ 0.05 vs. 1% DMSO
1% Water 5.31 ± 0.72 (Buffer control)

9.43 ± 1.93 (FPG enzyme)
2 mM KBrO3 4.82 ± 0.62 (Buffer control)

23.19 ± 8.41 (FPG enzyme)
* p ≤ 0.05 KBrO3 FPG enzyme vs. 

KBrO3 Buffer control and 1% water 
FPG enzyme
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PHA stimulation or after 16 h recovery. For this, 70 µl of 
cell suspension was mixed with 30 µl of staining solution 
(2 µl of GelRed stock solution and 12 µl of fluorescein diac-
etate (FDA, 5 mg/ml in acetone) in 2 ml PBS). 15 µl of this 
mixture were placed on a glass slide and covered with a 
cover slip (21 × 26 mm). 200 cells were counted at 200-fold 
magnification with an Eclipse 55i microscope. The propor-
tion of green cells (vital) to red cells (dead) was evaluated.

Statistics

Statistical analysis was done using GraphPad Prism 8.4.2 
software. Data were presented as Mean ± SD. Two-way 
ANOVA Tukey`s multiple comparisons test was applied 

to confirm the significant differences between the groups. 
Results were considered significant with p ≤ 0.05.

Results

When fresh samples were used, whole blood and buffy coat 
preparations exhibited similar amounts of basal DNA strand 
breaks, whereas PBMCs showed slightly but significantly 
higher basal DNA strand breaks (Fig. 1a). The percentage 
of DNA in tail in PBMCs increased significantly upon an 
ex vivo H2O2 treatment, but whole blood and buffy coat 
preparations did not react to this agent. The use of FPG 
enzyme lead to increased detectable amounts of DNA breaks 

Fig. 1   A comparison on basal level of DNA damage in three differ-
ent blood preparations and the effect of cryopreservation on DNA 
damage. a Basal level of DNA damage among three different blood 
preparations in alkaline comet (n = 20) and FPG comet assay (n = 20 
for whole blood and buffy coat, n = 10 for PBMCs) as well as after 
an ex vivo hydrogen peroxide challenge (n = 10 for whole blood and 
buffy coat, n = 20 for PBMCs). Basal DNA strand breaks: *p ≤ 0.05 
vs. whole blood, ● p ≤ 0.05 vs. buffy coat and ■ p ≤ 0.05 vs. PBMCs. 
Ex vivo H2O2 challenge: ♦ p ≤ 0.05 vs. whole blood and   □p ≤ 0.05 
vs. buffy coat. b The effect of cryopreservation on basal level of DNA 
strand breaks in three different blood preparations (n = 20). Fresh: 

*p ≤ 0.05 vs. whole blood and ● p ≤ 0.05 vs. buffy coat. Cryopre-
served: ◦p ≤ 0.05 vs. PBMCs. c The effect of cryopreservation on 
basal level of DNA oxidation damage in three different blood prepa-
rations (n = 20 for whole blood and buffy coat, n = 10 for PBMCs). 
Buffer (for fresh and cryopreserved): *p ≤ 0.05 vs. whole blood, ● 
p ≤ 0.05 vs. buffy coat and ■ p ≤ 0.05 vs. PBMCs. Cryopreserved 
(only for Buffer): ◦p ≤ 0.05 vs. PBMCs. d The effect of cryopreser-
vation on hydrogen peroxide-induced DNA strand breaks in PBMCs 
(n = 20). ◦p ≤ 0.05 vs. Buffer-fresh, ● p ≤ 0.05 vs. Buffer-cyropre-
served and   ★ p ≤ 0.05 vs. FPG-fresh
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in all sample types, and the net FPG sensitive sites (damage 
after FPG treatment minus basal damage) showed a similar 
level in all three blood preparations.

In Fig. 1b, the comparison of basal DNA strand breaks 
between fresh and cryopreserved preparations revealed that 
there was no significant difference between fresh and frozen 
in whole blood, buffy coat and PBMCs. The FPG comet 
assay yielded a similar trend for all three blood preparations, 
but slightly reduced effects in cryopreserved compared to 
fresh samples (Fig. 1c).

Ex vivo H2O2 treated fresh and cryopreserved PBMCs 
yielded a significant increase compared the basal DNA 
strand breaks. However, the induction in cryopreserved 
PBMCs was less than in fresh PBMCs (Fig. 1d).

Since cryoprotectant had only been added to PBMCs 
during freezing this was the only sample type that could 
be investigated for repair activity. In the BER comet assay, 

40 µM of H2O2 was used to induce oxidative DNA dam-
age (Fig. 2). Following the H2O2 treatment, PBMCs were 
either used directly (t0) in the comet assays or kept for one 
hour (t1) at 37 °C to allow repair. During the repair time, 
5 µM of aphidicolin was applied to inhibit the DNA poly-
merase activity preventing filling of repair-mediated gaps. 
Hydrogen peroxide yielded a significant increase in DNA 
damage compared to control. The applied aphidicolin con-
centration did not cause any increase in DNA damage itself. 
After 1 h repair time and without addition of aphidicolin, a 
nonsignificant but clear reduction in DNA damage induced 
by H2O2 can be seen in Fig. 2a. After one hour repair time, 
H2O2 and aphidicolin treated cells showed a significant 
increase in DNA damage, which represents BER activity. 
Cryopreserved PBMCs yielded very similar results at t0 
(used immediately after treatment; Fig. 2b). However, at t1 
(after one hour repair time), cryopreserved PBMCs showed 

Fig. 2   The results of aphidicolin block base excision repair (BER) 
comet assay. a BER activity in freshly isolated PBMCs (n = 20). 
b BER activity in cryopreserved PBMCs (n = 20). c BER activity 
in cryopreserved PBMCs after 16  h recovery (n = 6). d BER activ-
ity in cryopreserved PBMCs after 16  h PHA stimulation (n = 6). t0: 

directly after treating and t1: an hour repair. ● p ≤ 0.05 vs. Controlt0, 
◦p ≤ 0.05 vs. Control t1, * p ≤ 0.05 vs. 40  µM H2O2 t0,  p ≤ 0.05 vs. 
40 µM H2O2 + APC t0,  □ p ≤ 0.05 vs. Control + APC t0, ■ p ≤ 0.05 
vs. Control + APC t1, ∆ p ≤ 0.05 vs. Control t0 and ♦ p ≤ 0.05 vs. Con-
trol + APC t0
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significantly elevated DNA damage in all treated cultures 
independent of the type of treatment. After 16 h of mitogen 
stimulation or 16 h recovery time, cryopreserved PBMCs 
yielded similar results to fresh samples in the BER comet 
assay (Fig. 2c, d). The increase in basal DNA damage had 
completely disappeared following 16 h incubation (either 
with or w/o PHA stimulation) and it was possible to measure 
BER activity following to H2O2 insult.

In the NER comet assay, 5 J/m2 UVC was used to induce 
photo adducts in fresh or cryopreserved PBMCs either in 
presence or in absence of aphidicolin (Fig. 3). Then, the 
comet assay was performed either directly after treatment 
at t0 or after a two hours repair time at t2. The applied dose 
of UVC did not yield a significant increase in DNA strand 
breaks at t0, but upon repair (removal of photoadducts by 
NER) at t2 lead to a significant increase in DNA damage 
(Fig. 3a). This increase in DNA damage was higher in the 

co-treatment group with aphidicolin, which represents the 
NER incision activity because aphidicolin prevents filling of 
the NER-induced gaps. Again, similar to what was observed 
before in the BER variant of the repair comet assay, cryopre-
served PBMCs showed a strong increase in basal DNA dam-
age in all treatments after 2 h repair time (Fig. 2b). However, 
a 16 h recovery time with or without mitogen stimulation 
prevented the increase in basal damage and made it possible 
to work with cryopreserved samples for measuring DNA 
repair activity (Figs. 2c, d, 3c, d).

A dye exclusion/activation vitality test was performed in 
parallel to the repair comet assays. The percentage of vital 
cells was determined before and after 16 h incubation (either 
with or without PHA). In addition, the number of PBMCs 
was determined using a cell counting chamber following 
the 16 h incubation. There was no significant difference in 
the percentage of vital cells after 16 h incubation neither 

Fig. 3   The results of aphidicolin block nucleotide excision (NER) 
repair comet assay. a NER activity in freshly isolated PBMCs 
(n = 20). b NER activity in cryopreserved PBMCs (n = 20). c NER 
activity in cryopreserved PBMCs after 16  h recovery (n = 6). d 
NER activity in crypreserved PBMCs after 16  h PHA stimula-

tion (n = 6). t0: directly after treating and t2: 2 h repair. ◦p ≤ 0.05 vs. 
Control + APCt2, * p ≤ 0.05 vs. 5  J/m2 UVC t0,  p ≤ 0.05 vs. 5  J/m2 
UVC + APC t0, ■ p ≤ 0.05 vs. Control + APC t2, ∆ p ≤ 0.05 vs. Con-
trol t0 and ♦ p ≤ 0.05 vs. Control + APC t0
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with nor without PHA stimulation. However, the numbers of 
PBMCs were altered after 16 h. After 16 h of mitogen stimu-
lation, the PBMC number was reduced by 40.80% compared 
to the number of seeded cells. When 16 h recovery time was 
applied, the cell number was reduced by 25.91% (Table 2).

Discussion

Due to its several modified versions, the comet assay is not 
only used to determine DNA strand breaks, but also to inves-
tigate the type of DNA lesions, antioxidant status of samples 
and their DNA repair activity in human biomonitoring stud-
ies. Performing an enhanced throughput version of the comet 
assay with large sample numbers can increase the quality of 
this assay for human biomonitoring, because many samples 
can be run in the same electrophoresis, eliminating possible 
minor day to day method variability. However, this will usu-
ally require collecting samples over time, as it is also done 
in biobanks. Whether the use of such cryopreserved sam-
ples is suitable for various modifications of the comet assay 
was tested here. We compared different blood preparations 
(whole blood, buffy coat and isolated PBMCs) and the effect 
of cryopreservation on DNA damage and DNA repair activ-
ity. Our findings showed a similar basal level of DNA dam-
age in all fresh and cryopreserved blood preparations, with 
PBMCs exhibiting slightly higher levels than whole blood 
and buffy coat. The basal level of oxidized DNA lesions, 
represented as Net FPG sensitive sites, was also similar for 
all blood preparations, and either fresh or cryopreserved. 
Ladeira et al. (2019), have previously compared the basal 
DNA strand breaks from 3 blood samples with the same 
3 different blood preparation types as here, also fresh and 
cryopreserved and our results using 20 samples are in com-
plete agreement, further supporting their findings.

Furthermore, we used an exogenous insult to determine 
the sensitivity of different blood preparations against an oxi-
dizing agent. Hydrogen peroxide treatment yielded a signifi-
cant increase in DNA damage in PBMCs, but not in whole 
blood and buffy coat preparations. This is in agreement 
with several publications, which compared the sensitivity of 
whole blood and isolated mononuclear cells and showed that 
the whole blood preparations were resistant to exogenous 
H2O2 treatment (Akor-Dewu et al. 2014; Chuang and Hu 

2004; Giovannelli et al. 2003). There was no significant dif-
ference between fresh and cryopreserved PBMCs regarding 
their response to the exogenous H2O2 insult. Ladeira et al. 
(2019), investigated the influence of exogenous hydrogen 
peroxide treatment as well and different from our results, 
buffy coat also exhibited a slight increase. They discussed a 
possible protective effect of erythrocyte and plasma fractions 
against oxidizing agents due to cellular antioxidant compo-
nents such as catalase enzyme and glutathione (Ladeira et al. 
2019). If that is the case, differences in the preparation of 
buffy coat might explain the slightly different results. Buffy 
coat preparations have a different composition compared to 
whole blood and PBMCs. They do contain erythrocytes, but 
to a lower degree than whole blood. On the other hand, buffy 
coat samples contain a higher percentage of neutrophils than 
the PBMC fractions. These differences might explain their 
lower sensitivity compared to the PBMC preparation and 
slightly higher sensitivity compared to whole blood regard-
ing oxidizing agents. Andreoli et al. (1999), treated whole 
blood and isolated white blood cells with methyl methane-
sulfonate (MMS) and H2O2. They observed a significant 
increase in DNA damage in both sample types after MMS 
treatment, but not with H2O2, which only led to an elevated 
DNA damage in white blood cells, but not in whole blood 
cells, similar to our and Ladeira et al. (2019) observations.

Our findings support the study from Al-Salmani et al. 
(2011), by showing once more that cryoprotection is not 
necessary for the storage of whole blood as well as buffy 
coat preparations. This is a great advantage if human bio-
monitoring studies are performed with large sample numbers 
and it can reduce the time required for sample preparation 
significantly.

The FPG comet assay was performed with fresh and 
cryopreserved blood preparations. All three different blood 
preparations yielded a similar outcome in the FPG comet 
assay with fresh and cryopreserved samples. Net FPG sen-
sitive sites were not different between the different blood 
preparations or between fresh and cryopreserved samples. 
Thus, all three preparations were found suitable for perform-
ing the FPG comet assay.

The comet assay is mostly used to determine DNA dam-
age, but there are different modified versions of comet assay, 
which allow detection of the DNA repair activity. We per-
formed BER and NER comet assays after inducing specific 

Table 2   The percentage of 
vital cells and reduction in 
the number of PBMCs after 
thawing directly, after 16 h 
recovery and after 16 h PHA 
stimulation

Vital cells (%) (Mean ± SD, 
n = 6)

Reduction in the 
number of PBMCs 
(%)

Directly after thawing 93.21 ± 2.63
Cryopreserved after 16 h recovery 87.00 ± 5.87 25.91 ± 14.60
Cryopreserved after 16 h PHA stimulation 89.45 ± 3.85 40.80 ± 16.40
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lesions using either H2O2 or UVC. Freshly isolated PBMCs 
or cryopreserved PBMCs were used in both variants. Both 
repair assays yielded clear results in freshly isolated PBMCs. 
However, in cryopreserved PBMCs, the repair duration lead 
to a significant increase in basal DNA damage and no result 
pattern revealing DNA repair activity was detectable. The 
NER comet assay has been used in freshly isolated white 
blood cells by different working groups. For example, 
freshly isolated white blood cells were treated with benzo[a]
pyrene diol epoxide and both studies (Speit et al. 2013; 
Vande Loock et al. 2010) were able to determine NER inci-
sion activity. There are a limited number of studies, which 
performed repair comet assays with cryopreserved PBMCs 
(Table 3). The summarized studies in Table 3 reveal huge 
variations in the protocol for the DNA repair comet assay 
with cryopreserved blood preparations. Recovery time, PHA 
stimulation or use of APC are inconsistent among the labs 
and their effect on the outcome is not well understood.

Consistent with our findings, Duthie et al. (2002), showed 
that incubating cryopreserved PBMCs at 37 °C for 4 h or 
more caused a significant increase in the basal DNA dam-
age level. The PHA-stimulated PBMCs had a higher DNA 
repair capacity compared to the unstimulated ones. Half of 
the published works used a recovery time of 16 or more 
hours, while the other half worked with freshly thawed or 
shortly recovered PBMCs. In addition, half of the studies 
employed mitogen stimulation. PHA activates lymphocytes 
to re-enter the cell cycle (and later to go through mitosis). 
One of the studies, (Barret et al. 1995), investigated the NER 
incision activity with various methods in PHA-stimulated 
and unstimulated peripheral blood lymphocytes and found a 
significant increase of incision activity upon PHA-treatment. 
The choice of a long recovery period might result from fol-
lowing the successful protocol of others or own negative 
observations with freshly thawed PBMC. However, this has 
not been reported clearly so far. Since the analysis of DNA 
repair activity requires cell culture, viability of cells after 
thawing has crucial importance. The dying cells after thaw-
ing can lead to elevated DNA in tail and cause an increased 
background as we observed. If one compares DNA damage 
at 16 h with that at a few hours (e.g. 1–4) after thawing, the 
reduction of damage might be misinterpreted as DNA repair 
while it really represents the death of highly damaged cells. 

Since repair protocols might call for certain treatment dura-
tions, it is important to keep this in mind and record cell 
numbers in addition to DNA damage when working with 
frozen samples.

Since a method variant with preparing extracts containing 
repair enzymes from cryopreserved samples and using the 
extracts on other cells in the comet assay works well (Gaivão 
et al. 2009; Langie et al. 2010; Paz-Elizur et al. 2007), it is 
unlikely that cryopreservation and/or thawing have an influ-
ence on the activity of repair enzymes. Instead, this observed 
increase in % tail DNA within the first hours after thawing 
might be related to the membrane integrity of the thawed 
PBMCs, for example by causing a release of nucleases from 
intracellular organelles. In our experiments, PHA stimula-
tion of cryopreserved PBMCs yielded a detectable repair 
activity after 16 h, but only 60% of cryopreserved cells were 
still present at the time of fixation after stimulation. After 
16 h recovery time without PHA stimulation, we were also 
able to analyse repair activity in cryopreserved PBMCs, but 
only 75% of cryopreserved cells were still present.

In summary, cryopreserved whole blood, buffy coat 
and PBMCs can be used to analyse the DNA damage in 
the comet assay. Whole blood and buffy coat preparations 
do not require any addition of cryoprotectant, which makes 
the freezing procedure simple and increases the viability of 
cells after thawing. However, cryopreserved PBMCs offer 
the additional possibility of an ex vivo induction of DNA 
lesions. For example, an ex vivo hydrogen peroxide chal-
lenge can be a useful approach to compare the antioxidant 
status of subjects in nutritional studies. In contrast to the 
successful utilization of cryopreserved samples in the alka-
line and FPG comet assay, it was only possible to use cryo-
preserved PBMCs for NER or BER comet assay with an 
introduction of a recovery time before use. Thus, to analyse 
DNA repair capacity in cryopreserved PBMCs, a 16 h recov-
ery time (with or without PHA) is recommended. However, 
during the recovery, a considerable reduction of cell number 
may be observed, and it should be considered for each study 
whether that is acceptable for the aim of the study, since 
selective loss of certain cells cannot be excluded currently. 
In studies reporting repair kinetics of freshly thawed cells 
over a longer time, a concurrent cell count is needed.
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