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A B S T R A C T   

DNA damage plays a pivotal role in carcinogenesis and other diseases. The comet assay has been used for more 
than three decades to measure DNA damages. The 1–2 gels/slide format is the most used version of the assay. In 
2010, a high throughput 96 macrowell format with a spatially encoded array of microwells patterned in agarose 
was developed, called the CometChip. The commercial version (CometChip®) has been used for the in vitro 
standard version of the comet assay (following the manufacturer’s protocol), although it has not been compared 
directly with the 2 gels/slide format. The aim of this work is to developed new protocols to allow use of DNA 
repair enzymes as well as the analysis of in vivo frozen tissue samples in the CometChip®, to increase the 
throughput, and to compare its performance with the classic 2 gels/slide format. We adapted the manufacturer’s 
protocol to allow the use of snap frozen tissue samples, using male Wistar rats orally dosed with methyl 
methanesulfonate (MMS, 200 mg/kg b.w.), and to detect altered nucleobases using DNA repair enzymes, with 
TK6 cells treated with potassium bromate (KBrO3, 0–4 mM, 3 h) and formamidopyrimidine DNA glycosylase 
(Fpg) as the enzyme. Regarding the standard version of the comet, we performed thee comparison of the 2 gel/ 
slide and CometChip® format (using the the manufacturer’s protocol), using TK6 cells with MMS (100–800 µM, 
1 h) and hydrogen peroxide (H2O2, 7.7–122.5 µM, 5 min) as testing compounds. In all cases the CometChip® was 
performed along with the 2 gels/slide format. Results obtained were comparable and the CometChip® is a good 
alternative to the 2 gels/slide format when a higher throughput is required.   

1. Introduction 

It has been estimated that tens of thousands of DNA lesions are 
generated in human cells per day (Lindahl and Barnes, 2000; Tubbs and 
Nussenzweig, 2017). DNA damage can occur by endogenous and exog
enous agents and can be caused through different mechanisms (Barnes 
et al., 2018; Phillips and Arlt, 2009). It is vital to repair the DNA lesions 
correctly (Jackson and Bartek, 2009), otherwise DNA lesions could lead 
to mutations and, depending on the genes affected by those mutations, 
promote cancer. Moreover, DNA damage is linked to ageing (Schu
macher et al., 2008), neurodegenerative disorders (Jaye Bix et al., 2019; 
Kulkarni and Wilson, 2008; Rass et al., 2007), and cardiovascular dis
ease (Mercer et al., 2007). In 2019, the annual incidence rate (new cases 
per 100.000) worldwide for neoplasms was 3943 (accounted for 17.83% 

of total deaths), 10,406 for neurological disorders, including neurode
generative disorders (3.93% of total deaths), and 717 for cardiovascular 
diseases (32.84% of total deaths) (Institute for Health Metrics and 
Evaluation (IHME), 2020). Therefore, it is important to develop reliable 
tools for studying and measuring DNA damage and repair. 

The single-cell gel electrophoresis assay or comet assay was intro
duced in 1984 (Ostling and Johanson, 1984) and modified to its more 
common version (Singh et al., 1988) a few years later. It is a 
well-established technique for measuring DNA lesions in eukaryotic cells 
(Azqueta and Collins, 2013; Collins et al., 2023; Møller, 2018). To carry 
out the assay, cells are embedded in agarose and lysed to release 
negatively supercoiled DNA loops attached at intervals to a scaffold, the 
so-called nucleoids (Cook et al., 1976). In the presence of DNA strand 
breaks, supercoiling is relaxed, and DNA loops migrate towards the 
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anode when electrophoresis is run. The amount of DNA that is able to 
migrate can be quantified and reflects the frequency of DNA breaks 
(Azqueta and Collins, 2013). It is worth mentioning that before the 
electrophoresis and during it, the nucleoids are exposed to a high pH 
that converts alkali-labile sites (ALS) into DNA strand breaks. Thus, not 
only DNA breaks are detected, but also ALS. The comet assay has also 
been modified to detect cross-links, altered nucleobases through 
lesion-specific DNA repair enzymes, bulky adducts and even DNA 
methylation status (Collins et al., 2023; Muruzabal et al., 2021b, 2021a; 
Ngo et al., 2021; Townsend et al., 2017). Moreover, the comet assay is 
used to measure DNA repair (Azqueta et al., 2019b, 2014). 

The comet assay is relatively simple and versatile and has been used 
in many animal species, in human biomonitoring and in genotoxicity 
testing, both in vitro and in vivo (Azqueta et al., 2020; Collins et al., 
2023; Gajski et al., 2019b, 2019a; Milić et al., 2021). However, it has 
some limitations, being the most serious one the high inter-laboratory 
variation that is partly due to the use of different assay conditions 
(Ersson et al., 2013; Forchhammer et al., 2012, 2010; Gedik et al., 2004; 
Johansson et al., 2010; Møller et al., 2023a). Adopting standard pro
tocols should ameliorate this limitation and several efforts have been 
made in this direction such the development of an Organisation for 
Economic Co-operation and Development (OECD) test guideline for the 
in vivo mammalian alkaline comet assay (Organisation for Economic 
Co-operation and Development (OECD), 2016), or the recent publica
tion of a compendium of protocols covering different sample types and 
comet assay modifications, prepared by the collaboration of nearly 80 
authors from different countries (Collins et al., 2023). Moreover, tech
nical recommendations to perform the comet assay (Azqueta et al., 
2019c), and recommendations on the level of details to be reported on 
the procedure descriptions and results in order to interpret comet assay 
data across laboratories (Møller et al., 2020a), have been recently 
published. Protocols to measure DNA repair via a modified version of the 
comet assay have also been published (Vodenkova et al., 2020). 

Another important focus point is the comet assay’s throughput. 
Many laboratories use microscope slides as a support for one or two 
agarose gels containing the cells/nucleoids. The number of samples that 
can be analysed using this format of the assay depends on the size of the 
electrophoresis tank, the use of the standard or a modified-come assay (i. 
e, if enzymes are going to be used for the detection of some altered 
nucleobases, several gels have to be prepared per sample) and the use of 
more or less technical replicates per sample. The throughput can be 
increased using 12 minigels per slide (Shaposhnikov et al., 2010; Sha
poshnikov and Collins, 2017) or even 96 minigels on a GelBond® film 
(Gutzkow et al., 2013). In the case of the 12 minigels, each of the gels 
can be incubated separately by using a device that isolate them; this is 
convenient when using different enzymes to detect altered nucleobases 
(Muruzabal et al., 2021a, 2021b). In 2010, the use of a single cell gel 
array, consisting of spatially separated microwells patterned on agarose 
with the aid of a stamp, to carry out the comet assay was reported (Wood 
et al., 2010). This version was named the CometChip platform in 2013 
(Weingeist et al., 2013) and was some years later made commercially 
available as CometChip® (Trevigen). The composition of the commer
cial CometChip® (Trevigen) is unknown. 

The new technology is based on a 96-well format by clamping a 
bottomless 96-well plate or using the commercial CometChip® System 
(containing a macrowell former of 96 wells, also bottomless, in a 96- 
wells pattern) on top of the chip (Ge et al., 2015, 2014). In this way, 
each of the 96 macrowells contains around 400 microwells inside, and 
each microwell is designed to contain a cell. Thus, this format reduces 
overlapping of comets, and the nucleoids/comets share the same focal 
plane. That can, in addition to increase the number of samples, facilitate 
the scoring process and thus, speed it up. 

The protocol to perform the comet assay when using the homemade 
CometChip is similar to the traditional protocol once cells are loaded in 
the microwells. However, when using the commercial CometChip®, the 
protocol provided by the manufacturer should be followed. The main 

difference is the long electrophoresis time. 
The homemade CometChip has been applied to the in vitro standard 

and enzyme-modified comet assay (Chao et al., 2020; Ge et al., 2021, 
2013; Ngo et al., 2021; Rosenthal et al., 2023; Townsend et al., 2017; 
Watson et al., 2014; Xiong et al., 2021). Very recently, it has also been 
applied to the in vivo comet assay (Owiti et al., 2022). However, the 
commercial CometChip® has only been applied to the in vitro standard 
comet assay (Boyadzhiev et al., 2022; Seo et al., 2022; Sykora et al., 
2018) which is expected since the manufacturer’s protocol does not 
cover the use of DNA repair enzymes or in vivo samples. 

The aim of this work is to develop new protocols to allow use of DNA 
repair enzymes as well as the analysis of in vivo frozen tissue samples in 
the CometChip®. Results obtained using the commercial CometChip® 
were compared with those obtained with a regular protocol for the 
classic 2 gels/slide version of the alkaline comet assay (Collins et al., 
2023). 

2. Materials and methods 

2.1. Chemicals and reagents 

Low melting point agarose, standard agarose, Hank’s balanced salt 
solution containing Ca2+ and Mg2+ and phenol red-free (HBSS), sodium 
hydroxide (NaOH), Na2EDTA, Triton X-100, Tris base, HEPES, bovine 
serum albumin (BSA), potassium chloride (KCl), potassium bromate 
(KBrO3, CAS no. 7758–01–2, >99% purity), hydrogen peroxide (H2O2, 
CAS no. 7722–84–1, 30% w/w), methyl methanesulfonate (MMS, CAS 
no. 66–27–3, 99% purity), and 4′,6- diamidino-2-phenylindole (DAPI) 
were purchased from Sigma-Aldrich. Dulbecco’s phosphate-buffered 
saline (DPBS) 1x and 10x were purchased from Gibco. Dimethyl sulf
oxide (DMSO) was purchased from PanReac AppliChem. All cell culture 
reagents were purchased from Gibco. Formamidopyrimidine DNA gly
cosylase (Fpg) was obtained from NorGenoTech AS (Oslo, Norway). The 
30-micron CometChips® and the CometChip® System were obtained 
from Bio-Techne. 

2.2. Cell culture and treatment 

TK6 cells (human-derived lymphoblastoid cell line) originally from 
the American Type Culture Collection (ATCC) were thawed under 
standard procedures. They were grown as a suspension culture (0.2–1 
×106 cells/ml) in Roswell Park Memorial Institute (RPMI) 1640 me
dium, supplemented with 10% foetal bovine serum, 100 UI/ml peni
cillin and 0.1 mg/ml streptomycin, in a humidified atmosphere with 5% 
CO2 at 37 ◦C and for no longer than 60 days. 

For the standard comet assay, TK6 cells treated with four concen
trations of MMS (100–800 µM) for 1 h at 37 ◦C, or five concentrations of 
H2O2 (7.7–122.5 µM) for 5 min on ice were used. Solvents were used as 
negative controls, DMSO for MMS, and PBS for H2O2. After treatment, 
cells were washed by centrifugation (250 g, 5 min, 4 ◦C), resuspended in 
PBS to a concentration of 1 × 106 cells/ml, and kept on ice until the 
standard comet assay was performed. 

For the Fpg-modified version of the assay, we used KBrO3 as geno
toxic agent because this chemical at low concentrations generates 
mainly Fpg-sensitive sites without concomitant generation of DNA 
strand breaks. In addition, KBrO3 has recently been introduced as a 
reliable assay/positive control for the Fpg-modified comet assay (Møller 
et al., 2023b, 2020b). TK6 cells treated with four concentrations of 
KBrO3 (0.5–4 mM) for 3 h at 37 ◦C were employed. Milli-Q water was 
used as solvent for KBrO3 and as negative control. After treatment, the 
cells were washed in PBS by centrifugation (250 g, 5 min, 4 ◦C), resus
pended in freezing medium (i.e., cell growing medium supplemented 
with 1% DMSO), and frozen to − 80 ◦C using Nalgene© Mr. Frosty. 
Several aliquots of cells treated with the different KBrO3 concentrations 
or the solvent were stored at − 80 ◦C until the Fpg-modified comet assay 
was performed. 
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2.3. In vivo samples 

The objective of the in vivo study was to collect negative and positive 
samples (i.e., tissues) to study the applicability of the CometChip® to 
this type of samples, and to compare results obtained with this tech
nology with the ones obtained with the commonly used 2 gels/slide 
format. 

All procedures were approved by the Ethical Committee for Animal 
Experimentation of the University of Navarra and carried out in accor
dance with the ethical protocol CEEA 032–21 under the EU Directive 
2010/63/EU for animal experiments (transposed to the Spanish Royal 
Decree 53/2013). 

The reporting of the in vivo study has been performed following the 
10 essential items of the ARRIVE guidelines (du Sert et al., 2020). Sta
tistical analysis and results are shown in the respective sections. 

2.3.1. Experimental-animals 
Six male Wistar rats (8 weeks old) were purchased from ENVIGO. 

2.3.2. Inclusion and exclusion criteria 
Weight variation did not exceed ± 20% at arrival. Other inclusion 

and exclusion criteria were not applied. 

2.3.3. Randomisation 
The rats were randomly distributed in two groups (3 animals each). 

Briefly, the animals were randomly taken, labeled according to the study 
groups (i.e., negative and positive controls), and then weighed. 

2.3.4. Study design 
For the collection of negative control tissues, a group of animals were 

administered with saline. For the positive control tissues, a group of 
animals received MMS. All animals were sacrificed 3 h after the 
administration of saline or MMS. One animal of each group was 
administered per day. Only one piece of tissue from each animal was 
used for each experiment and therefore was considered to be the 
experimental unit. 

2.3.5. Sample size 
Three animals per treatment group and two groups were used. We 

selected a small sample size because, as mentioned before, the objective 
of this study was not to elucidate the genotoxicity of a test compounds 
but to study the applicability of a high throughput version of the comet 
assay to analyses cells from negative and positive tissues, and to 
compare the results with the commonly used 2 gels/slide format. 

2.3.6. Experimental-procedures 
The rats were weighed the day of the arrival and the acclimation 

period was 5 days. The environmental conditions were 12 h day/night 
cycle, temperature 22 ◦C, relative humidity 55 ± 20%, standard diet, 
and water ad libitum. After the acclimatation period, an overnight 
fasting period was carried out before the administration. Three animals 
receive a single dose of saline by oral gavage and the other three animals 
receive a single dose of 200 mg/kg b.w. of MMS by the same route of 
administration. As mentioned before, one animal of each group was 
administered per day. The average weight of the 6 animals was 264.7 ±
21.9 g and a dosing volume of 1 ml/100 g b.w. was taken from a solution 
of 20 mg/ml MMS or saline. Three hours after the administration, ani
mals were sacrificed via asphyxia in a CO2 cabin. Samples of liver, 
kidney (containing cortex and medulla) and duodenum were obtained 
immediately after sacrifice. The samples were processed into aliquots 
(sections of approximately 2 × 2 × 2 mm, 2 × 3 × 5 mm and 1.5 cm of 
liver, kidney and duodenum, respectively), transferred to cryotubes, and 
snap-frozen in liquid nitrogen. The samples were stored at − 80 ◦C for 9 
months before the analysis. 

2.3.7. Blinding/Masking 
None of the animal procedures were done blind. 

2.3.8. Outcome-measures 
The standard comet assay was performed in an aliquot of each 

sample obtained as described in the following section. The rest of the 
samples were used for potential future determinations/experiments. 

2.4. The standard comet assay 

Two different formats were used simultaneously, the CometChip® 
and the classic 2 gels/slide version of the alkaline comet assay. 

2.4.1. In vitro samples 
When the 2 gels/slide format was used, the protocol applied was as 

follows. Thirty µL of MMS-or H2O2-treated cell suspensions (1 × 106 

cells/ml) was mixed with 140 µL of 1% LMP agarose in PBS at 37 ◦C 
(final agarose concentration of 0.82%), and two drops of 70 µL were 
placed into an agarose precoated glass microscope slide (previously 
dried). After that, 20 × 20 mm coverslips were used to extend the drops, 
and slides were placed on a cold metal plate for around 2 min until the 
gels were solid and the coverslips could be removed. Slides were then 
placed into a Coplin jar with cold lysis solution (2.5 M NaCl, 0.1 M Na2- 
EDTA, 10 mM Tris, pH 10.0; 1% Triton X-100 added before use) for 1 h 
at 4 ◦C. After lysis, slides were moved to an electrophoresis tank inside a 
cold room (4 ◦C) and 1 L of alkaline solution (0.3 M NaOH, 1 mM 
Na2EDTA, pH >13) was poured in it fully covering the slides for 40 min. 
Afterwards, electrophoresis was run at 1.2 V/cm (measured as voltage 
drop across the platform) for 20 min. Then, neutralization was done for 
10 min in PBS and 10 min in demineralized water (dH2O). Gels were 
then air dried overnight. 

The CometChip® was used following the manufacturer instructions. 
First, the chip was left in PBS for 30 min at room temperature. After that, 
it was inserted into the CometChip® System (Bio-Techne) and excess 
PBS was carefully aspired from all wells. Cells were adjusted to 2 × 105 

cells/ml and loaded into the CometChip® using a volume of 100 µL per 
well. Four wells were loaded per condition. The whole system (con
taining the chip with cells) with the clear lid was then placed into an 
incubator at 37 ◦C. After 10 min, the system was rocked N-S and E-W to 
facilitate cell loading into the micropores and placed back into the 
incubator for another 10 min. 

After cell loading, the CometChip® was removed from the system 
and washed with around 5 ml of PBS, pipetting in a continuous fashion 
while having the chip at an angle of around 45◦ and making sure that all 
the wells were washed. A quality check was performed under an 
inverted microscope to ensure that enough cells were loaded into the 
micropores. Subsequently, the CometChip® was placed on a flat surface. 
Approximately 5 ml of 1% low melting point (LMP) agarose in PBS at 
37 ◦C was poured in a single continuous serpentine fashion between 
rows and avoiding wells, evenly covering the chip surface. The chip was 
kept at room temperature for 3 min and at 4 ◦C for 12 min to allow 
agarose gelation. The CometChip® was then placed in a horizontal po
sition in 100 ml of lysis solution 1 h at 4 ◦C. After lysis, alkaline un
winding was performed at 4 ◦C for 40 min by immersing it in the alkaline 
solution. Electrophoresis was run at 1 V/cm for 50 min (the voltage was 
applied and measured across the platform). Neutralization was done for 
2 × 15 min in PBS and 30 min in dH2O. 

2.4.2. In vivo samples 
The CometChip® has not been used before with tissue samples, 

either fresh or frozen. Thus, the manufacturer’s protocol was initially 
followed, modifying only the way the cell suspension was obtained. 

Frozen aliquots of liver, kidney or duodenum from non-treated or 
MMS-treated rats were placed inside a chamber of a dry ice-chilled metal 
pulveriser and a single sharp hammer impact was given to a piston 
above the sample. After the compression of the aliquots, the plain dishes 
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obtained were disaggregated and homogenized in 2 ml of mincing so
lution (HBSS supplemented with 20 mM Na2EDTA and adjusted to pH 
7.5; just prior use 10% of DMSO was added) with a Pasteur pipette, 
obtaining a cellular suspension. The cell suspension was diluted 1:5 in 
cold mincing solution to, immediately after, pipette 100 µL per well 
using 4 wells per condition into the CometChip® inserted into the 
CometChip® System. Cells were loaded for 20 min at 37 ◦C. During cell 
loading, agarose embedding of the 2 gels/slide format was done, taking 
cells from the non-diluted cell suspension. The rest of the procedure was 
as described in in vitro standard comet assay section. 

In subsequent attempts, some parts of the CometChip® protocol were 
modified as follows: all parts of the CometChip® System (the carrier 
base and the macrowell former) were precooled to 4 ◦C the day before. 
Before starting the experiment, the CometChip® was left in PBS for 30 
min at 4 ◦C. The assembled CometChip® System with the chip within 
was kept on ice during the cell pipetting and inside the fridge for the 20 
min cell loading. 

2.5. The Fpg-modified comet assay 

As in the case of the standard comet assay, two different formats 
were used simultaneously, the CometChip® and the classic 2 gels/slide 
version. 

TK6 cells treated with KBrO3 and the negative control were thawed. 
In the case of the 2 gels/slide format, gels were prepared as described in 
Section 2.4.1 (In vitro samples) and two slides were prepared per con
dition. Similarly, cells were loaded in the CometChip® as explained in 
the same section; eight wells were loaded per condition. 

In the case of the 2 gels/slide format and after lysis, the slides were 
washed with enzyme reaction buffer (40 mM HEPES, 0.1 M KCl, 0.5 mM 
EDTA, 0.2 mg/ml BSA, pH 8.0) in a Coplin jar for 3 × 5 min. After that, 
slides were placed on a metal plate and 45 µL of Fpg (1:30000 dilution) 
or 45 µL of enzyme reaction buffer were added on top of each gel, and 
covered with a 22 × 22 mm coverslip. The two gels on one of the slides 
prepared per condition were incubated with the enzyme reaction buffer, 
while the gels on the other slides prepare per condition were incubated 
with Fpg. Finally, the slides were transferred to a moist box and incu
bated for 1 h at 37 ◦C. After enzyme incubation, coverslips were 
removed. 

The use of the CometChip® with DNA repair enzymes is novel. The 
manufacturer’s protocol does not include the use of this modification of 
the assay. In the first attempt, the enzyme reaction buffer washing and 
the enzyme incubation procedures were simply included in the manu
facturer’s protocol after the lysis step. Briefly, after lysis, the Comet
Chip® was washed 3 times with enzyme reaction buffer (5 min each). 
Then, it was introduced into the CometChip® System and a volume of 
100 µL of 1:30000 Fpg or enzyme reaction buffer was pipetted into each 
well. The CometChip® System was covered with a lid and incubated for 
1 h at 37 ◦C. Four wells per conditions were incubated with Fpg and the 
other 4 with the enzyme reaction buffer. Alkaline treatment, electro
phoresis, neutralization and washing were performed as described in the 
Section 2.4.1 (In vitro samples). 

In subsequent attempts, the following modifications were made: 1) 
two different concentrations of agarose were used for the chip overlay: 
1% LMP and 0.6% LMP agarose; 2) the duration of enzyme reaction 
buffer washings was extended to 3 × 15 min; and 3) two different Fpg 
concentrations were tested (1:5000 and 1:30000). 

2.6. Staining and scoring comets 

Slides were stained with a drop of 30 µL of 1 µg/ml DAPI per gel, 
covered with 22 × 22 mm coverslips, and incubated for at least 30 min at 
room temperature. The CometChip® was immersed in a 1 µg/ml DAPI 
solution, covered with aluminum foil, and kept at 2–8 ◦C until next day. 
Prior to scoring, the chip was distained in Milli-Q water for 1 h. 

Comet Assay IV (previously Perceptive Instruments, currently 

Instem) was the software employed for analysis and % DNA in tail was 
the parameter chosen to measure DNA damage. A hundred randomly 
selected comets were analysed per condition; they were scored from two 
duplicated gels/wells (50 comets each). In the case of the CometChip®, 
50 comets were scored per well and only two wells were analysed per 
condition. The other two wells were prepared just in case not enough 
cells/comets were found in two wells. Median of 100 comets were 
calculated per condition. For the enzyme-modified comet assay, net Fpg- 
sensitive sites were obtained by subtracting % DNA in tail obtained in 
the enzyme reaction buffer from that measured in Fpg gels/wells. Non- 
quantifiable hedgehog comets were assigned a value of 100% DNA in 
tail. 

2.7. Statistical analysis 

At least three independent experiments were performed and mean 
and standard deviation (SD) are reported. Results on genotoxicity in 
cells are assessed by analysis of covariates (ANCOVA) test, which tests 
the difference in slopes between regression lines. Post-hoc estimation of 
slopes, standard error (SE) and 95% confidence interval (CI) are based 
on linear regressions in strata of each condition. Coefficient of deter
mination (r2-values) of the relationship between concentrations of the 
compounds and the %DNA in tail obtained were calculated. The full 
dataset on DNA strand breaks by H2O2 exposure has a non-linear con
centration-response relationship because of saturation of the comet 
assay at the high concentrations (i.e. the %Tail DNA comet descriptor 
cannot be higher than 100%). This deviation from linearity is seen in 
analyses where the maximal concentration of H2O2 are omitted (i.e. the 
r2-value increases from 0.74 to 0.87 by excluding 122 µM). Thus, the 
highest H2O2 concentrations are not included in the statistical analysis, 
although the results are shown in the paper. The full concentration range 
of MMS in cell culture experiments is included in the statistical analysis 
because it has a high coefficient of determination (r2 = 0.95). The an
alyses of Fpg-sensitive sites generated by KBrO3 exposure in cells did not 
include the highest concentration of KBrO3 because a ceiling effect was 
obtained at 2 mM KBrO3 (i.e. approximately 90% Tail DNA). Analyses of 
the effect of agarose density (1% vs 0.6%) and Fpg dilution (1:30,000 vs 
1:5000) was assessed by ANCOVA test using KBrO3 concentration as 
continuous variable and full factorial model with interaction between 
agarose density and Fpg concentration as independent (categorical) 
factors. In addition, Student’s t-tests have been used to compare dif
ferences in DNA migration values by the standard and CometChip® 
format in different concentration/dose groups and the correlations be
tween the two formats were studied (these analyses were performed 
with the entire set of data). Results on DNA damage levels in animal 
tissues have been analyzed by full factorial ANOVA with dose of 
chemical and detection format (standard vs CometChip®) as indepen
dent factors. Statistical analyses were done in Stata 15 (StataCorp LCC, 
College Station, TX, USA). 

3. Results 

3.1. DNA strand breaks in cells by exposure to H2O2 or MMS 

Fig. 1 shows the results obtained in H2O2 and MMS-treated cells 
analysed by the standard comet assay and using the 2 gels/slide format 
and the CometChip®. Both compounds generated DNA strand breaks in 
a concentration-dependent manner. Some significant differences in level 
of migration were seen at some of the concentrations tested. The MMS 
dataset (Fig. 1A) showed a higher slope in the 2-gel condition (0.11 ±
0.01; %Tail DNA units per µM of MMS) as compared to the CometChip® 
(0.08 ± 0.01; %Tail DNA units per µM of MMS) (slope ± SE; P < 0.05 for 
differences in slopes). The same effect was seen in the H2O2 dataset 
(Fig. 1B), where the concentration-response relationship was steeper for 
samples in the 2-gel assay (1.28 ± 0.15; %Tail DNA units per µM of 
H2O2) as compared to the CometChip® (0.89 ± 0.09; %Tail DNA units 
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per µM of H2O2) (slope ± SE; P < 0.05 for differences in slopes). The r2 

values for the MMS dataset were 0.97 for the 2 gels/slide and 0.91 for 
the CometChip®, with p < 0.001 in both cases. In the case of the H2O2, 
the r2 values were 0.86 for the 2 gels/slide and 0.91 for the CometChip® 
format, with also p < 0.001 in both cases. 

Linear correlation between the formats were high both for MMS (r2 =

0.92, P < 0.001,) and H2O2 (r2 = 0.96, P < 0.001) treatments (Fig. 2). 

3.2. DNA strand breaks in frozen tissue samples from animals after 
exposure to MMS 

The first attempt to analyse tissue samples in the CometChip® format 
resulted in high backgound levels of DNA migration (close to 80% DNA 
in tail) in frozen liver, kidney and duodenum samples of male Wistar rats 
treated with 200 mg/kg b.w. MMS (data not shown). This makes it 
impossible to observe further increase in the DNA migration level in 
samples from MMS-treated rats. 

This prompted us to modify the chip conditions to reduce the back
ground level of DNA migration. The CometChip® System was precooled 

from the day before use, cell suspension was pipetted into the macro
wells with the whole system on ice, and cells were allowed to settle 
down within the microwells at 4 ◦C instead of at 37 ◦C. The genotoxic 
effect of MMS exposure in animal tissue samples after modifying the 
CometChip® protocol is shown in Fig. 3. Background levels are low (<
10% tail DNA in all cases) in the three organs tested independently of the 
format used. There is not statistical significance of the interaction term 
between MMS exposure and the type of comet assay format (standard vs 
CometChip®) for DNA strand breaks in the liver (P = 0.19), kidney 
(P = 0.21) and duodenum (P = 0.36). However, there are single-factor 
effects of the MMS exposure in all of the three organs (P < 0.001). In 
addition, there are statistically significantly higher DNA migration 
values in liver (P < 0.05) and kidney (P < 0.05) tissues when measured 
by the CometChip® format as compared to the standard assay, whereas 
the differences were not statistically significant in duodenum tissue 
(P = 0.10). However, no statistically significant differences were ob
tained between formats except in the liver of the negative control when a 

Fig. 1. In vitro standard comet assay. A comparison of the 2 gels/slide (black) 
with the CometChip® (grey) formats in TK6 cells treated with MMS (A) or H₂O₂ 
(B). Mean and SD of three independent experiments are represented. Student’s 
t-tests were used to compare formats at each concentration (* P < 0.05, ** 
P < 0.01). NC: Negative control. 

Fig. 2. In vitro standard comet assay. Linear correlation between 2 gels/slide 
and the CometChip®. Each symbol is one independent experiment. The results 
are from 3 independent experiments experiments using TK6 cells treated with 
MMS (A) or H2O2 (B) is represented. Determination coefficients (r2) and p- 
values are also shown. 
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Student’s t-test was applied (Fig. 3). 

3.3. Fpg-sensitive sites in cells by exposure to KBrO3 

Adopting the protocol for the 2 gels/slide enzyme-modified comet 
assay commonly used in our laboratory to the CometChip® resulted in a 
lack of detection of KBrO3 induced lesions (data not shown). 

The effect of reducing the LMP agarose overlay concentration and 
increasing Fpg concentration, in addition to longer enzyme reaction 
buffer washings (3 ×15 min), when using the CometChip®, was 
compared to the 2 gel/slide format by means of a KBrO3 concentration- 
response curve and the detected Fpg-sensitive sites (Fig. 4). Table 1 
shows the results from linear regression analyses called condition 1–5. 
As it can be seen, the assay condition has a strong effect on the detection 
of concentration-response relationships (P < 0.001 for difference 
concentration-response relationships between different assay 

conditions). The concentration-response relationships (slopes) were not 
statistically significantly different between assay conditions 1, 3 and 5. 
However, these were different from assay conditions 2 and 4. A 

Fig. 3. In vivo standard comet assay. A comparison of DNA strand break and ALS values in frozen samples obtained from untreated (white bars) and MMS-treated 
(black bars) by the 2 gels/slide (black) with the CometChip® (grey) formats. Mean and SD of three independent experiments are represented. ##P < 0.01 (difference 
in level of DNA migration, Student’s t-test), §P < 0.05 (higher level of DNA migration in samples analysed by CometChip®, single-factor effect), and ***P < 0.001 
(difference between MMS and untreated, single-factor effect).” NC: Negative control. 

0.5

Fig. 4. In vitro Fpg-modified comet assay. Results obtained treating TK6 cells at different concentrations of KBrO3 and modifying agarose and Fpg concentrations in 
the case of the CometChip®. Mean and SD of four independent experiments are represented. NC: Negative control. 

Table 1 
Relationship between KBrO3 concentration and level of Fpg-sensitive sites in 
TK6 cells.  

Condition Agarose Fpg Slope (95% CI)a r2-value 

(1) Standard (2 gels/slide)  1% 1:30000  37.4 (30.8, 44.1) 0.91 *** 
(2) CometChip®  1% 1:30000  4.4 (0.4, 8.4) 0.28 * 
(3) CometChip®  1% 1:5000  28.7 (18.7, 38.7) 0.72 *** 
(4) CometChip®  0.6% 1:30000  7.7 (2.4, 13.0) 0.42 ** 
(5) CometChip®  0.6% 1:5000  40.2 (28.6, 51.8) 0.80 ***  

a Slopes are based on linear regression (i.e. increase in %Tail DNA per mM of 
KBrO3; concentration range 0–2 mM). These are statistically different a 5% level 
when the 95% confidence intervals (95% CI) do not overlap. 
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statistical analysis indicates additive effects of the amount of Fpg and 
agarose (i.e. P = 0.40 for interaction between Fpg and agarose), where 
the amount of Fpg (P < 0.001) is a stronger predictor that the density of 
agarose (P < 0.05) for the level of Fpg-sensitive sites. 

Linear correlation of the results obtained with the 2 gels/slide format 
and the best CometChip® condition (i.e. condition 1 vs 5 in Table 1) is 
presented in Fig. 5. A highly statistically significant correlation was 
found (r2 = 0.81, p < 0.001). No significant differences were found after 
comparing the net-Fpg sensitive sites found in each of the concentrations 
tested with the two formats when applying a Student’s t-test (data not 
shown). 

4. Discussion 

4.1. General findings 

In this study, we show that analysis of tissue samples and oxidatively 
damaged DNA (i.e. Fpg-modified comet assay) in the commercial 
CometChip® format is possible after modifications of the original pro
tocol. In principle, there is not a systematic trend toward a difference in 
DNA migration levels between the 2 gel/slide and CometChip® formats 
as DNA migration levels tended to be higher in TK6 cells treated with 
H2O2 and MMS in the 2 gels/slide format, whereas there were higher 
DNA migration levels by the CometChip® format in animal tissues, and 
levels of Fpg-sensitive sites in TK6 cells treated with KBrO3 were similar 
between the 2 gel/slide and CometChip® formats. Nevertheless, it 
should be kept in mind that DNA migration (i.e. measurement of the 
percentage of fluorescence in comet tails) is not identical to the number 
of DNA lesions because it depends on the assay conditions. Concentra
tion of the agarose, and the duration and strength of the electrophoresis 
influence the DNA migration (Azqueta et al., 2019c, 2011; Ersson and 
Möller, 2011). Thus, changing these parameters in any of the format 
used we can modulate the migration of the DNA and thus the results 
obtained, especially in cells that contains a certain level of lesions (in 
control cells the effect is limited unless very extreme conditions are 
used). Cell irradiated with ionizing radiation can be included in the 
comet assay protocol for the purpose of calibrating the assay and 
transform the primary comet descriptor to number of lesions per unal
tered base pair (Brunborg et al., 2023). This option is very important 
when results in inter-laboratory trials are going to be compared. 

4.2. In vitro standard comet assay 

Concerning the in vitro standard comet assay, the CometChip® 
manufacturer’s protocol was followed step by step, only modifying 
when the treatment was performed (we selected an off-Chip chemical 
exposure) and the fluorescent dye (DAPI instead of SYBR Gold). The V/ 
cm applied according to the manufacturer’s protocol was estimated to 
be around 1 V/cm using our tank. The steps of the protocol to perform 
the comet assay using the chips are similar to the traditional one, but the 
CometChip® format has some particularities that are discussed below. 
In addition, our experimental work to amend protocols for the Comet
Chip® setup on tissues and oxidatively damaged DNA led to certain 
technical issues (see Sections 4.3 and 4.4), which are worthwhile 
mentioning to researchers who intend on expanding the technique 
beyond in vitro experiments. 

To load the cells in the CometChip® System, suspended cells are 
added to the macrowells to settle down by gravity into the microwells. 
Some of the factors affecting this step are cell type, cell size, cell density, 
microwell size and loading time. Actually, there are CometChips® with 
different size of microwells diameter (i.e. 20, 30 and 40 µm). After cell 
loading, excess off-grid cells must be rinsed out, being this the most 
technically challenging step because shear force is difficult to control. A 
lack of washing can lead out to off-grid cells while an excess of it can 
eventually remove them from the microwells. To control that, it is 
advised to check microwell filling under the microscope before 
continuing with the experiment (Chao and Engelward, 2020). Cell 
embedding in agarose is also different than in classic formats. In this 
case a low melting point agarose overlay is pipetted above the microwell 
array that has the desired normal melting point agarose concentration in 
the case of the homemade CometChip, but an unknown composition in 
the CometChip®. 

Another important aspect is that the exposure to compounds of in
terest can occur before or after loading cells onto the chip. It has been 
published that differences between on-Chip and off-Chip chemical 
exposure could be significant, being lower in the off-Chip exposure 
(Chao et al., 2020). A possible explanation is the interference of DNA 
repair in the results obtained. Cell loading at 4 ◦C when off-Chip expo
sure is selected could be an alternative to try to diminish that influence 
of DNA repair processes and may be applied also when using in vitro 
comet assay. DNA repair can be a factor why we observe some differ
ences between the two formats, especially when fresh TK6 (i.e., cultured 
cells) and the standard version of the assay were used. For loading the 
cells, they were incubated at 37 ◦C for 20 min, enough for repairing part 
of the single strand breaks induced by the MMS and H2O2. Frozen cells 
or tissues do not have the same ability to repair the induced lesions and 
it is generally avoided to thaw frozen samples to room temperature or 
above because it may activate endogenous nucleases as well as DNA 
repair enzymes (Møller et al., 2021). 

Moreover, adherent cell lines usually require attachment for normal 
behavior, which questions the possibility of an on-Chip exposure 
because agarose may interfere with that behavior and, in addition, 
interact with the studied compound. Preliminary results in our labora
tory indicate that transfer of treated cells between standard 96-well 
plates and the CometChip® can be done with a multichannel pipette, 
saving in time and labor. 

4.3. In vivo comet assay 

When performing an in vivo comet assay, preparation and processing 
length should be as short and constant as possible especially when the 
number of animals, studied specimens or conditions is high. To over
come that it is a good alternative to snap freeze samples, and a high 
throughput comet assay format makes it possible to analyze all samples 
under the same experimental condition. The thawing process is of 
crucial importance to ensure that the tissue’s DNA is intact (Azqueta 
et al., 2019a) and samples should be maintained cold (Guérard et al., 

Fig. 5. Fpg-modified comet assay. Linear correlation between 2 gels/slide and 
the CometChip®. Fpg-sensitive sites (% DNA in tail) from three independent 
experiments using TK6 cells treated with KBrO3 are represented. Each symbol is 
one result. Determination coefficient (r2) is shown. * ** P < 0.001. 
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2014) to avoid the interference of DNA repair or an excess of DNA 
damage. For that reason, the cell loading step should be performed at 
4 ◦C to avoid high background DNA damage in frozen samples, however, 
keeping samples cold during cell loading could be less relevant when 
fresh tissues are employed. In case of using fresh tissues the manufac
turer protocol to apply the CometChip® may work. 

4.4. The enzyme-modified comet assay 

We modified three variables in the enzyme-modified comet assay: 
enzyme buffer washings length, overlay agarose and enzyme concen
trations. We increased the enzyme reaction buffer washings to 
3 × 15 min instead of 3 × 5 min prior to the incubation with Fpg. A 
possible explanation is that the CometChip® has a larger surface and the 
microwell array (with unknown composition) attached to the glass is 
thicker than in other platforms. We also decreased the low melting point 
agarose concentration of the layer pipetted above the microwell array, 
from 1% to 0.6%, to facilitate the enzyme diffusion. Moreover, we used a 
higher enzyme concentration than the one used in the 2 gels/slide 
format. As mentioned above, results obtained using these conditions 
were similar than the ones obtained when using the 2 gels/slide format. 
Using different DNA repair enzymes, with different specificities, on one 
sample under the same experimental conditions can provide more 
mechanistic information about the studied compound. Hence, setting up 
the CometChip® for its use in the enzyme-modified comet assay can be 
an optimal tool in this regard. 

4.5. Recommendations 

The recommendations to use the CometChip®, as discussed in the 
previous paragraphs (sections 4.2–4.4), are summarized in Table 2. 
These recommendations should be carried out in combination with the 
manufacturer’s protocol. 

4.6. The potential use of the CometChip® 

Genotoxicity testing high throughput is always a desirable feature. 
The approach followed for increasing the throughput of the comet assay 
has been to optimize the critical steps (Bivehed et al., 2020; Bivehed and 
Hellman, 2020; Enciso et al., 2018, 2015), to increase the number of 
samples per slide or Gelbond® or even to expand the electrophoresis 
tank capacity while diminishing slide manipulation (Karbaschi et al., 
2019; Karbaschi and Cooke, 2014). With the CometChip format, the 
number of samples that can be analyzed per run increases in comparison 
with the most commonly used formats since three CometChips of 96 

macrowells each can fit in a standard electrophoresis tank. Moreover, 
having arrayed comets can also diminish scoring time, even if no auto
mated scoring is used since less user adjustments using the scoring 
software are needed and less overlapped comets are found. 

CometChip throughput is similar to placing 96 minigels, following a 
pattern of a 96 well plate, in a Gelbond® film (Gutzkow et al., 2013). 
Using the CometChip instead of the mentioned version using Gelbond® 
film has some advantages and disadvantages. The array of cells in the 
CometChip facilitates the scoring of the results, and using the macrowell 
format, it is possible to incubate each of the wells separately. In the case 
of the Gelbond®, the incubations should be done in a bath and all the 
gels are incubated with the same chemical or enzyme. On the other 
hand, the CometChip® is by far more expensive than the use of Gel
bond® films. Depending on the design of the study, one or the other can 
be selected. 

The use of the CometChip® is quite limited nowadays, probably due 
to the relatively high cost per chip. However, it is a great tool when a lot 
of samples need to be analyzed at the same time, as in a human bio
monitoring study or in an in vivo experiment. It may be a great tool to 
perform the in vitro repair assay in which substrate cells containing 
specific lesions are incubated with cell extracts from different donors or 
treatments (Vodenkova et al., 2020). Moreover, it may be very inter
esting to explore if the use of the CometChip® decreases the quite high 
inter-laboratory variation reported for the comet assay. 

5. Conclusions 

In summary, the pursuit of a high throughput comet assay is a pop
ular topic among comet assay’s users. The CometChip technology is a 
promising tool in this respect. The commercial CometChip® protocol 
only covers the standard in vitro version of the assay and to try to 
leverage this tool some modifications were made to adapt it to allow the 
use of DNA repair enzymes and in vivo frozen samples, versions that may 
significantly benefit from the increase of throughput of the assay. 
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Table 2 
Recommendations to use the CometChip® with cells cultured in vitro, frozen 
tissues or in combination with Fpg.  

Assay Recommendation 

In vitro comet assay - Check the loading of the cells under the microscope ( 
Chao and Engelward, 2020). 
- Cell loading can be performed 4 ◦C when off-Chip 
exposure is selected to diminish the influence of DNA 
repair 

In vivo comet assay with 
frozen animal tissues 

- Perform the cell loading at 4 ◦C 

Enzyme-modified comet 
assay 

- After loading the cells on the chip add a layer of 
0.6% low melting point agarose in PBS at 37 ◦C 
- After lysis wash the chip with the corresponding 
enzyme buffer 3 × 15 min 
- After washing the chip with the enzyme buffer, 
inserted it into the CometChip® System and add 
100 μL of enzyme. In the case of the Fpg the 
concentration should be 6 x the used in the 2 gels/ 
slide format.  
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Laffon, B., Larramendy, M., Hégarat, L.Le, Lewies, A., Lewinska, A., Liwszyc, G.E., de 
Cerain, A.L., Manjanatha, M., Marcos, R., Milić, M., de Andrade, V.M., Moretti, M., 
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Gajski, G., Žegura, B., Ladeira, C., Pourrut, B., Del Bo, C., Novak, M., Sramkova, M., 
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