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salt and detergent-containing solution removes membranes and 
other cellular components, leaving behind only DNA at the posi-
tion of the former cell nucleus. DNA unwinding and subsequent 
electrophoresis both take place under high pH (> 13) conditions. 
Due to strand breakage, supercoiled loops of DNA are relaxed and 
extend during electrophoresis into the tail. Staining the resulting 
structures with a fluorescent dye reveals the typical “comet” like 
shape (Azqueta et al., 2019; Collins, 2004). More DNA damage 
increases the fraction of relaxed DNA loops and thereby the length 
and/or intensity of the comet tail. Thus, DNA damage can be 
quantified as tail length, % tail intensity (also called % tail DNA) 
or tail moment. The % tail intensity quantifies the fluorescence in-
tensity of the tail relative to the overall intensity of the complete 
comet. The tail moment integrates the % tail intensity and the tail 

1  Introduction

Since its development in the 1980s (Ostling and Johanson, 1984; 
Singh et al., 1988), single cell gel electrophoresis (SCGE), other-
wise known as the comet assay, has been applied to identify sub-
stances that cause DNA damage. It is an official test method for 
determining the genotoxic potential of any type of xenobiotic to 
which humans may be exposed (OECD, 2016) and has recently 
been used in medical settings such as the management of drug 
treatments in cancer patients (Apostolou et al., 2014). 

The relatively simple method involves embedding the sample, 
i.e., a cell suspension retrieved from various sources such as cell 
cultures, liquid biopsies or dissociated tissue preparations, into 
low melting agarose (LMA) on glass slides. Cell lysis in a high 
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Abstract
Routine use of the single cell gel electrophoresis assay in medical diagnostics and biomonitoring is prevented by its high 
variability. Several factors have been identified and can be grouped into four main categories: 1) the biological sample,  
2) the assay protocol, 3) the physical parameters during electrophoresis and 4) the analysis. Even though scientific know-
ledge on the assay variability is available, not much has been done so far to tackle the issues from the technological side. 
Therefore, this study addresses the question in how far the precise and accurate control over the physical parameters of 
electrophoresis is able to reduce the variability of single cell gel electrophoresis assay results. All four above-mentioned cat-
egories make up the overall assay variability. To resolve the contribution from a single category, the remaining three have 
to be kept as constant as possible. To achieve this, we generated a set of x-ray treated control cells, worked according to a 
well-defined standard operating procedure, and one single operator performed the analysis. Thereby, variability resulting 
from the electrophoresis tank could be elucidated. We compared assay performance in two such tank systems: a newly 
developed electrophoresis tank that accurately controls voltage, temperature during the electrophoretic run and the homo-
geneity of the electric field, and a widely used commercially available standard platform tank.
Our results demonstrate that, irrespective of the cellular sample and its intrinsic biological variability, accurate control over 
physical parameters considerably increases repeatability, reproducibility and precision of single cell gel electrophoresis.

This is an Open Access article distributed under the terms of the Creative Commons 
Attribution 4.0 International license (http://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted use, distribution and reproduction in any medium, provi-
ded the original work is appropriately cited. 

https://doi.org/10.14573/altex.1906252
mailto:peter.wick@empa.ch
mailto:cordula.hirsch@empa.ch
http://creativecommons.org/licenses/by/4.0/


Cassano et al.

ALTEX 37(1), 2020       96

2019; Collins et al., 2014; Ersson and Moller, 2011). However, 
the OECD TG 489 still allows for considerable degrees of free-
dom in several critical parameters. For example, the concentra-
tion of the LMA is not strictly specified but recommended to be 
between 0.5% and 1%, but not below 0.45%. Consequently, de-
pending on the actual protocol applied by different labs, differ-
ences in SCGE results have to be expected, explaining, at least to 
a certain extent, the observed inter-laboratory variations (Forch-
hammer et al., 2012). 

However, even when different labs have worked according to 
the same protocol, inter-laboratory variation has been reported 
(Forchhammer et al., 2012). This observation can be attributed to 
the performance of the electrophoretic run. The voltage, the ho-
mogeneity of the electric field, buffer circulation as well as tem-
perature are known to be critical during electrophoresis (Brun-
borg et al., 2018). Since commercial SCGE platform tanks do 
not properly control all these parameters throughout the tank, the 
physical location of the sample within the electrophoresis tank 
will also influence the result. To overcome this issue, it is recom-
mended to place slides randomly into the tank and to recirculate 
the electrophoresis buffer to decrease local variations in voltage 
(Collins et al., 2014; Gutzkow et al., 2013; OECD, 2016). Con-
trolling the physical parameters of an electrophoretic run is thus 
essential to reduce inter- and intra-laboratory variability. 

Finally, the analysis of the stained comets will influence the as-
say result. While different DNA-specific dyes have been shown 
to produce comparable results (Olive et al., 1992; Sirota et al., 
2014), different analysis solutions lead to considerable variabili-
ty (Forchhammer et al., 2010 and personal experience). Especial-
ly the operator performing the semi-automated scoring as well as 
the software solution chosen for analysis substantially impact the 
assay results. 

length (Moller et al., 2014). The more prevalently used descrip-
tor is the % tail intensity, which is, furthermore, recommended by 
the OECD Test Guideline (TG) 489 (OECD, 2016) and references 
therein and is therefore applied throughout this study.

Although SCGE has great potential to be used in the diagnostic 
field (Anderson et al., 2014) as a powerful high-throughput (HT) 
solution, limitations due to SCGE variability and inconsisten-
cy still prevent diagnostic application. Over the years, research-
ers have elucidated numerous critical parameters that need to be 
standardized to increase comparability – or reduce variability – 
of SCGE results (for comprehensive reviews see Azqueta et al., 
2019; Collins et al., 2014 and references therein). These param-
eters can be categorized into four main groups (Fig. 1): 1) the bi-
ological input (i.e., the biological sample), 2) the assay protocol, 
3) the performance of the electrophoretic run and 4) the analysis. 

The variability of a biological sample is influenced by differ-
ent factors. For example, the cell type, the passage number, and 
the culture and treatment conditions are of relevance for in vitro 
experiments, while the tissue or organism of origin are variabil-
ity determinants of in vivo samples. Eventually, any sample will 
exhibit a certain intrinsic or natural variability on the single cell 
level that cannot be influenced by the experimenter. This biolog-
ical spread is given by the respective sample and will, in the fol-
lowing, be referred to as “biological variability” or “comet dis-
tribution” (How do % tail intensity values from one single cell 
in a sample differ from the next single cell of the same sample?). 

The assay protocol defines how samples are processed from 
the cell harvest until the end of electrophoresis. The concentra-
tion of LMA, the lysis time, unwinding time, electrophoresis 
time, the voltage during electrophoresis as well as the tempera-
ture (during unwinding and electrophoresis) have been identified 
as critical parameters that influence SCGE results (Azqueta et al., 

Fig. 1: Potential causes of variability in single cell gel electrophoresis (SCGE) results 
Previously described sources of variability (Azqueta et al., 2019; Collins et al., 2014) are grouped into four categories and visualized in  
a cause-and-effect diagram. The impact of electrophoresis conditions on SCGE variability (depicted in green) was the focus of the study. 
To address this, sources of variability from the remaining groups, depicted in red, were kept as constant as possible.
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In more mathematical terms, we could say the observed vari-
ation in SCGE is the sum of variations introduced by 1) the bio-
logical sample, 2) the assay protocol, 3) the physical parameters 
during electrophoresis and 4) the analysis. Despite the fact that 
many of these critical factors have been known for years, from 
a technological point of view not much has been done to mini-
mize them. Therefore, the aim of this study was to systematically 
determine the actual impact of accurate electrophoresis perfor-
mance on the overall variation of SCGE.

To achieve this, we generated a batch of control cells and op-
timized the assay protocol that was then applied as a strict stan-
dard operating procedure (SOP). Furthermore, the same operator 
carried out image analysis according to a SOP. Therewith, all re-
maining sources of variability (1, 2 and 4 above and illustrated 
in Fig. 1) were kept as constant as possible throughout the entire 
study. This allowed for a comprehensive assessment of a new-
ly developed electrophoresis tank that precisely controls the rel-
evant physical parameters of the assay and its comparison to a 
commercially available standard platform tank.    

2  Materials and methods

2.1  Chemicals
All chemicals were purchased from Sigma-Aldrich GmbH 
(Buchs, Switzerland) unless otherwise specified. Water in all the 
experiments refers to ultrapure deionized water of 18.2 MΩ cm 
(Millipore AG, Switzerland). 

2.2  Cell culture
A549 lung alveolar carcinoma (ATCC® CCL-185) cells were 
grown in Roswell Park Memorial Institute (RPMI)-1640 medium 
supplemented with 10% fetal calf serum (FCS), 0.2 mM L-gluta-
mine and 1 x penicillin, streptomycin, neomycin (PSN) (Gibco, 
Thermo Fisher Scientific, France), termed as complete cell cul-
ture medium, under standard growth conditions (humidified at-
mosphere, 37°C, 5% CO2). Cell viability and density were deter-
mined using the Trypan Blue exclusion method (0.4% Trypan blue 
solution) and a Neubauer counting chamber. At approximately 80-
90% confluency, cells were detached from the flask by trypsin/eth-
ylenediaminetetraacetic acid (EDTA) and sub-cultured.

2.3  Cell synchronization
After 24 h in complete cell culture medium and under standard 
growth conditions, cells were starved of FCS for 48 h and sub-
sequently treated with 5 µg/ml aphidicolin for 24 h to induce a 
G1/S-phase block (Pedrali-Noy et al., 1980). After that, aphidi-
colin was removed from the cell culture and cells were incubated 
for 24 h in complete cell culture medium to release them from the 
G1/S-phase block. Cells were then either processed for flow cy-
tometric analysis or x-ray irradiation as described below.

2.4  Flow cytometric analysis
A549 cells were seeded into 6-well cell culture plates at a densi-
ty of 1 x 105 cells per well in complete cell culture medium and 
underwent cell synchronization as described above. Thereafter, 

cells were harvested from the plate using trypsin/EDTA, resus-
pended in phosphate-buffered saline (PBS) and fixed with 70% 
precooled ethanol for 2 h at 4°C. After a washing step in PBS, 
cells were stained with propidium iodide (PI) staining solution 
(10 µg/ml PI, 0.1% Triton X-100, 100 µg/ml DNase-free RNase 
A in PBS) for 30 min at room temperature (RT). Cell cycle was 
analyzed by flow cytometry using the Gallios™ flow cytome-
ter and Kaluza acquisition software (Beckman Coulter, Krefeld, 
Germany). Upon excitation with a 488 nm laser, PI signals were 
collected in the FL3 channel (630 nm with 30 nm band pass 
width). Data were analyzed with Kaluza analysis software.

2.5  DNA damage induction
Chemically
A549 cells were seeded in complete cell culture medium into 
6-well plates at a density of 2.5 x 105 cells per well. After 24 h 
under standard growth conditions, cells were treated with 0, 10, 
20 and 40 mM ethyl methanesulfonate (EMS) in complete cell 
culture medium for 30 min under standard growth conditions. 
Subsequently, cells were trypsinized and collected for immediate 
DNA damage assessment by SCGE as described below.

X-ray irradiation
A549 cells were seeded in complete cell culture medium into 
T75 flasks at a density of 2 x 106 cells per flask. Cells were either  
treated 24 h after seeding (later referred to as unsynchronized 
samples) or underwent cell synchronization as described above 
(later referred to as synchronized samples). 

In both cases, x-ray irradiation of A549 cells was performed 
using an industrial x-ray tube (Seifert Isovolt 420) operated at 
130 kV and 8 mA. Cells were subjected to doses of 0, 1, 2, 4 and 
8 gray (Gy) (unsynchronized) or 0, 1, 2, 4, 8 and 12 Gy (syn-
chronized) at a dose rate of roughly 0.5 Gy/min at a distance of 
31 cm and using a 6 mm aluminum filter. The dose was verified 
using a PTW Unidos Welbline dose rate meter (PTW-Freiburg,  
Germany). Immediately after irradiation, cells were trypsinized, 
collected in complete cell culture medium and diluted in an equal 
volume of freezing medium (30% FCS, 20% dimethyl sulfox-
ide (DMSO) in complete cell culture medium). Cell suspen-
sions were aliquoted into cryotubes and frozen in CoolCell® cell 
freezing containers (Cryo Shop, München, Germany) that ensure 
a constant rate of -1°C/min in a -80°C freezer for later use in 
SCGE. After 48 h, these single-use aliquots were transferred to 
liquid nitrogen for long-term storage.

2.6  SCGE
Novel electrophoresis tank
Except for the comparative variability studies (see below), all 
SCGE assays were carried out using the 4D Lifetest™, here-
after referred to as “novel tank” (4D Lifetec AG, Cham, Swit-
zerland). For technical details, refer to patent number PCT 
WO2016141495A3. Runs were carried out under constant cir-
culation of the electrophoresis solution. Voltage and temperature 
measured by the “novel tank” were verified using externally cal-
ibrated measuring instruments during regular quality controls 
according to the user manual. The “novel tank” holds up to six 
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placed into the “novel tank” and cooled to 4°C according to the 
manufacturer’s recommendations. After lysis, the 4D Lifeplate™ 
was placed into the “novel tank” via magnetic attachment. Sam-
ples then underwent unwinding at 4°C for 40 min and subsequent 
electrophoresis at 1.1 V/cm for 30 min. 4D Lifeplates™ were tak-
en out of the “novel tank” after electrophoresis, excess liquid was 
carefully dripped off on a paper towel, and plates were submerged 
into neutralization buffer (0.4 M TRIS-base, pH 7.5) for 10 min, 
rinsed with double distilled water (ddH2O), fixed in absolute  
ethanol for 10 min and dried over night at RT. 

Variations of the protocol to elucidate optimal assay parameters
The following five assay parameters were varied – one at a time 
– to elucidate the optimal settings for the x-ray treated A549 cell 
samples run in the “novel tank” (Tab. 1): 1) LMA, 2) temperature 
(T), 3) unwinding time (Ut), 4) voltage (V), 5) electrophoresis 
time (Et). Initial settings were adopted from an in-house protocol 
(Hirsch et al., 2011).                       

Comparative variability studies
To compare results from the “novel tank” to a widely used com-
mercial platform tank system, the TREVIGEN® CometAssay® 

ES II Electrophoresis System (AMS Biotechnology (Europe) Ltd,  
Massagno, Switzerland) was used. Synchronized x-ray treat-
ed A549 cells (4 Gy) and solutions as described above were 
used, and the optimized parameter settings (see above) were ap-
plied in both tank systems. The same number of spots was ana-
lyzed for both systems. Nine spots were distributed over six (4D 
Lifetest™) and 18 spots over three (Trevigen® ) plates, respec-
tively. Spot allocations on the plates as well as plate locations in 
the respective electrophoresis tanks are shown in Figure 2A,B.

In a second series of experiments, commercially available 
CometAssay® Control Cells, delivered with the standard plat-
form tank together with the CometAssay® 96 reagent kit (both 
AMS Biotechnology (Europe) Ltd, Massagno, Switzerland), 
were used according to the manufacturer’s protocol and with all 
solutions delivered by the manufacturer in both tank systems.

4D Lifeplates™ (4D Lifetec AG, Cham, Switzerland) for sam-
ple mounting, which are available in 12-well and 96-well format. 
Therewith, 576 samples could be run simultaneously, offering 
considerable high-throughput (HT) capability. Magnets precise-
ly position the plates inside the tank, allowing for one orientation 
only. Therefore, comets will extend towards the same direction 
on all plates and in every experiment.

The following parameters can be varied by the user and saved 
as templates:
− Temperature of the electrophoresis solution: T (°C); applied 

during unwinding and electrophoresis
− Unwinding time: Ut (min)
− Voltage: V (V/cm)
− Electrophoresis time: Et (min)
Run reports document the settings configured by the user and 
measure and record the respective values throughout the run. 
Any unexpected incident such as the accidental opening of the 
lid is documented.

General protocol (optimized assay parameters)
All A549 cell samples were diluted in complete cell culture medi-
um to approximately 2 x 105 cells per mL and kept on ice. 160 µL 
of 0.5% low melting agarose (LMA, Carl Roth, Karlsruhe, Ger-
many) in PBS was aliquoted per microcentrifuge tube and kept 
liquid in a heat block set at 37°C. 40 µL of each cell suspension 
(containing ~8000 cells) was mixed with 160 µL LMA, resulting 
in final concentrations of 40 cells per µL and 0.4% LMA. Directly 
after mixing, at least two spots per sample were transferred to a 4D 
Lifeplate™. Spot sizes were found to be optimal with a volume of 
5 µL containing ca. 200 cells. To ensure even spacing, a 96-well 
format magnetic spotting guide (4D Lifegrid™) was used. Aga-
rose was allowed to set for 1-2 min at 4°C and samples were sub-
sequently lyzed for 1 h at 4°C in freshly prepared lysis solution 
(2.5 M NaCl, 100 mM EDTA, 10 mM tris(hydroxymethyl) ami-
nomethane (TRIS)-base, 1% Na-laurylsarcosinate, 10% DMSO, 
1% Triton-X-100). During lysis, 1.5 L of freshly prepared elec-
trophoresis solution (0.3 M NaOH, 1 mM EDTA, pH ≥ 13) was 

Tab. 1: Optimization of SCGE parameter settings

Parameters Initial Single parameters varied    Optimized 
 settings      settings

 A B C D E F G

LMA (%)1 0.4 0.68 0.4 0.4 0.4 0.4 0.4

T (°C) 4 4 15 4 4 4 4

Ut (min) 20 20 20 40 20 20 40

V (V/cm) 1.0 1.0 1.0 1.0 1.1 1.0 1.1

Et (min) 20 20 20 20 20 30 30

1To keep the volume ratio (cell suspension / LMA) and therewith the final cell number per spot constant, the concentration of the LMA stock 
solution was increased to 0.75% in setting B. Temperature (T), Unwinding time (Ut), Voltage (V) and Electrophoresis time (Et) were pre-set 
at and controlled by the 4D Lifetest™. Values that deviate from the initial settings (column A) are marked in bold.
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as “spots”). In each spot, 100 comets were analyzed, resulting in 
a total of 200 comets per sample per experiment. For each spot, 
mean values and corresponding standard deviations from 100 
comets were calculated (spot means). Subsequently, the mean 
of the two spot means was calculated for each experiment (ex-
perimental mean). Finally, the mean value and the correspond-
ing standard deviation of all experimental means was calculated 
(overall mean). The coefficient of variance (CV (%)) is given as a 
measure of variability and was calculated from (a) experimental 
means (generally three independently generated values) and (b) 
spot means (generally six values resulting from three indepen-
dent experiments). 

If not otherwise stated, box plots are generated from % tail in-
tensity values of 100 single comets contained in one spot. The 
centerline represents the median and the cross represents the 
mean of the distribution. The box covers the inner quartile range, 
whiskers the minimum and maximum values, and dots represent 
outliers of the distribution, which are defined as 1.5 times the in-
ner quartile range.

2.7  Staining, imaging and DNA damage quantification
DNA was stained with 1 x SYBR®Gold nucleic acid stain  
(Molecular Probes, Thermo Fisher Scientific) solution in water 
for 20 min at RT in the dark. After two washing steps in ddH2O 
(10 min each), samples were dried for 2 h at 37°C. Samples were 
re-hydrated with a drop of ddH2O, covered with coverslips and 
imaged using a Zeiss Axio Imager microscope, a 10x objective 
and Zen software (Carl Zeiss, Jena, Germany). 35 overlapping 
tiled images were taken, creating a mosaic of the whole spot as 
shown in Figure 2C. Each separate image tile was converted in-
to a greyscale tiff file for analysis with Comet Assay IV software 
(Perceptive Instruments; Fig. 2D). DNA damage was quanti-
fied using the % tail intensity values that were retrieved from the 
Comet Assay IV software upon accurate manual adjustment of 
the center line to the geometric center of the comet head region. 

2.8  Data processing and statistics
If not stated otherwise, a minimum of three experiments was per-
formed, each with two technical replicates (later on referred to 

Fig. 2: Overview of the plate layout for 
the comparative variability study and a 
representative example of one spot
A) Spot allocations of the nine spots on 
each of the six 96-well format plates of the 
“novel tank”. A’) Plate location and label in 
the “novel tank”. B) Spot allocation of the 
18 spots on each of the three commercial 
plates. B’) Plate location and label in the 
standard “platform tank”. TL, top left;  
TM, top middle; TR, top right; L, left;  
M, middle; R, right. C) One spot of an  
8 Gy treated sample run in the “novel tank” 
stained with SYBR®Gold. D) Magnification 
from (C) showing exemplarily the 
quantification heat map of one comet as 
visualized by Comet Assay IV software.
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mance of two electrophoresis systems. Experimentally, this ne-
cessitated 1) the generation of control cells as a continuous and 
unchanged biological sample and 2) the optimization of the as-
say protocol. Both were prerequisites for 3) the comprehensive 
assessment of a newly developed electrophoresis tank in com-
parison to a commercially available standard platform tank. For 
consistency throughout the study, one single operator performed 
the image analysis according to a SOP. The optimization of im-
age analysis is a topic in itself, which was out of the scope of this 
study and is thus not further addressed experimentally here.

3.1  Generation of control cells
In a first attempt, we took the recommendations of the OECD 
TG 489 into account and “established experimental competen-
cy in SCGE” (OECD, 2016) with the “novel tank”. To be able to 
match the data sets with previous results from our lab (May et al., 
2018), we used the lung epithelial cell line A549 and the known 
alkylating agent ethyl methanesulfonate (EMS). 

In three independent experiments, with individual cell passag-
es and separately prepared EMS dilutions, we obtained reproduc-

Microsoft Excel (2016) as well as R (R Core Team, 2018) and 
ggplot21 were used for figures and statistical calculations. Statis-
tical differences were assessed by Student’s t-test in Excel and R 
(see supplementary file 22 for further details). F-test analysis was 
performed in Excel to test for differences in the variances of two 
populations. Correlation analysis was performed in R using the 
core function cor (R Core Team, 2018).

3  Results 

The routine assessment of DNA damage in clinical settings or 
biomonitoring requires a consistent workflow including stan-
dardized equipment for precise measurements as well as SOPs 
for sample preparation and analysis. Furthermore, HT capability 
to handle respective sample numbers is indispensable. 

In this study, we focused on the impact of the physical param-
eters during electrophoresis on the precision of SCGE. For this 
purpose, we kept three of four known sources of SCGE variabil-
ity constant (summarized in Fig. 1) and contrasted the perfor-

Fig. 3: Generating the biological control 
sample: Treatment of A549 cells with 
EMS or x-rays induces DNA damage in a 
dose-dependent manner
A549 cells were exposed to increasing 
doses of ethyl methanesulfonate (EMS) for 
30 minutes (A and B) or x-ray irradiation 
(C and D) at the indicated doses. Three 
independent experiments with two technical 
replicates (=spots) each were performed. 
Results from the same experiments are 
shown in the same color. Each dot in A) and 
C) represents the mean % tail intensity of 
100 comets analyzed from one spot. The 
mean of all spot means is depicted as a 
cross (x), the median as a horizontal line (-), 
and the spread of all spot means (minimum 
to maximum value) as a vertical line (|). 
The intrinsic biological variability (=comet 
distribution) of each spot is shown in B) and 
D) as box plots. As detailed in the materials 
and methods section, boxes cover the inner 
quartile range, whiskers show minimum and 
maximum values, outliers are indicated by 
black dots, and mean and median values 
are depicted as (x) and (-), respectively. 
The color code shown in A applies to all 
graphs (A to D). Effects shown in A) and 
C) positively correlate with increasing 
treatment concentrations with correlation 
coefficients of 0.94 (A) and 0.92 (B).

1 https://ggplot2.tidyverse.org/ 
2 doi:10.14573/altex.1906252s2

https://ggplot2.tidyverse.org/
https://doi.org/10.14573/altex.1906252s2
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range of DNA damage detection, two aspects were examined fur-
ther: the cell sample itself and parameters of assay performance.

Synchronization of A549 cells
Typically, cells in culture grow asynchronously with subpopu-
lations of cells being in distinct stages of the cell cycle (G0, G1, 
S, G2, M). Synchronization of different cell types and subse-
quent analysis of DNA damage in untreated cells showed that 
the amount of basal DNA damage increases from G1- to S-phase 
and declines again in G2-phase (McArt et al., 2010; Potter et al., 
2002). The susceptibility of cells towards certain DNA damaging 
agents has also been shown to correlate with cell cycle phases. 
While effects of γ-irradiation or H2O2 were independent of the 
cell cycle phase, doxorubicin (Potter et al., 2002) and x-ray treat-
ment (McArt et al., 2010) induced greater damage in G2 and S- 
phase, respectively. Thus, based on existing protocols (Pedrali- 
Noy et al., 1980), we synchronized our cells in S-phase before 
subjecting them to x-ray irradiation. Additionally, the x-ray dose 
was increased to a maximum of 12 Gy to increase the dynam-
ic range of detectable DNA damage. Generating a more homog-
enous cell culture in terms of susceptibility of individual cells 
to DNA damage, we also expected a reduction in the biological 
variability of the samples upon synchronization.

Flow cytometric analysis confirmed a doubling of the S-phase 
population from 16% in unsynchronized to 34% in synchronized 
cultures (Fig. S23, Tab. S13). % tail intensity values in untreated 
synchronized samples increased by a factor of three compared 
to unsynchronized values and reached on average 4.7%. This in-
crease is comparable to results obtained in HeLa cells (McArt 
et al., 2010). Similarly, x-ray treatment was approximately twice 
as efficient towards synchronized cells (Fig. 4A), confirming a 
higher susceptibility of these A549 cultures. 

However, cell synchronization did not have a positive effect 
on the biological variability within each sample. Figure 4B com-
pares three randomly selected spots of both 4 Gy treated sam-
ples, revealing rather a greater spread of the comet distribu-
tion after cell synchronization. The complete data set of the full 
dose-response curve can be found in Figure S3A,B3. Irrespec-
tive of this increase in biological variability, the reproducibil-
ity of experimental as well as spot means remained compara-
ble between synchronized and unsynchronized samples. For all 
treatment conditions analyzed, CV values were below 10%, in-
dicating consistently good reproducibility (Fig. 4C, Fig. S3C3) 
(Collins et al., 2014). Even though synchronized A549 cultures 
proved to be more susceptible to x-ray induced DNA damage, 
% tail intensity values still did not exceed 35% at the highest 
dose of 12 Gy (Fig. 4A). Such high doses of irradiation are ex-
pected to be lethal and have been shown to induce higher levels 
of DNA damage (Enciso et al., 2018), which are at least partial-
ly due to DNA disintegration upon cell death (Henderson et al., 
1998). Together with the observation that indeed no viable (i.e., 
proliferative) cells remained in the 12 Gy synchronized sample 
(Fig. S43), we concluded that in the next step parameters of as-

ibly low values in untreated control samples, showing on average 
5% tail intensity. Furthermore, cells repeatedly responded in a 
dose-dependent manner to treatment with increasing EMS con-
centrations (10, 20 and 40 mM), resulting in up to 15% tail inten-
sity at 40 mM (Fig. 3A).

Each box plot shown in Figure 3B comprises 100 individ-
ual comets from a single spot and therefore depicts the intrin-
sic biological variability of that particular sample (hereafter al-
so called “comet distribution”; terms will be used interchange-
ably). Comparing the comet distributions (i.e., box sizes) of all 
six spots of one treatment condition (three experiments, two 
spots each) revealed differences from one experiment to the oth-
er (Fig. 3B). Nevertheless, mean values of the individual comet 
distributions (spots) as well as experimental means (as defined 
in the materials and methods section) were well reproducible 
with CV values of 9% to 27% (comparing the means of all indi-
vidual spots; Fig. S1A3). 

As a second DNA damaging treatment, we used x-ray irradi-
ation since the DNA damage is expected to be more homoge-
neous compared to chemically induced damage (Collins et al., 
2014). Furthermore, we wanted to eliminate confounding factors 
such as cell passage number or growth conditions that might in-
fluence assay results. Therefore, A549 cells were exposed to de-
fined x-ray doses (0, 1, 2, 4 and 8 Gy). For each dose, single use 
aliquots were frozen. Three experiments were run on different 
days using one set (0 to 8 Gy) of frozen samples each. Mean val-
ues of all spots from all experiments are shown in Figure 3C. 
With an average tail intensity of 1%, DNA damage levels in un-
treated samples were low and increased dose-dependently upon 
x-ray irradiation. Comet distributions were comparable from one 
experiment to the other as well as from one spot to the other as 
indicated by boxes of similar size and mean as well as median 
tail intensity values (Fig. 3D). One exception was the 0 Gy sam-
ple, where DNA damage levels were lower in the third experi-
ment. This was also reflected in the CV values of all spot means, 
which ranged from 3% to 17.5% in 8 Gy to 1 Gy treated samples, 
respectively, and 66% in the 0 Gy sample (Fig. S1B3). However, 
control charting over a period of 10 months confirmed that this 
reduction was a unique outlier (data not shown) and will thus not 
be discussed in more detail here. 

These results confirmed the general proficiency of the labora-
tory and the equipment to perform SCGE on A549 cells. Howev-
er, treatment of A549 cells with 20 mM EMS has been reported 
to induce tail intensity values of 40 to 50% (May et al., 2018), 
rather than 10% (Fig. 3A). This discrepancy could be due to the 
experimental conditions during SCGE (including parameters 
such as the temperature during the electrophoretic run) or to dif-
ferences in the cell culture. Furthermore, with a maximum DNA 
damage level of 19% induced by an x-ray dose of 8 Gy, the theo-
retical dynamic range of SCGE from 0 to 100% tail intensity had 
not been reached by far. This, however, would be the pre-req-
uisite to demonstrate reproducibility and precision for a variety 
of samples at all levels of DNA damage. To extend the dynamic 

3 doi:10.14573/altex.1906252s1
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by 263%). In comparison, values of the 4 Gy sample increased 
to 30% tail intensity (an increase by 24%). Each of the remain-
ing changes had implications only on the 4 Gy sample. Extend-
ing unwinding time from 20 to 40 min increased the % tail inten-
sity values to 30%. Similarly, an increase in voltage from 1.0 to 
1.1 V/cm resulted in % tail intensity values of 26% and prolong-
ing electrophoresis from 20 to 30 min in % tail intensity values 
of 29% (Fig. 5A, Tab. S23). Variability of all analyzed spots re-
mained low at all conditions examined as indicated by CV values 
ranging from 3% (4 Gy sample) to 15% (0 Gy sample). One ex-
ception at very low % tail intensity values was observed where 
the CV reached 51% (red dots in Fig. 5A). 

In order to maximize the dynamic range of detectable DNA 
damage, we combined all those parameter changes that elicited 
an increase in % tail intensity values in 4 Gy samples while keep-
ing the basal DNA damage in untreated samples reasonably low 
– preferably around 6%. Consequently, SCGE was carried out 
with the following settings: 0.4% LMA, 4°C, 40 min unwinding 
time, 1.1 V/cm and 30 min electrophoresis time, which resulted 
in % tail intensity values in 0 and 4 Gy samples of 6.5 and 41%, 
respectively. Analysis of all (0-12 Gy) synchronized cell samples 
confirmed a 1.4 (0 Gy) to 1.9 (12 Gy) fold increase in detectable 
DNA damage values over the whole range of the dose-response 

say performance needed to be optimized to maximize the dy-
namic range of DNA damage detection.

In summary, based on the outcome described above, synchro-
nized A549 cells treated with increasing doses of x-ray were used 
as the set of control cells for further analysis. 

3.2  Optimization of the assay protocol
As summarized in Table 1, we varied one parameter at a time 
while keeping the others constant. Using two of the synchro-
nized cell samples, namely 0 and 4 Gy, we elucidated effects of (1) 
LMA concentration, (2) temperature of the electrophoresis solu-
tion during unwinding and electrophoresis, (3) unwinding time, 
(4) voltage and (5) electrophoresis time on % tail intensity values. 

In accordance with previous publications (Azqueta et al., 2019; 
Collins et al., 2014; Azqueta et al., 2011a; Ersson and Moller, 
2011; Speit et al., 1999), all modifications affected SCGE results 
to varying degrees (Fig. 5A, Tab. S23). Increasing LMA concen-
tration from 0.4 to 0.68% led to an unfavorable, though expected, 
reduction in % tail intensity values in both the 0 and 4 Gy sam-
ple down to 0.9 and 8.4%, respectively. Likewise, both samples 
were affected by an increase in solution temperature from 4 to 
15°C. The effect was more pronounced in the untreated (0 Gy) 
sample where % tail intensity values reached 17% (an increase 

Fig. 4: Synchronization of A549 cells increases susceptibility to x-ray
A) Dose-response curve of unsynchronized (dots) and synchronized (triangles) A549 control cells. Each dot or triangle represents the mean  
of 100 comets analyzed from one spot. Two spots per experiment were analyzed and are shown in the same color. The mean of all spot 
means is depicted by a cross (x), the median of all spot means by a horizontal line (–) and the overall spread of all spot means by a 
vertical line (|). Effects positively correlate with increasing x-ray doses with a correlation coefficient of 0.9 (for non-synchronized as well as 
synchronized samples). Student’s t-test: *P ≤ 2.5 x 10-6 comparing non-synchronized and synchronized samples of the same treatment 
condition. B) Biological variability of three randomly chosen spots of the 4 Gy-treated unsynchronized (blue) and synchronized (green) 
sample. Each box contains % tail intensity values of 100 comets. C) CV values (%) retrieved from the mean % tail intensity values of all spots 
(as shown in A) and the corresponding standard deviations. CV values below 10% (visualized by the orange dashed line) indicate a sufficient 
level of reproducibility.
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5C (the full dose-response data are given in Fig. S53). However, 
mean and median values retrieved from the same distributions 
were still reproducible as indicated by consistently low CV val-
ues (< 10%) of experimental as well as spot means (Fig. 5D). 

In conclusion, the introduced assay parameter changes in-
creased the dynamic range of DNA damage detection and hence 
maximized sensitivity while keeping reproducibility at the de-
sired high level. 

curve (Fig. 5B). Maximum values in 12 Gy samples reached 
60% tail intensity and are therewith comparable to values report-
ed in literature for x-ray treated TK6 cells (Enciso et al., 2018). 

Application of the modified assay parameters even further in-
creased the detectable biological variability within a sample. Box 
plots visualizing comet distributions from the same 4 Gy-treat-
ed synchronized sample run under initial (light green) and modi-
fied (dark green) SCGE settings are shown side-by-side in Figure 

Fig. 5: Optimization of the assay protocol increases the dynamic range of DNA damage detection while keeping variability low
A) Untreated (0 Gy) and 4 Gy treated synchronized A549 cells were subjected to SCGE. One parameter of assay performance was varied at 
a time. Grey bars represent mean % tail intensity values from at least four spots (from two independent experiments) and the corresponding 
standard deviations. The corresponding CV values (%) are indicated as red dots; n.s., not significant compared to the 0 Gy sample run with the 
initial parameters. B) Dose-response curve of the synchronized A549 control cells run with the new assay protocol (0.4% low melting agarose 
at an electrophoresis solution temperature of 4°C, with 40 min unwinding time, 1.1 V/cm and 30 min electrophoresis time). Each triangle 
represents the mean of 100 comets analyzed from one spot. Two spots per experiment were analyzed and are shown in the same color. The 
effect positively correlates with increasing x-ray doses with a correlation coefficient of 0.93. C) Comparison of the biological variability of three 
randomly chosen spots of the 4 Gy-treated synchronized sample run with the initial assay protocol (light green) and the new assay protocol 
(dark green). Each box contains % tail intensity values of 100 comets (Light green boxes have already been shown in Fig. 4B and are included 
for easier comparison). D) CV values (%) retrieved from the mean values of all spots shown in B and the corresponding standard deviations (red 
dots) as well as retrieved from the experimental means and corresponding standard deviations (yellow dots; for more details please refer to the 
materials and methods section). CV values below 10% (visualized by the orange dashed line) indicate a sufficient level of reproducibility.
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and assay parameters (as elucidated above) were kept as compa-
rable as possible. However, certain constructional differences of 
the two systems prevented the exact match of all assay parame-
ters. In particular, in the “platform tank”, the exact voltage output 
at the sample could not be monitored during the run and hence was 
estimated based on prior measurements without samples. Further-
more, the temperature of the electrophoresis solution was not con-
stant for the duration of the run. Measurements after electropho-
resis showed an increase in the temperature of the electrophoresis 
solution from 4°C to no more than 11°C when operated at the rec-
ommended 21 V and in an air-conditioned (21°C) laboratory.

Regardless which electrophoresis tank was used, the intrinsic 
biological variability of the sample was similar. This is exem-
plarily shown for 18 (out of 54) spots in Fig. 6A (“novel tank”) 
and B (“platform tank”) by similarly sized box plots. In con-
trast, differences in box sizes (i.e., the spread of the comet dis-
tribution) from different spots are only apparent in the “platform 
tank” (Fig. 6B). This variability is also reflected in the mean and 

3.3  Comprehensive assessment of reproducibility and 
precision of SCGE in different electrophoresis units
To elucidate the proportion of variability contributed by elec-
trophoresis, the synchronized cell samples were tested using the 
optimized assay protocol (0.4% LMA, 4°C, 40 min unwinding 
time, 1.1 V/cm, 30 min electrophoresis time (Tab. 1)) in the con-
trolled electrophoresis settings (“novel tank”) in comparison to a 
standard “platform tank”. 

As detailed in the materials and methods section above, the 
“novel tank” is able to run six 96-well format plates simultane-
ously, while the commercial platform system holds a maximum 
of three comparable plates. To balance sample numbers, 9 spots 
and 18 spots of the synchronized 4 Gy sample were spotted per 
plate of the “novel tank” and the “platform tank”, respectively. 
Spot allocations on the plates and plate positions within the two 
electrophoresis tanks are shown in Fig. 2A, A’, B, B’. 

For each system, all spots originated from one vial of cells. 
Sample preparation was performed identically for both systems, 

Fig. 6: Improved repeatability of SCGE 
results in the “novel tank” compared to a 
standard “platform tank”
In total, 54 spots of the 4 Gy synchronized 
sample were analyzed in each tank. Six 
plates with nine spots each or three plates 
with 18 spots each were run in the “novel” 
or “platform” tank, respectively. The intrinsic 
biological variability is visualized as box 
plots in A and B. 18 spots from plate BM 
(bottom middle) and BL (bottom left) in the 
“novel tank” (A) and 18 spots from plate L 
(left) in the “platform tank” (B) are shown 
exemplarily. Spot locations on the plate and 
plate locations in the tanks are indicated 
on the x-axis and correspond with the 
overview shown in Figure 2. The mean % 
tail intensity values of all 54 spots are shown 
in C and D. Each dot represents the mean 
% tail intensity value of 100 comets from 
one spot run in the “novel tank” (C) and in 
the “platform tank” (D). Samples run on the 
same plate are shown in the same color. 
The dotted line represents the mean of all 
spot means. The area marked in grey covers 
twice the standard deviation derived from all 
spots analyzed. E) Frequency distribution 
of all spot means from all plates. F) Each 
box represents the distribution of the spot 
means (shown in C and D) from one plate. 
Student’s t-test: *P < 1.6 x 10-7; **P < 1.5 x 
10-18. BL, bottom left; BM, bottom middle; 
BR, bottom right; TL, top left; TM, top middle; 
TR, top right; L, left; M, middle; R, right (plate 
positions in the respective tanks as shown 
in Fig. 2).



Cassano et al.

ALTEX 37(1), 2020 105

ing DNA damage) supplied with the “platform tank” were used 
according to the manufacturer’s instructions. Additionally, the 
corresponding reagent kit was purchased and used for both tank 
systems. As already detailed above, the parameters of electro-
phoresis were set as similarly as possible. 

Results from three independent experiments are shown in Fig-
ure 7A (“novel tank”) and B (“platform tank”). For each of the 
four samples (C0 to C3), a total of 18 and 20 spots distribut-
ed over 6 and 7 plates were analyzed in the “novel” and “plat-
form tank”, respectively. Unfortunately, not all spots contained 
100 analyzable comets. Therefore, to depict the intrinsic biolog-
ical variability of each sample, box plots were generated from 
all comets on one plate (instead of from all comets in one spot; 
Figure 7C (“novel tank”) and D (“platform tank”)). The biolog-
ical variability of the four samples was similar regardless of the 
tank used, as indicated by similarly sized box plots (compare Fig. 
7C and D). This is in agreement with results from the 4 Gy syn-
chronized sample. Similarly, the heterogeneity of the comet dis-
tributions from one spot to the other was only seen when samples 
were run in the “platform tank” (Fig. 7D). Mean % tail intensity 
values retrieved from the comet distributions of single spots were 
reproducible in the “novel tank”, but showed considerable vari-
ability in the “platform tank”. The differences in reproducibility 
are reflected in the CV values calculated from spot means (Fig. 
7E) as well as experimental means (Fig. S63). While CV values 
achieved in the “novel tank” ranged (on average) from 5.6% in 

median % tail intensity values retrieved from these comet distri-
butions. Mean values varied considerably in the “platform tank”, 
ranging from 16 to 57% (Fig. 6D), but were highly reproducible 
in the “novel tank”, where values spread from 38 to 43% (Fig. 
6C). Comparing the mean values from all 54 spots analyzed in 
each system revealed CV values of 2.8% and 34.4% for the “nov-
el” and the “platform” tank, respectively. This 12-fold difference 
in repeatability and precision within one electrophoretic run and 
from one spot to the other is also illustrated in the frequency dis-
tribution of the same spot mean values from both tanks in Figure 
6E. Furthermore, a plate-wise analysis was carried out, where 
mean % tail intensity values from spots on individual plates were 
compared. While the actual position of the plate within the elec-
trophoresis tank (bottom or top, left, middle or right position) did 
not influence SCGE results in the “novel tank”, significant differ-
ences were found in the “platform tank” (Fig. 6F). 

Since the sample itself as well as the sample preparation and 
analysis conditions were identical for both tank systems, we can 
conclude that the increased level of repeatability and precision 
observed in the “novel tank” results from the strict and accurate 
control of the physical parameters during electrophoresis. 

We recognize that the biological sample as well as the electro-
phoretic conditions were optimized for use in the “novel tank”. 
Hence, we were curious how “unknown” samples run with the 
manufacturer’s own assay parameters would perform in SCGE. 
Thus, commercial reference cells (C0: untreated, C1-C3 increas-

Fig. 7: Control over physical parameters 
increases reproducibility of results 
generated in the “novel tank”
Commercially available control cells with 
increasing DNA damage (C0, C1, C2 and 
C3) were analyzed in the “novel tank” (A, 
C) and in the “platform tank” (B, D). Each 
triangle (A) and dot (B) represents the 
mean % tail intensity value of one spot. The 
mean of all spot means is depicted by a 
cross (x), the median of all spot means by 
a horizontal line (–), and the overall spread 
of all spot means by a vertical line (|). The 
biological variability of the commercial 
control cell samples is shown in C and D as 
box plots. Three independent experiments 
were performed. Spots were distributed over 
one to three plates. Each box summarizes 
the % tail intensities of all comets on one 
plate. Results from the same experiments 
are shown in the same color as annotated. 
E) CV values (%) retrieved from the mean 
values of all spots shown in A and the 
corresponding standard deviations. CV 
values below 10% (visualized by the orange 
dashed line) indicate a sufficient level of 
reproducibility.
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To tackle this important question, we kept three of four known 
sources of SCGE variability constant, namely the biological 
sample, the assay protocol and the analysis procedure (shown in 
Fig. 1 in red). Thereby the impact of electrophoresis on SCGE re-
sults (shown in Fig. 1 in green) could be systematically assessed 
in a “novel tank” and benchmarked against a commercially avail-
able standard “platform tank”.

For generation of the set of control cells, we chose increas-
ing doses of x-ray irradiation and the A549 cell line. As expect-
ed (McArt et al., 2010), synchronization of A549 cells in S-phase 
increased the cells’ susceptibility to x-ray treatment. However, 
rather unexpectedly, we observed a simultaneous increase in the 
intrinsic biological variability. This was associated with a certain 
risk for the project’s task, since overall assay variability is sup-
posed to be the sum of all sources of variability, including also 
the intrinsic variability of the biological sample (see introduction 
for more details). On the other hand, “real” biological samples 
such as tissue biopsies or blood samples also possess a certain 
unknown intrinsic variability that might be even higher com-
pared to our control cells. Using control samples with such an 
intrinsic distribution rather than a “perfect” control sample with 
artificially low intrinsic variability increases the meaningfulness 
and applicability of our results for “real life” samples. 

Having generated a sufficiently large batch of these cells al-
lowed us to keep the variability constant for the whole duration 
of the study. With a customized assay protocol for this particu-
lar set of samples, we cover a reasonable dynamic range of DNA 
damage detection with the “novel tank”. In contrast to OECD 
recommendations (OECD, 2016), this assay protocol uses a fi-
nal LMA concentration of 0.4%. We demonstrate that sensitivity 
increases with reduced LMA concentration. Conversely, higher 
LMA concentrations mask the detection of higher DNA damage 
levels (Fig. 5). While low LMA percentages have been reported 
to result in rather fragile gels (Azqueta et al., 2011b, 2019; Gutz-
kow et al., 2013), no detachments of spots at any time during the 
experiments was observed over the entire study duration. Tak-
ing these facts together justifies the deviation from the OECD 
TG and is further in line with findings by Collins and co-workers 
(2014), who showed that agarose concentration is one of the ma-
jor contributors to variation in assay results. 

Using the synchronized control cells and the “novel tank”, we 
show that even samples with a high intrinsic variability on the sin-
gle cell/comet level can be analyzed with high precision and re-
peatability. Mean % tail intensity values of 54 spots of the same 
4 Gy sample vary significantly less in the “novel tank” compared 
to results from the “platform tank” (Fig. 6). This indicates that ac-
curate control over physical parameters during electrophoresis is 
key to achieving reproducible SCGE results. This was further con-
firmed using a commercially available control set including cells, 
protocol and equipment from the same manufacturer (standard 
“platform tank”; Fig. 7). Reproducibility from one spot to the oth-
er and even from one experiment to the other was significantly 
better in the “novel tank” as compared to the “platform tank”. 

We could further demonstrate that for this particular data set 
fewer technical replicates (i.e., spots) were needed to distin-
guish between samples of different DNA damage levels. Com-

treated samples (C1-C3) to 23% in the untreated sample (C0), 
the “platform tank” revealed values of 30.5% to 57%, respective-
ly. This indicates an improvement in reproducibility by a factor 
of 2.5 to 5.5 for unknown samples. For all treatment conditions, 
F-test analysis further confirmed that the variance of all spots 
was lower in the “novel tank” compared to the “platform tank” 
and that this difference was statistically significant (Tab. S33).

This becomes obvious when comparing Figure 7A and B: All 
spot mean values from one treatment condition closely cluster 
when run in the “novel tank”, so that treatment conditions can be 
easily separated (C0 from C1, C1 from C2, etc.) already by means 
of the eye. In contrast, spot mean values from the same samples 
run in the “platform tank” spread considerably and mean % tail 
intensity values overlap from one treatment condition to the next, 
making it difficult to distinguish for example C0 from C1, etc.

Nonetheless, when all 18 (“novel tank”) or 20 (“platform 
tank”) spot means were considered, t-test analysis revealed a sta-
tistically significant difference between the consecutive treat-
ment conditions in both tanks (supplementary file 22: Table 1_da-
ta_sets). To assess whether this would also be the case for a more 
restricted number of spots, we simulated ten times 10,000 exper-
iments with three, four, five and six randomly chosen spot means 
and performed t-test analysis (supplementary file 22: Tab. 2, 3, 
5 and 6). Based on results generated in the “novel tank”, three 
spots sufficed to distinguish C0 and C1, C1 and C2, C2 and C3 
in at least 99.99% of all simulated cases with statistical signifi-
cance on a 95% confidence interval. In contrast, results from the 
“platform tank” allowed for a significant discrimination between 
C0 and C1 in 27% of all cases, between C1 and C2 in 21% and 
between C2 and C3 in 82%. More stringent analysis on a 99% 
confidence interval revealed for three spots of the “novel tank” 
that C0 and C1 could still be distinguished in 100% of the cas-
es, C1 and C2 in 86% and C2 and C3 in 99.9% of all cases. Un-
der these conditions, results from the “platform tank” allowed to 
discriminate between C0 and C1 as well as between C1 and C2 
in only 7% of all cases and between C2 and C3 in 39% of all cas-
es. Increasing the spot number from the “platform tank” to six 
revealed significant differences between C0 and C1 in 38% of 
all cases, between C1 and C2 in 22% and between C2 and C3 in 
99.6%. In contrast, four spots from the “novel tank” were enough 
to discriminate between consecutive treatment conditions in 
100% of all cases. For this particular data set, our findings imply 
on average a three-fold or nine-fold increase in selectivity for the 
“novel tank” when three spots are analyzed on a 95 or 99% confi-
dence interval, respectively. 

This preliminary analysis indicates that the increase in repeat-
ability and reproducibility finally reduces the number of spots 
needed to distinguish between different treatment conditions in 
a reliable manner. 

4  Discussion

In how far would a “perfect electrophoresis tank system” enable 
the use of SCGE in biomonitoring and diagnostics or precision 
health care?
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perience, we estimate that the experimental hands-on time for 
a standard genotoxicity test according to OECD TG 489 could 
be reduced from nine to three hours. This excludes scoring and 
analysis time, which has not been addressed in this study. 

A robust and reliable analysis solution is another important 
factor for precision as well as HT capability, and additional ef-
forts will need to be invested to realize this. Sample analysis is 
responsible for most of the observed inter-laboratory variabil-
ity of SCGE (Collins et al., 2014; Forchhammer et al., 2010). 
In the present study, images were analyzed by a single opera-
tor using one semi-automated software and according to a de-
fined protocol. While such a “pragmatic” strategy worked nice-
ly to minimize intra-laboratory variability, it is certainly useless 
for tackling inter-laboratory issues of reproducibility and com-
parability. Therefore, an automated, reliable, easy-to-handle, us-
er-friendly and affordable analysis solution that is able to pro-
cess diverse image file formats is urgently needed – especial-
ly considering the high-throughput aspect of being able to run 
six 96-well format plates simultaneously (576 spots). The cur-
rently available and commonly used manual or semi-automat-
ed analysis software solutions such as CometAssayIV (Percep-
tive Instruments) and Lucia (Lucia cytogenics), although spe-
cific for SCGE, are obviously not optimal for HT application. 
Furthermore, operator-dependent variations constitute a known 
drawback (Forchhammer et al., 2010). Automated systems may 
offer several advantages such as speed, but, more importantly, 
can also avoid operator-dependent bias. Imstar Pathfinder™ is 
reported to analyze 96-well format minigels in under 4 h (Brun-
borg et al., 2014). MetaSystems CometImager system automat-
ically determines the best plane of focus at each captured field 
and scores comets only if several outlined conditions are met 
(Stang et al., 2010). However, special costly equipment is need-
ed in both cases. Open platforms such as CASPLab, CellProfiler 
and OpenComet (ImageJ plug-in) exist but still require further 
development. Manual editing of results is still necessary, which 
is time consuming and can also introduce human error variabili-
ty caused by user-to-user differences. 

5  Conclusion

Using a novel electrophoresis tank in comparison to a standard 
platform electrophoresis tank, we show that control over the 
physical parameters is a key requirement to increase SCGE re-
peatability, reproducibility and precision, irrespective of the in-
trinsic biological variability of the sample. Optimum standard-
ized assay protocols are essential to cover a reasonable dynam-
ic range and may vary with respect to the biological sample of 
interest. Furthermore, our results show that following such a 
strict and optimized SOP increases reproducibility but solely 
in combination with controlled electrophoresis conditions. The 
high-throughput electrophoresis solution presented here solves 
one of the key issues of SCGE variability. The achieved preci-
sion together with a reduction in required sample number and 
processing time on an HT level will not only decrease costs but 
also facilitate the application of SCGE for diagnostic purposes. 

paring three spots (as recommended in the OECD TG) revealed 
an up to nine-fold increase in selectivity for data generated in the 
“novel tank”. Such a level of significance could not be reached 
in a standard “platform tank”, even with increasing spot num-
bers. This is of particular relevance for SCGE applications in di-
agnostics and biomonitoring for two reasons. On the one hand, it 
implies a potential reduction of biological material needed from 
patient biopsies, which is often of limited availability. Similar-
ly, valuable material from animal tissues can be used most effi-
ciently, making the most out of each animal experiment. On the 
other hand, and even more importantly, the reduced assay vari-
ability might change the conclusion of Forchhammer and col-
leagues (2010): They regard the SCGE assay as a suitable meth-
od to detect biological differences between two populations. 
However, they considered assay variation as too high for diag-
nostic purposes or for the estimation of possible disease risks. 
With accurate control over electrophoresis parameters, we pro-
vide a technical solution to reduce variation in SCGE to a level 
where finally a distinction between treated and untreated sam-
ples or samples of healthy and diseased origin might be feasible. 
Therefore, to show the general validity of the results presented 
here, further analyses with diverse sets of samples in inter-labo-
ratory trials are needed. This will pave the way for the applica-
tion of SCGE as part of a high-throughput strategy in medical 
diagnostics and biomonitoring. 

There is indeed huge potential to use SCGE as a diagnostic 
tool for cancer, in liquid biopsies and chemical safety (Anderson 
et al., 2013, 2014). The European Food Safety Association (EF-
SA) and the European Chemicals Agency (ECHA) have listed 
SCGE as an appropriate genotoxicity test (ECHA, 2018; EFSA, 
2012), which satisfies several requirements listed by the EC Reg-
ulation on chemicals and their safe use (REACH). Furthermore, 
application of SCGE for human biomonitoring of environmen-
tal, occupational or lifestyle chemicals (Anderson et al., 2013; 
Azqueta et al., 2019; Davison, 2016; Koppen et al., 2018) and in 
the improvement of cancer diagnostics and therapy are ongoing 
(Anderson et al., 2014, 2019; Apostolou et al., 2014; Buchynska 
et al., 2017; Dandah et al., 2018).

Besides the demonstrated precision, further factors need to be 
combined in order to enable the routine use of SCGE technolo-
gy. These include the ease of sample handling and HT capabili-
ties from sample preparation until analysis. There have been sev-
eral attempts to produce fast HT SCGE assays, but these studies 
have only addressed the speed of the assay, neglecting the re-
producibility by not addressing the factors that lead to variation 
in SCGE (Stang and Witte, 2009; Wood et al., 2010). Further-
more, the technical complexity of some SCGE assays, such as 
the application of microtiter wells, may further prevent the rou-
tine application of the technology (Stang and Witte, 2009). The 
particular 96-well format plates used with the “novel tank” al-
low a simple, fast and robust sample preparation. This is high-
lighted by the fact that even 0.4% LMA gels can easily be used 
without any risk of detachment. In combination with the “novel 
tank” which runs six of these 96-well format plates at a time on 
customized programs, this ensures a fast and standardized assay 
procedure until the end of the electrophoresis. From personal ex-
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