








reference cells were either present in separate gels on the
same slide or co-embedded in the same gel before their
co-exposure to X-irradiation, repair incubation and sub-
sequent ACA analysis. Figure 5 shows the averaged
relative test cell repair responses derived from the individ-
ual test cell values before (Figure 5a and c) and after
(Figure 5b and d) the latter’s normalization using
the BrdU-labelled reference cell comets either as internal
standards or as external standards. The data in Figures 4
and 5 indicates that the CoVs were markedly reduced
when normalization was based on reference standards in
the same gel.

The inclusion of an external standard, in which the test
and reference cells are in separate gels but present in the
same experiment, may take into account inter-experiment
variability arising from differences in cell lysis and
electrophoresis conditions, and could to some extent
account for variability arising from cell exposure and
comet analysis, but will not account for inter gel
differences. However, the inclusion of a true internal
standard, in which the reference and test cells are
present together in the same gel, ensures that both cell
types are exposed to exactly identical conditions; conse-
quently, with internal standard cells experiencing the exact
same conditions as the test cells, they will have a greater

capacity to account for, and reduce, protocol-induced
variability. Accordingly, for intra- and inter-experimental
measures of radiation-induced comet formation and DNA
damage repair we have obtained substantial (� 2-fold)
reductions in the CoV when the reference and test cells
were in the same gel. However, when the reference and test
cells were in separate gels, at best, only minor/moderate
reductions in CoV were noted. This indicates that
differences between individual gels significantly contribute
to experimental variation in the Comet assay, even when
present on the same slide.

Improved statistical significance in comparing groups of
replicate samples

To determine whether the reference cells, acting as internal
standards, could be used to improve estimates of signifi-
cance between groups of replicate samples, we further
analysed the data used to evaluate the impact of the ref-
erence cell comets on intra-experiment measures of imme-
diate DNA damage (see Figure 2). For this we took the
uncorrected data presented in Figure 2a, and for both the
BrdU-containing cells and the non-BrdU-containing cells,
we consecutively averaged the results of, firstly, all 18
samples; then 17 samples (samples 1–17 inc.); then 16
samples (1–16 inc.) and so on. For the averaged

Figure 2. The extent of initial comet formation (m%TD) in a single experiment of 18 replicate slides, in which the BrdU-containing reference cells
and the non-BrdU test cells were either prepared in the same gel (a) or in separate gels on the same slide (b), prior to 6Gy X-irradiation.
(c) Comparison of the averaged test cell response (m%TD±SD), derived from the individual test cell comet values before and after normalization
using correction factors derived from the BrdU-labelled reference cell comets acting as either internal or external standards.
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uncorrected data of the first 11 samples (samples 1–11
inc.) the statistical significance between the measures of
DNA damage for the BrdU-containing and non-BrdU-
containing cells was P< 0.005 (P=0.0039) (Figure 6).
However, in using the BrdU-containing cells as internal
standards to correct the non-BrdU-containing cells (as
previously undertaken) and vice versa (i.e. using the non-
BrdU-containing cells as internal standards to correct the
BrdU-containing cells), the statistical significance of the
difference is substantially increased to P< 0.0001. Hence
using an internal standard can greatly increase the level of
significance obtained between groups of replicate samples

when assessing the same number of samples. Alternatively,
using the internal standard permits a smaller number of
samples to be analysed (n=6) whilst maintaining an
equivalent statistical significance (P=0.0022). The latter
use of the internal standard material would be of benefit in
situations when the sample is precious or when sample
numbers are limiting (i.e. clinical samples).

Whilst we have demonstrated that the inclusion of an
internal standard leads to substantial improvements in
data quality, as it stands, the internal standard presents
certain disadvantages and further development is needed.
For instance, its inclusion does require further comet

Figure 3. Three independent dose response experiments (a+ b, c+ d and e+ f) in which the BrdU-containing reference cells and non-BrdU-
containing test cells were either prepared in separate gels on the same slide (a, c and e) or prepared together in the same gel (b, d and f),
prior to their co-exposure (on slides and on ice) to X-irradiation.
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scoring; however, it may be feasible that fewer reference
cell comets could actually be analysed (i.e. 20% of the test
cell comets analysed) to achieve data normalization, and
as automated Comet assay systems become increasingly
available, any additional time required for further
scoring will be less of a hindrance. With regards to
further development, for long-term and/or large comet
assay-based human biomonitoring studies, robust and
stable internal standard materials are required; a single
cell line should be chosen and a standard preparative
protocol validated to negate batch-to-batch variability.
Furthermore, the approach described by Rapp and
co-workers (data presented at the 5th Comet Assay
Workshop, Aberdeen, August 29–30, 2003, ‘An internal
fragment length standard for the Comet-Assay’ Rapp
et al., Dept. for Single Cell and Single Molecule
Techniques, Institute fur Moleulare Biotechnology Jena,
Beutenbergstr. 11, 07745 Jena, Germany), in which cells
are encapsulated in agarose microbeads (one cell per bead)
and their DNA fragmented in a controlled manner,
holds promise as a means of developing robust internal
standard materials suitable for long-term/large human
biomonitoring studies.

In summary, we report the early stage development
and integration of a true internal standard for the

Comet assay consisting of BrdU substituted reference
cells. The comets derived from these reference cells can
be readily distinguished from the test cell comets present
in the same gel. Using the reference cells as internal stan-
dards we have obtained substantial (>2-fold) reductions
in the coefficient of variation (CoV) for intra- and
inter-experimental measures of radiation-induced comet
formation and DNA damage repair; but only minor
reductions in CoV were noted when the reference cells
were used as external/parallel standards. These studies
indicate that differences between individual gels, even
when present on the same slide, markedly contribute
to experimental variation in the Comet assay. Having
both the reference and test cells together in the same gel
provides a means of reducing variation in comet measures
caused by differences/inconsistencies in the preparation of
the slides, cell exposure, nucleoid electrophoresis and
comet analysis. Finally, we have shown that using the ref-
erence cells as internal standards permits greater signifi-
cance to be obtained between groups of replicate samples
when the same number of samples are analysed;
alternatively, it was demonstrated that the same level of
significance can be achieved using smaller numbers of
samples. Ultimately, we anticipate that further develop-
ment will deliver widely applicable ‘off the shelf’ quality

Figure 4. The extent of radiation-induced comet formation in the test cells from the three independent dose response experiments; (a) and (b)
show the averaged test response (m%TD±SD) obtained when the test and reference cells were in separate gels, before and after normalization,
respectively (using correction factors derived from the BrdU-labelled reference cell comets acting as external standards); (c) and (d) show the
averaged test response obtained when the test and reference cells were in the same gel, before and after normalization, respectively (using correction
factors derived from the BrdU-labelled reference cell comets acting as internal standards). The number above each data point is the corresponding
coefficient of variation.
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assurance (QA) materials for investigators using the
Comet assay.
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Figure 6. The extent of initial comet formation (m%TD) in replicate
slides, in which the BrdU-containing reference cells and the non-BrdU
test cells were present in the same gel prior to 6Gy X-irradiation. For
the averaged uncorrected data of the first 11 samples (n=11) the sta-
tistical significance between the measures of DNA damage for the
BrdU-containing and non-BrdU-containing cells was P< 0.005
(P=0.0039). However, in using the BrdU-containing cells as internal
standards to correct the non-BrdU-containing cells and vice versa (see
text) the statistical significance of the difference is increased to
P< 0.0001. Alternatively, using the internal standard permits a
smaller number of samples to be analysed (n=6) whilst maintaining
an equivalent statistical significance (P=0.0022).
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