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Published online: 18 June 2019 . Cell quantification is widely used in basic or applied research. The current sensitive methods of cell
. quantification are exclusively based on the analysis of non-fixed cells and do not allow the simultaneous
. detection of various cellular components. A fast, sensitive and cheap method of the quantification of
. fixed adherent cells is described here. It is based on the incubation of DAPI- or Hoechst 33342-stained
. cellsin a solution containing SDS. The presence of SDS results in the quick de-staining of DNA and
simultaneously, in an up-to-1,000-fold increase of the fluorescence intensity of the used dyes. This
increase can be attributed to the micelle formation of SDS. The method is sufficiently sensitive to reveal
around 50-70 human diploid cells. It is compatible with immunocytochemical detections, the detection
. of DNA replication and cell cycle analysis by image cytometry. The procedure was successfully tested
. for the analysis of cytotoxicity. The method is suitable for the quantification of cells exhibiting low
* metabolic activity including senescent cells. The developed procedure provides high linearity and the
signal is high for at least 20 days at room temperature. Only around 90 to 120 minutes is required for the
procedure’s completion.

Cell quantification is a common task for many laboratories. A typical example of its use is drug-discovery
. research. Presently, several methods are available. They are usually based on the time-consuming direct calcula-
© tion of cells using e.g. a haemocytometer or a much easier determination of the relative cell concentrations. Since
. the determination of the relative concentrations of cells is sufficient in many studies, these methods are a common
tool for routine cell quantification. In addition, if necessary, the absolute number of cells can be determined after
. the calibration of the signal using samples containing a known number of cells.

Several strategies were developed for the determination of the relative number of cells. A very common strat-
egy is based on the conversion of various substrates by cellular enzymes followed by the measurement of the
concentration of the reaction’s product. Typical examples are tetrazolium-based assays and the methods based
on Alamar Blue!. Tetrazolium-based assays are based on the reduction of the tetrazolium salts to the purple
formazan crystals by mitochondrial dehydrogenases**. The most commonly used tetrazolium compound is
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) which was originally developed to

: measure cell proliferation and cytotoxicity. As the reduction of MTT leads to the creation of insoluble for-
* mazan crystals which have to be solubilised with e.g. DMSO, other tetrazolium-based assays such as 3-(4,5-dim
. ethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and 4-(3-(4-iodop
henyl)-2-(4-nitrophenyl)2H-5-tetrazolio)-1,3-benzene disulphonate (WST-1) were developed"*. In these assays,
© the water-soluble formazan products are formed and therefore, no solubilisation step is needed*”’. Alamar blue is
. one of the colorimetric assays as well. It is based on the conversion of the blue resazurin to the highly fluorescent
. pink resorufin by mitochondrial enzymes®’. The disadvantage of the mentioned methods is their dependence
. on the metabolic state of the cell population. As the metabolic state can be related also to the density of the cell
. population'®, it commonly results in the non-linear dependence of the signal on the cell number. The dependence
on the metabolic state can also result in low sensitivity if the metabolically less active cells, e.g. senescent cells, are
quantified. Moreover, the specific conditions have to be found for the individual cell lines.
: The dependence on the metabolic state can be overcome by using methods based on the detection of cellu-
¢ lar DNA. Fluorescent substances, which bind to DNA are examples. Their binding to DNA is accompanied by
. the significant increase of their fluorescence. This group includes cyanine dyes such as CyQuant, PicoGreen or
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Figure 1. The scheme of the method. The scheme of the procedure with the recommended incubation times for
Hoechst staining is shown. If DAPI is used instead of Hoechst dyes, the incubation in step 4 (the washing step)
should be shortened to 3 x 2 minutes. The other incubation times are the same as in the case of Hoechst dyes.
Step 2 (cell drying) is optional, but it is highly recommended if 96-well plates are used.

SYBR Green I''"13, Other examples are DAPI'*!> or Hoechst stains!'>!*. The methods based on DNA staining do
not depend on the cell metabolism and some of them exhibit sufficient sensitivity to reveal several tens of cells.
However, cell lysis is usually required for maximal sensitivity and the linearity of the dependence of the signal on
the cell number. It can result in the substantial prolongation of the procedure and/or additional costs. In addition,
the stability of the signal is usually low and requires relatively fast evaluation of the processed cells or freezing of
the sample.

In the study presented, we have developed an approach for the quantification of the fixed cells that does not
require cell lysis as the DNA dye is eluted from cellular DNA using an elution solution. It results in a highly
homogeneous solution of the eluted DNA dye and substantial increase of its fluorescence intensity. Therefore,
only a fraction of the sample can be measured without any decrease in the accuracy of the measurement. As there
is no need for cell lysis, the cell cycle analysis by image cytometry or the detection of various cellular components
can be performed before the elution step. Moreover, all the components are cheap. It provides the possibility to
quantify the cell number in various vessels including well plates, cultivation flasks, Petri dishes or even coverslips
at reasonable cost.

Results

Method description. Method overview. The scheme of the method is shown in Fig. 1. Adherent cells cul-
tivated in various vessels are fixed with 70% ethanol for 10 minutes at room temperature (RT) and air-dried
for 30 minutes. Subsequently, the cells are incubated in a solution of 2uM Hoechst 33342 or 3uM DAPI in
20 mM Tris-HCI, pH 7, 150 mM NaCl for 30 minutes on a laboratory shaker (100 ul per well of a 96-well plate).
Afterwards, the cells are washed in a washing solution containing 2 mM CuSO,, 0.2 M CaCl,, 2M NaCl, 0.2%
Tween 20 and 50 mM citric acid for 5 minutes (Hoechst-stained cells) or in 2mM CuSO,, 0.5M NaCl, 0.2%
Tween 20 and 20 mM citrate buffer, pH 5 for 2 minutes (DAPI-stained cells; 200 ul per well of a 96-well plate).
This step is repeated three times in total and serves to remove the non-specifically bound dye and also to stabilise
the cells. This stabilisation protects the cells from lysis when incubated in the elution buffer. Then, cells are briefly
rinsed with the buffer to adjust a pH to the value around 7. In this respect, a 20 mM phosphate buffer, pH 7 with
a 150 mM NaCl or 20 mM Tris-HCl buffer, pH 7 with 150 mM NaCl are used for Hoechst- or DAPI-stained cells,
respectively. In the final step, the dye bound to DNA is eluted using the elution solution for 15 minutes on the
laboratory shaker (120 ul per well of a 96-well plate). The elution solution contains 2% sodium dodecyl sulphate
(SDS) and a 20 mM phosphate buffer, pH 7 or a 20 mM Tris-HCl, pH 7, for Hoechst- or DAPI-stained cells,
respectively. The elution buffer serves for the elution of the dyes from the DNA and the signal enhancement.
The aliquots of the elution solution are transferred to the black well plate (100 ul per well of a 96-well plate). The
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Figure 2. The impact of RNase A on the signal. The impact of RNase A on the signal of Hoechst 33258 or
Hoechst 33342 or DAPI is shown. The cells were fixed by ethanol, dried and incubated in 1 x PBS with or
without RNase A for 1 hour at 37 °C and the developed approach was used. The signal is normalised to the
signal measured in samples without RNase A treatment which is equal to 100%. The data are presented as the
mean £ SD.

measurement is performed using the plate reader. The excitation wavelength should be 370 nm. The emission
wavelength should be 460 nm in the case of the DAPI and 485 nm in the case of the Hoechst dye. For the back-
ground correction, the procedure is done in the culture vessel without cells. Its value is then subtracted from the
value of the tested sample(s). Although Hoechst 33258 was tested as well, this dye provided less reliable data than
Hoechst 33342 (see below). If coverslips with the diameter up to 15 mm are used, most steps can be performed on
drops of solutions and elution can be performed in a 24-well plate.

Fixation. We tested several fixation protocols. We compared the signal in samples fixed with 70% ethanol or
100% methanol at various temperatures (—20°C, 0°C or RT) and for various times (10 minutes, 30 minutes,
1 hour or overnight), fixation by air-drying and formaldehyde fixation. With the exception of formaldehyde fix-
ation, the rest of the fixation protocols used exhibited similar signals. The 10-minute fixation with 2% formal-
dehyde provided around half of the signal obtained by the ethanol or methanol fixation or by air-drying. As the
10-minute fixation with 70% ethanol at RT resulted in the effective protection of the cells from loosening from the
cultivation surfaces and ethanol is less toxic than methanol, we used ethanol fixation in all the subsequent exper-
iments. In contrast to the formaldehyde fixation, the ethanol fixation enables interruption of the procedure for a
relatively long time. In this respect, the storage of samples for 3 months in 70% ethanol at —20 °C was successfully
tested without any impact on the signal intensity. Therefore, if necessary, the procedure can be interrupted for
several months after ethanol fixation.

Drying of the cells is performed immediately after ethanol fixation. This step is optional; however, it is highly
recommended if the cells are incubated in 96-well plates. It allows stronger attachment of the cells to the culti-
vation surface and protects the cells from loosening during the washing steps as the repeated fluid stream from
the pipette tip can release a substantial portion of the cells from the well. The cell drying after ethanol aspiration
typically lasts 20 to 30 minutes depending on the temperature, humidity and the amount of ethanol volume rest-
ing in the well. It can be easily controlled as ethanol remnants are visible at the bottom of the well plates. This
step is typically useless if plates with larger wells or Petri dishes or culture flasks are used. The cell drying should
not exceed one hour progressively as extensive drying can result in the necessity of prolonging the elution step.

Cell staining. 200 l of the 2-3 uM dye solution is sufficient for staining cells grown on 1 cm? of the cultivation
area. In the case of 96-well plates, we used 100 pl of 3 uM DAPI or 2uM Hoechst dye per well. If a Petri dish with
the diameter of 3.5 cm was used, 2 ml of the dye solution was added. The additional increase of the dye concentra-
tion can result in the non-specific binding of the dye to the surface of the culture vessels and also to the non-linear
dependence of the signal on the cell number. On the other hand, the lower concentrations can result in a lower
signal per cell if a high density of cells is reached due to the depletion of a substantial portion of the dye from the
solution. Thirty minutes is the optimal time with respect to the speed and the signal intensity. However, longer
incubation times can be used without any effect on the results. On the contrary, the shorter times can result in a
lower signal and lower sensitivity. The samples should be shaken, for example at 300 rpm, during the incubation,
as the shaking accelerates the binding of the dye to the DNA.

Although it is generally supposed that Hoechst dyes bind preferentially to DNA, it was also shown that they
may bind to RNA as well'®!”. Similarly, DAPI is supposed to bind to both DNA and RNA'®. In order to estimate
the contribution of RNA-bound dyes to the overall signal intensity we analysed the signal dependence on the
RNA content. In this respect, the RNase A treatment resulted in ca 33% decrease of the signal in the case of
Hoechst 33258, ca 25% decrease of the signal if we used Hoechst 33342 and ca 10% decrease of the signal of DAPI
comparing to the non-treated cells (Fig. 2).

Washing and cell stabilization. 'The washing is the crucial step. During its course, the non-specifically bound
dyes are removed. Dyes can be non-specifically bound to the cells or to the surfaces of the culture vessels.
According to our results, the surfaces of the common polystyrene cultivation vessels bind all tested DNA dyes.
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These non-specifically bound dyes have to be removed before the elution step, otherwise it will result in a lower-
ing of the sensitivity of the approach. As a 40-minute washing time is usually necessary to remove a substantial
portion of the DNA dyes from the culture surfaces using 1x PBS, we tested other solutions to accelerate this step.

In the case of Hoechst dyes, we found that the use of solutions with a low pH and relatively high ionic strength
results in the very fast dissociation of the dyes from the cultivation surfaces. In this respect, the solution of 50mM
citric acid supplemented with 200 mM CaCl, and 0.2% Tween 20 makes it possible to wash out nearly all the
surface-bound Hoechst molecules in several minutes. In this respect, three washing steps each for five minutes are
sufficient for the removal of the majority of the non-specific signal. Importantly, the prolongation of the washing
time did not result in the lowering of the DNA-specific signal of Hoechst dyes and, therefore, this step can be
prolonged according to the user needs. Additional tests have shown that the linearity of the signal dependence on
the cell number can be significantly improved by the addition of 2 M NaCl to the washing solution. It is probably
a result of the washing out of the non-specifically bound dye from the cellular components.

In the case of DAPI, we successfully tested a solution of 20 mM citrate buffer, pH 5 supplemented with 0.5M
NaCl and 0.2% Tween 20. As DAPI is partially removed also from cellular DNA in the case of low pH and the
high ionic strength, the total time of the washing step should not exceed 15 minutes, otherwise, it can result in the
progressive lowering of the signal.

In both cases, the washing solution contained 2mM CuSO, as well. The addition of copper sulphate efficiently
protects the ethanol-, methanol-fixed cells and also air-dried cells from SDS-induced lysis. The cell lysis is accom-
panied by the progressive increase of the solution viscosity and difficulties with the transfer of the solution of the
eluted dyes to the black well plates. No such treatment is necessary if formaldehyde-fixed cells are used. Although
the incubation with copper ions can be performed at any time before the elution step, the addition of copper ions
into the washing solution is advantageous as it does not result in the prolongation of the procedure.

After the washing step, the samples are rinsed with the solution of 20 mM phosphate buffer, pH 7 (if Hoechst
dyes are used) or the Tris-HCI buffer, pH 7 (if DAPI is used) supplemented with 150 mM NaCl. The rinsing of the
samples neutralizes the acid environment before the elution of the dyes from the DNA. This step is much more
important in the case of Hoechst dyes as their signal highly depends on the pH value and the buffer composition
(Fig. 3a). Samples can be left in the rinsing solution for several hours before proceeding to the elution step.

Elution. During the elution step, the samples are incubated in an aqueous, buffered solution of anionic detergent
- SDS. Alternatively, lithium dodecyl sulphate can be used. This step assures the elution of the DNA dyes bound
to the DNA in the solution.

It was previously shown that the presence of SDS in solutions leads to an increase of the fluorescence of DAPI
and Hoechst 33258 and Hoechst 33342. This increase is attributed to micelle formation'>?. It is supposed that
dyes enter the micelles which have a less polar inner core and this environment blocks the quenching of fluores-
cence by intramolecular proton transfer?. It was, nevertheless, necessary to determine at which concentration
of SDS the signal will be the highest, whether it will be sufficient for the precise determination of the relative cell
number, whether there is a cross-section between the concentration, which is necessary for the elution and the
concentration for the sufficient increase of the signal and how linear the dependence of the signal is on the cell
number in a sample. Optimally, the maximal fluorescent signal overlaps with values, which are necessary for the
elution of dyes from the DNA of the samples and at the same time the fluorescent signal linearly increases with
the increasing concentration of the dye and cells.

According to our results, the minimal concentration leading to the elution of the DNA dyes, was 0.1% SDS.
However, this concentration required more than one-hour incubation for the effective elution of the dye from
the DNA. In this respect, a solution of 2% SDS resulted in the effective elution of the DNA dyes in less than
15 minutes.

The analysis of the signal intensity of 1 uM dye solutions in buffers with different pH and various SDS concen-
trations showed a relatively high difference between the dyes used (Fig. 3a). In the case of Hoechst dyes, the signal
intensity significantly depended on the buffer composition and pH. No such dependence was observed in the case
of DAPI. The intensity of the Hoechst dyes was the highest in a phosphate buffer with pH 7 (Fig. 3a). The course
of the signal dependence on SDS concentration in the case of Hoechst dyes in phosphate buffer, pH =7 and DAPI
in all the tested buffers showed that the signal intensity is similar in a wide range of SDS concentrations including
the concentration suitable for the elution of both Hoechst dyes or DAPI from DNA.

The same experiment showed that the addition of SDS resulted up to 1,000-fold increase of the fluorescence
intensity in the case of Hoechst 33342 and more than 700-fold increase in the case of Hoechst 33258 (Fig. 3b).
Only an approximately 90-fold increase of the signal was measured if DAPI was used.

The dependence of the signal of both Hoechst dyes and DAPI in the elution solution containing 2% SDS on
the dye concentration was linear in all the tested concentrations (Fig. 3¢).

The comparison of the fluorescence intensity of the dyes in 2% SDS and 20 mM phosphate buffer, pH 7
(Hoechst dyes) or 20 mM Tris-HCl buffer, pH 7 (DAPI) showed that the highest fluorescence intensity was exhib-
ited by Hoechst 33342. The fluorescence intensity of Hoechst 33258 was around 75% of the intensity of Hoechst
33342. The fluorescence intensity provided by DAPI was only around 45% of the intensity provided by Hoechst
33342 (Supplementary Fig. S1).

The dependence of the signal on the micelle formation was confirmed by the analysis of the dependence of
the signal on the SDS concentration in the water (Fig. 3d). The CMC (critical micelle concentration — a concen-
tration of the surfactant above which micelles are formed) of SDS in water is approximately equal to 8.1-8.4 mM
or around 0.24%>".

To accelerate the elution, the samples should be agitated. Agitation of the samples at 300 rpm and RT is suf-
ficient for the elution of DNA dyes from DNA in 15 minutes. Concerning the volume of elution solution, 120 pl
per well of a 96-well plate and 0.5 ml per Petri dish with a diameter of 3.5 cm was successfully tested. After the
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Figure 3. The dependence of the signal on the SDS and dye concentrations. (a) The dependence of the signal
of the 1 uM solution of DAPI or Hoechst dyes on the percentage concentration of SDS in various buffers is
shown. The signal is normalised to the signal measured in the samples with the DNA dye diluted in 2% SDS and
a phosphate buffer, pH 7 which is equal to 100%. The data are presented as the mean + SD. (b) The dependence
of the signal enhancement of DNA dyes on the SDS concentration in various buffers is shown. The values of
enhancement are expressed as a multiple of the signal intensity of the sample without the addition of SDS. The
data are presented as the mean & SD. (c) The dependence of the signal on the concentration of DNA dyes in 2%
SDS is shown. In the case of DAPI, SDS was diluted in 20 mM Tris, pH 7, in the case of Hoechst dyes, SDS was
diluted in 20 mM phosphate buffer, pH 7. The log scales of both dye concentrations and signal intensity are used.
(d) The dependence of the signal of 1-uM solution of DAPI or Hoechst dyes on the percentage concentration

of SDS in water is shown. The signal is normalised to the signal measured in samples with DNA dye diluted in
0.25% SDS in water which is equal to 100%. The data are presented as the mean =+ SD.
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Figure 4. Dependence of the signal on the cell number, test of the linearity. (a) The microscopic images of the
HeLa cells grown in the concentration of ca 71,000 cells per well of the 96-well plate. Cell nuclei labelled with
DAPI (left) and the phase contrast image of the same cells (right) is shown. Bar - 50 um. (b) The dependence of
the signal provided by the developed approach using DAPI or Hoechst 33342 and by MTT assay on the number
of HeLa cells is shown. The highest HeLa concentration was 71,000 cells/well of the 96-well plate. Serially
twofold diluted cells were used. The signal is normalised to the signal measured in samples with the highest cell
number which is equal to 100%. The black dotted line intersects the curves at the point corresponding to 50%
of the maximal signal. The data are presented as the mean & SD. (c) The dependence of the signal provided by
the developed approach using DAPI or Hoechst 33342 and by MTT assay on the number of HeLa cells is shown.
The highest HeLa concentration was 35,500 cells/well of the 96-well plate. Serially twofold diluted cells were
used. The signal is normalised to the signal measured in samples with the highest cell number which is equal to
100%. The black dotted line intersects the curves at the point corresponding to 50% of the maximal signal. The
data are presented as the mean £ SD.

completion of the elution step, 100 ul of the elution buffer containing the eluted DNA dye was carefully trans-
ferred to the black 96-well plates to maximize the signal/noise ratio and the signal was measured using the plate
reader. The formation of bubbles should be avoided during the transfer as it can result in false results.

The signal can be measured immediately after the transfer of the solution to the black well plate or, if neces-
sary, the black well plate can be sealed by parafilm and stored at RT until the measurement is performed. In this
respect, the tested samples provided high fluorescent signal for at least twenty days (Supplementary Fig. S2).

We measured the excitation and emission spectra of DAPI in 20 mM Tris-HCI buffer, pH 7 with 2% SDS and
Hoechst 33342 and Hoechst 33258 in 20 mM phosphate buffer, pH 7 with 2% SDS. The obtained data showed that
the excitation spectra are similar in all the tested DNA dyes. In this respect, the maximum fluorescence intensity
can be measured at an excitation around 370 nm. Concerning the emission spectra, a difference was observed
between DAPI and Hoechst dyes. The highest emission was recorded at around 460 nm in the case of DAPI and
at 485nm in the case of Hoechst dyes (Supplementary Fig. S3).

The linearity and sensitivity of the developed assay. The linearity. We tested the linearity of the
developed approach as well. Serially diluted HeLa cells or diploid fibroblasts IMR-90 were grown in a 96-well
plate. The highest concentration (HC) of the cells was ca 71,000 HeLa cells or ca 80,000 IMR-90 cells per well.
These concentrations correspond to an approximately 100% confluent cell population (Fig. 4a). The number of
cells was evaluated either by image cytometry using CellProfiler software or by the manual counting. Eight images
per well were acquired and evaluated.
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Figure 5. Dependence of the signal on the cell number, test of the sensitivity. (a) The sensitivity of the
developed approach using either DAPI or Hoechst 33342 and MT'T assay for HeLa cells is shown. The signal
is normalised to the signal measured in samples with the highest cell number which is equal to 100%. The log
scales of both dye concentrations and signal intensity are used. (b) The sensitivity of the developed approach
using either DAPI or Hoechst 33342 and MTT assay for late-passage IMR-90 cells is shown. The signal is
normalised to the signal measured in samples with the highest cell number which is equal to 100%. The log
scales of both dye concentrations and signal intensity are used.

We compared the linearity of the approach using DAPI or Hoechst 33342 staining with the approach based
on the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). From the graph of
HeLa cells (Fig. 4b), it is evident that the highest linearity was provided by DAPI staining (linear regression,
R?>0.9951), then by Hoechst 33342 staining (second-order polynomial regression, R* > 0.9953) and the lowest
by MTT (one-phase association regression, R? > 0.9995). In this respect, half of the maximal signal corresponded
to 50%, 30% or 15% of the number of cells in the case of DAPI, Hoechst 33342 and MTT, respectively.

If the maximal cell confluence decreased to 50% (35,500 cells per well), the highest linearity was provided by
Hoechst 33342 dye (Fig. 4c, linear regression, R? > 0.9994. DAPI and especially MTT provided lower linearity
(Fig. 4c¢).

If the linear regression was used for the graph construction of all dyes, the R? values were equal to 0.9951,
0.9335 and 0.6863 (HC = 71,000 HeLa cells; Supplementary Fig. S4a) or 0.9805, 0.9994 and 0.8866 (HC = 35,500
HeLa cells; Supplementary Fig. S4b) for DAPI, Hoechst 33342 and MTT, respectively. Similar results were
obtained with the serially diluted human fibroblasts IMR-90 (HC = 80,000 IMR-90 cells; Supplementary Fig. S5a)
or MRC-5.

The analysis of the linearity of the signal provided by Hoechst 33258 (Supplementary Fig. S5b) have shown
that this dye provides lower linearity than Hoechst 33342. As this dye also provided a lower signal (Supplementary
Fig. S1) and higher dependence on the content of RNA (Fig. 2), this dye is much less appropriate for cell quanti-
fication than Hoechst 33342.

We also tested re-staining the cells after the elution of the DNA dyes from the DNA. According to our results,
this protocol provides similar data as was provided by the first staining and elution. On the other hand, it requires
at least four washing steps with 20 mM Tris-HCI, pH 7, 150 mM NaCl after the first elution step. The total length
of this washing should be at least 30 minutes. In addition, at least a 2-hour incubation with DNA dyes is necessary.
This time should even be prolonged to 4 hours if highly confluent cell populations are used, otherwise, the cells
with the higher confluence will contain a lower amount of the dye per cell than cells with lower confluence.

The sensitivity. HeLa cells and late-passage IMR-90 human fibroblasts were seeded in 96-well plates in serial
dilutions starting at 18,000 cells (HeLa cells) or 15,500 cells (IMR-90) per well. The cells were quantified using
the developed approach or according to the standard protocol for MTT assay. The MTT assay and the developed
approach based on Hoechst 33342 provided similar sensitivity in the case of HeLa cells which usually has a
hypertriploid chromosome number?»?. The detection limit was ca 35 HeLa cells per well (Fig. 5a). In the case of
DAPI, the detection limit was ca 70 cells per well (Fig. 5a). On the other hand, the sensitivity of the MTT assay
was much lower if late-passage diploid fibroblasts were used. In this case, the detection limit was around 840
cells (Fig. 5b). If the developed approach was used, the detection limit was around 50 or 100 cells for Hoechst
33342 and DAPI staining, respectively (Fig. 5b). In the case of late-passage human diploid fibroblasts MRC-5, the
detection limit was around 70, 140 and 560 cells for Hoechst 33342 assay, DAPI assay and MTT assay, respectively
(Supplementary Fig. S6a).

The use of the developed approach for cytotoxicity evaluation. We also tested the use of the
developed approach for the evaluation of the cytotoxicity of various substances. We cultivated cells seeded in
the 96-well plates in a culture media containing serial five-fold dilutions of cytarabine or 5-trifluoromethyl-2’
-deoxyuridine (TFdU) or 5-hydroxymethyl-2’-deoxyuridine (HmdU) for two population doubling times of a
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Figure 6. Cytotoxicity assay. (a) A comparison of the results of cytotoxicity evaluation of cytarabine and TFdU
for HeLa cells provided by the developed approach based on DAPI or Hoechst 33342 or by MTT assay is shown.
The data are presented as the mean = SD. (b) A comparison of the results of cytotoxicity evaluation of TFdU for
NCI-H460 and NCI-H2009 cells and HmdU for NCI-H2009 cells provided by the developed approach based on
DAPI or by MTT assay is shown. The data are presented as the mean £ SD.

particular cell line. Then, we exchanged the medium for a fresh one and cultivated the cells for three population
doubling times corresponding to the particular cell line. Next, we performed either the standard MTT assay or
the developed assay. The signal was measured using the plate reader and evaluated. All the tested methods pro-
vided very similar ICy, values (Fig. 6).

Simultaneous detection of cellular components and cell cycle analysis.  As the samples are fixed,
the developed method is compatible with the detection of various cellular components. In this respect, we suc-
cessfully tested detection of the splicing factor SC35 and coilin - a marker of coiled bodies and the detection of
DNA replication using 5-ethynyl-2’-deoxyuridine (EdU). If the protein detection was performed, the DAPI or
Hoechst solution contained antibodies against the particular proteins. The EAU detection was performed before
DAPI or Hoechst staining. The SC35, coilin or EAU signal was analysed before the application of washing solu-
tions containing copper ions. As some proteins and/or antibodies requires e.g. formaldehyde fixation, the appro-
priate protocol has to be tested first. If the cell cycle analysis was performed, stained samples were washed and
pictures for image cytometry were taken. Then, the DNA-bound dyes were eluted and the signal was measured
(Supplementary Fig. S6b). The possibility to perform the detection of various components and cell cycle analysis
simultaneously with the cell quantification allows various analyses to be conducted using the same cells and to
address e.g. the effect of the cytotoxicity of various compounds in a more complex way.

Discussion
Various assays for the measurement of cell proliferation are presently available. The most used approaches exploit
two basic strategies. The first is based on the measurement of the enzyme activities. The second is based on the
determination of the amount of nucleic acids. The enzyme activities in cell samples are most commonly measured
by MTT, MTS, WST-1 and Alamar Blue.

Metabolic assays do not actually measure the cell number of viable cells in a culture or their growth, but rather
a set of enzyme activities, that are related in various ways to the cellular metabolism'. The metabolic assays are
highly sensitive approaches if highly metabolically active cell lines are used. On the other hand, its sensitivity is
quickly lost if slowly grown cells or senescent cell lines are used**. In this respect, we showed that the sensitivity of
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MTT assay was much lower if late-passage diploid fibroblasts, probably corresponding to the senescent cells, were
used. As the metabolic processes can be lowered at high cell densities, the metabolic assays are not suitable for
assessing cell proliferation in such situations®'’. It is, therefore, not surprising that the linearity of the MTT assay
was lower than that of the developed approach. Metabolic approaches also usually require longer times for their
completion than the developed approach as the production of a sufficient amount of the coloured product may
take several hours. The high variability between the different cell lines also results in the necessity of discovering
the optimal time and concentration of the substrate. If longer incubation times are used, the eventual toxicity of
the substrates should be taken into account as well*.

The developed approach does not depend on the cell line and is definitely shorter than 2 hours including the
time necessary for the data collection. It can be also interrupted for at least 3 months (after fixation) or for at least
20 days (after elution). Another disadvantage of metabolic assays is the necessity to add the substrates under
sterile conditions as cells are usually returned to the incubators. There is no need for sterility in the case of the
developed approach.

The common approaches based on the measurement of the amount of nucleic acids usually derives its ben-
efit from the fact that the binding of some molecules to nucleic acid results in a significant increase of their
fluorescence. Such molecules include Hoechst 33258%°, Hoechst 333427, propidium iodide?, PicoGreen® or
CyQuant!. The enhancement of the fluorescence is dye specific. A 30-40-fold increase of the fluorescence was
reported for Hoechst 33342 after its binding to DNA compared to the unbound dye®*3!. The fluorescence of
propidium iodide increases up to 30-fold*?, Hoechst 33258 30-fold*! and DAPI 20-fold**. Much higher fluo-
rescence enhancement was measured in the case of PicoGreen exhibiting more than a 1,000-fold increase of the
fluorescence intensity**.

In this respect, we found that the presence of SDS results in around a 90-fold increase of the fluorescence of
DAPI, a 700-fold increase in the case of Hoechst 333258 and around a 1,000-fold signal increase in the case of
Hoechst 33342. However, the increase of the fluorescence intensity is not so important in the developed assay.
Instead, the absolute fluorescence intensity plays the most important role as only the dye eluted from the cells is
analysed. In this respect, Hoechst 33258 provided only 75% of the signal of Hoechst 33342, while DAPI provided
only 45% of this signal.

The sensitivity of the above-mentioned assays differs substantially. While 100 cells can be revealed by
PicoGreen® and even less than 50 cells by CyQuant'!, 1,000 cells is the detection limit of the assays based on
propidium iodide or the previously described assays based on Hoechst dyes®. The sensitivity of the presented
approach is between PicoGreen and CyQuant. On the other hand, the disadvantage of the CyQuant assay is
the necessity to perform a freezing/thawing cycle by the freezing of samples at —70 °C followed by cell lysis for
the maximum precision and linearity in wide ranges of cell numbers'’. This protocol provides linear data from
50 to 50,000 cells. If higher concentration ranges need to be analysed (up to 250,000 cells), the concentration
of the dye has to be increased!!. Although a variant of the CyQuant approach based on cell permeabilisation
without a freezing step can be used, it provides the linear data from 100 to 20,000 cells only. In this respect, the
developed approach provides linear data from around 70 HeLa cells to the fully confluent cell population (ca
71,000 HeLa cells per well of a 96-well plate) without the need of repeated sample freezing/thawing and cell
lysis if DAPI is used. Even higher sensitivity and linearity (35 HeLa cells or 50-70 human diploid fibroblasts
per well of a 96-well plate) can be obtained if Hoechst 33342 is used. However, in the case of Hoechst 33342,
the maximum number of cells should correspond to the around 35,500 cells per well of a 96-well plate (around
50% confluence).

In the case of the PicoGreen assay, it is also necessary to use cell lysis for maximum sensitivity?. The cell
lysis excludes the simultaneous analysis of the cell cycle by image cytometry or simultaneous analysis of the cell
population by immunocytochemical methods. In this respect, the method developed does not require cell lysis.
As the approach is compatible with the commonly used ethanol fixation, both the cell cycle analysis using image
cytometry or immunocytochemical detections can be performed before cell quantification. Moreover, DAPI and
Hoechst staining is fully compatible with the commonly used fluorochromes as their excitation and emission
spectra are sufficiently separated from the spectra of DAPI and Hoechst dyes. The cells fixed by formaldehyde
can be also used during the developed assay. However, as the formaldehyde fixation provides approximately half
of the signal obtained after ethanol fixation, it can result in lower sensitivity. Another advantage of the developed
method is the possibility of repeated staining of the cells if necessary (e.g. if there is an error).

Concerning the cytotoxicity studies, the developed approach provided very similar data as the MTT assay
despite the fact that that it provides much higher linearity. It is probably the result of the very steep decline of the
survival of the cells if fivefold dilution of the tested substances is used. We suppose that the presented procedure
can also be highly valuable if metabolically less active adherent cells are processed, and the low sensitivity of met-
abolic assays, therefore makes it impossible to obtain the relevant data.

As was the case with the other methods, the method developed provides relative data. After the calibration,
e.g. by means of a haemocytometer or cameras and suitable software, it is possible to determine the absolute
number of cells in the particular sample.

The described method of cell quantification is fast and thanks to the low material demands and the fact that the
measurement takes place in another vessel than the one in which the cells are cultivated, it is suitable for processing
high numbers of samples and/or large samples. Concerning the price of the test, the cost of the chemicals used
for the processing of one 96-well plate is around 1.5 USD. Although the price of the black well plate increases the
expenditures, it can be minimized to very low level, as it can be washed and used repeatedly. In this respect, the two
washing steps with 0.2 M KOH or the washing buffer used for Hoechst dyes for 30 minutes followed by two washing
steps in tap water and one washing step with deionized water provided similar results as a new black well plate.
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Conclusions

The developed method of cell quantification is based on the measurement of the DNA content. In contrast to com-
monly used methods based on the same strategy, it does not rely on the enhancement of the signal by binding the dye
to nucleic acids. Instead, Hoechst or DAPI dyes bound to DNA are eluted using an elution buffer and the enhancement
of the signal is performed in this buffer by SDS. The formation of micelles of SDS results in a high enhancement of the
fluorescence of the used dyes (e.g. up to a 1,000-fold increase of the fluorescence intensity in the case of Hoechst 33342).
The signal is high for at least 20 days at RT. The procedure can be also interrupted for several months after ethanol
fixation. As there is no need for cell lysis, the cell cycle analysis using image cytometry or the detection of various cel-
lular components can be performed before the elution step. For the samples with a cell density below 50% confluence,
Hoechst 33342 should be used. It makes it possible to obtain high linearity and sensitivity. If the samples with cells at a
higher density are used, DAPI should be the preferred choice. The method can be also used for cytotoxicity evaluation.

Methods

Cell culture. Human HeLa cells (cervix, adenocarcinoma; a gift from Dr. David Stanék, Institute of Molecular
Genetics, Prague), NCI-H2009 (lung, adenocarcinoma), NCI-H460 (lung, carcinoma; both latter cell lines are
a gift from Dr. Marian Hajduch, Institute of Molecular and Translational Medicine, Olomouc), human dip-
loid fibroblasts: IMR-90 cells (lung, ATCC, CCL-186) and MRC-5 cells (lung; a gift from Dr. Maridn Hajduch,
Institute of Molecular and Translational Medicine, Olomouc) were used.

The HeLa cells, NCI-H2009 and NCI-H460 cells were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum, 3.7 g/1 of sodium bicarbonate and 50 ug/ml of gentamicin.
The IMR-90 and MRC-5 cells were cultivated in Eagle’s minimum essential medium (EMEM) supplemented with
20% foetal bovine serum, 3.7 g/1 of sodium bicarbonate and 50 ug/ml of gentamicin. The cells were cultivated in
culture flasks or in a Petri dishes or in 96-well plates at 37 °C in a humidified atmosphere containing 5% CO,.

The dependence of the signal on the cell number.  For the testing of the linearity of the signal depend-
ence on the cell number per well of the 96-well plate, the serially diluted cells (factor of dilution =2) were seeded
and incubated for 18 hours. Then, the plates were processed according to MTT assay protocol**~* and the instruc-
tions of the MTT distributor (Thermo Fisher Scientific) or according to the developed approach. In the case of
MTT, the freshly-prepared 1.1 mM MTT was added and the samples were incubated for 3hours at 37°Cin a
humidified atmosphere containing 5% CO,. The culture media were removed (except 10 ul) and 100 pl of DMSO
was added to each well. The samples were incubated for 10 minutes at 37 °C and 500 rpm in the Thermomixer
chamber. The absorbance was measured using a plate reader at 540 nm.

Cytotoxicity evaluation. If the toxicity tests were performed, the cells were seeded at the density of 5 x 10°
cells per well in 96-well plates and incubated for 24 hours. Then, the modified nucleosides were added to the cul-
ture media. Serial fivefold dilutions of cytarabine starting at 0.00064 pM and ending at 50 uM and serial fivefold
dilutions of TFAU or HmdU starting at 0.0032 uM and ending at 250 uM were used. The cells were further incu-
bated for the time corresponding to the two population doubling times (HeLa cells and NCI-H460 - 48 hours,
NCI-H2009 - 64hours). Then, the culture media were exchanged for nucleoside-free media and the cells were
incubated for an additional three population doubling times (HeLa cells and NCI-H460 - 72 hours, NCI-H2009
- 96hours). Further, 1.1 mM MTT was added and the same protocol was used as in the case of the linearity testing
or the plates were processed according to the developed approach.

Fixation protocols. The cells were rinsed with 1x PBS and fixed with 70% ethanol or 100% methanol for
10 minutes or 30 minutes or 1 hour or overnight at —20°C or 0°C or at RT. In some cases, the culture medium was
removed from the culture dish and the fixative was added directly to the cells without the previous washing with
the buffer. In some experiments, the cells fixed in 70% ethanol were stored for 3 months at —20°C.

When formaldehyde was used as fixative, the cells were rinsed with 1 x PBS and 2% formaldehyde in 1 x PBS
was added to the samples for 10 minutes at RT. In this case, the cells were further permeabilised with 0.2% Triton
X-100 in 1x PBS for 10 minutes.

In the case of air-drying fixation, the cells were rinsed with 1x PBS, the buffer was removed and the cells were
air dried.

Optimization of the SDS concentration, the effect of micelle formation and excitation and
emission spectra measurement. The 1 uM solutions of DAPI or Hoechst dyes in water or in 20 mM phos-
phate buffer, pH 6 or pH 7 or pH 8 or in 20mM Tris-HCI, pH 7 containing various concentrations of SDS or with-
out SDS were prepared. The 0.1 ml of the prepared solutions was then transferred into the black 96-well plate and
the fluorescence was measured using the plate reader. The buffered solutions of 1 uM DAPI or Hoechst dye 33342
containing 8%, 2%, 0.5%, 0.125% and 0.3125% SDS were used during the optimization of the SDS concentrations.
For the analysis of the effect of micelle formation on the signal intensity, a 1 uM solution of DAPI or Hoechst dyes
in water containing 0.5%, 0.25%, 0.125%, 0.0625%, 0.03125%, 0.015625%, 0.0078125% or 0.00390625% SDS was
prepared, then 0.1 ml of the solution was transferred into the black 96-well plate and the fluorescence was measured.
The excitation and the emission spectra of DAPI were measured using a 1 uM solution of DAPI in 20 mM Tris-HClI,
pH 7 and 2% SDS. The excitation and the emission spectra of Hoechst 33342 and 33258 were measured using a 1 uM
solution of Hoechst dyes in a 20 mM phosphate buffer, pH 7 and 2% SDS. For the emission spectra measurement, the
excitation wavelength was 370 nm. For the excitation spectra measurement, the emission wavelength was 470 nm.

Impact of RNase A.  When the impact of RNase A was measured, the HeLa cells were fixed with 70% ethanol for
10 minutes at RT, air-dried and incubated with the solution of RNase A. The final concentration of RNase A was 0.1 mg/
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ml. The RNase A was diluted in 1 x PBS. In the control samples, 1 x PBS without RNase A was added. The samples were
incubated 60 minutes at 37 °C and 300 rpm. Then, the samples were processed according to the developed protocol.

Cell counting.  Serially diluted cells cultivated in 96-well plates were fixed with 70% ethanol for 10 minutes
at RT. The samples were air-dried and stained with the solution of 3 uM DAPI in 20 mM Tris-HCI, pH 7 and
150 mM NaCl. Eight images per well were acquired and evaluated. The number of cells was evaluated either by
image cytometry using CellProfiler software’®* or by manual counting.

Protein detection, the detection of DNA replication and cell cycle analysis. Mouse anti-SC35
antibody (1:250, Abcam, ab11826) or mouse anti-coilin antibody (1:50, Abcam, ab87913) were used for the pro-
tein detections*. In this case, a particular antibody was added to staining solution. After the washing and rinsing
step, proteins were detected using Alexa Fluor 488 anti-mouse antibody (1:100) diluted in 25 mM Tris-HCL, pH
7.4,150 mM NaCl. Protein detection was evaluated prior to the elution step.

DNA replication was detected using EAU. The cells were incubated with 10 uM EdU for 30 minutes prior to the
ethanol fixation. Then, EdU was detected using a click reaction® followed by the developed approach. The EdU
signal was analysed prior to the elution step.

If the cell cycle analysis was performed, the image cytometry was performed prior to the elution step. The cell
cycle analysis by image cytometry was performed according to*’.

Data acquisition and evaluation. In the case of black 96-well plates, the signal was measured using the
Infinite 200 Pro Plate Reader (Tecan).

If the image cytometry or manual counting was used for the sample evaluation, the images were obtained by
an Olympus IX81 microscope (objective: UPLFLN 10 x NA 0.3) equipped with a Hamamatsu ORCA II camera
(a resolution of 1344 x 1024 pixels) using Cell A R acquisition software.

The data were analysed using CellProfiler and Microsoft Excel and the final graphs were made in GraphPad
Prism 6. The graphs were constructed using the following functions:

1. Standard four parameter logistic nonlinear regression was used in the case of the analysis of the standard
cytotoxic test by MTT assay or by the developed approach.

2. One-phase association was used for the analysis of the signal dependence on the number of HeLa cells in
the case of MTT assay.

3. Linear regression or second order polynomial (quadratic) regression was used for the analysis of the signal
dependence on the concentration of the DNA dyes diluted in 2% SDS, the signal dependence on the num-
ber of HeLa cells, IMR-90 cells and MRC-5 in the case of Hoechst 33342, DAPI and MTT assay

All the performed experiments were done in three independent replicates. The data are presented as the mean
values + standard deviation (SD).
The Fig. 1 was done using Rhinoceros 5 and Adobe Photoshop CS4 software.

Data Availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).

References
1. Quent, V. M. C,, Loessner, D., Friis, T., Reichert, J. C. & Hutmacher, D. W. Discrepancies between metabolic activity and DNA
content as tool to assess cell proliferation in cancer research. J. Cell. Mol. Med. 14, 1003-1013 (2010).
2. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and cytotoxicity assays. J.
Immunol. Methods 65, 55-63 (1983).
3. Berridge, M. V., Herst, P. M. & Tan, A. S. Tetrazolium dyes as tools in cell biology: new insights into their cellular reduction.
Biotechnol. Annu. Rev. 11, 127-152 (2005).
4. van Tonder, A., Joubert, A. M. & Cromarty, A. D. Limitations of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay when compared to three commonly used cell enumeration assays. BMC Res. Notes 8,47 (2015).
5. Khabar, K. S. A. et al. MTS interferon assay: A simplified cellular dehydrogenase assay for interferon activity using a water-soluble
tetrazolium salt. J. Interf. Cytok. Res. 16, 31-33 (1996).
6. Peskin, A. V. & Winterbourn, C. C. A microtiter plate assay for superoxide dismutase using a water-soluble tetrazolium salt (WST-1).
Clin. Chim. Acta 293, 157-166 (2000).
7. Scudiero, D. A. et al. Evaluation of a Soluble Tetrazolium Formazan Assay for Cell-Growth and Drug Sensitivity in Culture Using
Human and Other Tumor-Cell Lines. Cancer Res. 48, 4827-4833 (1988).
8. O’Brien, J., Wilson, L, Orton, T. & Pognan, F. Investigation of the Alamar Blue (resazurin) fluorescent dye for the assessment of
mammalian cell cytotoxicity. Eur. J. Biochem. 267, 5421-5426 (2000).
9. Zachari, M. A. et al. Evaluation of the alamarblue assay for adherent cell irradiation experiments. Dose Response 12, 246-258 (2014).
10. Ng, K. W, Leong, D. T. W. & Hutmacher, D. W. The challenge to measure cell proliferation in two and three dimensions. Tissue Eng.
11, 182-191 (2005).
11. Jones, L. ], Gray, M., Yue, S. T., Haugland, R. P. & Singer, V. L. Sensitive determination of cell number using the CyQUANT (R) cell
proliferation assay. J. Immunol. Methods 254, 85-98 (2001).
12. Myers, M. A. Direct measurement of cell numbers in microtitre plate cultures using the fluorescent dye SYBR green L. J. Immunol.
Methods 212, 99-103 (1998).
13. Papadimitriou, E. & Lelkes, P. I. Measurement of cell numbers in microtiter culture plates using the fluorescent dye Hoechst 33258.
J. Immunol. Methods 162, 41-45 (1993).
14. McCaffrey, T. A., Agarwal, L. A. & Weksler, B. B. A rapid fluorometric DNA assay for the measurement of cell density and
proliferation in vitro. In Vitro Cell Dev. Biol. 24, 247-252 (1988).
15. Kapuscinski, J. DAPI: a DNA-specific fluorescent probe. Biotech. Histochem. 70, 220-233 (1995).

SCIENTIFICREPORTS| (2019) 9:8701 | https://doi.org/10.1038/s41598-019-45217-9 11


https://doi.org/10.1038/s41598-019-45217-9

www.nature.com/scientificreports/

16. Sinha, R., Hossain, M. & Kumar, G. S. Interaction of Small Molecules with Double-Stranded RNA: Spectroscopic, Viscometric, and
Calorimetric Study of Hoechst and Proflavine Binding to PolyCG Structures. DNA Cell Biol. 28, 209-219 (2009).

17. Wilson, W. D., Ratmeyer, L., Zhao, M., Strekowski, L. & Boykin, D. The Search for Structure-Specific Nucleic-Acid Interactive Drugs
- Effects of Compound Structure on Rna Versus DNA Interaction Strength. Biochemistry-Us 32, 4098-4104 (1993).

18. Tanious, F. A., Veal, ]. M., Buczak, H., Ratmeyer, L. S. & Wilson, W. D. Dapi (4',6-Diamidino-2-Phenylindole) Binds Differently to
DNA and Rna - Minor-Groove Binding at at Sites and Intercalation at Au Sites. Biochemistry-Us 31, 3103-3112 (1992).

19. Kapuscinski, J. & Skoczylas, B. Fluorescent complexes of DNA with DAPI 4,6-diamidine-2-phenyl indole.2HCI or DCI
4/,6-dicarboxyamide-2-phenyl indole. Nucleic Acids Res. 5,3775-3799 (1978).

20. Gorner, H. Direct and sensitized photoprocesses of bis-benzimidazole dyes and the effects of surfactants and DNA. Photochem. and
Photobiol. 73, 339-348 (2001).

21. Cifuentes, A., Bernal, J. L. & DiezMasa, ]. C. Determination of critical micelle concentration values using capillary electrophoresis
instrumentation. Anal. Chem. 69, 4271-4274 (1997).

22. Landry, J. . M. et al. The Genomic and Transcriptomic Landscape of a HeLa Cell Line. G3-Genes Genom. Genet. 3,1213-1224 (2013).

23. Macville, M. et al. Comprehensive and definitive molecular cytogenetic characterization of HeLa cells by spectral karyotyping.
Cancer Res. 59, 141-150 (1999).

24. Adan, A, Kiraz, Y. & Baran, Y. Cell Proliferation and Cytotoxicity Assays. Curr. Pharm. Biotechnol. 17, 1213-1221 (2016).

25. Erba, E., Ubezio, P., Broggini, M., Ponti, M. & D’Incalci, M. DNA damage, cytotoxic effect and cell-cycle perturbation of Hoechst
33342 on L1210 cells in vitro. Cytometry 9, 1-6 (1988).

26. Brenan, M. & Parish, C. R. Intracellular fluorescent labelling of cells for analysis of lymphocyte migration. J. Immunol. Methods 74,
31-38 (1984).

27. Ellwart, . W. & Dormer, P. Vitality measurement using spectrum shift in Hoechst 33342 stained cells. Cytometry 11, 239-243 (1990).

28. Myc, A., Traganos, F, Lara, J., Melamed, M. R. & Darzynkiewicz, Z. DNA stainability in aneuploid breast tumors: comparison of four
DNA fluorochromes differing in binding properties. Cytometry 13, 389-394 (1992).

29. Blaheta, R. A. et al. Development of an ultrasensitive in vitro assay to monitor growth of primary cell cultures with reduced mitotic
activity. J. Immunol. Methods 211, 159-169 (1998).

30. Sandhu, L. C., Warters, R. L. & Dethlefsen, L. A. Fluorescence studies of Hoechst 33342 with supercoiled and relaxed plasmid
PpBR322 DNA. Cytometry 6,191-194 (1985).

31. Cosa, G., Focsaneanu, K. S., McLean, J. R., McNamee, J. P. & Scaiano, J. C. Photophysical properties of fluorescent DNA-dyes bound
to single- and double-stranded DNA in aqueous buffered solution. Photochem. Photobiol. 73, 585-599 (2001).

32. Godinho, C. P. et al. Pdr18 is involved in yeast response to acetic acid stress counteracting the decrease of plasma membrane
ergosterol content and order. Sci. Rep. 8 (2018).

33. Barcellona, M. L., Cardiel, G. & Gratton, E. Time-resolved fluorescence of DAPI in solution and bound to polydeoxynucleotides.
Biochem. Biophys. Res. Commun. 170, 270-280 (1990).

34. Singer, V. L., Jones, L.]., Yue, S. T. & Haugland, R. P. Characterization of PicoGreen reagent and development of a fluorescence-based
solution assay for double-stranded DNA quantitation. Anal. Biochem. 249, 228-238 (1997).

35. Freshney, R. I. Cytotoxicity in Culture of Animal Cells. A manual of basic techniques. (ed. Freshney, R. I.) 365-369 (John Wiley and
Sons, Inc., 2005).

36. Ligasovd, A. et al. Dr Jekyll and Mr Hyde: a strange case of 5-ethynyl-2’-deoxyuridine and 5-ethynyl-2/-deoxycytidine. Open Biol. 6,
150172, https://doi.org/10.1098/rs0b.150172 (2016).

37. Ligasova, A, Strunin, D., Friedecky, D., Adam, T. & Koberna, K. A fatal combination: a thymidylate synthase inhibitor with DNA
damaging activity. PLoS One 10, 0117459, https://doi.org/10.1371/journal.pone.0117459 (2015).

38. Carpenter, A. E. et al. CellProfiler: image analysis software for identifying and quantifying cell phenotypes. Genome Biol. 7, R100 (2006).

39. Kamentsky, L. et al. Improved structure, function and compatibility for CellProfiler: modular high-throughput image analysis
software. Bioinformatics 27,1179-1180 (2011).

40. Ligasova, A, Strunin, D., Liboska, R., Rosenberg, I. & Koberna, K. Atomic Scissors: A New Method of Tracking the 5-Bromo-2
-Deoxyuridine-Labeled DNA In Situ. Plos One 7, 52584, https://doi.org/10.1371/journal.pone.0052584 (2012).

Acknowledgements

This work was supported by the Ministry of Health of the Czech Republic [15-31604A]; the Ministry of
Education, Youth and Sports of the Czech Republic - Project EATRIS-CZ [LM2015064]; and the European
Regional Development Fund - Project ENOCH [CZ.02.1.01/0.0/0.0/16_019/0000868].

Author Contributions
Conceptualization, A.L. and K.K.; Methodology, A.L. and K.K; Data Analysis, A.L. and K.K.; Writing, A.L. and K.K.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45217-9.

Competing Interests: Palacky University Olomouc holds a Czech patent (307415) and has pending a European
patent application (EP 18169749.1) for method for cell quantification. Name of inventors: A.L., K.K.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:8701 | https://doi.org/10.1038/s41598-019-45217-9 12


https://doi.org/10.1038/s41598-019-45217-9
https://doi.org/10.1098/rsob.150172
https://doi.org/10.1371/journal.pone.0117459
https://doi.org/10.1371/journal.pone.0052584
https://doi.org/10.1038/s41598-019-45217-9
http://creativecommons.org/licenses/by/4.0/

	Quantification of fixed adherent cells using a strong enhancer of the fluorescence of DNA dyes

	Results

	Method description. 
	Method overview. 
	Fixation. 
	Cell staining. 
	Washing and cell stabilization. 
	Elution. 

	The linearity and sensitivity of the developed assay. 
	The linearity. 
	The sensitivity. 

	The use of the developed approach for cytotoxicity evaluation. 
	Simultaneous detection of cellular components and cell cycle analysis. 

	Discussion

	Conclusions

	Methods

	Cell culture. 
	The dependence of the signal on the cell number. 
	Cytotoxicity evaluation. 
	Fixation protocols. 
	Optimization of the SDS concentration, the effect of micelle formation and excitation and emission spectra measurement. 
	Impact of RNase A. 
	Cell counting. 
	Protein detection, the detection of DNA replication and cell cycle analysis. 
	Data acquisition and evaluation. 

	Acknowledgements

	Figure 1 The scheme of the method.
	Figure 2 The impact of RNase A on the signal.
	Figure 3 The dependence of the signal on the SDS and dye concentrations.
	Figure 4 Dependence of the signal on the cell number, test of the linearity.
	Figure 5 Dependence of the signal on the cell number, test of the sensitivity.
	Figure 6 Cytotoxicity assay.




