
Abstract. Background/Aim: Conventional viability tests,
help to screen the cellular effects of candidate molecules, but
the endpoint of these measurements lacks sufficient
information regarding the molecular aspects. A non-invasive,
easy-to-setup live-cell microscopic method served to in-depth
analysis of mechanisms of potential anticancer drugs.
Materials and Methods: The proposed method combining the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) test with time-lapse scanning microscopy (TLS),
provided additional data related to the cell-cycle and the
dynamic properties of cell morphology. Apoptotic and
necrotic events became detectable with these methods.
Results: Quantification of the results was assisted by image
analysis of the acquired image sequences. After
demonstrating the potential of the TLS method, a series of
experiments compared the in vitro effect of a known and a
newly synthesized nucleoside analogue. Conclusion: The
proposed approach provided a more in-depth insight into the
cellular processes that can be affected by known
chemotherapeutic agents including nucleoside analogues
rather than applying repeated individual treatments.

Cell cultures in a carbon dioxide incubator can be observed
continuously by photomicroscopy. The long-term scanning
setup connected with the computer resulted in a custom made
time-lapse scanning photomicroscopy (TLS) system. The
spreading up of projection of real-time microscopy brought

about time-lapse imaging video microscopy. With the help of
video microscopy, individual cells and groups of cells in cell
cultures can be observed up to several weeks; generally up to 7
days with one exposure/min temporal resolution. This method
turned out to be feasible to examine adherent cells. The fate of
individual mother cells, daughter cells, as well as populations
and the cellular functions such as cell growth, cell division,
viability, confluency could be measured. The effect of several
cytotoxic agents on cell cultures has been investigated and
offered quantitative evaluation suitable to observe characteristic
changes of cells at individual and population levels. The long-
term observation of cells was secured under physiological
conditions by the photography of cells every minute (1). The
results obtained by the qualitative method of TLS and
evaluation of image analysis complemented by the (3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium-bromide)
(MTT) test broaden the knowledge of cytotoxicology.

The MTT test is based on the reduction of a tetrazolium salt
and often used in in vitro toxicology experiments to judge the
effect of xenobiotics on the viability and metabolic activity of
cell cultures. The reduction of MTT turns the light yellow
tetrazolium-salt to dark purple formazan that dissolved in
DMSO can be determined spectrophotometrically. The
reduction power of cells catalyzed by dehydrogenase enzymes
forms NADPH from NADP. Under optimized conditions, the
values of absorbances are proportional to the viability of cells.
The MTT test was originally designed for eukaryotic cell lines
then adapted to bacteria and fungi (2, 3).

By utilizing the MTT-test, one can estimate the effect of
chemical compounds on the viability of cells. The test
compares treated versus control cells and provides
information at the population level whether or not cells are
alive or dead. The information obtained by the inhibition of
a substance at different concentrations is sufficient to
determine its inhibitory concentration (IC50). The image
analysis of TLS uses the open-source image processing
toolkit Image Fiji of NIH.
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The IC50 values suggested a combined analysis and further
experiments that were performed by TLS. Cell cultures
treated with a compound at its IC50 concentration show the
changes of specific processes that remained hidden by the
MTT test. The TLS provides a visible insight into cell
growth, answering the question of whether growth was
inhibited only or cells became dead. Photomicrography
reflects the type of cell death distinguished as apoptosis
(shrinkage of cells, apoptotic bodies) or appearance of
enlarged necrotic cells and necrotic bodies. Besides the
qualitative aspects of results, individual images were
subjected to quantitative analysis. Among the growth
parameters, the quantification was extended to the
measurements of a) the diameters of mother and daughter
cells (given in μm), b) time of cell division (in min), duration
of the cell cycle (in h), c) the number of vesicles of
lysosomal digestion referred to as residual bodies and d)
other growth parameters such as confluency and motility. 

The production of classical time-lapse microscopy images
is restricted even today to fluorescent and confocal
microscopy as well as flow cytometry. However, these
methods have their drawbacks relative to the TLS systems.
Among the dyes of fluorescence microscopy, the carcinogenic
compounds required increased attention. The disadvantage of
confocal microscopy is that it needs expensive and high-
precision instruments that not every lab or institution can
afford. Other factors to be considered are the lack of
physiological conditions, limiting the duration of observation
in most cases to 24 h. The elapsed time between consecutive
exposures usually is 1 min, and the selection of specimens for
testing is also to be taken into consideration. Fixing agents can
change the original structure, and artefacts may be generated.
Further problems may arise from the phototoxic effect on cells
or tissues, mainly when fluorescent methods are to be used. 

An essential aspect of measuring cytotoxicity is that relative
to the conventional methods, the MTT test, coupled with the
TLS system is economical. The analysis of a single image
allows the observations of several parameters. A further
advantage of the combined analysis is that the results of TLS
can be maintained up to one month, depending on the sample
tested and data stored. The consecutive exposures of
microphotography can be extended from 15 sec to 1 min. TLS
exposures do not need human interference. The parameters of
TLS are set after starting automatic recording, and the system
is running until the footage is terminated. For the toxicology
tests, the TLS system contains a 10x objective to visualize
populations of cells, but no specific culture dishes are
required. Physiological conditions for the detection by TLS
are maintained inside the CO2 incubator. The quantitative in
vitro data obtained by TLS reduces the number of animals that
would be sacrificed during in vivo experiments.

Our custom-built TLS system consists of an inverse
microscope and a CCD camera built in the ocular tube.

Important additional accessories are near-infrared light-
emitting diodes (LEDs, 960 nm) serving as light sources.
The application of the near-infrared light source reduced the
photo- and thermotoxicity to an undetectable low level (4).
Cameras of microscopes are controlled by computers.

To test and validate our TLS system for its application in
vitro toxicology, the well known antitumor agents 5-
fluorouracil and methotrexate were selected as positive
controls. The nucleoside analogue N-153 of unknown
biological effects was also tested to prove that the method
also applies to new antimetabolites.

Materials and Methods

N-153 (1-[2’-Deoxy-2’-C-(n-propyl sulfanyl methyl)-3’,5’-di-O-(tert-
butyldimethylsilyl)-β-D-arabinofuranosyl]-uracil) was obtained from
the Department of Pharmaceutical Chemistry, University of Debrecen
(Hungary, Debrecen). The compound referred to as N-153 is a
uridine-derived di-O-silylated nucleoside analogue featuring an
unnatural D-arabinose sugar configuration and an n-propyl sulfanyl
methyl branch at the C2’ position. The compound was synthesized by
photoinitiated addition of the thiyl radical generated from n-
propanethiol onto the double bond of the corresponding uridine 2’-
exomethylene derivative. The latter nucleoside exomethylene was
obtained from uridine in three steps, including silylation of the 3’-
and 5’-hydroxyl groups followed by subsequent oxidation and Wittig-
olefination at C-2’ position of the disilyl derivative. The
characterization of agent N-153 and the details of synthesis have been
reported (5). The investigations of antiproliferative activities of the
new nucleoside derivative N-153 and 5-FU started with the MTT test.
The structures of the two nucleoside analogues are given (Figure 1).

Due to the apolar character of the new N-153 analogue (Figure
1A), it was dissolved in 1% (v/v) DMSO. Based on our earlier
observations, 1% (v/v) DMSO does not cause changes in the
viability of cells at this dilution. The inhibition of N-153 exerted on
the viability of cells in a relatively broad range of nucleoside
analogue concentration (5-40 μg/ml) was measured three times in 8
parallel samples, each. This approach gave results to determine the
inhibitory concentrations exerted on different cell lines.

5-Fluorouracil. The antineoplastic 5-fluorouracil (Figure 1B) is a
well-known antimetabolite (6). It was purchased from Sigma-
Aldrich, Budapest, Hungary. Under in vivo conditions, it is turning
to 5-fluorouridine-monophosphate. Replacement of UMP with 5-
fluorouridine monophosphate in the rRNA substrate did not affect
the pre-rRNA processing (7). Its deoxynucleotide analogue, F-
dUMP is an inhibitor of thymidylate synthase (8). Other fluorouracil
derivatives are incorporated both into RNA and DNA exerting
strong physiological effects and serving as useful antitumor agents
against, colon, rectal, breast, stomach, pancreatic, ovary and liver
cancers (9). As the liver is also subjected to heavy load during the
treatment with fluorouracil derivatives, transitory elevation of serum
aminotransferases may arise.

Methotrexate (MTX) is an antineoplastic, antimetabolite,
antifolate agent with remarkable immunosuppressant potential
(Figure 1C). The drug is broadly used against leukaemia,
lymphoma, psoriasis and rheumatoid arthritis. MTX is a tetrafolate
inhibitor preventing the enzymatic activity of the tetrahydrofolate-
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dehydrogenase and preventing the formation of tetrahydrofolate
necessary for the synthesis of thymidylate (10). 

Cell lines. HaCaT cell line was derived from human skin, prone to
spontaneous transformation in vitro during prolonged incubation. Cells
were cultured in DMEM medium (Biocenter, Szeged, Hungary)
containing 10% fetal bovine serum (FBS, Hyclon, Logan, UT) and 1%
antibiotic-antimycotic mixture (Penicillin–Streptomycin–Neomycin).
SCC-VII carcinoma cell line originally arose in the abdominal wall of
C3H mice in Dr Herman Suit’s laboratory at Harvard University,
Boston, Massachusetts. SCC VII cells were grown in Dulbecco’s
Modified Eagle’s Medium Nutrient Mixture (DMEM-HAM’S F12)
(Sigma-Aldrich, Budapest, Hungary). The nutrient mixture was
supplemented with two mM L-glutamine, 23 mM NaHCO3, 100 U/ml
penicillin, 100 U/ml streptomycin, 1% non-essential amino acids and
10% fetal bovine serum. 

CHO-K1 cell line. In 1957, T. Puck received Chinese hamster ovary
cells from the laboratory of the Boston Cancer Research Foundation
and isolated the original strain registered as CHO-K1 (ATCC® CCL-
61™) cell line (11-13). This cell line model is often used in medical
and pharmaceutical research also to produce recombinant proteins.
As an industrial cell line, it serves for the mass production of
therapeutic proteins. From three to ten grams of recombinant proteins
are constructed per culture. CHO-K1 is suitable for human use
allowing posttranslational modifications of recombinant proteins that
function in humans. This cell line requires proline due to the lack of
the proline synthesizing genes, and to the block of the biosynthetic
pathway that converts glutamic acid to glutamine gamma-aldehyde
(11). CHO-K1 cells were grown in Ham’s-F12 (Biocenter, Szeged,
Hungary) supplemented with two mM L-glutamine, 23 mM
NaHCO3, 100 U/ml penicillin, 100 U/ml streptomycin, 1% non-
essential amino acids and 10% fetal bovine serum.

HeLa cell line. The HeLa cell line is one of the oldest and most
widespread human cell lines (14). It is widely used in biological
research, also serving as a model cell line. Among other

applications, the vaccine against epidemic poliovirus was developed
using HeLa cells (15). The HeLa cell line is highly adaptive and
proliferates, and due to its rapid in vitro mutagenesis, it is
cultivation with extreme care. It is prone to contaminate other cell
lines (16). HeLa cells were cultivated in RPMI-1640 medium
(Sigma-Aldrich, Budapest, Hungary) containing 10% fetal bovine
serum (FBS), (Hyclon, Logan, UT, USA) and 1% antibiotic-
antimycotic mixture (Penicillin-Streptomycin-Neomycin).

Determination of IC50 values. The IC50 value of a compound is
defined as the concentration that inhibits cell growth by 50%
relative to the control. After the MTT test, the medium containing
the inhibitor was removed, and 100 μl MTT solution was added to
the cells. The plates were then incubated for two h at 37˚C. The
medium from the wells was then carefully aspirated, and MTT
formazan dissolved with 100 μl of DMSO aided by gentle agitation
on a shaker. After 10 min at room temperature, the absorbances
were read at 570 nm by an automatic plate reader.

The percentage of viability reflecting the respiratory potential of
the cell population in each well was expressed as absorbance of treated
cells/absorbance of control cells) ×100. IC50 values of tested agents
were determined by Graphpad (Prism) semi-log line fitting (17).

The MTT test was performed after treatment and removal of
inhibitors followed by the addition of 100 μl MTT solution to the cells.
Data obtained with the MTT test are given in the Results section.

Incubator. A SANYO MCO18-AC (Wood Dale, IL, US) CO2
incubator was used with a back-side instrument port. Its chamber
was modified to host four microscopes.

Microscopes. Olympus (Tokyo, Japan) upright microscopes were
modified for inverted usage, and revolver turrets were installed to
replace the original illumination. The charge-coupled device (CCD)
camera boards were placed under the turrets, using the monocular
adapter lower parts of Olympus Tokyo as housing. Specimen tables
were unmodified, but the slide orientation mechanisms were
removed. Ocular sockets were used for illuminators. Microscope
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Figure 1. 2D structures of (a) N-153, a new uridine-derived di-O-silylated nucleoside, (1-[2’-deoxy-2’-C-(n-propylsulfanylmethyl)-3’,5’-di-O-(tert-
butyldimethylsilyl)-β-D-arabinofuranosyl]-uracil), (b) 5-fluorouracil, (c) methotrexate.



objectives: Carl Zeiss (Jena, Germany) plan achromatic objectives
(×10: 0.25 NA) that were used to enable a broad field of view to
be imaged. Cameras: High-sensitivity digital (SSC) camera. KPC
EX-20H high-resolution camera (KT&C, Seoul, Korea) with a
Sony ExView CCD sensor. Illumination intensity at F 1.2:0.003 lux
High 900-1000 nM near-infrared range sensitivity. Native frame
rate: 25 frames/s.

Image capture and display. Ten images were collected, each within
a 5-s interval and averaged to minimize noise. The collection of
images within 5-s is regarded as high time resolution. Long-term
scan (LTS) system: Illumination was provided by diodes emitting
light at 940nm (LED: 5-mm diameter; 1.2 V and 50 mA, driven at
5 V using a serial 82 Ohm resistor) were used to illuminate cells
while minimizing heat and phototoxicity. The longer wavelength
offered a deeper penetration (up to 3-mm thickness) and less light
dispersion through the culture medium and the wall of the T-flask.
The theoretical limit of resolution under our conditions using a 940-
nm wavelength at 1.25 numerical aperture was 1.88 nm based on
the Abbe equation. The original 5 mm spherical light-emitting diode
(LED) head was used as a condenser for better reproducibility of
the setup. Illuminators were centred and fixed with glue in ocular
microscope tubes. The distance between the upper surface of the T-
25 culture flask and the spherical ball head of the LED was 120
mm. Illumination of cells lasted only during image acquisition
periods (~5 s per time point). 

Image analysis
Post-processing. National Health Institute’s ImageJ software was
used to analyze the image sequences of the time-lapse video
microscopy (18).
a) Image restoration and noise reduction
- RGB image sequences were converted to 8-bit grayscale images.
- Resulting image stacks were deflickered to eliminate transient
brightness changes due to the low light camera auto gain. The Stack
Deflicker calculates the average grey value for each frame and
normalizes all exposures so that they have the same average grey
level as a specified frame of the stack (19). This plugin is useful to
remove the flickering that is caused by frame rates different from
the frequency of AC used for the light-source that illuminated the
screen.
- Contrast and brightness were equalized based on the stack
(sequence) histogram at 0.4% of the pixels saturated.
- Fast Fourier-transformation and background subtraction: The
background was reduced by bandpass filtering to exclude large
structures down to 40 pixels and filtering small particles up to 3
pixels in size, and background extraction process using a rolling ball
at a radius of 50 pixels.
- Subtracting background: Based on the concept of the ‘rolling ball’
algorithm described by Sternberg Stanley based on the assumption
that the 2D grayscale image has a third dimension (height) creating
a surface. A ball of a given radius is rolled over the bottom side of
this surface; the hull of the volume reachable by the ball is the
background to be subtracted.
b) Segmentation. Image sequences were thresholded using a stacked
histogram by keeping the information containing elements of the
image sequence as foreground and throwing the redundant pixels
away by thresholding them into the background.
c) Measurement. Thresholding results in a binary image were used
for graphical representation.

Cell size measurements. Divided cells were selected from the binary
image sequence based on their circularity determined by area/perimeter
ratio. Larger pre-division mother cells were separated from smaller
post-division daughter cells. Pixel size was calibrated with a Burker
chamber. Diameter calculation implied pixel to μm transformation.

Determination of the time of cell division. Cell division starts with
the lifting up of mitotic mother cells and dividing. It lasts until
daughter cells settle down and attach to the growth surface. The
time of cell division was determined manually using the Orthogonal
Views function of the Fiji program. 

Determination of generation time. Images were acquired at a frame
rate of 1 frame per minute. Two daughter cells of a dividing mother
cell were followed in time until their next division, resulting in 2
pairs of new daughter cells.

Results

MTT assay. Cell cultures were kept under the same
conditions during the experiments. Cells were grown at
37˚C, 95% humidity, and 5% CO2 in the carbon dioxide
incubator. After three days of incubation in cell culture
flasks, cells were trypsinized, and homogeneous cell
suspensions were formed. Aliquots (200 μl) of each cell
suspension containing the inhibitor at the final concentration
were placed in wells of 96-well-plates (Biocenter, Szeged,
Hungary). During the MTT-assay, different starting cell
numbers were used due to cell cycle differences; HaCaT
were started at 10,000 cells/well, while SCC VII, CHO-K1,
and HeLa cultures started at 5,000 cells/well. After
subculturing, 24 h was allowed for the cells to adhere to the
bottom of the wells. The experiments were performed in
microtiter plates containing 96 wells.

According to our protocol, an aliquot of the desired final
volume of medium is given first and pre-warmed in a water
bath (typically for 15 min to equilibrate to 37˚C) before
adding the agent to be tested. Commonly, 200 μl of the
medium is used per well of a 96-well plate. The medium and
agent were mixed by suspension or vortexing. The agent was
dissolved in 1% DMSO and diluted with prewarmed
DMEM/DMEM-F12/Ham’s F12/RPMI 1640 in 1% (v/v)
DMSO concentration and placed it into the wells of plates.
The cells were incubated for a further 48 h under the breeding
conditions. The control sample contained only DMSO in a
prewarmed medium. The following analogue concentrations
were tested: 5, 10, 20, 30 and 40 μg/ml. The IC50 values were
determined using the equations given in Table I. The
inhibitory concentration of N-153 was determined for each
cell line (Table I). These data show a significant difference
between the non-tumorous HaCaT and tumorous SCC cell
lines, whereas the inhibitory concentrations of CHO-K1 and
HeLa cells were practically the same (Figure 2).

Viability was tested at 5, 10, 20, 30, and 40 μg/ml
concentrations of the 5-FU nucleoside analogue. Treatment
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lasted for 48 h. Except for CHO-K1, the viability of other
cell cultures fell below 50% upon treatment with five μg/ml
5-FU. Standard deviations are small, indicated by numbers
above columns (Figure 3). The IC50 values were determined
using the equations of Table II. Viability of HaCaT and HeLa
cells upon MTX was less than 50% even at the lowest MTX
concentration. To the contrary, in CHO-K1 and SCC cells
viability was higher than 50 % at the highest inhibitor
concentration (Figure 4). Due to the small standard
deviations, these values are given as numbers place above
the measurements. The IC50 values were determined using
the equations (Table III).

IC50 values of nucleoside analogues obtained by the MTT
test presented (Tables I, II and III), served to follow cellular
processes using time-lapse video microscopy. It was to be
decided whether the cellular process suffered a drastic
reduction of cell viability by the temporary disruption of the
cell cycle, or cell death (apoptosis or necrosis) occurred.
These questions could not be answered unanimously by the
MTT test alone. We have grown each cell type at the IC50
concentration corresponding to its nucleoside analogue.

Quantification of long-term scanning. Changes in the size of
mother cells. The size of the mother cells was determined
based on the relationship between diameter and volume (20).
The standard curve contains data of measured diameters
obtained by TLS and calculated volumes belonging to the
diameters. We showed how the diameter-volume values
changed in cell lines upon treatment of relative to the DMSO
controls (Figure 5). 

Cells were grown in medium containing 1% DMSO at
their corresponding IC50 concentrations of N-153 nucleoside
analogue, and cellular changes were registered and given in
%. Results are given as differences in percentages after
treatment relative to the DMSO control (100%). N=30.
Characteristic data of parameters are given by the average
values of n=30 samples (Table IV). Changes in the size of
cells may reflect cytotoxicity. Values are given in
percentages relative to the DMSO controls. The size of
HaCaT cells decreased by 19.71%, CHO-K1 by 16.20% and
HeLa cells by 3.01% upon treatment with IC50 concentration
of N-153. On the other hand, the size of SCC cells after the
treatment increased by 4.18%.

After treatment with 5-FU the cell size of HaCaT
decreased by 22%, after treatment of CHO-K1 by 5.62,
HeLa by 6.17 and SCC by 1.71%. Only the change caused
by HaCaT cell size is considered significant. Cellular
changes are given in percentages as treated – 5FU/ DMSO
control (100%). Numbers of measurements: HaCaT n=18,
SCC n=2, HeLa n=12. Upon treatment the HaCaT mother
cell decreased by 5.83%, CHO-K1 2.45%, did not change in
SCC cells, and increased by 7.3% in HeLa cells. Cellular
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Table I. IC50 concentrations of N-153 in different cell lines.

N-153                   Semi-log equation                 R2             IC50 (μg/ml)

HaCaT              50=239.1-193.2*log(x)          0.9551                 9.52
SCC                   50=126.5-105*log(x)           0.7509                 5.35
CHO-K1          50=149.5-124.2*log(x)          0.8302                 6.32
HeLa                50=147.7-123.1*log(x)          0.8170                 6.21

Table II. IC50 concentrations of 5-FU for different cell lines.

5-FU                     Semi-log equation                 R2             IC50 (μg/ml)

HaCaT              50=91.47-36.45*log(x)          0.8767               13.73
SCC                  50=43.66-10.90*log(x)          0.9041                 0.26
CHO-K1          50=80.60-30.57*log(x)          0.9781               10.02
HeLa                50=56.34-17.13*log(x)          0.8144                 2.34

Table III. IC50 concentrations of 5-MTX in different cell lines.

MTX                    Semi-log equation                 R2             IC50 (μg/ml)

HaCaT               50=52.20-7.08*log(x)           0.8455                 2.04
SCC                  50=92.32-18.09*log(x)          0.9568             218.48
CHO-K1           50=150.1-44.7*log(x)           0.9277             173.53
HeLa                50=49.10-7.094*log(x)          0.9801                 0.75

Figure 2. MTT viability assay of N-153 on different cell lines. Viability
was tested at 5, 10, 20, 30, and 40 μg/ml concentrations of the N-153
nucleoside analogue. Treatment lasted for 48 h. As the standard
deviation values are minimal, they are given as numbers above the
columns of viability.



changes are given in percentages as treated - MTX/DMSO
control (100%). HaCaT n=20, SCC n=20, HeLa n=12. 

Time of cell division. Cells were grown in medium
containing 1% DMSO at their corresponding IC50
concentrations of inhibitors. Changes in cell division were
registered and given in % (Table V). Results are differences
in percentages after treatment relative to the DMSO control
(100%) (N=30). Characteristic data of parameters are given
by the average values of n=30 samples.

The time of cell division increased in each cell type after
treatment with N-153 to varying degrees (Figure 6, Table
VI). The time of cell division increased by 39.24% in HaCaT
cells and only by 10% in SCC cells, reflecting that non-
tumorous HaCaT cells are more vulnerable towards N-153
than the tumorous SCC cells. Other cell lines showed an
increase in cell division, CHO-K1 13.65 and HeLa 11%
similar to tumorous SCC cells. 

Similarly to N-153, 5-FU impacted the time of cell
division to different degrees. A significant increase was
found in HaCaT (23.11%), SCC (100.44%) and HeLa
(58.97%). Cellular changes are given in percentages as
treated – 5FU/DMSO control (100 %). HaCaT n=18, SCC
n=2, HeLa n=12. The time of cell division was higher in
HaCaT cells (+8,24%), in CHO-K1 (+9.8%) and HeLa
cells (+25.4%) but remained unchanged in SCC cells.
Cellular changes are given in percentages as treated -
MTX/ DMSO control (100%). HaCaT n=20, SCC n=20,
HeLa n=10. 
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Figure 4. MTT viability assay of MTX on different cell lines. Viability
was tested after treatment with 5, 10, 20, 30, and 40 μg/ml
concentration of the MTX. Treatment lasted for 48 h. 

Figure 3. MTT viability assay of 5-FU on different cell lines. Viability
was tested at 5, 10, 20, 30, and 40 μg/ml concentrations of the 5-FU
nucleoside analogue. Treatment lasted for 48 h. Except for CHO-K1,
the viability of other cell cultures fell below 50% upon treatment with
5 μg/ml 5-FU. Standard deviations are small, indicated by numbers
above columns.

Table IV. Changes in the size of mother cells in percentages at IC50
concentrations. 

Cell size before division          N-153                 5-FU                MTX
(μm) change in %

HaCaT                                   –9.57±1.44        22.06±0.66        5.83±0.61
SCC                                         4.18±0.88        –1.71±0             0.27±1.45
CHO-K1                              –16.20±1.14          5.67±1.01      –2.45±6.27
HeLa                                      –3.01±0.50          6.17±0.57        7.29±1.63

Table V. Changes in time of cell division at IC50 concentrations of
antimetabolites.

Duration of cell division       N-153                 5-FU                  MTX
(min) relative to the 
control in %

HaCaT                                 39.24±8.26        23.11±12.65       8.24±14.52
SCC                                     10.20±7.44      100.44±16.56       0.73±4.87
CHO-K1                              13.65±4.92          5.65±7.12         9.76±5.98
HeLa                                   10.71±10.37      58.97±24.45     25.40±19.50

Table VI. Changes in the duration of the cell cycle after treatment of
N-153 at IC50 concentration.

Duration of cell cycle              N-153                 5-FU                MTX
(h) change in %

HaCaT                                   15.83±2.28       97.30±-1.68           n.m.
SCC                                       43.68±4.55              n.m.            38.46±2.75
CHO-K1                                48.03±4.78        55.81±5.84       1.41±1.40
HeLa                                      52.14±2.70              n.m.                  n.m.



Generation time. Table VI contains changes in the duration
of the cell cycle after N-153 treatment. Cells were grown in
medium containing 1% DMSO at their corresponding IC50
concentrations of N-153 nucleoside analogue, and cellular
changes were registered and given in %. Results are given
as differences in percentages after treatment relative to the
DMSO control (100%). Characteristic data of parameters are
given by the average values of n=30 samples. n.m.=not
measurable. The change in the duration of the cell cycle also
indicates cell toxicity. As opposed to times of cell division,
the generation time of HaCaT cells increased only to a
smaller extent after N-153 treatment, whereas in other cell
lines a considerable increase was observed (Figure 7). In
HaCaT cells, the cell-cycle increase was 15.83%, in SCC
43.68%. In HeLa cells, the generation times lasted nearly
50% longer than in control cells. 

The generation time of tumor cell lines upon 5-FU
treatment could not be determined. The length of the cell
cycle of non-tumorous HaCaT cells was also significantly
increased and almost doubled (97.3%) whereas the cell cycle
of CHO-K1 increased by 55.81% following 5-FU treatment.
Cellular changes are given in percentages as treated – 5FU/
DMSO control (100%). HaCaT n=4, SCC n=0, HeLa n=0.
Changes in the generation time of HaCaT cells could not be

measured as daughter cell did not grow. Microphotographs
show that cells did not divide and those cells that divided
were immediately subjected to necrotic cell death. The
proportion of cell growth was nearly 40% in SCC cells
relative to the control. This growth can be accounted for by
the cytostatic effect of MTX. The duration of CHO-K1 cells
did not change, whereas the generation time of HeLa upon
MTX treatment could not be determined as these cells lost
their ability to attach to the matrix and were unable to divide
or divided cells suffered necrotic cell death. Cellular changes
are given in percentages as treated - MTX/ DMSO control
(100%). HaCaT n=0, SCC n=15, HeLa n=0.

Similar experiments were carried out by others in
keratinocytes treated with methotrexate (MTX). Increased cell
size was observed after MTX treatment (21). Furthermore, it
was noticed that the proliferation time was also extended in
the tubular cells of the kidney by MTX (22). In human
leukaemia cells, MTX caused unbalanced cell growth (23, 24)
observed clonal synergistic inhibition upon combined
treatment of colon and mammary tumours by MTX and 5-FU.

Residual bodies of cell death. There are two types of residual
bodies generated during cell death, apoptotic bodies and
necrotic bodies. These are not to be confused with residual
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Figure 5. Changes in cell diameter and cell volume. Cell diameter and volume were measured relative to the control, after treatment at IC50 with
N-15, 5-FU and MTX in (A) HaCaT, (B) SCC, (C) CHO-K1 and (D) HeLa cells.



bodies secreted via exocytosis (that occurs in macrophages),
or lipofuscin granules that remain in the cytosol indefinitely.
Under conditions mentioned above, apoptotic and necrotic
cells and their residual bodies can be identified and their
parameters quantified by TLS. During the treatments with
the two nucleoside analogues apoptosis was not observed but
necrotic cells and their necrotic bodies became visible in the
microphotographs. Low residual body counts were present
in HaCaT and SCC cells, in contrast in CHO-K1 cells they
were not present at all but generated in large quantities in
HeLa cells upon treatment with N-153 nucleoside analogue
(Figure 8).

Most necrotic bodies were formed by the end of 48 h 5-
FU treatment in HaCaT cells. A CHO-K1 did not show
residual body formation by 5-FU treatment. Residual bodies
were present in low numbers in SCC and HeLa cells
accountable, at least partially, by the inability to determine

the cell cycle of these cell types. These observations are
important because there was no change in the cell number of
these recordings, consequently, in the diagrams below, only
those residual bodies could be counted that were formed
during the necrosis of cells.

Formation and visualization of residual bodies. In CHO-K1
culture, no residual body formation was observed (Figure 9).
In other cell cultures, residual bodies appeared as a function
of incubation time, and the number depended on the
susceptibility of cell types to the nucleoside analogue. After
the treatment of cell cultures with IC50 concentration of 5-
FU, the formation of residual bodies was tested (Figure 10).
In CHO-K1 cells, residual bodies were undetectably low.
Residual necrotic bodies were formed in other cell cultures
as a function of incubation time, but in varying proportions
with the highest number in HaCaT cells. 

Similarly to N-153, the treatment of cells with 5-FU did
not result in residual bodies in the CHO-K1 culture (Figure
11). Other cell culture’s residual bodies contained their
increasing number as a function of incubation time
depending on the susceptibility of cell types on the 5-FU
nucleoside analogue. The highest number of necrotic bodies
formed after 48 h in HaCaT cells. Upon MTX treatment,
necrotic bodies did not form in CHO-K1 cells (Figure 12).
In SCC, HeLa and HaCaT cells necrotic bodies appeared 24h
after MTX treatment and their number increased with time
(Figure 13). The increasing number of necrotic bodies in
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Figure 6. Time of cell division (min). The diagram shows how the time
of cell division changes after 48 h treatment of inhibitors relative to the
DMSO control.

Figure 7. Duration of the cell cycle (h). Changes upon 48 h treatment
at IC50 relative to the DMSO control are given. Black dots indicate
missing data that could not be measured within 48 h.

Figure 8. Formation of necrotic bodies after N-153 treatment. The
number of residual bodies in the visual field were counted during
different times (12, 24, 36, 48 h) of incubation. After 12 h, no residual
bodies were formed, but their number subsequently increased as the
incubation continued. The most significant increase in the number of
residual bodies occurred in HeLa cells.



different cell lines expresses the sensitivity of cell lines to
MTX in this order: CHO-K1 < SCC < HeLa < HaCaT.

Discussion 

Cancer is among the leading causes of death, and the number
of cases is constantly growing worldwide. No wonder that
the application of nucleoside derivatives and analogues as
antitumor agents has significantly increased in the field of
oncology. In the therapy of cancer patients nucleotides,
nucleosides or base analogues account alone or in
combination with other drugs for about 20% (25). Today
there are about ten types of active substances belonging to
this category used in tumour therapy, whereas the demand
for such compounds is constantly increasing. Purine and
pyrimidine analogues are present in clinical practice as
antimetabolites. The macrolactam leinamycin produced by
several Streptomyces atroolivaceus species possesses
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Figure 9. Formation of residual bodies in cell cultures in the presence of N-153 as a function of time. Visualization of residual bodies took place
during time-lapse microscopy treating cells with IC50 concentration of N-153. Black arrows point to necrotic bodies. 

Figure 10. Formation of residual bodies after 5-FU treatment. The
number of residual necrotic bodies were counted that were formed
during different incubation times (12, 24, 36, 48 h).



remarkable antitumor and antibacterial properties due to its
ability to inhibit DNA synthesis (26, 27). The analogues of
leinamycin showed increased cytotoxic activity against HeLa
tumour cells. Especially the lipophilic, silyl group-containing
derivatives of leinamycin proved to be active (28). 

Silyl- and trityl-modified nucleosides turned out to be
more effective against tumour cell lines than nucleosides
that were not modified. The lowest inhibitory concentration
of silyl- and trityl-modified (5’-O- and 3’,5’-di-O-)
derivatives was ~25 μM (29). Among the candidates of the
drug development are compounds that belong to the
antitumor and antiviral sugar-modified nucleosides. The
development of those nucleosides and nucleic acid
analogues for tumour therapy was preferred that showed
favourable chemical and biological properties. The
replacement of oxygen in ribose by different elements such
as sulfur, nitrogen or fluorine, resulted in new therapeutic
analogues. As examples the 5’-thio nucleotide derivatives
are mentioned that are inhibitors of essential enzymes of
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Figure 11. Visualization of residual bodies in cell cultures in the presence of 5-FU as a function of time. Visualization of residual bodies took place
during time-lapse microscopy, treating cells with IC50 concentration of 5-FU. Black arrows point to necrotic bodies. 

Figure 12. Accumulation of residual bodies in cell cultures in the
presence of MTX as a function of time. Visualization of residual bodies
took place by time-lapse microscopy, treating cells with IC50
concentration of MTX. Black arrows point to necrotic bodies. 



nucleic acid biosynthesis, branched C2’, C3’ nucleosides
show antitumor and antiviral activities (30, 31). 

Other potentially active compounds of medicinal
importance are nucleotides substituted with silicon (Si).
These types of derivatives could result in useful biological
compounds similar to their carbon-based forms, also
possessing four valence electrons. Nevertheless, basic
differences in the electronic makeup between C and Si atoms
lead to substantially different physicochemical and
pharmacokinetic properties. The Si-C bond length is
significantly longer (C-Si, 186 pm) than the C-C bond (C-C,
154 pm), causing differences in the size and shape of Si and
C containing analogues. The relatively longer bond distances
of Si could result in the interaction of silicon-containing
derivatives with special proteins. The bond distances could
also explain why the pharmacological profiles are different
from those of carbon-based derivatives. Due to the higher
electropositivity of Si, the reduction, i.e. losing an electron
and forming a positive ion is higher than that of carbon. 

In general, the lipophilic character of silicon is more
expressed than its carbon variant. By raising the lipophilic
character, the effectivity of introducing chemicals into tissues
can be increased. This will impact the metabolic activity of
the liver and the plasma half-life time relative to the non-
silylated variant. The lipophilic character contributes to the
faster crossing of a drug candidate molecule through the
blood-brain barrier (32).

Conclusion 

The IC50 values of N-153 were nearly identical in CHO-K1
and HeLa cells. During the quantification of results by time-
lapse video microscopy following treatment at the IC50
concentrations of N-153 nucleoside analogue, the size of cells,
the time of cell division and the time of generation changed
significantly relative to the DMSO control. HeLa cells were
the most susceptible to the N-153 nucleoside analogue and
increased above parameters as well as the number of residual
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Figure 13. Formation of residual bodies after MTX treatment. The number of residual necrotic bodies were counted that were formed during different
incubation times (12, 24, 36, 48 h).



necrotic bodies in a time- and concentration-dependent
manner relative to the DMSO control.

5-FU decreased the viability of cell cultures at lower
concentrations than N-153. MTT test showed that the
viability of cells at five μg/ml 5-FU was reduced by 60%
with the notable exception of CHO-K1 cells. In HaCaT,
SCC, and HeLa cells, the IC50 values were lower than five
μg/ml. Video Microscopic quantification showed that
tumorous cell lines (SCC, HeLa) are more susceptible to 5-
FU than the non-tumorous HaCaT keratinocyte cell line.
Necrotic cell death was characteristic of 5-FU treatment
except for CHO-K1 cells where necrotic residual bodies
could not be seen in TLS images. In contrast to this
observation in HaCaT, SCC and HeLa cells necrotic residual
bodies appeared in a time- and concentration-dependent
manner after 5-FU treatment.

Experiments also revealed that MTX decreased the viability
to a lesser extent than N-153 or 5-FU. Another notable
observation to mention is the high IC50 value of CHO-K1
cells in contrast to HaCaT and HeLa cells, which conforms
with the necrotic body formation in these cell lines. 

To summarize the importance of this study, the MTT test was
combined with time-lapse microscopy at the corresponding IC50
concentrations characteristic to individual cancer cell lines.
Time-lapse microscopy provided the following additional
information besides the viability of cells upon treatment with
the treatment of nucleoside analogue inhibitors, including
changes in: 
1. Cell size 
2. Time of division into daughter cells (cytokinesis)
3. Duration of cell cycle
4. Degree of cell death (if any)
5. Type of cell death (apoptosis, necrosis)

The MTT test provided information related to the degree of
inhibition of the cytotoxic agent, irrespective of whether
cells remain alive or suffer cell death. The supplementation
of the MTT test with time-lapse microscopy adds valuable
visual information and allows the quantitative analysis of
images of photomicroscopy. The microscopy and image
analysis can be maintained for an extended period up to
several weeks and widens the horizon of cellular toxicology
tests. The perspectives of the combined analysis include,
among others the cytotoxicity aspects of inhibitors of
antimetabolic, antifungal and anticancer agents. 
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