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An Evaluation of the In Vitro Cytotoxicities of 50
Chemicals by using an Electrical Current Exclusion Method
versus the Neutral Red Uptake and MTT Assays
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Summary — According to the 2001 National Institutes of Health guidance document on using in vitro data
to estimate in vivo starting doses for acute toxicity, the performance of the electrical current exclusion
method (ECE) was studied for its suitability as an in vitro cytotoxicity test. In a comparative study, two
established in vitro assays based on the quantification of metabolic processes necessary for cell prolifera-
tion or organelle integrity (the MTT/WST-8 [WST-8] assay and the neutral red uptake [NRU] assay), and two
cytoplasm membrane integrity assays (the trypan blue exclusion [TB] and ECE methods), were performed.
IC50 values were evaluated for 50 chemicals ranging from low to high toxicity, 46 of which are listed in
Halle's Registry of Cytotoxicity (RC). A high correlation was found between the IC50 values obtained in this
study and the IC50 data published in the RC. The assay sensitivity was highest for the ECE method, and
decreased from the WST-8 assay to the NRU assay to the TB assay. The consistent results of the ECE method
are based on technical standardisation, high counting rate, and the ability to combine cell viability and cell
volume analysis for detection of the first signs of cell necrosis and damage of the cytoplasmic membrane
caused by cytotoxic agents.
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Introduction

Halle’s Registry of Cytotoxicity (RC), and the intro-
duction of the Multicenter Evaluation of In Vitro
Cytotoxicity (MEIC) concept of Bjorn Ekwall, made
major contributions to our understanding of the
correlation between in vitro cytotoxicity and in vivo
lethality (1-3). Therefore, the development and val-
idation of reliable and easy to handle techniques for
analysing the viability and status of the cells in cul-
ture became an important issue.

The aim of this study was to introduce and validate
the electrical current exclusion (ECE) method
(Figure 1), as an additional sensitive method for in
vitro cytotoxicity testing. To evaluate the perform-
ance and reliability of the method, the cytotoxicities
of 50 chemicals from different toxic classes were
tested with mouse L-929 fibroblasts, including the 11
reference chemicals recommended for the validation
of a new cytotoxicity test for use with Halle’s RC pre-
diction model, in accordance with the recommenda-
tions of the Interagency Coordinating Committee on
the Validation of Alternative Methods (ICCVAM) and
the National Toxicology Program (N'TP) Interagency
Center for the Evaluation of Alternative Toxicol-
ogical Methods (NICEATM,; 4).

The ECE method was tested in direct comparison
with the two recommended and established methods,

involving the uptake of neutral red into lysosomes
(the NRU assay [5, 6]) and the conversion by mito-
chondrial and cytoplasmic reductases of tetrazolium
salts into coloured formazan dyes (the MTT/WST-8
assay [WST-8; 7]). Additional studies involving the
trypan blue exclusion (TB) assay (8-10) were con-
ducted occasionally. The results (IC50 values) from
the various tests were compared with each other and
with the in vitro data of Halle’s RC (IC50x values; 2).

Materials and Methods

Cell culture

L-929 mouse fibroblasts were chosen, because this
adherent-growing cell line can also be easily adopted
to grow in suspension. In addition, a rodent cell line
seemed to be appropriate for comparing in vitro test
data with in vivo lethality data for mice and rats. Two
different methods were used to culture the 1L.-929 cells.

1. For the NRU and WST-8 assays, adherent-grow-
ing cells were cultured as monolayers in polysty-
rol 96-well plates, in Dulbecco’s modified Eagle’s
Medium (DMEM), antibiotic-free and supple-
mented with 10% fetal calf serum (FCS), 1mM
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sodium pyruvate, 2mM L-glutamine, 4mM
NaHCO3; and 20mM HEPES, at 37°C in an
atmosphere of 1% COs.

2. For the ECE and TB methods, the cells were
adapted to grow as a single cell suspension by
transferring them into hydrophobic polystyrol
96-well plates. Such cells should not be
trypsinised before counting, because this proce-
dure might interfere with the cytotoxic effects of
the chemicals to be tested. To avoid extensive
aggregation, the suspension culture was grown
in RPMI-1640, antibiotic-free and supplemented
with 10% FCS, 1mM sodium pyruvate, 13mM
NaHCO3 and 2mM L-glutamine, at 37°C in an
atmosphere of 5% CO,.

No differences in cell proliferation and sensitivity to
the chemicals were detected in the two different
media. The viability of the control cells was always
greater than 90%, and both growth rate and viable
cell size distribution were similar. The absence of
mycoplasma contamination was regularly checked
with the DAPI-staining test (8, 9).

All the assays were performed according to the
recommendations for cytotoxicity test protocols (4).
The cells, routinely cultured to 80% confluence in
75cm? T-flasks (Sarstedt AG, Sarstedt, Germany),
were subcultured twice after thawing, prior to use
in the assays. Cells in the exponential growth phase
were plated in 96-well plates (Sarstedt AG,
Sarstedt, Germany) and incubated for 24 hours to
enable them to settle and to recover from the sub-
culture treatment. Then they were incubated with
different concentrations of the test chemicals for
another 24 + 1 hours before the endpoint measure-
ments were assessed. Seeding concentrations (opti-
mised for each test system and kept constant), and
the number of independent experiments of the
assays, are given in Table 1.

Materials and chemicals

The 50 chemicals tested covered the range from high
to low cytotoxicity, and were of the highest available

Table 1: Key features of the assay

purity (Table 2). 46 chemicals were selected from the
RC list or from the MEIC list (2, 3), including the 11
reference chemicals recommended for the evaluation
of a new cytotoxicity test for use with the RC predic-
tion model (4). An additional 4 chemicals of general
interest in the cell culture context are referred to
other literature surveys (7, 8, 11-16).

Water-soluble chemicals were preferentially
used, in order to avoid interaction with the solvent.
Sterile, filtered stock solutions of the cytotoxic
agents were diluted in cell culture medium, taking
into account pH and osmolality. Seven test concen-
tration levels, covering at least three logs, were pre-
pared, in order to obtain concentration— response
curves ranging from no effect to maximum cytotox-
icity.

The test chemicals were purchased from Merck
AG (Darmstadt, Germany) and Sigma Aldrich Ltd.
(Taufkirchen, Germany). The WST-8 cell counting
kit was purchased from Probior Ltd. (Munich,
Germany). The NRU-stock solution and all the
other chemicals and media used were obtained from
Sigma Aldrich Ltd. CASY Model TTC and all the
other materials necessary for running the ECE
method were provided by Schaerfe System Ltd.
(Reutlingen, Germany).

Assay characteristics

NRU, WST-8 and TB assays

The NRU assay is a well-established cytotoxic test
for basal cytotoxicity (5, 6), and was performed
according to standard operation procedures (7, 8).
The results (IC50 values) are expressed as the con-
centration of the test chemical which induced a 50%
reduction in neutral red uptake into lysosomes,
compared with untreated cells.

The WST-8 assay, an advanced version of the
MTT assay (9, 10), was performed according to the
standard protocol provided by the supplier. The
absorption effect of the phenol red in the culture
medium was allowed for in the calculations.

Assay Seeding concentration (cells/ml) Substrate concentration Number of replicates
ECE 4.0E +05 7 4
NRU 5.0E +05 7 10
WST-8 1.0E +05 7 10
TB 4.0E +05 7 1

ECE = electrical current exclusion method; NRU = neutral red uptake assay; WST-8 = WST-8 assay; TB = trypan blue
haemocytometer assay; substrate concentration = number of concentrations per assay; number of replicates = number of
independent experiments. All seeding concentrations were measured by using the CASY model TTC.
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The TB exclusion assay was conducted according to
the standard operation procedures (7, 8), with an
improved Neubauer-Tuerk haemocytometer (volume
0.9ul). The TB was used only in range-finding and to
provide additional information for some of the test
chemicals. It was conducted once only for 35 of the 50
chemicals, so it cannot be assumed that the results
obtained were statistically representative.

Electrical current exclusion method (measurement
and data evaluation)

The ECE method is based on the different electrical
properties of viable and dead cells suspended in
CASYton, an isotonic and iso-osmotic electrolyte
(Schaerfe System Ltd.). For analysis, the suspended
cells were drawn cell-by-cell through an aperture with
a defined geometry (150um in diameter and length),
then exposed to a low voltage field and cycled with
1MHz. The number of electrical signals generated by
the cells is described as the cell count. The individual
electrical signal is proportional to the respective indi-
vidual cell volume. Each cell was analysed several
hundred times when passing through the aperture.
All the results related to an individual cell were
processed by Pulse Area Analysis, an advanced digital
pulse processing technique developed by Schaerfe
System Ltd, and accumulated in a multi-channel
analyser which offered more than 524,000 distinct vol-
ume linear size classes.

Figure 1:
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The resulting high-resolution cell-size distribu-
tion is characteristic for the individual cell popula-
tion analysed and the actual status of the cell
culture, acting somewhat like a fingerprint. The
cell-size distribution permits a precise quantifica-
tion of the cell concentration, cell volume, cell via-
bility and cell aggregation, within 20 seconds.

Viable cells with an intact membrane act as elec-
trical insulators, and are analysed by their true cell
volume. Affected or dead cells have, or develop, a
permeable membrane, which is especially perme-
able to the electrical current. They were identified
by the remaining electrical insulating matrix of the
cell, roughly the volume of the cell nucleus.
Following the basic rule that a cell cannot become
smaller than its own nucleus, dead and live cells can
easily be differentiated by size. In analogy with the
common dye exclusion assays for measuring cell
viability, this method is called the Electrical
Current Exclusion (ECE) method (Figure 1). Unlike
dye exclusion assays, such as the TB assay, the ECE
method counts viable cells and also, free nuclei,
dying cells and debris.

Before conducting an assay with a new cell line,
the gating between cell debris, nuclei, and living cell
(including aggregates) had to be defined once for
each cell line, and stored in a cell-specific set-up.
The region for live single cells was defined by the
rise of the peak of the size distribution and the end
of the peak, where the range of aggregated cells
began, up to a size of 40um (Figure 2). Dependent

Principle of the electrical current exclusion (ECE) method
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Viable cells, with an intact membrane, act as an electrical insulator and exclude the electrical current, whereas dead
cells have a membrane permeable to the electrical current. Cell debris is depicted on the left side as an additional peak.
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on the actual cell density in the test, 4000 to 15,000
cells were analysed for each sample.

The ECE method combines two independent
parameters: change in cell viability, calculated as the
ratio of total live cells to total cells, and the change in
total cell volume (biovolume) of the viable cell frac-
tion. Cytotoxic effects on cells are revealed by a com-
parison of the cell-size distributions of treated cells
and untreated controls. The “Electrical Current
Exclusion Index of Cytotoxicity” (ECE-IC) was cal-
culated as the product of the biovolume of the live
cells and cell viability, standardised to the untreated
control value. The IC50 value of an agent was calcu-
lated as the concentration of the chemical with an
ECE-IC of 50% of the control value.

ECE-IC = biovolume (sample) X viability (sample) X 100

biovolume (control) X viability (control)
Results

Determination of the cell size distribution by
the ECE method

The cell size distribution of untreated L-929 mouse
fibroblasts consisted of mainly viable single cells,
gated in the range 12.6um to 19.4um, correspon-
ding to a volume-range from 1047um3 to 3823um3.
This included cells at different states of the cell
cycle. Live cell aggregates ranged from 19.4um up
to a size of 40um (Figure 2a). The size range for
dead cells at different stages of fragmentation was
between 3.8um and 12.6um (Figure 2b). Size classes
smaller than 3.8um consisted of cell debris, for
example, vesiculated membrane particles.

Effects of cytotoxic compounds, detected by
the ECE method

Depending on the mechanism of cytotoxic action, all
the test chemicals showed the combined effects of
decreasing viability (disruption of the cell mem-
brane), decreasing cell count and biovolume (inhibi-
tion of cell proliferation), and cell swelling (the first
signs of necrosis), reflecting the actual state of the
ongoing process toward cell death. The time-course
and intensity of each of these effects can be com-
pletely different. The ECE cytotoxicity index com-
bines these effects, providing results with an
excellent agreement with the findings of the refer-
ence WST-8 and NRU assays (Figures 3 to 6).
Taking potassium hexacyanoferrate as an exam-
ple (Figure 3), these effects can easily be demon-
strated at the concentration of the IC50 value
reported in the RC (2.82mM) and at a maximum
concentration (76.1mM; 1). It is evident that the
cell count and biovolume had already decreased
dramatically at 2.82mM, indicating a cessation of
cell proliferation, whereas cell viability was rela-
tively unaffected. With further increases in the con-
centration of the chemical, cell viability decreased
dramatically, as indicated by the shift of diameter
distribution into the region of the cell nucleus and
debris. The combination of both effects in the ECE-
IC results in a concentration-response relationship
indicating an IC50 value of 0.85mM (Figure 4).
Taking acetonitrile as a further example (Figure
5), cell count and biovolume decreased only slightly
at a medium concentration (56.5mM) and even at
highest concentration (1525mM). However, it is
obvious that necrosis had started. This can be seen
by the swelling of the cells at the medium concen-

Figure 2: Typical size distribution of an L-929 control sample
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a) Size distribution of an L-929 control sample with a viability > 90%;
b) a sample of dead L-929 cells with a viability < 10%. Cursors are used to define the gating between cell debris/dead
cells (3.8um), dead cells/viable cells (12.6um) and viable cells/aggregates (19.4um).
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Figure 3: Change in cell count and size
distribution of L-929 cells exposed
to increasing concentrations of
potassium hexacyanoferrate
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Black trace = control; dark grey trace = concentration of
2.82mM; light grey trace = maximum concentration of
76.8mM.

tration, and the concomitant reduction in diameter
distribution at the highest concentration, indicat-
ing a decrease in cell viability. Also in this case, the
ECE-IC showed excellent agreement with the find-
ings with the two reference assays (Figure 6).

Comparison of the results

Table 2 lists all the 50 test chemicals with IC50 val-
ues from the four different assays. There was good
agreement between the IC50 values determined by
the ECE method and the literature data (1, 4) and
with the results of the other assays performed. The
comparison is given by the formula:

factor = log;((ECE result/IC50

mean)

In the case of a negative factor, the ECE method is
more sensitive compared to the average values from
the other methods, whereas a positive factor indi-
cates a lower sensitivity.

Only 11 ECE results differ by a factor of more
than 10 from the IC50 values of the RC. For three
of them, the IC50 values from the ECE method
were lower than those listed in the RC, while for the

Figure 4: Concentration response curves for the effect of potassium hexacyanoferrate on

the viability of L-929 cells

125 -

100

75 1

50

decrease in cell viability (% control)

25 1

10-3 10-2 10-1

100 101 102

potassium hexacyanoferrate concentration (mM)

Analysed with the ® = ECE method;00= WST-8 assay; O = neutral red uptake assay (NRU) and B = trypan blue

exclsuion assay (TB).
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Figure 5: Change in cell count and size
distribution of L-929 cells exposed
to increasing concentrations of
acetonitrile

J
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Black trace = control; dark grey trace = mean
concentration of 56.5mM; light grey trace = maximum
concentration of 15625mM.

other seven chemicals, the RC values were lower.
Only 8 ECE results differed by a factor of more than
10 from the mean values obtained with the other
assays performed. In no case did differences with a
factor of 100 or more occur.

Four of the test chemicals are not listed in the
RC, but two of them are of importance, since they
are used as antibiotics with cell cultures (gen-
tamycin and ciprofloxacin; 7, 8). While ciprofloxacin
was not previously tested on cells in vitro, it was
found to be toxic to protozoans with an IC50 value
of 3.9mM (11). The ECE method was more sensitive
than the WST-8 and NRU assays. The IC50 value
for gentamycin was 6.2mM in the WST-8 and NRU
assays, but no IC50 value could be determined with
the ECE method. The other two chemicals are
monomers for the production of medical devices (2-
hyxdroxyethylmethacrylate; 12, 13) responsible for
cell transfection (polyethylenimine with a M,
between 800 and 2000; 17).

The cytotoxicity of isoniazid could not be detected
with the WST-8 assay, and that of theophylline
could not be determined with the NRU assay. The
exact reasons for this were unclear, but some chem-
icals may interfere with the assays themselves.
Nevertheless, the overall sensitivity was best for
the new ECE method, followed by the WST-8 assay,
then the NRU, then the TB assay.

Discussion

Acute systemic toxicity testing is conducted to
determine the relative health hazards represented

by chemicals and various products. Currently, this
testing is mainly conducted by using animals.
Studies published in recent years have shown a
good correlation between acute toxicity in vitro and
in vivo, and have suggested that in vitro methods
may be helpful in predicting in vivo acute toxicity
(18-21).

In accordance with the aim of developing and val-
idating appropriate cell culture-based in vitro cyto-
toxicity tests as alternatives to animal testing, this
study tested the cytotoxicities of 50 chemicals with
L-929 mouse fibroblast cells. As a result of this
direct comparison to two already established and
recommended reference assays, NRU and WST-8,
and additional measurements with the TB assay,
the ECE method, based on a widely introduced cell
counting and analysing system (CASY model TTC),
has been shown to be a useful new in vitro cytotox-
icity test system.

The three established in vitro assays used are all
histochemical methods, but vary in their endpoints
(22-25).

The NRU assay: the small neutral red vital dye mol-
ecules enter the cells and are trapped in the lyso-
somes of live cells only (neutral red uptake); viable
cells are stained bright red, while dead cells remain
unstained.

The WST-8 assay: in this advanced version of the
MTT assay, the colourless, water-soluble tetra-
zolium salt, WST-8, enters the cells and becomes
reduced to coloured formazan by the mitochondrial
activity of viable cells only; viable cells and the cul-
ture medium become red to blue coloured, while
dead cells are not stained.

The TB exclusion assay: the large, charged trypan
blue molecules are not able to pass across the intact
cell membranes of viable cells; dead cells, with per-
meable membranes, have a blue-stained cytoplasm.

The ECE viability assay is based on the different
electrical properties of viable and dead cells. All cell
lines show a characteristic cell size distribution.
Viable cells are identified according to their true
cell volume, whereas dead cells with a membrane
permeable to an electrical current, are identified by
the size of their nuclei. The consistent results of the
ECE method are based on high technical standard-
isation, a very high counting rate, and the ability to
combine cell viability and cell volume analysis for
detecting the first signs of cell necrosis and damage
to the cell membrane caused by cytotoxic agents.
Concentration-response experiments for 50
chemicals (including 46 selected from the RC [1])
were conducted multiple times with the four cyto-
toxicity assays. Compared to the results from the
reference WST-8, NRU and TB assays, the ECE-IC
values are highly consistent. Furthermore, the
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Figure 6: Concentration response curves for the effect of acetonitrile on the viability of
L-929 cells
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assay-to-assay variation of the IC50 values found in
this study, compared directly with the reference
IC50 values in the RC (1, 2), was less than factor 10
for 80% of the test chemicals. The IC50 values of
the ECE method were the most sensitive and were
closest to values recorded in the literature (1-3, 17,
18). The assay-to-assay variation of the results was
greater than factor 10, but smaller than 100, for
only 8 of the test chemicals (16%).

This study clearly shows that each of the test sys-
tems used was able to monitor the cytotoxicity of
the respective chemicals in a reliable and repro-
ducible manner. It was also found that some chem-
icals are not appropriate for some assays, because of
chemical interference with the functional mecha-
nism of the assay concerned.

The ECE assay has a decisive advantage. All the
results can be directly stored as an electronic
record, compliant with the quality rule for scientific
records released by the Food and Drug Admin-
istration (FDA, 21CFR Part 11). Any change of an
original result is traceable by audit trails. The data
can easily be networked or transferred into com-
mon spreadsheet programs.

In conclusion, the ECE method, based on an
advanced electronic cell counting and analysis sys-
tem, was shown to be an excellent and suitable in
vitro cytotoxicity assay system for cells cultured in
suspension, whereas the NRU and WST-8 assays
are preferable for adherent-growing cells. However,
the study also demonstrated, that adherent-grow-
ing cell lines, such as 1.-929 mouse fibroblasts, can
easily be adapted to growth in suspension by chang-
ing the cell culture medium, thus enabling the
direct use of the CASY-Technology. A direct com-
parison with the recommended dye based assays (4)
is possible.

Furthermore, the new ECE test system can
detect the complex influence of toxic compounds on
the first and most sensitive barrier of animal cells,
the cell membrane. Although 24 hours was selected
as the time for incubation with the toxic compounds
(16), it is obvious that progressive changes in the
state of dying cells can be monitored with this tech-
nology. Signs of necrosis can be seen, indicating the
transition from viable cells with an intact mem-
brane to dead cells which have lost their membrane
integrity. This transition can be seen by the appear-
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ance of cell nuclei and cell debris and the concomi-
tant reduction in the viable cell peak.

Sophisticated technology, such as Allen-Video-
Enhanced-Microscopy provides information about
cell organelle movements and their subtle relation-
ships to the influence of cytotoxic chemicals on liv-
ing cells (26). A combined multispectral cytometric
approach can be used for the analysis of apoptotic
versus necrotic cells (27), but these systems are
highly sophisticated and not suitable for routine
analysis. No other comparable, reliable and simple
assay system can detect these delicate, complex
toxic influences of chemicals on living cells accord-
ing to the guidance procedures for evaluation and
validation of in vitro cytotoxicity assays (4). The
ECE method proved to be a very suitable, reliable
and sensitive assay for characterising cell cultures
and for determining or predicting the cytotoxic
potentials of chemical compounds.

Acknowledgement

This study was kindly supported by SET, Mainz,
Germany.

Received 14.1.05; received in final form 28.6.05;
accepted for publication 14.7.05.

References

1. Halle, W. (1998). Toxizitatsprifungen in Zellkult-
uren fur eine Vorhersage der akuten Toxizitat
(LD50) zur Einsparung von Tierversuchen. 94pp.
Schriften des Forschungszentrum dJilich, Life
Sciences, Vol. 1, 93pp. Jilich, Germany: Forschungs-
zentrum. Now also available in English: ATLA 31,
89-198, 2003.

2. Halle, W. & Gores, E. (1988). Register der Zyto-
toxizitat (IC50) in der Zellkultur und Moglichkeiten
zur Abschitzung der akuten Toxizitat (LD50). In
Beitrdige zur Wirkstoffforschung (ed. P. Oehme, H.
Lowe & E. Gores), Vol. 32, 108pp. Berlin, Germany:
Institut fir Wirkstoffforschung.

3. Bondesson, 1., Ekwall, B., Hellberg, S., Romert, L.,
Stenberg, K. & Walum, E. (1989). MEIC — A new
international multicenter study to evaluate the rele-
vance to human toxicity data on in vitro cytotoxicity
tests. Cell Biology and Toxicology 5, 331-347.

4. ICCVAM (2001). Guidance document on using in
vitro data to estimate in vivo starting doses for acute
toxicity, based on recommendations from an Inter-
national Workshop organized by the Interagency
Coordinating Committee on the Validation of Alt-
ernative Methods (ICCVAM) and the National
Toxicology Program (NTP) Interagency Center for
the Evaluation of Alternative Toxicological Methods
(NICEATM). 102pp. NIH Publication No: 01-4500.
Research Triangle Park, NC, USA: ICCVAM.

5. Borenfreund, E. & Puerner, J.A. (1985). Toxicity
determination in vitro by morphological alterations
and neutral red absorption. Toxicology Letters 24,
119-124.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Spielmann, H., Liebsch, M., Kalweit, S., Moldenhauer,
F., Wirnsberger, T., Holzhuitter, H.G., Schneider, B.,
Glaser, S., Gerner, 1., Pape, W.J.W., Kreiling, R,
Krauser, K., Miltenburger, H.G., Steiling, W., Luepke,
N.P., Miller, N., Kreuzer, H., Miirmann, P., Spengler,
dJ., Bertram-Neis, E., Siegemund, B. & Wiebel, F.J.
(1996). Results of a validation study in Germany on
two in vitro alternatives to the Draize eye irritation
test, the HET-CAM test and the 3T3 NRU cytotoxic-
ity test. ATLA 24, 741-858.

Lindl, T. (2002). Zell- und Gewebekultur. 5th edition,
316pp. Heidelberg, Germany: Spektrum Akadem-
ischer Verlag.

Freshney, R.I. (2000). Culture of Animal Cells. 4th
edition, 600pp. New York, NY, USA: Wiley-Liss.
Mosmann, T. (1983). Rapid colorimetric assay for
cellular growth and survival: application to prolifer-
ation and cytotoxicity assays. Journal of Immunol-
ogical Methods 65, 207-212.

Ishiyama, H., Tominaga, H., Shiga, M., Sasamoto,
K., Ohkura, Y. & Ueno, K. (1996). A combined assay
of cell viability and in vitro cytotoxicity with a highly
water-soluble tetrazolium salt, Neutral Red and
Crystal Violet. Biological Pharmaceutical Bulletin
19, 518-520.

Sousa, M.C. & Poiares-da-Silva, J. (2001). The cyto-
toxic effects of ciprofloxacin in Giardia lamblia
trophozoites. Toxicology in Vitro 15, 297-301.
Winkelmeier, P., Glauner, B. & Lindl, T. (1993).
Quantification of cytotoxicity by cell volume and cell
proliferation. ATLA 21, 269-280.

Li, N., Miao, X., Takakuwa, M., Sato, K. & Sato, M.
(1999). Effect of dental material HEMA monomer on
human dental pulp cells. Artificial Cells Blood
Substitutes Immobilization Biotechnology 27, 85-90.
Yoshii, E. (1996). Cytotoxic effects of acrylates and
methacrylates: Relationship of monomer structures
and cytotoxicity. Journal of Biomedical Material
Research 37, 517-524.

Reichl, F.X., Walther, U.I,, Druner, J., Kehe, K.,
Hickel, R., Kunzelmann, K.H., Spahl, W., Hume,
W.R., Benschop, H. & Forth, W. (2001). Cytotoxicity
of dental composite components and mercury com-
pounds in lung cells. Dental Materials 17, 95-101.
Pomerat, C.M. & Leake, C.D. (1954). Short term cul-
tures for drug assays: general considerations.
Annals of the New York Academy of Sciences 58,
1110-1128.

Vancha, A.R., Govindaraju, S., Parsa, K.V., Jasti, M.,
Gonzalez-Garcia, M. & Ballestero, R.P. (2004). Use
of polyethyleneimine polymer in cell culture as
attachment factor and lipofection enhancer. Biomed
Central (BMC) Biotechnology 4, 23.

Smith, C.G., Grady, J.E. & Northam, J.I. (1963).
Relationship between cytotoxicity in viiro and whole
animal toxicity. Cancer Chemotherapeutic Report 30,
9-12.

Halle, W., Spielmann, H. & Liebsch, M. (2000). Zur
Pradiktion der lethalen Konzentration beim
Menschen mit Hilfe von Zytotoxizitdtsdaten von 50
MEIC-Stoffen. Alternativen zu Tierexperimenten
(ALTEX) 117, 75-79.

Philips, J.C., Gibson, W.B., Yam, J., Alden, C.L. &
Hard, G.C. (1990). Survey of the QSAR and in vitro
approaches for developing non-animal methods to
supersede the in vivo LD50 test. Food and Chemical
Toxicology 28, 375-394.

Garle, M., Fentem, J. & Fry, J.R. (1994). In vitro
cytotoxicity tests for the prediction of acute toxicity



Evaluation of in vitro cytotoxicities of 50 chemicals

11

22.

23.

24.

25.

in vivo. Toxicology in Vitro 8, 1303-1312.
Borenfreund, E., Babich, H. & Martin-Alguacil, N.
(1990). Comparison of two in vitro cytotoxicity
assays: the neutral red (NR) and tetrazolium MTT
tests. Toxicology in Vitro 2, 1-6.

Krause, A.W., Carley, WW. & Webb, W.W. (1984).
Fluorescent erythrosine B is preferable to trypan
blue as a vital exclusion dye for mammalian cells in
monolayer culture. Journal of Histochemistry and
Cytochemistry 32, 1084-1090.

Wilhelm, F., Melzig, M., Gorscher, T. & Franke, G.
(1995). Die unterschiedliche Aussagekraft ver-
schiedener Vitalfarbungen des Hornhautepithels.
Ophtalmologe 92, 496-498.

Gain, P., Thuret, G., Chiquet, C., Dumollard, J. M.,

26.

27.

Mosnier, J.F., Burillon, C., Delbosc, B., Herve, P. &
Campos, L. (2002). Value of two mortality assess-
ment techniques for organ cultured corneal endothe-
lium: trypan blue versus TUNEL technique. British
Journal of Ophtalmology 86, 306-310.

Maile, W., Lindl, T. & Weiss, D.G. (1989). New meth-
ods for cytotoxicity testing: quantitative video micros-
copy of intracellular motion and mitochondria-specific
fluorescence. Journal of Molecular Toxicology 1,
427-4317.

George, T.C., Basiji, D.A., Hall, B.E., Lynch, D.H.,
Ortyn, W.E., Perry, D.J., Seo, M.J., Zimmermann,
C.A. & Morrissey, P.J. (2004). Distinguishing modes
of cell death using the ImageStream multispectral
imaging flow cytometer. Cytometry A 59, 237-45.



