Environ. Sci. Technol. 2010, 44, 47754781

Effects of Solvents and Dosing
Procedure on Chemical Toxicity in
Cell-Based in Vitro Assays

KATRIN TANNEBERGER,T
ANGELES RICO-RICO,*!
NYNKE I. KRAMER,*

FRANS J. M. BUSSER,*
JOOP L. M. HERMENS,' AND
KRISTIN SCHIRMER* ©§

Eawag, Swiss Federal Institute of Aquatic Science and
Technology, Uberlandstrasse 133, 8600 Diibendorf,
Switzerland, Institute for Risk Assessment Sciences, University
of Utrecht, Yalelaan 2, 3584 CM Utrecht, The Netherlands,
and ETH Ziirich, Institute of Biogeochemistry and Pollutant
Dynamics, Universitdtstrasse 16, 8092 Ziirich, Switzerland

Received January 7, 2010. Revised manuscript received
May 7, 2010. Accepted May 13, 2010.

Due to the implementation of new legislation, such as

REACh, a dramatic increase of animal use for toxicity testing
is expected and the search for alternatives is timely. Cell-based
in vitro assays are promising alternatives. However, the
behavior of chemicals in these assays is still poorly understood.
We set out to quantify the exposure and associated toxicity
of chemicals with different physicochemical properties toward
a fish gill cell line when different solvents and procedural
steps are used to introduce test chemicals to cells. Three
chemicals with a range of hydrophobicity and volatility were
selected and delivered in three different solvents using

two common dosing procedures. Toxicity tests were coupled
with chemical analysis to quantify the chemical concentrations
within culture wells. The impact of solvents and dosing
procedure was greatest for the most volatile and hydrophobic
test chemical. We show that certain combinations of the

test chemical, solvent, and procedural steps can lead

to inhomogeneous distribution of the test chemical and thus
differing degrees of hioavailability, resulting in quantitative
differences in apparent toxicity.

Introduction

Use of animals for experimental studies, e.g., toxicity testing
of chemicals, gives rise to serious ethical concerns. The
development of new alternative procedures and models is
therefore timely. A recently published study reveals that
within the next 10 years about 54 million vertebrate animals
will be needed for toxicity testing only for the compliance of
REACh (1, 2), an EU legislation in effect since June 2007.
The search for alternatives includes the consideration of
in vitro approaches, i.e., experimental approaches where
organs, cells, or biomolecules are explored outside of the
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organism in a controlled environment. Among the most
promising in vitro alternatives are cell line-based assays. A
number of mammalian and nonmammalian cell lines have
been established in recent years, as well as a broad range of
methods to detect chemical toxicity (reviews provided in
refs 3, 4). Since cell-based tests are commonly conducted
using multiwell plates, they are compatible with automated
high-throughput screening. Many replicates and even dif-
ferent toxicants can be applied on one plate requiring very
little testing material. However, these formats also come with
caveats. First, because of the small volume, even minute
manipulations within culture wells, such as the addition of
atest chemical, can be expected to have a significant impact
on the cell culture environment but this has not yet been
systematically explored. Second, the high surface to volume
ratio, combined with the open nature of the systems, favor
losses of test chemicals due to sorption and/or evaporation.
Indeed, a few studies already showed the significant role
of the Henry’s law constant, H (a proxy of volatility) and/or
of the octanol—water partition coefficient, K,y (a proxy of
hydrophobicity or lipid binding affinity of a chemical), on
the outcome of in vitro assays (5—7).

The application of test chemicals to cell culture wells
usually requires a solvent. For compounds that are well water-
soluble, the solvent can be the cell culture or exposure
medium. For sparingly water-soluble compounds, however,
organic solvents are required to prepare appropriate dosing
solutions. These bear the risk of causing an impact on cells
themselves. For example, the induction of cell differentiation
(8, 9), modulation of estrogen receptor isoforms (10), and
mixture effects with other chemicals (11, 12) have been
reported for the most frequently used solvent, dimethylsul-
foxide (DMSO). Side-effects were likewise reported for the
alcohols ethanol and methanol (MeOH) (13, 14). Therefore,
chemical stock solutions in organic carrier solvents are
generally highly concentrated so that the final volume of
solvent in the culture well is kept to a minimum. One way
to circumvent the addition of carrier solvent to the cell culture
environment is to add the chemical in a volatile solvent,
such as MeOH, and then evaporate the solvent to leave the
chemical of interest behind on the culture surface (15). Such
procedures are, however, not yet applicable to high-
throughput screening so that addition of chemicals in an
organic solvent still is most commonly applied.

Once the chemical stock solutions are prepared, two ways
of dosing the chemical can broadly be distinguished. We call
them direct and indirect dosing (Figure S1 in the Supporting
Information). During direct dosing, a small volume of the
chemical stock solution in a certain organic solvent is added
directly into the exposure medium in the presence of cells.
For indirect dosing, a dosing mixture of the exposure medium
and the stock solution is prepared prior to addition to cells.
The exact method of dosing is, unfortunately, often insuf-
ficiently described in the literature. Yet, a recent publication
by Schnell et al. (16) emphasizes the importance of such
details. The authors dissolved ibuprofen in DMSO and
observed a 20-fold higher toxicity of this compound when
dosed directly instead of indirectly. They speculated that
direct dosing likely exacerbated the interaction between
ibuprofen and DMSO by transitorily exposing the cells to
higher concentrations of them as a result of heterogeneous
mixing over the surface of the cell monolayer.

It was the goal of our study to investigate the impact of
solvent and dosing procedure on the outcome of cell viability
assays. We hypothesized that direct dosing leads to greater
toxicity of test chemicals in two ways: first, a reduced overall
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loss of the test chemical due to fewer handling steps, and
second, an enhanced chemical—cell interaction due to
inhomogeneous chemical distribution where most of the
chemical is immediately available to cells rather than being
equally distributed in a culture well. We selected DMSO and
MeOH as organic solvents in addition to an aqueous medium
and expected the impact of direct dosing to be greater for
DMSO than for MeOH because of the higher density of DMSO
and thus an enhanced interaction with the cell monolayer.
We further speculated that the impact of the solvent and
dosing methods is additionally influenced by the hydro-
phobicity and volatility of the test chemicals. Therefore, we
selected three chemicals with a range of K, and H: 1,2-
dichlorobenzene (1,2-DCB), 3,4-dichloroaniline (3,4-DCA),
and sodium dodecyl sulfate (SDS) (Table S1). All three
chemicals are thought to act through nonspecific baseline
toxicity (narcotic mode of action) thereby excluding distortion
of results by different chemical modes of action. For the
performance of the toxicity assay we decided to use the
rainbow trout gill cell line, RTgill-W1 (17), as a model.
The main advantage of this cell line is that the cells are able
to sustain exposure in a minimal medium, L15/ex (18, 19),
which avoids a potential overriding influence of complex
medium components, particularly serum (20—22), as a
medium additive. We related the measured toxicity effects
to the analytically determined chemical concentration in the
exposure medium within the culture well. Our study clearly
shows a strong influence on toxicity by the solvent and
procedural steps used to deliver the test chemicals to the cell
culture wells. In accordance with our hypothesis, the
influence was strongest for the most hydrophobic and volatile
chemical explored.

Experimental Section

Chemicals and Cell Culture. 1,2-DCB, 3,4-DCA, and SDS
were purchased from Fluka (Buchs, Switzerland). Stock
solutions were prepared using either DMSO (Sigma-Aldrich,
Buchs, Switzerland) or MeOH (Acros Organics, Geel, Belgium)
and were 1:2 serially diluted in the respective solvent. A final
solvent content of 0.5% (v/v) was chosen because this value
is in the range frequently used both for indirect as well as
direct dosing protocols (16, 23, 24). To reach the final solvent
concentrations of 0.5% within the toxicity assay, the stock
solutions in the organic solvents needed to be 200-times
more concentrated than wished for the final exposure
solutions. The exposure media, L15/ex (19), was used to
dissolve the chemicals directly at the maximum test
concentration.

The RTgill-W1 cell line used in this study was derived
from gills from rainbow trout (Oncorhynchus mykiss) (17).
Details for culture conditions and setup for exposures are
given in the Supporting Information.

Exposure of Cells to Test Chemicals. The gill cells were
exposed to the chemicals for 24 h at 19 °C in L15/ex in 24-
well tissue culture plates. L15/ex is a modification of the
original L15 media and contains only the salts, sodium
pyruvate, and galactose (19). The different ways of chemical
application are shown in Figure S1, and described here briefly.

Direct Dosing (Using DMSO and MeOH Stock Solutions).
The L15 culture media was removed and the cells were
washed once with L15/ex. Then, 1000 uL of fresh L15/ex was
added to each well. Next, 5 uL of the 200-times concentrated
stock solutions in DMSO or MeOH was added to the exposure
media and cells using a micropipet. To properly mix the test
chemical in L15/ex, the microtiter plate was gently agitated
manually for about 20 s.

Indirect Dosing (Using DMSO and MeOH Stock Solutions).
In a 7 mL amber glass vial (Supelco, Buchs, Switzerland), a
premixture of L15/ex and the chemical was prepared. Thus,
6.7 mL of L15/ex and 33.5 uL of the 200-times concentrated
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stock solutions in DMSO or MeOH were added and this
premixture was vigorously vortexed for 15 min. Meanwhile,
the cells were washed once with L15/ex. After removing the
L15/ex, 1000 uL of the premixture was added into the
respective wells.

Indirect Dosing (Using L15/ex Stock Solution). The con-
centration of the stock solution, prepared directly in L15/ex
medium, is equivalent to the highest exposure concentration.
The remaining dosing mixtures were prepared by diluting
the stock solution 1:2, 1:4, etc., in L15/ex. The dosing mixtures
were vortexed for 15 min and afterward 1000 uL of the dosing
mixtures were added onto the washed cells.

The respective pure solvent, DMSO, MeOH, or L15/ex,
served as control. The same volume of solvent was added
using the same application methods as for exposing the test
chemical. For each concentration and control, triplicates were
dosed. Each experiment was carried out at least three times
on three independent days. The cells were exposed to 0,
1.56, 6.25, 12.5, 25, 50, and 100 mg/L 1,2-DCB; 0, 4.69, 9.38,
18.8, 37.5, 75, and 150 mg/L 3,4-DCA; and 0, 1.95, 7.81, 15.6,
31.3,62.5,and 125 mg/L SDS. These concentrations are from
now on referred to as nominal chemical concentrations.

Sampling of Exposure Medium for Chemical Analysis.
To allow the quantification of the concentration of the test
chemicals in the exposure solutions, samples from the
exposure media were taken at different time points (Figure
S1). For each test setup, two microtiter plates were prepared
in parallel. One was used to take samples of the exposure
medium at the beginning of the exposure (Gy,). From the
second plate, samples of the exposure medium were taken
after 24 h of exposure (Cun). For indirect dosing, samples
were taken as well from dosing mixtures (Cpy). Details of
sample preparation can be found in the Supporting Infor-
mation.

Cell Viability Assay. For the determination of chemical
toxicity, a cell viability assay using the fluorescent dye
AlamarBlue (Invitrogen, Basel, Switzerland), as a measure of
metabolic activity (25), was carried out according to the
procedure of Schirmer et al. (19); see Supporting Information
for details.

Statistical Evaluation. Results are expressed as mean +
SD. All statistical analysis was performed using GraphPad
Prism version 4.03. Dose—response curves were analyzed
using the GraphPad Prism nonlinear regression sigmoidal
dose—response curve fitting module. For comparing ECs
values obtained from different test setups, an unpaired
student ¢ test was applied. ECs, values were considered as
significantly different when P < 0.05.

Results

Nominal versus Measured Chemical Exposure Concentra-
tions. Regardless of dosing procedure and solvent used, all
three test chemicals elicited a concentration-dependent
decline in cell viability after 24 h of exposure (Figure S2,
based on nominal concentrations). Yet, the location of the
concentration—response curves depended on the dosing
procedure, as seen clearly for the solvent DMSO (Figure S2,
left column). The concentration—response curve obtained
with DMSO and indirect dosing suggested a lower toxicity
for all three chemicals compared to direct dosing with DMSO.
But the extent of this difference varied depending on the
chemical used. The greatest difference was found for the
most volatile and hydrophobic chemical, 1,2-DCB. For this
chemical, the concentration—response curve was also shifted
to the left (higher toxicity) when dosed directly rather than
indirectly with MeOH.

We hypothesized that the chemical concentrations at the
beginning of the exposure are different for the two dosing
methods and that these differences trigger the different
degrees of toxicity. Fewer handling steps are required for
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FIGURE 1. Cell viability of RTgill-W1 cells after 24 h of exposure to 1,2-DCB (A), 3,4-DCA (B), and SDS (C) decreases
concentration-dependently. Test chemicals were dissolved either in DMSO (left), MeOH (middle), or L15/ex (right) and dosed directly
(closed black squares) or indirectly (closed gray circles) onto the cells in two parallel sets of tissue culture plates. From one set of
plates, chemical concentrations were determined at the beginning of the exposure (Cop, in mg/L). From the second set of plates, cell
viability was determined at the 24 h exposure time point and expressed as percentage of viability observed in respective solvent
controls. Data points are means with standard deviations (SD) with the vertical lines showing the SD for cell viability (n = 3, for all
chemicals), and the horizontal lines showing the SD for chemical analyses (Cy,; n = 3 for 1,2-DCB and 3,4-DCA and n = 2 for SDS).

TABLE 1. EC5, Values (mean + SD) of the Test Chemicals Using Nominally Added and Measured Chemical Concentrations at the
Start of the in Vitro Experiments (Cyy)

DMSO0 MeOH L15/ex
direct indirect direct indirect indirect
1,2-DCB (n = 3)
nominal mg/L 9.0 + 2.4 85.4 4+ 9.87 87.2+1.1° 76.6, &+ 18.6 86.7 +£7.2°
measured Cp, mg/L 6.0 + 0.87 68.1 +7.8° 30.7 + 2.0%° 67.2 £ 10.1° 68.3 + 4.0
3,4-DCA, (n=3)
nominal, mg/L 35.2 + 2,92 50.0 + 4.6*° 51.0 + 7.5 52.6 + 12.2 58.3 £ 13.7
measured Co, mg/L 16.0 + 2.5%° 28.2 + 6.4 35.0 + 4.4° 38.0+11.0 46.5 + 14.3
SDS (n = 3 for nominal; n = 2 for measured)
nominal mg/L 59+ 27 8.34 £ 0.5 8.3+1.0 8.2+ 1.3 8.2+04
measured Cp, mg/L 4.1+5.6 82+1.0 8.2+ 3.6 8.5+ 2.6 4.4 + 3.6

2 ECs values for direct and indirect dosing are statistically different (P < 0.05; t test). ? ECs, values based on nominal
concentrations are statistically different from the ECsy values obtained using measured chemical concentrations Cp, (P <
0.05; t test).

direct dosing which may limit losses due to mixing and
pipetting. To explore this hypothesis, chemicals were ex-
tracted from the exposure medium taken from the wells
immediately after dosing. Measured quantities (Cy,) were
used to plot all concentration—response relationships (Figure
1) and ECs, values were calculated from nominal and

measured (Gy,) chemical concentrations (Table 1). Two points
can be drawn from Figure 1 and Table 1. First, ECs, values
based on measured initial chemical concentrations tended
to be lower than ECs, values based on nominal concentra-
tions, which indeed indicated losses during preparation and/
or transfer from the stock solutions or dosing mixtures into
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FIGURE 2. Ratio of the concentrations measured in the exposure medium at the beginning (Cy,) and at the end of exposure (Cyy)
illustrates losses occurring for the test chemicals in the different exposure setups. A ratio of 1 (dashed line) indicates no loss during
the 24 h of exposure while values below 1 indicate the fractions being recovered, respectively lost. Each bar represents the mean
values of all tested chemical concentrations. Ratios are presented as mean + SD of three (1,2-DCB and 3,4-DCA) and two (SDS)
independent experiments. The Cy, values are the same as those used to plot concentration—response relationships in Figure 1. The
Cym was measured in the exposure medium from parallel plates used to subsequently determine cell viability.

culture wells. However, the differences could not be assigned
to a particular solvent or dosing scheme. Thus, factors
calculated from the respective ECs, values for nominal vs
measured (Cy,) concentrations for the different solvents and
dosing methods (Table 1) range from 1.1 to 2.8-fold for 1,2-
DCB, from 1.3 to 2.2-fold for 3,4-DCA, and from 1 to 1.8 fold
for SDS. Second, simply correcting for initial chemical
concentrations (Cy,) in the exposure medium did not
eradicate the differences observed for the different dosing
procedures. In fact, the pattern of higher toxicity with direct
dosing was maintained. The difference between direct and
indirect dosing was most striking for the combination of
1,2-DCB and DMSO (~11-fold difference; P< 0.05) followed
by 3,4-DCA/DMSO (~1.8-fold; P < 0.05), and SDS/DMSO
(~1.4-fold, not statistically significant). Moreover, ECs, values
varied significantly for direct versus indirect dosing with
MeOH in the case of 1,2-DCB (~2.2-fold; P < 0.05) (all
statistical differences for direct and indirect dosing are
indicated by ain Table 1). These findings led us to postulate
that adding a chemical with the direct dosing procedure, in
particular with DMSO as a solvent, must have an impact on
the cells that cannot be accounted for by measured initial
chemical exposure concentrations in culture medium.

Next, exposure concentrations at the termination of
exposure (Cy,) were quantified to investigate if these could
explain the observed differences in cell viability due to solvent
and dosing procedure. However, recovery of chemicals at
this time point was independent of solvent and dosing
procedure (Figure 2) with the exception of SDS dosed from
the stock in L15/ex. Results furthermore revealed that
dramatic losses of test chemicals occurred over the 24 h
exposure period. For 1,2-DCB, less than 10% of the con-
centration measured at the onset of exposure (Gy,) could be
recovered 24 h later. For 3,4-DCA, recovery was between 70
and 80%, whereas more than 80% was recovered for SDS
except for the dosing of SDS from L15/ex stock solution. We
conclude that the concentrations of chemicals after 24 h of
exposure are, in contrast to the data on cell viability,
independent of the solvent and dosing procedure and cannot
explain the differences observed in toxicity as illustrated in
Figure 1 and Table 1.

Impact of Solvent and Dosing Procedure on Chemical
Recovery. To shed light on the mechanisms leading to the
dependence of cell viability on solvent and dosing procedure,
we compared the recovery of chemicals from the cell culture
medium to the concentrations verified in the respective
dosing mixtures (Figure 3). It became apparent that most if
not all (between 80 to 100%) of the chemical(s) could be
recovered from the exposure medium immediately after
dosing by the indirect dosing method, although variability
was comparatively high for SDS. Only for 1,2-DCB was

4778 m ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 12, 2010

recovery consistently lower than 80% (around 75%), which
we attribute to its volatility (see also Figure 2). A different
picture emerged for direct dosing. As can be seen most clearly
for 1,2-DCB, direct dosing led to lower recoveries of this
chemical from the exposure medium, which in the case of
DMSO was even found to be strongly 1,2-DCB concentration
dependent. The recovery from the exposure medium con-
taining high concentrations of 1,2-DCB was lower than from
medium containing low concentrations of 1,2-DCB. We
therefore postulated that upon dosing 1,2-DCB directly into
the well, complete and uniform dissolution of the chemical
and the solvent in the exposure medium did not occur
immediately. Instead, the chemical and the solvent sank to
the bottom of the well and we assume that they were
completely taken up by the cells. This assumption was
supported by microscopic observations: when 1,2-DCB was
dosed directly in DMSO, cellular morphology changed within
minutes of adding the chemical. Cells retracted or rounded
up which indicates cell damage and rapid cell death. When
1,2-DCB in DMSO was added in the indirect way, such rapid
cell death could not be observed. Moreover, no changes in
cell appearance were observed by adding DMSO alone
(Figures S3, S4).

Discussion

Our study demonstrates that the outcome of cell-based
toxicity assays is impacted by the solvent and procedural
steps used to introduce the test chemical to the cells. At least
in the case of the three chemicals investigated here, the
impact is the greater the more volatile and/or hydrophobic
the test chemical is. In particular we show that certain
combinations of the test chemical, solvent, and procedural
steps can lead to inhomogeneous distribution of the chemical,
resulting in partly significant quantitative differences in
toxicity.

We selected model chemicals that significantly differ in
volatility and hydrophobicity (1,2-DCB > 3,4-DCA > SDS) to
identify the impact of these physicochemical properties on
the resulting cell viability. This approach cannot differentiate
the impact of each of these properties individually but specific
phenomena can be assigned to either of them.

Volatility is the likely cause of the low recovery of 1,2-
DCB after 24 h of exposure in the culture wells. Thus, chemical
concentrations are declining in the culture medium over
time, making it difficult to link effects on cells to an exposure
concentration. For the end point chosen, acute loss of cell
viability (or basal cytotoxicity), we suggest that the exposure
concentration present at the onset of exposure (Gy,) best
reflects the concentration causing the effect. Future studies
should focus on a time-resolved assessment of the loss
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FIGURE 3. Recovery of 1,2-DCB (A), 3,4-DCA (B), and SDS (C) from the exposure medium at the immediate start of exposure (Cy,) for
the applied nominal concentration range (in mg/L), using DMSO (left), MeOH (middle), or L15/ex (right) as solvent. For calculation of
recovery, the concentrations analytically verified in the DMSO, MeOH or L15/ex dosing mixtures (Cpm) served as a reference point.
Thus, the dashed line in each graph represents the reference, i.e., the chemical concentration in the dosing mixture (Cpy), which
was set to 100%. The Gy, concentrations used for the calculations were the same as in Figures 1 and 2. Closed black squares
represent recovery for the direct, and gray closed circles represent recovery for the indirect, dosing procedure. Recoveries below
100% indicate a reduced presence of the respective chemical immediately after addition to culture wells, either due to losses
during transfer into the culture well or due to rapid disposition to cells and/or the culture surface. Data points are means with SD (n
= 3 for 1,2-DCB and 3,4-DCA; n = 2 for SDS).

kinetics from the culture medium and its relationship to the dosing procedure were greatest for the most hydrophobic
evolution of toxicity in the cells. chemical tested here, 1,2-DCB. It is the hydrophobicity which

Hydrophobicity, on the other hand, appears to have most often drives the use of a carrier solvent, such as DMSO,
contributed to an inhomogeneous distribution of a chemical to deliver poorly water-soluble substances into the aqueous
in the culture well when dosed directly. Extraction of 1,2- media. A similar carrier solvent effect by DMSO has been

DCB from exposure medium immediately after direct dosing previously reported for ibuprofen, a chemical with a log K,
with DMSO or MeOH indicated a consistently lower recovery value of 3.97. A 10- to 20-fold higher toxicity toward a fish
from the exposure medium compared to indirect dosing. In liver cell line was observed for direct compared to indirect
the case of the polar and aprotic solvent, DMSO, extraction dosing with the greater differences measured when serum
(as percent of dosing mixture) from medium was even was present in the exposure medium (16). The most likely
reciprocally dose-dependent; with higher doses, less was explanation for the DMSO effect is a decelerated mixing of
recovered from medium. One explanation for this observation the culture medium, the test chemical, and DMSO during
could be precipitation of 1,2-DCB. Indeed, some precipitation direct dosing. The drop of DMSO sinks and spreads im-
was observed for the highest concentration when 1,2-DCB mediately across the cells leading to a transitorily high solvent
was added directly in DMSO or MeOH but was easily and chemical concentration and in this way to an instan-

redissolved by gentle agitation. However, significant dose- taneous loading of the cells. A similar behavior can be
dependent recovery was found only for DMSO. We assume proposed to explain the enhanced toxicity for 1,2-DCB in
that if precipitation affects recovery from the medium, the direct dosing with MeOH but is less pronounced, presumably

pattern should be similar for DMSO and MeOH. It therefore because a homogeneous mixture between test chemical and
seems that hydrophobicity influences the pattern of recovery the exposure medium is established faster with MeOH. DMSO

and that a higher percentage of the chemical sinks to the is moreover known to enhance cell permeability and in
bottom of the well from the more concentrated DMSO stock addition the uptake of chemicals into the cells (26, 27).
solutions. Inhomogeneous distribution of test chemicals, which may
DMSO seems to play a special role within cell-based in impact the outcome of toxicity test results, is not limited to
vitro assays. This solvent yielded the most pronounced sparingly water-soluble chemicals. This was illustrated in
impacts on chemical distribution in a culture well and our study for SDS, which is basically nonvolatile and well
toxicological effects. Differences in ECs, values due to the soluble in water. SDS led to highly variable results for recovery
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of the chemical from the exposure mixture at the onset of
exposure, which subsequently affected ECs, values based on
measured concentrations and the quantification of losses
observed within 24 h of exposure. We suspected that one
cause of the observed variability is the behavior of SDS in
L15/ex. Because SDS is a surfactant, it will accumulate at the
interfaces, i.e. air—water, plastic wall—water, of the system
(28).

We suggest that for exposure scenarios with heteroge-
neous distribution of the test chemical, cell internal con-
centrations need to be determined to account for the fraction
of chemical that does enter the cells. Given that one
determinant of the heterogeneous distribution appears to
be the physicochemical characteristics of the test chemicals,
an important next step would be to investigate a larger set
of chemicals for their distribution in tissue culture wells to
develop an alert concept that can help identify problematic
chemicals up front. Few in vitro studies have thus far taken
cell-internal concentrations into account (15, 19, 22, 29, 30).
Inamanner similar to Heringa et al. (31) but using cell internal
rather than unbound chemical concentrations in the expo-
sure medium, Bopp et al. (15) reported that the ECs, values
between a direct dosing method with DMSO and a passive,
solvent-free dosing method became nearly indistinguishable
when cell internal concentrations were used.

The aim of this study was to systematically investigate
how the choice of solvent and the dosing procedure impact
on the outcome of cell-based in vitro assays for chemicals
with different physicochemical properties. One area of
particular relevance to this work is the establishment of
alternative methods to the use of animals in the safety
assessment of chemicals. We focused our investigations on
afish cell line in the context of improving fish cell line assays
as surrogates for chemical toxicity to fish. However, the
outcome is of relevance to cell-based assays using monolayer
cultures in general. For example, to comply with the societal
and scientific demand to reduce the number of animals used
in toxicology, quantitative high-throughput screening (HTS)
programs for cytotoxicity profiling have been started recently
(23). The advantage of HTS is that a high number of chemicals
can be analyzed in a rather short time. However, bioavail-
ability may be a critical issue. The high number of wells on
one plate, e.g., 1536, leads to a very high surface-to-volume
ratio which strongly promotes sorption and evaporation may
occur due to the open formats of the plates. The chemicals
are dissolved and stored in DMSO in plastic multiwell plates
(24). Dosing is conducted with the help of a robot and we
assume it is direct. Our study shows that a truly quantitative
analysis of cytotoxicity under these conditions requires
careful analyses of the chemicals’ bioavailability. We therefore
suggest that the full potential of HTS for cytotoxicity or other
cell-based assays can only be realized if it is coupled to high-
throughput chemical extraction from exposed cells and
quantitative chemical analysis.

In the absence of cell internal concentrations, we recom-
mend to use dosing procedures which ensure a homogeneous
distribution of the chemicals within the culture well.
Homogenous mixing supports the establishment of equi-
librium conditions, which are a prerequisite to determine
the unbound chemical concentration as proposed by Giilden
and Seibert (21) or by Heringa et al. (31). New models are
being developed that predict cell internal concentrations in
the well plate environment. For prolonged exposures with
potential losses, e.g., due to evaporation, stable chemical
exposures might be achieved by means of passive dosing
(32). Regardless of these possibilities, it is of utmost impor-
tance that the applied dosing method is described in detail
in each paper dealing with cell-based in vitro assays to avoid
misleading results. When only nominally added concentra-
tions are considered, the toxicity of the chemical will almost
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certainly be underestimated. This underestimation is one
likely cause for the seemingly lower sensitivity of cells in in
vitro—in vivo correlations (e.g., ref 4).
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