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ABSTRACT: The nominal concentration is generally used to
express concentration−effect relationships in in vitro toxicity
assays. However, the nominal concentration does not
necessarily represent the exposure concentration responsible
for the observed effect. Surfactants accumulate at interphases
and likely sorb to in vitro system components such as serum
protein and well plate plastic. The extent of sorption and the
consequences of this sorption on in vitro readouts is largely
unknown for these chemicals. The aim of this study was to
demonstrate the effect of sorption to in vitro components on
the observed cytotoxic potency of benzalkonium chlorides
(BAC) varying in alkyl chain length (6−18 carbon atoms, C6−18) in a basal cytotoxicity assay with the rainbow trout gill cell line
(RTgill-W1). Cells were exposed for 48 h in 96-well plates to increasing concentration of BACs in exposure medium containing
0, 60 μM bovine serum albumin (BSA) or 10% fetal bovine serum (FBS). Before and after exposure, BAC concentrations in
exposure medium were analytically determined. Based on freely dissolved concentrations at the end of the exposure, median
effect concentrations (EC50) decreased with increasing alkyl chain length up to 14 carbons. For BAC with alkyl chains of 12 or
more carbons, EC50’s based on measured concentrations after exposure in supplement-free medium were up to 25-times lower
than EC50’s calculated using nominal concentrations. When BSA or FBS was added to the medium, a decrease in cytotoxic
potency of up to 22 times was observed for BAC with alkyl chains of eight or more carbons. The results of this study emphasize
the importance of expressing the in vitro readouts as a function of a dose metric that is least influenced by assay setup to
compare assay sensitivities and chemical potencies.

■ INTRODUCTION

In vitro assays play a central role in toxicity testing in the
twenty-first century.1,2 Traditionally, research in in vitro
toxicology focused on developing assays for hazard identi-
fication. Nowadays, in vitro assays are increasingly used to
define toxic doses for hazard characterization.3 In vitro
concentration−effect relationships are frequently based on
nominal concentrations, i.e., the amount of chemical added to
the system divided by the volume of the exposure medium.
However, the nominal concentration is not necessarily the
concentration reaching cells or target sites where toxic events
are initiated. For example, serum in in vitro exposure medium
increases the observed effect concentrations of chemicals with
high binding affinity to serum constituents.4−7 The increased
observed effect concentration has been attributed to a
reduction of the free, unbound concentration of the test
chemical, which is considered to be available for uptake into
cells. The free concentration related more directly to the
biologically effective dose (BED, the concentration at the
target in cells) than the nominal concentration.8,9 Additionally,
evaporation, degradation, metabolism, and sorption to

laboratory equipment may further reduce the free and
therefore effective concentration in vitro.10−13

In recent years, progress has been made with regard to
understanding and characterizing the distribution of test
chemicals in in vitro assays.3,13−23 A number of distribution
models have been developed relating the octanol−water
partition coefficient (log KOW or logD) to the sorption affinity
of these chemicals to assay components.6,14,18,19,24−26 How-
ever, most of these models have not been validated with
analytically measured concentrations of test chemicals in
plastic, cells, and exposure medium. Furthermore, chemicals
like ionic surfactants fall outside the chemical applicability
domain of these models since they do not have a meaningful
log KOW.

27 The distribution of ionic surfactants is likely to
differ significantly from more simple ions because they are
amphiphilic; i.e., they have a hydropobic alkyl chain and a
hydrophilic headgroup. Knowledge of the in vitro distribution
of charged chemicals, particularly ionic surfactants, is limited.
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This can be considered worrisome as most drugs and many
industrial chemicals, including many surfactants, are charged at
physiological pH.28,29

Quaternary ammonium surfactants are a group of
permanently positively charged surfactants. They are widely
used as biocides and antielectrostatic agents in, among others,
fabric softeners, personal care products, and antiseptics.30,31

They are expected to accumulate at interfaces in an in vitro
system.15 A schematic representation of the distribution of
surfactants is depicted in Figure 1. It shows the processes that
may reduce the free concentration of surfactants in in vitro
assays.
The aim of this study was to investigate the effect of assay

setup and the dose metric on the observed basal cytotoxic
potency of seven benzalkonium chlorides (BACs) with varying
alkyl chain length (6−18 carbon atoms, Figure 2) in the
rainbow trout gill cell line (RTgill-W1). The RTgill-W1 cell
line was chosen in this study as the cells can be exposed to test
chemicals in closed chambers, at room temperature, and in
serum-free medium. This cell line has been used regularly in
the past to study chemical kinetics in vitro, but also as a gill
disease model, for the detection of toxicant responses, ranking
of chemical potencies and in vitro in vivo extrapola-
tion.20,23,32,33 Cytotoxicity was assessed using alamarBlue and
CFDA-AM assays. Median effect concentrations of individual
BACs were determined in assays varying in exposure time (24
h versus 48 h), presence of serum proteins, chemical delivery
(i.e., direct versus indirect dosing), well plate type (48- versus
96-well plates), and degree of shaking. This study highlights
that cytotoxic potencies strongly depend on in vitro assay
conditions, especially for cationic surfactants with long alkyl
chain lengths. As a result, this dependency can influence the
potency ranking of surfactants, which subsequently hampers
the quantitative in vitro in vivo extrapolation (QIVIVE).

■ EXPERIMENTAL PROCEDURES
The Experimental Procedures section of this study is described in
more detail than is customary. This is because the replicability of the
study is highly dependent on the labware, pipetting technique,
exposure conditions, and extraction methods used.34

Chemicals, Media, and Solvents. Benzalkonium chlorides,
essentially fatty-acid and γ-globulin free bovine serum albumin
(BSA), Dulbecco’s phosphate buffered saline (PBS), formic acid, and
reference chemicals used for the plasma protein binding (PPB)
measurements were purchased from Sigma-Aldrich (Zwijndrecht, The
Netherlands, Table 1). Benzyldimethylstearylammonium chloride
(BAC18) had a purity of >90%; benzyldimethylhexylammonium
chloride (BAC6), benzyldimethyloctylammonium chloride (BAC8),
benzyldecyldimethylammonium chloride (BAC10), benzyldimethy-
loctylammonium chloride (BAC12), benzyldimethyltetradecylammo-
nium chloride (BAC14), benzyldimethylhexadecylammonium chlor-
ide (BAC16), and 1-dodecylpyridinium chloride monohydrate (C12-
Pyr) were at least 96% pure. Solvents (acetonitrile, methanol,
isopropanol, and ultrapure water (UPLC/MS grade) were provided
by Biosolve (Valkenswaard, The Netherlands). Dulbecco vials and
caps were supplied by Grace Discovery Sciences (Breda, The
Netherlands): 10 mL precision thread headspace vials with 18 mm
Butyl Red/PTFE screw caps and clear 1.5 mL autosampler vials with
silicone white/PTFE caps.

The following cell culture media and equipment were supplied by
Life Technologies (Breda, The Netherlands): Leibovitz’s L15
medium, versene, trypsin-EDTA, FBS, 10000 U/L penicillin and 10
mg/L streptomycin, culture flasks (75 cm2), Greiner bio-one’s
CELLSTAR transparent flat bottom 96 multiwell plates (96WP), 48
multiwell plates (48WP), alamarBlue and CFDA-AM (5-carboxy-
fluorescein diacetate, acetoxymethyl ester) assays. The RTgill-W1 cell
line was purchased from American Type Culture Collection (CCL-
163, Manassas, VA) and used from passage 5 to passage 10. Exposure
medium (L15/ex) was prepared as described by Schirmer et al.35

using cell culture grade components purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands): 8 g/L sodium chloride, 0.4 g/L
potassium chloride, 0.09767 g/L magnesium sulfate, 0.0937 g/L
magnesium chloride, 0.19 g/L sodium phosphate dibasic, 0.06 g/L
potassium phosphate, 0.14 g/L calcium chloride, 0.55 g/L sodium
pyruvate and 0.9 g/L galactose dissolved in ultrapure Millipore water
(MP).

Cell Culture and Cytotoxicity Assay. To study the effects of
serum constituents on the apparent cytotoxic potency of BACs, L15/
ex was used as stand-alone exposure medium or supplemented with
either 60 μM (4 g/L) BSA or 10% FBS. The amount of BSA or FBS
added to the medium contributed a similar level of proteins (0.8 mg/
well), which was confirmed using a fluorescamin assay according to
the method described by Kramer et al.41 Assuming BSA is

Figure 1. Schematic representation of the distribution of chemicals in in vitro assays. Chemicals that enter the solution may sorb to serum proteins,
well-plate plastic, and cells. In the case of surfactants, they may also associate with the air−medium interface or form micelles at high
concentrations. Similar illustrations are found in Groothuis et al.,3 Kramer et al.,6 and Heringa et al.4

Figure 2. Structure of benzalkonium chlorides (R is the alkyl chain
containing 6−18 carbons)

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.8b00412
Chem. Res. Toxicol. 2019, 32, 1103−1114

1104

http://dx.doi.org/10.1021/acs.chemrestox.8b00412


representative of other dissolved proteins in serum with regard to
binding affinities, sorption to the protein fractions in medium
supplemented with 60 μM BSA or 10% FBS should be comparable.
Stock solutions of BACs were prepared in methanol. To obtain the
desired test concentrations of BACs in medium (0.01−1000 μM),
stock solutions in methanol were diluted 200 times in sterilized glass
10 mL vials with exposure medium.. The methanol concentration in
medium was 0.5% (v/v) across all assays. The vials were left overnight
on a roller mixer (Stuart SRT9, VWR, Amsterdam, The Netherlands)
at 40 rpm, 20 °C in the dark, to ensure proper mixing before adding
the spiked medium to the cells. This is referred to as “indirect dosing”
since the chemical is first added to the medium and then added to the
cells.42

RTgill-W1 cells were grown in culture medium consisting of
Leibovitsz’s L15 medium supplemented with 10% (v/v) fetal bovine
calf serum (FBS) and 100 μg/mL streptomycin and 100 U/mL
penicillin. Cells were left to grow in the dark at 20 °C in closed
culture flasks. Unless stated otherwise, cells were seeded in 96WP
with a density of 30 × 103 cells/well in 150 μL of culture medium.
After 48 h, the culture medium was replaced with 200 μL/well
exposure medium containing either BAC, vehicle control (0.5%
methanol in medium), or just exposure medium (blanks). There was
no difference in viability readouts between blanks and vehicle
controls, suggesting the vehicle did not influence viability.
Replacement of the culture medium with spiked medium was
performed using a multidispenser pipet (Sartorius Biohit, Fischer
Scientific, Landsmeer, The Netherlands) with a volume of 1 mL. Pipet
tips were flushed once with spiked exposure medium to saturate
binding sites on the inside of the tip. Thereafter, 200 μL aliquots were
dispensed into triplicate wells and 2 × 200 μL was dispensed into two
autosampler vials prefilled with 800 μL of acetonitrile containing 0.1%
formic acid (exposure reference standard), using a single pipet tip and
single draw of medium into the tip. By dosing the cells in this way, the
variability of the concentrations at the start of the exposure to cells
(Ct=0h) of the chemicals in medium between replicates was reduced.
Another 200 μL aliquot of each concentration was added to a single

well without cells in the top and bottom rows (A and H) of the well
plate. These wells were used to estimate the sorption to the plastic of
the wells of 96WPs, since no further loss because of other processes
such as evaporation was expected. All assays were done at least thrice.
This includes both three technical replicates and three biological
replicates for the cytotoxicity assays described in this study.

After 48 h of exposure, the medium from the wells was transferred
to autosampler vials with acidified acetonitrile for LC-MS/MS
analysis. Wells were then washed with bare L15/ex and viability of
the cells was determined using the alamarBlue and CFDA-AM assays.
Assay procedures are described in Kramer et al.41 Briefly, cells were
incubated for 45 min in the dark at 20 °C, with 50 μL/well working
solutions of 5% v/v alamarBlue and 4 μM CFDA-AM in L15/ex.
Fluorescence of alamarBlue and CFDA-AM was determined at 540/
590 nm (excitation/emission) and 493/541 nm, respectively, using a
Tecan infinite M200 plate reader (Tecan Group, Ltd., Man̈nedorf,
Switzerland).

The cell protein concentration in each well was measured to
confirm that cell densities between plates were constant. The cell
protein content was measured using a fluorescamin assay as described
by Kramer et al.41 The alamarBlue and CFDA-AM solutions were
discarded and wells were washed with 200 μL of fixative (containing
59 g/L CaCl2 and 0.25% formaldehyde) and 200 μL of PBS. Wells
were subsequently filled with 50 μL of Millipore water and frozen at
−80 °C for >1 h. Well plates were thawed and 100 μL/well PBS with
50 μL/well acetonitrile containing 48 mg/L fluorescamin was added.
No cells were grown in the outer rows of the 96WP, and the initial 50
μL of Millipore water in these wells was discarded and replaced by
known BSA (protein) concentrations (0.018−2.25 mg/mL) to
calibrate the fluorescamin assay. Well plates were wrapped in
aluminum foil and gently shaken (20 rpm, 5°) for 5 min on a plate
shaker. Fluorescence was determined on the Tecan infinite M200
spectrophotometer at 360/460 nm. .

Additional assay setup conditions were varied in the RTgill-W1
assay to investigate the impact of assay setup on the apparent
cytotoxic potency of benzalkonium chlorides. The impact of assay

Table 1. BSA Binding Constants of Test and Reference Chemicals

name
literature
KBSA unit

% bound to 60 μM
BSA log tR log K

estimated log K with BSA
column

estimated % bound to 60
μM BSA ref

isoniazid 0.00 n/a 0.00 0.00 0.00 0.00 0.00 Goodman and
Gilman60

amphetamine 0.002 L/
μmol

9.64 −0.31 −1.05 −1.44 9.35 Peltenburg et al.36a

amitriptyline 0.03 L/
μmol

66.00 0.56 0.17 0.68 78.14 Peltenburg et al.36a

diazepam 0.02 L/
μmol

59.00 0.47 −0.03 0.44 66.26 Peltenburg et al.36a

tramadol 0.003 L/
μmol

12.72 −0.16 −1.24 −1.08 16.55 Peltenburg et al.36a

β-estradiol 0.09 L/
μmol

84.23 0.56 0.63 0.68 78.09 Heringa et al.37

testosterone 0.03 L/
μmol

64.76 0.45 0.00 0.41 54.88 Moulin38

phenanthrene 1.10 L/
μmol

98.51 0.77 1.36 1.19 96.34 Kramer et al.6

bisphenol A 758.58 L/kg 75.21 0.57 0.40 0.70 79.26 Endo and Goss39b

pyrene 8.58 L/
μmol

99.81 0.90 1.93 1.50 98.90 Kramer et al.40

BAC6 n/a n/a n/a −0.13 0.00 −1.02 17.29 this studyc

BAC8 n/a n/a n/a 0.30 0.00 0.05 48.77 this studyc

BAC10 n/a n/a n/a 0.50 0.00 0.53 65.61 this studyc

BAC12 0.02 L/
μmol

59.23 0.61 0.08 0.80 80.04 Chen et al.15

BAC14 n/a n/a n/a 0.63 0.00 0.84 85.83 this studyc

BAC16 0.72 0.00 1.05 91.36
BAC18 0.79 0.00 1.23 94.86

aValues obtained from samples with the lowest tested analyte and highest tested BSA concentration. bKBSA of bisphenol was determined at 37 °C
instead of 20 °C. cKBSA calculated using HPAC method as described in ref 44.
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setup on potency measurements was studied using BAC10, BAC14,
and BAC18. Exposure times were reduced to 24 h. Slow shaking of
the plates at 10 rpm and 5° height was applied. Seeding densities were
reduced to 100 000/mL. Forty-eight well plates (48WP with 1 mL/
well exposure medium were used. In addition, cells were “directly
dosed” by adding 5 μL of 200× concentrated BAC in methanol to the
200 μL medium/well. The effect of repeated dosing on median effect
concentrations was also tested by replacing the exposure medium with
freshly spiked exposure medium every 12 h. Finally, DMSO was used
as a vehicle instead of methanol and the medium volumes in wells
were halved. The experiments were performed using three technical
replicates and two biological replicates.
Chemical Analysis. After the exposure period, the complete

volume of medium of each well was transferred from the 96WP to
glass autosampler vials containing 600 μL of cold (5 °C) acetonitrile
with 0.1% formic acid and an internal standard (C12-Pyr). In the case
of the 48-well plates (48WP), 200 μL aliquots were sampled from the
(1 mL) medium in the wells. Pipet tips used for medium transfer were
flushed three times in the autosampler vial with acetonitrile before
discarding. This method was used to prevent surfactant loss to pipet
tip plastic, allowing accurate measurement of the total amount of
dissolved BACs. Samples were kept at 5 °C for at least 30 min before
being centrifuged at 4 °C at 1500 rcf (2539 rpm) using a Beckman
Coulter Allegra X12-R centrifuge (Beckman Coulter, Woerden, The
Netherlands). Clean supernatant (450 μL) was transferred to another
autosampler vial and stored at 4 °C until LC-MS/MS analysis.
Samples stored for longer than 7 days were kept at −20 °C. Loss of
test chemicals to sorption to in vitro system components was
calculated by taking the ratio of the measured concentration of the
chemical in exposure medium after exposure over the nominal
concentration or measured concentration of test chemical in exposure
medium at the start of the exposure. The LC-MS/MS consisted of a
PerkinElmer (Norwalk, CT) liquid chromatography system equipped
with a Kinetex 5 μm XB-C18 column (50 × 2.1 mm; 100 Å) with a
C18 guard column, coupled to a triple quadrupole/linear ion trap
mass spectrometer (MDS Sciex API 3000 LC-MS/MS System,
Applied Biosystems, Foster City, CA). The turbo ion spray source was
set in the positive ion mode at 400 °C. The injection volume was 2
μL, and the mobile phase consisted of a gradient flow (0.4 mL/min),
starting at 95:5 Millipore:methanol (MP:MeOH) with both
containing 0.1% (v/v) formic acid. Between 3.2 and 6.2 min, the
gradient was changed nonlinearly (S curve) to 5:95 MP:MeOH. This
was further increased to 2:98 MP:MeOH at 7.5 min, after which the
mobile phase was reset to 95:5 MP:MeOH. The column was allowed
to equilibrate for 1.5 min before the next run. A solvent switch was
used to direct the initial eluent (containing salts) to the waste; at 4.6
min the eluent flow was redirected toward the MS/MS. Analyte
retention time was typically between 5 and 8 min with LOQ between
1.9 and 6 nM although BAC18 had an LOQ of 17 nM. The m/z of
the parent and daughter ions were 220.2/91.0, 248.2/91.0, 276.4/
91.0, 304.3/91.0, 332.4/90.4, 360.4/90.9 and 388.1/91.0 for BAC6−
BAC18 respectively. The recoveries after 48 h of exposure as
percentage of the measured dosed amounts (t = 0 h) were calculated,
and lost analyte was assumed to be bound to cells and plastic.

Binding affinities to BSA were measured using a Shimadzu
Prominence HPLC system (‘s-Hertogenbosch, The Netherlands),
equipped with a LC-20AD pump, SIL-20A autosampler, CTO-20A
oven, SPD-20AV UV detector, RF-20A xs fluorescence detector,
CBM-20A controller, and Resolvosil BSA-7 column (Machery Nagel).
The HPLC and data analysis method was similar to the one
developed by Valko et al.43 for a human serum albumin (HSA)
column. Details of the method and performance are discussed
elsewhere.44 The mobile phase consisted of PBS and isopropanol with
a gradient flow (0.7 mL/min) starting with 100% PBS that was
increased linearly to 30% isopropanol over 7 min. Between 7 and 25
min, the isopropanol concentration was kept constant, after which the
mobile phase was reset to 100% PBS in 1 min. The column was
allowed 4 min of equilibration time before the next run.

Data Analysis. Concentration-effect curves were constructed
using nonlinear regression: log inhibitor versus response function in
Graphpad Prism 7.0 (Graphpad Software Inc., San Diego, CA),
requiring log concentrations and the percentage of absorbance
compared to the controls (viability). Quantification of the responses
was based on the nominal concentration, the measured concentration
in medium at the start of exposure (time, t = 0 h) and the measured
concentration after exposure (t = 48 h). Median effect concentrations
(EC50) were considered as different from one another when the 95%
confidence intervals of the EC50 did not overlap.

Sorption of BAC to well plate plastic was calculated by comparing
measured medium concentrations before and after exposure for 48 h
to wells without cells.. The sorption coefficient to plastic (KPlastic) is
expressed as the amount associated with plastic (nmol) per area of
plastic (cm2), divided by the concentration in the medium (nM or
nmol/cm3) resulting in a single unit (cm or m). The surface area of
the exposed plastic was calculated to be 1.56 cm2 for 200 μL volume
of medium in a 96WP well. BSA binding constants of the BACs were
calculated by comparing the relative retention time (tR) to the
relative retention of reference chemicals with known association to
BSA (see Table 1). Further details on these calculations can be found
in the paper by Valko et al.43 and Groothuis et al.44 BSA binding
constants were used to estimate the freely dissolved concentration in
medium with 4 g/L BSA. New concentration-effect relationships were
constructed using these free concentrations, which were compared to
the concentration-effect relationships quantified based on the nominal
and measured total concentrations.

■ RESULTS AND DISCUSSION

Unless otherwise stated, results are derived from cytotoxicity
assays with RTgill-W1 in 96WPs exposed for 48 h to BACs.
The “indirect dosing” procedure was used to spike exposure
medium with and without 4 g/L BSA or 10% FBS.

Investigation of Plastic Binding Based on Recoveries.
When comparing the analytically determined concentrations
(Ct=0h) of BACs in exposure medium containing either BSA or
FBS to the nominal concentration (Ct=0h/Cnominal), recovered
fractions of BACs were high (82−125%). In exposure medium

Table 2. Freundlich Exponents and Concentration Dependent Plastic Association Constants (log Plastic) Obtained from
Sorption Isotherms of Benzalkonium Chlorides to Well Plate Plastica

chemical
name

log KPlastic (cm) at
Ct=48h = ± 0.2 μM

n of KPlastic ± SE
(Freundlich exponent)

KBSA
(μM−1)

% bound in medium
with 60 μM BSA

% recovered at 48 h (at
Ct=0h in μM)

% recovered at 48 h (at Ct=0h in
μM) with 60 μM BSA

BAC6 −1.30 0.90 ± 0.11 0.02 20.05 85.2 (1.3) 94.5 (1.5)
BAC8 −1.26 0.89 ± 0.05 0.04 53.31 96.4 (1.3) 82.5 (1.8)
BAC10 −0.74 0.49 ± 0.03 0.06 69.62 78.9 (1.3) 101.7 (1.3)
BAC12 −0.21 0.43 ± 0.12 0.10 80.04 63.7 (1.0) 100.4 (1.3)
BAC14 −0.29 0.40 ± 0.06 0.16 87.58 28.2 (1.0) 82.5 (1.4)
BAC16 0.06 0.65 ± 0.08 0.26 92.37 7.8 (1.0) 85.9 (1.4)
BAC18 0.18 0.85 0.43 95.41 8.3 (1.9) 77.2 (1.5)

aLog KPlastic is calculated using test concentrations in medium nearest to 0.2 μM. At higher medium concentrations, saturation of the plastic surfaces
of wells in well plates was observed.
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without serum constituents, the recoveries for BACs with alkyl
chains longer than 10 carbons were concentration dependent
and ranged from 7% to 117%. The low and variable recoveries
indicate losses due to sorption to the glass vials and pipet tips
used for transferring medium to the microtiter plates. These
results confirm previous findings on adsorptive losses to glass
and pipet tips with cationic surfactants.34 To circumvent the
issues associated with sorption to pipet tips and glass, replicate
aliquots of exposure medium with BACs were added, using a
single multidispenser pipet tip, to designated wells in the
microtiter plates and autosampler vials containing acetonitrile.
BAC concentrations in the autosampler vials with medium and
acetonitrile were subsequently analytically determined to
discern the concentration of BAC to which cells were exposed
at the start of the exposure (Ct=0h). A complete extraction of
BAC from exposure medium after exposure to the cells was
ensured by transferring all medium per well to autosampler
vials with acetonitrile and the pipet tip flushed in the resulting
acetonitrile/medium solution.

Losses by sorption to plastic microtiter plates are observed
when the analytically determined medium concentration at the
end of the exposure is compared to the concentration at the
start of the exposure (Ct=48h/Ct=0h, Figure 3). Table 2 lists the
recovered fraction at a measured dosed concentration between
1 and 2 μM (depicted between brackets). After 48 h of
exposure, the analytically determined total concentration in the
exposure medium containing serum constituents for chemicals
with an alkyl chain length of ≥12 carbons, was reduced to at
most 30%, suggesting up to 70% of BACs was associated with
the well-plate plastic and cells. In addition, the concentration
in medium without medium constituents was reduced further
to 3% when comparing Ct=48h to Ct=0h (Figure 3). Recoveries
from medium after exposure increase with higher dosing
concentrations (Figure 3), indicating that sorption to the
microtiter plastic is saturable. These findings indicate that
more BAC is retained in solution in the presence of BSA or
FBS, likely because of sorption to the proteins in these serum
constituents, resulting in a reduction of the fraction lost to
plastic or glass. Similarly, greater losses to plastic with

Figure 3. Percentage (±SD, n = 3) of BAC recovered from exposure medium after 48 h of exposure to RTgill-W1 in 96-well plates. Panels (a)−(c),
respectively, depict the percentages recovered from L15/ex, L15/ex with 4 g/L BSA, and L15/ex with 10% FBS. The recovered percentages are
sorted by the concentration at the start of the exposure (from low (C1) to high(C9), white to black bars). The concentrations are 0.01−25 μM in
L15/ex for BAC10-BAC18, 0.04−50 μM for BAC10-BAC18 in L15/ex with medium constituents, 0.2−250 μM for BAC8, and 0.5−500 μM for
BAC6 in L15/ex or 0.5−1000 μM for BAC8 and 1.5−1000 μM for BAC6 in L15/ex with medium constituents. The percentage of chemical not
recovered from medium after exposure is assumed to have sorbed to plastic and cells. Note that the red stripes below the bars refer to recoveries
calculated using estimated concentrations after exposure. Actual concentrations could not be established because they were below the limit of
quantification. Estimations were based on dilution factors.
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decreasing serum concentrations have been reported with
polycyclic aromatic hydrocarbons (PAHs) in in vitro bioassays
by Schirmer et al.35 and Kramer.6,14

Isotherms of concentrations of BAC sorbed to plastic versus
concentrations in medium after exposure are plotted in Figure
4. Freundlich exponents (n) and concentration dependent
plastic association constants (log KPlastic) can be found in Table
2. Values for KPlastic were calculated at a measured
concentration after 48 h close to 0.2 μM because saturation
of plastic at higher concentrations complicates the comparison
of the log KPlastic values between chemicals. The concentration
of 0.2 μM was the lowest concentration measured for BAC6 at
the end of exposure. BACs with longer alkyl chain lengths have
higher plastic binding association constants and smaller
Freundlich exponents. When assuming no saturation,
log KPlastic may be used to estimate (worst case) the fraction
bound to well plate plastic in in vitro assays with varying
microtiter plate dimensions and exposure medium volumes.
Another way to characterize partitioning to plastic is to

compare concentrations in medium at the end of exposure
directly to the concentrations at the start of exposure (Figure
4b). The trend line, especially for BACs with longer alkyl chain
lengths, approaches the 1:1 line where no plastic binding
occurs. Therefore, the fraction of BAC sorbed to plastic
decreases (and the free fraction increases) with increasing
medium concentrations of the tested chemicals (saturation),
which was also observed from the recoveries (Table 2, Figure
3). This is illustrated further by Table 2, where the listed
Freundlich exponents (calculated from Figure 4a) decrease far
below 1 for BACs with alkyl chain lengths >10 carbons.
Sorption affinity of BACs to plastic increases with increasing

alkyl chain length. Few plastic association constants have been
published in literature, making it difficult to place the constants
measured in this study into context. Kramer14 reported
association constants to well plate plastic (log KPlastic) for
polycyclic aromatic hydrocarbons (PAHs) ranging from −2.64
m for fluorene to −0.86 m for benzo(a)pyrene. Timmer and
Droge27 proposed to use the distribution coefficient to
(artificial) phospholipid membranes (logDMW) as a more

suitable parameter compared to the log KOW to predict the
affinity to cells and estimate critical (target) membrane
burdens of surfactants. The Log DMW of the PAHs tested in
Kramer14 ranges from 1.6 to 3.9.14 The log KPlastic at the lowest
measured medium concentration ranged from −0.0021 to
0.018 m for BACs with a logDMW range of 4−8.27 The
difference in affinity to plastic between PAHs and BACs
according to their logDMW may be explained by the lower
hydrophobicity of BACs compared to PAHs. Nevertheless,
increasing alkyl chain length of the BACs is associated with
higher membrane partitioning and stronger lipophilicity,27

which correlates with increasing plastic association constants
similar to chemicals within other chemical subgroups such as
PAHs, where higher lipophilicity is associated with higher
losses to plastic.

Determination of Binding Affinity of Benzalkonium
Chlorides to BSA. Binding affinities of BACs to BSA were
determined using High Performance Affinity Chromatography
(HPAC) in a separate study.44 The binding affinities enable
the calculation of free medium concentrations and its
relationship with the observed cytotoxic potency. The relative
retention times on the HPLC column (logtR) were plotted
against the log K (linearized %bound to 60 μM BSA) of
reference chemicals with known affinity to BSA (Table 1) and
fit using a linear regression model. Log K values for the test
chemicals were derived from this regression and used to
estimate the percentage bound in medium containing 60 μM
(4 g/L) BSA (Table 2). Similar to plastic binding, the
percentage BSA bound BAC increases with increasing alkyl
chain length. BAC18 is calculated to be 95% bound to protein
in medium with 60 μM BSA, while BAC6 is 20% bound. This
suggests the bioavailable concentration of BACs with long alkyl
chain lengths is expected to be significantly lowered in a
cytotoxicity assay with BSA or FBS in the medium compared
to bare exposure medium.

Cytotoxic Potency, Effect Concentrations Calculated
with Different Dose Metrics. To study the effect of sorption
to serum constituents and well plate plastic on the apparent
cytotoxic potency of BACs, RTgill-W1 were exposed for 48 h

Figure 4. Sorption isotherms of benzalkonium chlorides to well plate plastic. Isotherms were fit using the Freundlich equation (R2 of all fits >0.95).
In panel (a), estimated concentrations sorbed to the plastic in 96-well plate wells without cells are correlated with concentrations in medium
without medium constituents. In panel (b), measured concentrations in medium after exposure are correlated with concentrations in medium
without medium constituents before exposure. No sorption to plastic occurs on the 1:1 line.
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to the BACs in protein free L15/ex medium or L15/ex
containing either BSA or FBS. Concentration-effect relation-
ships (Figures 5, S1, and S2) were constructed with different
dose metrics (nominal concentrations and analytically
determined medium concentrations at Ct=0h and Ct=48h).
EC50 values from the CFDA-AM assay for all tested BACs
and exposure conditions are summarized in Table 3. EC50
values and concentration-effect relationships from the
alamarBlue assay can be found in Table S1 and Figure S3 in
the Supporting Information. CFDA-AM assay-based EC50
values are on average 2.8 (1.7−4.0 depending on the dose
metric and serum protein levels) times higher than alamarBlue
assay-based EC50 values.45,46 AlamarBlue is therefore a more
sensitive biomarker of cytotoxicity of BACs than CFDA-AM is.
However, both markers show similar trends in potency
between chemicals and exposure conditions.
Free median effect concentrations were predicted (Figure 6,

solid black line) based on a critical cell burden (CCB) for
baseline toxicity of 50 mmol/kg lipid in fish47 and membrane
association constants as determined by Droge et al.48 and
Timmer and Droge.27 Note that the membrane affinity of
BACs with a long alkyl chain (BAC16 and BAC18) were
extrapolated from the affinity of the BACs with smaller alkyl
chain lengths as they could not be measured directly by Droge
et al.48 Predicted baseline median effect concentrations were
compared to measured median effect concentrations (EC50).
The correlation between predicted and measured EC50 was
dependent on the dose metric. Cytotoxic potency increases
significantly with alkyl chain lengths up to BAC12 (Figure 5,

Table 3). When effect concentrations are calculated using
Cnominal, the toxic potency decreases for BACs with longer alkyl
chain lengths. The toxic potency of BACs with long alkyl chain
lengths therefore do not overlap with the predicted free
median effect concentrations. However, when quantified using
analytically determined (free) concentrations after 48 h of
exposure, the toxic potency continues to increase to BAC14
and thus better correlates with predicted free median effect
concentrations (Figure 4c, Table 3). The EC50 values of
BAC14-BAC18 do not differ from one another as the
confidence intervals overlap. In addition, for BAC14−18, up
to 25-fold smaller EC50 values are found when based on Ct=48h
compared to the EC50 values based on Cnominal. The EC50
values calculated with Ct=0h instead of Cnominal, are significantly
higher (11-fold) in comparison to the EC50 values calculated
with Ct=48h. Therefore, sorption to plastic of BACs with alkyl
chain lengths above 12 carbons significantly impacts the
observed cytotoxic potency in these assays.
Although it is difficult to compare different types of

surfactants, the toxic potency of the quaternary ammonium
surfactants with 12−16 carbons in the alkyl chain used by
Sandbacka et al.49 were lower than our values for BACs in a
primary culture of rainbow trout gill cells. This can be
explained by the absence of the benzyl group in the chemicals
used by Sandbacka et al.49 since the presence of this group is
assumed to increase the toxic potency by increasing the
membrane affinity compared to quaternary trimethylammo-
nium chlorides.27 Additionally, the results may differ because a
primary cell culture was used instead of the cell line in our

Figure 5. Concentration−effect relationships of benzalkonium chlorides constructed using different dose metrics. RTGill-W1 were exposed to
BAC6−18 for 48 h in supplement-free exposure medium, and the CFDA-AM assay was used to assess cell viability. The different dose metrics used
to calculate the concentration−effect relationships were (a) the nominal concentration, (b) the analytically determined dosed concentrations
(Ct=0h), and (c) the analytically determined concentration at the end of exposure (Ct=48h). Corresponding EC50 values are listed in Table 3.

Table 3. Median Cytotoxic Concentrations (EC50) of Benzalkonium Chlorides (BAC) Differing in Alkyl Chain Lengtha

medium without supplements medium with 60 μM BSA medium with 10% serum

BAC (alkyl chain
length)

EC50 ± SE (μM,
nominal)

EC50 ± SE (μM, measured
t = 0 h)

EC50 ± SE (μM, measured t
= 48 h)

EC50 ± SE (μM, measured t
= 48 h)

EC50 ± SE (μM, measured t
= 48 h)

6 247.90 ± 2.94 199.10 ± 4.36 195.10 ± 4.36 305.30 ± 2.32 452.00 ± 5.39
8 30.86 ± 0.73 32.86 ± 0.70 25.01 ± 0.63 35.59 ± 0.78 61.83 ± 1.24
10 1.27 ± 0.74 1.18 ± 0.76 0.89 ± 1.02 3.03 ± 0.29 8.09 ± 0.21
12 0.46 ± 0.04 0.27 ± 0.02 0.11 ± 0.01 1.47 ± 0.56 2.28 ± 0.20
14 1.30 ± 0.28 0.45 ± 0.04 0.05 ± 0.00 0.79 ± 0.33 1.05 ± 1.39
16 0.70 ± 0.40 0.47 ± 0.17 0.04 ± 0.00 0.82 ± 0.37 0.75 ± 0.26
18 1.73 ± 0.32 0.48 ± 0.12 0.07 ± 0.01 1.08 ± 1.61 1.62 ± 0.57

aEC50’s were calculated using three different dose metrics. Cytotoxicity to RTgill-W1 for each BAC was determined using three replicate CFDA-
AM assays. BACs were exposed to cells in medium containing no supplements (EC50 in μM measured at t = 48 h), containing 60 μM (4 g/L) BSA
(EC50 in μM measured in medium with 60 μM BSA).
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study and their assay had a shorter exposure time and
contained more cells, which likely decreased the observed
cytotoxicity.
Similarly to our results, Sandbacka et al.49 observed that the

toxic potency of their test chemicals calculated based on
nominal concentrations, reached a plateau after a “cut-off
point” at longer alkyl chain lengths. This phenomenon has
been quite often observed with surfactants in particular with
regard to hemolytic effects.50−52 One of the most prominent
mechanistic explanations of the cutoff point is the free volume
theory.51 According to this theory, amphiphilic chemicals can
create free volumes in the bilayer membrane. Smaller
amphiphilic chemicals will create larger free volumes,
destabilizing the membrane to a greater extent compared to
the surfactants with longer alkyl chains. On the other hand,
surfactants with shorter alkyl chain lengths will have a lower
affinity for the membrane. As a result, there might be a
maximum level of toxic potency via narcosis as a result of these
counteracting effects.
In an earlier study, Isomaa et al.53 investigated the

interaction of amphiphilic agents, including cationic surfac-
tants, with in vitro erythrocyte membranes. They observed a
similar cutoff point (at an alkyl chain length of 14 carbons)
with alkyltrimethylammonium bromides that they tested to
protect erythrocytes against hemolysis. The authors suggested
that the apparent cutoff point might be caused by an effect of
unknown kinetic interactions of the studied chemicals.
Interestingly, the cutoff point found in this study does shift
from 12 to 14 carbon atoms in the alkyl chain when Ct=48h is
used instead of Cnominal or Ct=0h. In addition, the toxic potency
of the BACs with longer alkyl chain lengths levels off, instead
of decreasing after the cutoff point, which was observed for
Cnominal. One explanation could be that the medium contains a

small fraction of dissolved organic carbon (DOC) to which the
surfactants with long alkyl chain length bind significantly,
making them less bioavailable. Chen et al.31 calculated that a
DOC content of 0.1 mg/L can reduce the bioavailability of
BAC12 with about 50%, while this is often the limit of water
purification systems. Since the logDMW of BAC12 is 6, while
those of BAC16 and BAC18 are approximately 7.3 and 8
respectively, only a very small fraction of DOC is likely able to
reduce the bioavailability of BAC16 and BAC18 to significant
extent. Another consideration is that the measured concen-
tration might not represent an amount of chemical evenly
distributed in the wells, especially for surfactants with longer
alkyl chain lengths. Surfactants are known to accumulate at the
interfaces. Therefore, the measured (average) concentration
may not directly relate to the amount affecting cells. It is thus
not certain whether any of the dose metrics used are
appropriate to accurately quantify the observed cytotoxic
potency. However, the phenomenon described above may be
less prominent in the presence of proteins (e.g., BSA or FBS).
Proteins in the medium might facilitate diffusion and enhance
homogenization by providing an additional protein−water
interface, which is distributed relatively evenly throughout the
medium. Concentration−effect relationships determined in
media containing proteins may therefore diminish the effect of
a nonhomogenous distribution.
When estimated free concentrations in L15/ex medium with

BSA are used to calculate EC50 values, the trend and cutoff
point is similar to those based on Ct=48h in protein free medium
(Figure 5, purple open up triangles). Interestingly no
additional shift in cutoff point is observed even though this
could have been expected due to a possible homogenization of
surfactant in the presence of BSA. There is a small difference
when using alamarBlue data (Figure S3) as the cutoff point is
shifted from BAC14 to BAC16. The assumption that BSA
homogenizes the surfactant distribution is partly supported by
the data based on alamarBlue, but not CFDA-AM. The data
gathered in this study is therefore partially able to explain the
cutoff point based on BAC kinetics of the chemicals by using
different dose metrics to quantify toxic potency. Possibly there
is indeed a mechanistic explanation for the cutoff point, in
addition to a kinetic one. The predicted EC50 values of BACs
with longer alkyl chain lengths (BAC16−BAC18) were
extrapolated from the BACs with shorter alkyl chain lengths
assuming a linear relationship, therefore the predictions could
overestimate their toxicity. In addition, the median effect
concentration of BAC16 and BAC18 based on any dose metric
are higher compared to the predicted baseline toxicity, which
may be a result of better integration in the phospholipid
membranes without disturbing the integrity in line with the
free volume theory. Considering that fish lipid does not solely
consist of membranes and the overall negative charge of cell
membranes should attract cationic chemicals more than
general lipid tissue, estimated free effect concentrations may
be lower (an overestimation) than actual values. The free
median effect concentrations of the BACs should then fall
below the line in Figure 6, which suggests that BACs may not
act solely through a narcotic mode of action. The narcotic
mode of action might become more significant for BACs with
longer alkyl chain lengths compared to a specific mode of
action relative to BACs with shorter alkyl chain lengths.
Regardless, these considerations may only be conclusively
elucidated by analytically measuring membrane concentrations,

Figure 6. Plot showing the relationship between cytotoxic potency
(depicted as log EC50 in a CFDA-AM assay with RTgill-W1) and alkyl
chain length of benzalkonium chlorides (BACs). EC50 is calculated
using different dose metrics: EC50’s depicted as a black solid triangle
are calculated by multiplying the lethal membrane concentration in
fish (narcosis mode of action) by the affinity for the membrane, as
reported by Droge et al.48 The EC50 values were quantified using the
nominal concentration (red solid triangle), measured concentration at
the start of exposure (orange solid square), measured concentration in
the wells after exposure (yellow solid circle), measured total
concentration in the presence of BSA after exposure (green plus
sign), measured concentration in the presence of FBS after exposure
(blue X), and estimated free concentration in the presence of BSA
after exposure (purple open triangle).
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which is a challenging task and beyond the scope of the work
presented in this manuscript.

In summary, this section illustrates that the toxic potency of
surfactants increases with alkyl chain length. This is, however,
more conclusively observed using analytically determined
concentrations to quantify the toxic potency. Additionally,
sorption to plastic increases the apparent EC50 up to 11-fold
for BACs with long alkyl chain lengths (≥12 carbons), while
medium constituents can increase the apparent EC50 up to 22-
times. A more detailed determination of the actual amount of
benzalkonium chloride that is active at the target site in cells
may only be achievable by measuring membrane or cell-
associated concentrations.
Impact of Assay Setup on the Cytotoxic Potency.

Depending on the assay conditions used, the observed toxic
potency differs up to 3 orders of magnitude for BACs with long
alkyl chain lengths (Figure 7). The largest cytotoxic potency
differences seem to be dose metric driven, e.g., median effect
concentrations based on Ct=48h versus Cnominal, and addition of
serum or BSA to the medium. However, other assay setup
conditions such as exposure time had an influence on observed
cytotoxic potencies as well (Figure 7). EC50 values after 48 h of
exposure are lower than after 24 h exposure. These findings

agree with those of Gülden et al.12,54 where EC50 values of
various chemicals decreased with increasing exposure time in
cultures of C6 glioma or Balb/c 3T3 cells until an “incipient”
EC50 is reached. The incipient EC50 remains constant with
longer exposure times. Understanding the effect of exposure
duration is important to achieve accurate and reproducible
cytotoxic potency determinations in vitro. Gülden et al.54

noted that using the incipient EC50 or at least 72 h EC50,
instead of variable or arbitrary exposure times, will make
comparisons to other in vitro assays, as well as extrapolations
to in vivo experiments more meaningful. However, depending
on the cell type and assay, it may not always be possible to
expose the cells for 72 h or longer, which is also the case for
the RTgill-W1 studied. Toxicokinetic−toxicodynamic (TK-
TD) modeling may aid in determining a time independent
measure of toxic potency.20,55−57 This could greatly improve
applicability of in vitro toxicity data for extrapolation to in vivo
and risk assessment.
Repeated dosing, fewer cells, and slow shaking increased the

observed toxic potency (Figure 7). Together they increase the
apparent toxic potency, while changing one of these factors
alone did not necessarily lead to significantly different
outcomes. Membrane affinity is higher for BACs with longer
alkyl chain lengths.27,48 Therefore, the hydrophobicity is likely
higher and diffusion through aqueous solutions and cellular
uptake may be slower, compared to surfactants with shorter
alkyl chain lengths, as is observed for other chemicals.58

Considering this, the equilibrium time of the chemical
distribution in the wells and particularly into the cells, will
likely be slower for surfactants with long alkyl chain lengths.54

In this case, 48 h might not be enough for BAC18 to become
equilibrated with all assay components and medium con-
stituents. This might explain why the EC50 is higher than what
is predicted based on the baseline toxic mechanism of action. It
is speculated that increased flux into cells and other
compartments caused by slow shaking of the system may
increase the observed toxic potency, especially for more
hydrophobic chemicals in assay systems where equilibrium is
not reached within the exposure time. In addition, BSA and
FBS likely facilitate the uptake kinetics into cells and
distribution equilibrium as shown for other chemical
groups.40,58

Different in vitro setups clearly can result in differing
cytotoxic potencies. Chen et al.15 reported effect concen-
trations for BAC12 that are higher compared to our results
(20-fold higher) using the same RTgill-W1 cell line. However,
the authors used shorter exposure times (24 h) and 24
microtiter plates as opposed to 96WP in combination with a
higher cell density (>60 000/cm2 as opposed to 30 000/cm2 in
this study). Shorter exposure times can reduce the observed
toxic potency as described earlier, while larger cell density can
significantly reduce the observed toxic potency as well.11

■ CONCLUSIONS AND FUTURE PERSPECTIVES
As observed in this study, the toxic potency of BACs increases
with increasing alkyl chain length. By using measured
concentrations in medium after exposure rather than nominal
concentrations to express cytotoxic potency, the cytotoxic
potency of BACs (BAC14 and up) increases with alkyl chain
length. The extent of binding to well plate plastic is positively
correlated with alkyl chain length. Thus, with increasing chain
length, plastic sorption plays an increasingly significant role in
reducing the free concentration and the apparent cytotoxicity.

Figure 7. Impact of assay setup on the observed cytotoxic potency of
benzalkonium chlorides with 10, 14, or 18 carbons in the alkyl chain.
The different experimental conditions result in up to 3 orders of
magnitude differences in the observed toxic potency. Unless otherwise
stated the setup was with 96-well plates, 48 h exposure, 200 000 cells/
mL, indirect and single dosing were used. The shown EC50 values
were quantified using the nominal concentration (red solid triangle),
measured concentration at the start of exposure (orange solid square),
measured concentration in the wells after exposure (yellow solid
circle), measured total concentration in the presence of BSA (green
+), measured concentration in the presence of FBS (blue X), nominal
concentration in the presence of BSA (purple solid triangle), nominal
concentration in the presence of FBS (red open triangle), nominal
concentration in L15/ex but after 24 h of exposure (orange solid
square), nominal concentration but direct dosing (yellow open
circle), measured free concentration in L15/ex in 48WP (green dash),
analytically measured free concentration, slowly shaken after 24 h
exposure (blue dash), repeatedly dosed nominal concentration after
24 h of exposure (red half-solid triangle), nominal concentration in
halved volume after 24 h of exposure (orange half-solid square),
directly dosed nominal concentration with slow shaking (yellow half-
solid circle), and nominal concentration in halved exposure medium
and halved cell seeding density.
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The results illustrate the challenge of accurately describing the
in vitro cytotoxic potency of BACs and, presumably,
surfactants in general. As shown, factors such as sorption to
plastic and serum constituents, can influence the apparent toxic
potency. Conventional nominal concentrations are suitable to
describe the toxic potency of benzalkoniums with short alkyl
chain lengths (<10). For these chemicals, medium constituents
have limited impact (<4 fold) on the observed toxic potency.
However, for benzalkoniums with longer alkyl chain lengths,
the fraction available for uptake into cells is reduced (4−30
fold) due to sorption to plastic and, if present, proteins. Other
assay setup conditions such as cell density, repeated dosing and
exposure time can influence the observed toxic potency as well.
Based on our results, we propose to use the free

concentration in exposure medium to compare cytotoxic
potencies of BACs between in vitro assays and between in vitro
and in vivo bioassays when the BACs have a long alkyl chain
length of more than 10 carbons, corresponding to a logDMW of
4 and higher.27 Potencies based on intracellular or membrane
concentration can further improve the comparability of toxicity
values between assays. In fact, these dose metrics may reduce
the impact of other assay setup factors such as cell density.
Although there are a few examples including the studies by

Bernhard and Dyer59 and Fischer et al.,58 it is currently difficult
to quantify membrane or cell-associated concentrations of
surfactants using analytical methods. The determination of free
concentrations is often not considered feasible either since it
also requires additional expertise, analytical equipment and
time. Therefore, algorithms have been developed that model
the distribution of chemicals in vitro including free, intra-
cellular and membrane concentrations. Armitage et al.18 and
Kramer et al.6 have developed models that estimate the
sorption of neutral organic chemicals to in vitro assay
compartments once a chemical equilibrium has been
established. Recently, Fischer et al.19 extended the model
from Armitage et al.18 to include ionized chemicals. The
prediction requires input of partition coefficients of the
investigated chemicals to serum constituents, microtiter plate
plastic. Often these are estimated using the octanol−water
partition coefficient, log KOW. Unfortunately, parameters such
as log KOW or logD7.4 are not useful descriptors for surfactants
because of their amphiphilic properties. The developed models
are therefore not suitable to describe the in vitro distribution of
surfactants. The models are further limited by the fact that they
have not been extensively validated with analytically
determined free concentrations but were rather used to
investigate the distribution characteristics of chemicals with a
wide range of chemical properties. The accuracy of the models
to estimate free or cell-associated concentrations is therefore
unclear. However, the current study sheds more light on the
distribution characteristics of cationic surfactants and can
therefore help to improve the modeling of in vitro
concentrations in the future.
Using the free concentration for BACs with a logDMW above

4 to calculate effect concentrations will likely improve the
reproducibility and comparability of in vitro toxicity test
results. This also implies an improved potential to successfully
validate an in vitro test for use with these surfactants.
Validation is important for regulators to know whether they
can rely on the generated data for safety assessment. Finally,
since free in vitro concentrations better relate to the target
effect levels, potential extrapolations to in vivo may be

improved of which the performance will then depend more
on the uncertainty of the extrapolation process itself.
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trations; Cnominal, the nominal concentration; Ct=48h, analytically
determined concentration at the end of exposure; PAH,
polycyclic aromatic hydrocarbons; (log)DMW, distribution
coefficient to (artificial) phospholipid membranes; log K,
linearized percentage bound to 60 μM BSA; L15/ex, exposure
medium; DOC, dissolved organic carbon; EC50, median effect
concentration; TK-TD, toxicokinetic−toxicodynamic; CCB,
critical cell burden

■ REFERENCES
(1) NRC. (2007) National Research Council, Committee on Toxicity
Testing and Assessment of Environmental Agents; Toxicity testing in the
21st century: A vision and a strategy, The National Academies Press.
(2) NAC. (2017) National Academies of Sciences, Engineering, and
Medicine; Using 21st Century Science to Improve Risk-Related
Evaluations, The National Academies Press.
(3) Groothuis, F. A., Heringa, M. B., Nicol, B., Hermens, J. L. M.,
Blaauboer, B. J., and Kramer, N. I. (2015) Dose metric considerations
in in vitro assays to improve quantitative in vitro-in vivo dose
extrapolations. Toxicology 332, 30−40.
(4) Heringa, M. B., Schreurs, R. H. M. M., Busser, F., van der Saag,
P. T., van der Burg, B., and Hermens, J. L. M. (2004) Toward more
useful in vitro toxicity data with measured free concentrations.
Environ. Sci. Technol. 38, 6263−6270.
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