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Cell-based bioassays are useful tools for the effect assessment of complex

mixtures, but so far exposure assessment has not been performed for mixtures

of chemicals. In the present study, cytotoxicity and activation of oxidative stress

response were measured for three designed chemical mixtures with up to

twelve components. The measurements of biological responses were

complemented by concentration measurements using solid-phase

microextraction to derive the freely dissolved concentrations of the mixtures

(Cfree,mix). The tested mixtures showed slightly higher cytotoxic effects than

predicted by the concentration addition model. Nominal and freely dissolved

effect concentrations of the mixtures were very similar (within a factor of 1.5),

but nominal concentrations (Cnom) and Cfree of the individual mixture

components were only similar for the hydrophilic chemicals (e.g., caffeine,

coumarin, lamotrigine). For hydrophobic (e.g., fluoranthene) and acidic

chemicals (e.g., diclofenac, naproxen) Cfree was up to 648 times lower than

Cnom. Chemicals were dosed in equipotent nominal concentration ratios and

therefore contributed equally to the detected effects. Hydrophilic chemicals

with low potency dominated Cnom,mix (up to 95%) and Cfree,mix (up to 99%).

Several mixture components (e.g., diclofenac, ibuprofen, naproxen and

warfarin) showed increasing free fractions with increasing Cnom,mix and

therefore also a concentration-dependent contribution to Cfree,mix. Based on

the findings of this study, we concluded that Cnom,mix will be sufficient for

evaluating the toxicity of mixtures that contain chemicals with diverse

physicochemical properties at low concentration levels. In contrast, for risk

assessment purposes and quantitative in vitro to in vivo extrapolations, Cfree,mix

is a better parameter because the in vitro responses can be related to freely

dissolved concentrations in human plasma.
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Introduction

Humans are exposed to diverse and often undefined

chemical mixtures from various sources like air, drinking

water, food or personal care products. This fact is often

neglected in chemical risk assessment that is typically

focused on the testing of individual chemicals, although a

large body of evidence suggests that the combined effects of

chemicals should be considered (Kortenkamp et al., 2007;

Kortenkamp et al., 2009).

The toxicity of a chemical mixture can be evaluated either by

treating the mixture as a single chemical or by investigating how

the mixture components contribute to the overall mixture

toxicity (Rider et al., 2018). Two additivity models are most

commonly applied to predict mixture toxicity or interpret

experimental toxicity data of mixtures. Concentration (or

dose) addition (CA) is assumed for chemicals that share a

common mode of toxic action (Altenburger et al., 2000),

while independent action (IA) can be expected if the

chemicals act at different target sites (Backhaus et al., 2000).

At low chemical concentrations (typically up to 10% of effect),

where many concentration–response curves (CRC) are linear, the

data interpretation can be further simplified, because the mixture

models for CA and IA have been shown to converge to one

common model (Escher et al., 2020a).

Mixture toxicity is typically assessed using the nominal

concentrations of the mixture components (Cnom), which is

the total amount of chemicals dosed to a certain volume of test

medium (Kisitu et al., 2019). In cell-based in vitro bioassays

depending on the physicochemical properties and the stability

of the test chemicals Cnom may be reduced significantly due to

binding to proteins and lipids in the assay medium (Gülden

et al., 2002; Kramer et al., 2012), plastic sorption (Kramer

et al., 2012; Fischer et al., 2018), volatilization (Escher et al.,

2019), abiotic degradation (Huchthausen et al., 2022) or

cellular metabolism (Fischer et al., 2020). Recent advances

in the exposure assessment of single chemicals in cell-based

in vitro bioassays have led to an improved understanding of

the different distribution and loss processes. Numerous

computational models have been published (Fischer et al.,

2017; Fisher et al., 2019; Armitage et al., 2021) that can predict

chemical distribution in vitro systems as recently reviewed by

Proença et al. (2021). Furthermore, an increasing number of

experimental studies has been performed to quantify exposure

concentrations in vitro assays (Tanneberger et al., 2013;

Huchthausen et al., 2020; Schug et al., 2020; Zhang et al.,

2020). Diverse experimental approaches can be used to

measure exposure concentrations of test chemicals. If the

assay medium does not contain high amounts of proteins

and lipids and cells are attached, pure or diluted medium can

be injected and analyzed directly by LC-MS. Cell-culture

media containing fetal bovine serum (FBS) or suspension

cells need more complex approaches like cell centrifugation

and cell removal followed by protein precipitation (PP), solid-

phase extraction (SPE), equilibrium dialysis (ED) or solid-

phase microextraction (SPME) that separate the chemical of

interest from interfering proteins and lipids in the medium.

The choice of method will also depend on the concentration

metric of interest. PP and SPE can be used to measure the total

medium concentrations, while ED and SPME are used to

derive the freely dissolved concentration (Cfree) in the water

phase of the medium. SPME is the method of choice for the

determination of Cfree in cell-based in vitro bioassays as it

requires only small sample volumes, can be automated in 96-

well plate format (Roy et al., 2021; Huchthausen et al., 2022)

and is applicable to a wide range of chemicals—from

hydrophilic to hydrophobic and from neutral to ionic

(Vuckovic and Pawliszyn, 2011; Henneberger et al., 2020).

All approaches mentioned above for Cfree prediction and

measurement in cell-based in vitro bioassays have focused on

single chemicals. In the present study, we have applied the

knowledge gained from single chemicals to three defined

chemical mixtures with up to twelve components. We

applied a previously published workflow that combines the

measurement of effects in cell-based bioassays and

experimental determination of Cfree (Henneberger et al.,

2019; Huchthausen et al., 2020). The SPME measurements

were used to calculate the contribution of the individual

mixture components to Cnom and Cfree of the mixture

(Cnom,mix and Cfree,mix) as well as the contribution to

cytotoxic effects and activation of oxidative stress response.

We hypothesized that Cnom and Cfree of the mixtures would

follow the same principles as single chemicals, e.g., mixtures

containing mainly hydrophilic chemicals would show similar

Cfree and Cnom. We also expected that the chemicals that were

dosed in mixtures would behave in an additive manner with

regards to toxicity (i.e., according to the concept of

concentration addition). Finally, the implications of the

findings of the present study for the effect assessment of

complex environmental mixtures are discussed.

Materials and methods

Test chemicals

Twelve chemicals were selected for the present study,

including two neutral hydrophobic and three neutral

hydrophilic chemicals and seven organic acids (Table 1). For

all chemicals nominal effect concentrations for cytotoxicity

(IC10,nom) and activation of oxidative stress response

(ECIR1.5,nom) in the AREc32 assay were available from

previous studies (Escher et al., 2020b; Huchthausen et al.,

2020). For more information on the test chemicals (CAS No.,

provider, purity, chemical structure) see Supplementary

Table S1.
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Mixture design

Based on the nominal effect concentrations of the single

chemicals (Table 1) three different equipotent mixtures were

designed assuming concentration addition (CA) of cytotoxicity

or effect (Eq. 1). Using the CA model the nominal effect

concentration of a mixture (IC10,nom,mix or ECIR1.5,nom,mix)

with n different components i can be calculated from the

nominal effect concentrations of the single chemicals

(IC10,nom,i or ECIR1.5,nom,i) using Eq. 1.

IC10,nom,mix or ECIR1.5,nom,mix � 1
∑n

i�1
pi

IC10,,nom,i or ECIR1.5,nom,i

(1)

The fractions of the mixture components (pi) are calculated from

the nominal concentrations of the individual components

(Cnom,i) and the nominal concentration of the mixture

(Cnom.mix, Eq. 2) with Σpi = 1.

pi �
Cnom,i

Cnom,mix
(2)

Mix 1 contained all twelve chemicals mixed in their IC10 ratios

for cytotoxicity, Mix 2 four chemicals that showed an activation

of oxidative stress response (bisphenol A, fluoranthene,

coumarin and genistein) mixed in their ECIR1.5 ratios and Mix

3 contained the four active chemicals and four chemicals

(caffeine, lamotrigine, diclofenac, torasemide) that showed no

activation of oxidative stress response below the IC10,nom. These

were again mixed in their IC10 ratios for cytotoxicity. The

detailed composition of all mixtures can be found in

Supplementary Table S2.

Low-dose mixture model

If the CRC of the single test chemicals are fitted at low

concentrations using a linear model (Escher et al., 2018), the

slopes of the linear regressions of the single chemicals

(slopenom,i) can be used to calculate the slopes of the CRCs

of the mixtures (slopenom,mix) using Eq. 3 (Escher et al.,

2020a). Unlike for single chemicals, where linearity holds

up to 30% effect, the assumption of linearity of the

CRC with this simple model is strictly valid only below

10% effect.

slopenom,mix � ∑n

i�1pi × slopenom,i (3)

TABLE 1 Test chemicals with their respective chemical class, logarithmic octanol-water partition constants (logKow), acidity constants (pKa), reported
nominal concentrations causing 10% inhibition of cell viability (IC10,nom) and 1.5-fold induction of oxidative stress response (ECIR1.5,nom) in the
AREc32 assay.

Chemical Log Kow Ref pKa Ref IC10,nom [M] ECIR1.5,nom [M] Ref

Neutral hydrophobic chemicals

Bisphenol A 3.32 a 9.59, 10.2 c 7.20 × 10−5 4.90 × 10−5 h

Fluoranthene 5.16 a - - 8.50 × 10−5 5.60 × 10−5 h

Neutral hydrophilic chemicals

Caffeine -0.07 a - - 3.68 × 10−3 - i

Coumarin 1.39 a - - 2.30 × 10−3 5.60 × 10−4 h

Lamotrigine 2.57 a 5.34 d 8.63 × 10−4 - i

Acids

Diclofenac 4.51 a 4.15 a 8.94 × 10−5 - i

2,4-D1 2.81 a 2.73 a 3.16 × 10−4 - i

Ibuprofen 3.97 a 4.91 a 2.63 × 10−4 - i

Naproxen 3.18 a 4.15 a 4.11 × 10−4 - i

Torasemide 3.37 a 6.68 e 1.10 × 10−3 - i

Warfarin 2.70 a 4.9 f 2.15 × 10−4 - i

Genistein 2.6 b 7.2, 10, 13.1 g 1.58 × 10−4 2.36 × 10−5 i

12,4-D - 2,4-Dichlorophenoxyacetic acid.
aExperimental values from PhysProp database accessed via EPISuite version 4.1.
bPredicted using the UFZ-LSER, database (Ulrich et al., 2017 [accessed on 31.08.2022)].
cKosky et al. (1991).
dIshihama et al. (2002).
eMasereel (1993).
fOttiger and Wunderli-Allenspach (1997).
gZielonka et al. (2003).
hEscher et al. (2020b).
iHuchthausen et al. (2020).
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The IC10,nom and ECIR1.5,nom of the mixtures were calculated

based on the calculated slopes of the mixtures using Eqs. 4, 5,

respectively.

IC10,nom,mix � 10
slopenom,mix

(4)

ECIR1.5,nom,mix � 0.5
slopenom,mix

(5)

Materials

Detailed information on the materials used for the cell-

based bioassays can be found in Escher et al. (2012) and

Huchthausen et al. (2020) For the concentration

measurements of the mixtures solid-phase microextraction

(SPME) fibers from Supelco with C18/PAN coating were used

(Sigma-Aldrich, 57281-U, coating volume 520 nL). Fibers

were cut to approx. 30 mm length to fit into the vials

containing the medium samples and conditioned before

start of each experiment as previously described by

Henneberger et al. (2020) in methanol (2 h) and water

(20 min). Methanol (Chemsolute, UHPLC-MS grade) and

acetonitrile (Chemsolute, UHPLC-MS grade) were obtained

from Th. Geyer and dimethyl sulfoxide (DMSO, BioScience-

grade, ≥ 99.5%) from Roth. Control samples for SPME were

prepared in phosphate-buffered saline (PBS). To avoid loss of

hydrophobic mixture components (e.g., fluoranthene) to the

vials and septa, amber glass crimp vials sealed with caps with

aluminum septa (Th. Geyer and Macherey-Nagel) were used

for all samples and extracts. For the PBS control samples 10 ml

amber glass crimp vials with aluminum-coated silicone septa

(Th. Geyer) were used.

Preparation of mixture stock solutions

Stock solutions of the three mixtures were prepared in

DMSO using a Digital Dispenser from Tecan (D300e).

Caffeine was not included in these stock solutions, because its

solubility in DMSO was too low. Instead, stock solutions were

prepared for caffeine by dissolving the pure chemical in assay

medium on the day of the experiment and added separately. The

final dosing concentrations of the chemicals are summarized in

Supplementary Table S2.

Cell-based bioassays

The detailed protocols for dosing of chemicals and

detection of endpoints in the AREc32 assay can be found

in Escher et al. (2012) and Huchthausen et al. (2020). The

reference compound for activation of ARE was

tert-butylhydroquinone (tBHQ). Mix 1 and 3 were dosed

up to cytotoxic concentrations (at 2 × the predicted

IC10,nom,mix) and Mix 2 was dosed up to 2 × the predicted

ECIR1.5,nom,mix. The mixtures were tested on one assay plate in

duplicate in a serial dilution to determine the best starting

concentrations for the linear dilutions, followed by two assay

plates that received two linear dilutions of the mixtures

leading to a total number of six replicates. For Mix 1 two

different linear dilutions were dosed (one starting at a higher,

one at a lower concentration) to cover a wider range of

concentrations. The concentration ranges tested for Mix 1

were 2.86 × 10−6 to 1.46 × 10−3 M for the serial dilution and

5.13 × 10−5 to 1.46 × 10−3 M and 5.13 × 10−6 to 1.46 × 10−4 M

for the linear dilutions. For Mix 2 tested concentrations

ranged from 6.74 × 10−7 to 3.45 × 10−4 for the serial

dilution and from 1.21 × 10−5 to 3.45 × 10−4 M for the

linear dilutions. For Mix 3 tested concentrations ranged

from 3.76 × 10−6 to 1.93 × 10−3 M for the serial dilution

and from 3.37 × 10−5 to 9.63 × 10−4 M for the linear

dilutions. Fluoranthene and coumarin were also tested as

individual chemicals, because no combined dataset for

cytotoxicity, activation of oxidative stress response and

Cfree measured at different time points and concentrations

was available. The highest dosed concentrations were 2.42 ×

10−4 M for fluoranthene and 3.35 × 10−3 M for coumarin and

both chemicals were tested in duplicate in a serial dilution on

one assay plate.

Concentration measurements

The freely dissolved concentrations (Cfree) of all chemicals in

the mixtures were determined using solid-phase microextraction

(SPME). The protocol published by Henneberger et al. (2019) for

the determination of Cfree of single chemicals was adapted to

chemical mixtures as detailed below. The SPME method was

successfully used for all chemicals individually in previous

studies (Henneberger et al., 2019; Henneberger et al., 2020;

Huchthausen et al., 2020). The total concentration (Ctotal) of

the mixtures was not measured, but was assumed to be stable as

previous experiments from our group found stable exposure

concentrations for all test chemicals of the present study

(Henneberger et al., 2019; Huchthausen et al., 2020). Only for

fluoranthene no measured Cfree at different time points were

available and Cfree of fluoranthene was therefore tested again as

single chemical to ensure stable exposure conditions.

Optimization of SPME protocol for chemical
mixtures

Assuming that the chemical that showed the slowest sorption

kinetics to the SPME fibers as single chemical (according to

Henneberger et al. (2020) fluoranthene in all mixtures of the
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present study) determined the equilibration time of the mixtures

with the SPME fibers, an equilibration time of 24 h and a shaking

speed of 1,500 rpm at 37°C on a high-speed shaker (BioShake iQ

from QInstruments or DMS-2500 from VWR International)

were chosen to allow equilibration of all mixture components

with the SPME fibers. Complete desorption of single chemicals

from C18-SPME fibers with 520 nL of coating was achieved in

previous studies by using 180 µL of an optimized desorption

solution, e.g., acetonitrile/water 10/90 for caffeine and 100%

acetonitrile for fluoranthene (Henneberger et al., 2020). As the

chemicals in the mixtures of the present study had very diverse

physicochemical properties the chemicals were desorbed from

the SPME fibers in two consecutive desorption steps using 180 µL

of desorption solution in each step. For each desorption step the

fibers were shaken at 1,500 rpm for 2 h. The first desorption

solution was a mixture of acetonitrile and water (10/90), the

second desorption solution was 100% acetonitrile. 1-naphthalene

acetic acid was added as internal standard (IS) to the second

desorption solution to account for loss of solvent from the vials

that was observed during storage and instrumental analysis. This

chemical was chosen, because it is non-volatile, has similar

physicochemical properties as the acidic chemicals in the

mixtures, but was not included in the mixtures itself.

Furthermore, it could be detected with both quantification

methods.

After desorption, the fibers were removed from the vials and

the two desorption solutions were analyzed separately using a

liquid chromatography-triple quadrupole mass spectrometry

system (LC-MS/MS, Agilent 1,260 Infinity II and 6,420 Triple

Quadrupole) followed by a second analysis using liquid

chromatography-fluorescence detection (HPLC-FLD, Agilent

1,260 Infinity) for the quantification of naproxen,

fluoranthene and bisphenol A that showed high limits of

quantification in the LC-MS/MS method. The chemical

mixtures were separated on a BioZen peptide PS-C18 column

(Phenomenex) at 25 °C (LC-MS/MS 1.6 μm, 50 × 2.1 mm, flow

rate 0.5 ml/min, HPLC-FLD 3 μm, 50 × 3.0 mm, flow rate 0.8 ml/

min). The eluent was a mixture of acetonitrile and water with

0.1% formic acid. Gradient elution was applied. More details on

both instrumental analysis methods can be found in

Supplementary Tables S3, S4. The PBS phase of the control

samples was also measured to calculate the mass balance. For

fluoranthene, bisphenol A and naproxen the PBS phase was

diluted 1:1 with acetonitrile before the measurement, for all other

chemicals the PBS phase was measured directly without dilution.

Comparison of SPME of single chemicals and
mixtures

To proof the applicability of the SPME method for chemical

mixtures the fiber-water distribution ratios (Df/w) of the

chemicals were measured individually and compared to Df/w

of the chemicals in a mixture containing all twelve chemicals.

Stock solutions of the individual chemicals and an all-component

mixture were prepared in methanol or DMSO and spiked to

10 ml of phosphate-buffered saline (PBS). The final

concentration in PBS was 0.05 mg/L for fluoranthene and

0.5 mg/L for all other test chemicals. The fraction of solvents

in PBS was always <0.6%. The same concentrations were used for

the mixture samples and the samples with individual chemicals

and all samples were prepared in triplicates. All PBS samples

were equilibrated with the SPME fibers for 24 h, the fibers were

desorbed and the concentrations of the test chemicals were

quantified in the desorption solutions and in the PBS phase

after SPME as described in Optimization of SPME protocol for

chemical mixtures.

Concentration measurements in cell-based
bioassays

A previously established protocol for the determination of

Cfree of single chemicals was used for the determination of the

Cfree of the mixtures components (Henneberger et al., 2019). In

short, aliquots of bioassay medium (180 µL) were sampled from

the dosing vials at the time point of dosing and after 24 h of

incubation with the cells from the assay plates before detection of

the specific effect. SPME fibers were added to all sampled aliquots

and allowed to equilibrate for 24 h at 1,500 rpm and 37°C.

Control samples for SPME in PBS were run in parallel

containing a mixture of all chemicals at three different

concentrations except for fluoranthene for which controls

were only prepared at 0.05 mg/L. The fibers from all sampled

aliquots and the control samples were desorbed and the

concentrations of the test chemicals were quantified in the

desorption solutions and in the PBS phase of the control

samples after SPME as described in Optimization of SPME

protocol for chemical mixtures.

Data evaluation

The concentrations of the individual test chemicals in the

solutions from the two desorption steps, Cdes1,i (i.e., acetonitrile

and water 10/90) and Cdes2,i (i.e., 100% acetonitrile) and the

volumes of the solutions from the two desorption steps (Vdes1 and

Vdes2) and the fiber coating (Vfiber) were used to calculate the

concentration in the SPME fiber (Cfiber,i):

Cf iber,i � (Cdes1,i × Vdes1) + (Cdes2,i × Vdes2)
Vf iber

(6)

The fiber-water distribution ratios Df/w of the chemicals were

calculated from Cfiber,i and the corresponding concentration

measured in the PBS phase (Cw,i) of the control samples (Eq. 7).

Df/w � Cf iber,i

Cw,i
(7)

The freely dissolved concentrations of the individual

chemicals (Cfree,i) were calculated from the measured Cfiber,i,
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FIGURE 1
Freely dissolved concentrations of chemicals tested individually and in mixtures. Single chemical data stem from (A) Henneberger et al. (2019);
(B), (D) present study; (C), (E)–(L) Huchthausen et al. (2020). Mixture data were measured in the present study.
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Df/w and the nominal amount of the chemicals (ntotal,i) added to

the wells using Eq. 8 (Henneberger et al., 2019).

Cf ree,i � ntotal,i

Df/w × (ntotal,i
Cfiber,i

− Vf iber)
(8)

The freely dissolved concentrations of the mixtures (Cfree,mix)

were calculated by summing up the Cfree,i of the mixture

components (Eq. 9). Cfree,mix was only calculated if all

components of the mixture could be quantified by

instrumental analysis.

Cf ree,mix � ∑n

i�1Cf ree,i (9)

The CRCs of the mixtures were derived by plotting the

cytotoxicity and activation of oxidative stress response against

Cnom,mix or the experimentally determined Cfree,mix. The

concentration of the mixture which caused a reduction of cell

viability of 10% (IC10) was calculated using Eq. 4 from the slope

of the linear range of the CRC (Escher et al., 2018). For activation

of ARE the induction ratio (IR) was calculated using only

concentrations below cytotoxicity. The concentration which

led to an IR of 1.5 (ECIR1.5) was calculated from the linear

range of the CRC using Eq. 5.

Results

Comparison of fiber-water distribution
and Cfree of individual chemicals and
mixtures

The fiber-water distribution ratios (Df/w) of chemicals

tested individually and in a 12-component mixture were

almost identical and agreed within a factor of 1.4 for all

chemicals (Supplementary Figure S1; Supplementary

Table S5).

Experimentally determined Cfree of the individual test

chemicals were already available from previous studies as

indicated in Table 1 and were measured for fluoranthene and

coumarin in the present study. Although the dosed

concentrations were typically much higher in the assays

with the individual chemicals compared to the mixtures,

there was a sufficient overlay of the tested concentrations

to enable a comparison (Figure 1). For the majority of the

chemicals the data points from the single chemical dosing

and the mixture experiments were overlapping well (Figures

1A–G,I,J,L). Only for the acidic chemicals, ibuprofen and

warfarin (Figures 1H,K), Cfree was lower when the test

chemicals were tested individually compared to the

experiment that used the 12-component mixture (Mix 1).

For ibuprofen Cfree determined at a nominal concentration of

approx. 9 × 10−6 M was eight times lower for the single

chemical (3.63 × 10−7 M) compared to the Cfree

measurement of Mix 1 (2.89 × 10−6 M). Similarly, Cfree

determined for warfarin at a nominal concentration of

approx. 3 × 10−6 M was five times lower for the single

chemical (1.66 × 10−7 M) compared to the Cfree

measurement of Mix 1 (8.19 × 10−7 M).

Nominal and freely dissolved effect
concentrations of fluoranthene and
coumarin

Fluoranthene did not exceed 10% cytotoxicity in the present

study up to a nominal concentration of 2.42 × 10−4 M (see also

CRC in Supplementary Figure S2; Supplementary Table S6) and a

measured Cfree of 3.43 × 10−7 M (Supplementary Figure S4), while

our previous study reported an IC10,nom of 8.50 × 10−5 M (Escher

et al., 2020b). However, cytotoxicity is difficult to measure for this

hydrophobic chemical as the cytotoxic effects are observed close

to the solubility limit. Fluoranthene activated oxidative stress

response with an ECIR1.5,nom of 1.19 × 10−4 M (Supplementary

Figure S2; Supplementary Table S6), which was also 2.1-times

higher than the previously reported value of 5.60 × 10−5 M

(Escher et al., 2020b). The ECIR1.5,free of fluoranthene was

2.18 × 10−7 M (Supplementary Figure S4). For coumarin

IC10,nom was 8.12 × 10−4 M and the ECIR1.5,nom was 3.12 ×

10−4 M (CRC in Supplementary Figure S2; Supplementary

Table S6) and therefore 2.9- and 1.8-times lower than in our

previous study. The determined IC10,free and ECIR1.5,free of the

hydrophilic chemical coumarin were very similar (within a factor

of 1.2) to the nominal effect concentrations (Supplementary

Table S6).

Nominal and freely dissolved effect
concentrations of mixtures and
comparison with CA model predictions

All designed mixtures were cytotoxic and induced oxidative

stress response in the AREc32 assay. The nominal effect

concentrations of the three mixtures (Table 2) for cytotoxicity

(IC10,nom,mix) and activation of oxidative stress response

(ECIR1.5,nom,mix) were derived from the nominal concentration

response curves (Supplementary Figure S3).

All mixtures were slightly more cytotoxic/effective than

predicted by the CA model, because the experimental effect

concentrations of all mixtures were always lower than the

predicted effect concentrations (Figure 2A). Experimental and

predicted IC10,nom,mix agreed within a factor of 2.1 for all

mixtures (Table 2; Figure 2A). Experimental and predicted

ECIR1.5,nom,mix of Mix 2 and 3 were also within a factor of 3.2.

The difference between experimental and predicted effect

concentrations was most pronounced with a factor of 7.5 for

ECIR1.5,nom,mix of Mix 1.
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The freely dissolved CRCs were derived by plotting the

measured effects from the AREc32 bioassay against the

measured Cfree,mix. As Cfree,mix was only calculated for the

samples for which the freely dissolved concentration of all

mixture components could be quantified (see also

Supplementary Tables S7–9), the freely dissolved CRCs

(Supplementary Figure S5) have much fewer data points

than to the nominal CRCs (Supplementary Figure S3).

However, the majority of the data points with no

measured Cfree,mix are at low concentrations where no

effects were detected and a linear fit of the data for

cytotoxicity and activation of oxidative stress response

was still possible. The derived freely dissolved effect

concentrations were very close to the nominal effect

concentrations for all mixtures (within a factor of 1.5,

Table 2 and Figure 2B).

TABLE 2 Slopes of the nominal (slopenom,mix) and freely dissolved concentration response curves (slopefree,mix) of the mixtures, nominal and freely
dissolved effect concentrations in the AREc32 bioassay for cytotoxicity (IC10,nom,mix and IC10,free,mix) and activation of oxidative stress response
(ECIR1.5,nom,mix and ECIR1.5,free,mix) derived by experiment (exp.) and slopes and effect concentrations predicted using the concentration addition (CA)
model.

Cytotoxicity

slopenom,mix

(CA model)
slopenom,mix

(exp.)
slopefree,mix

(exp.)
IC10,nom,mix

[M] (CA
model)

IC10,nom,mix

[M] (exp.)
%CV IC10,free,mix

[M] (exp.)
%CV

Mix 1 12,116 22,731 31,383 8.25 × 10−4 4.40 × 10−4 8.8% 3.19 × 10−4 8.5%

Mix 2 25,193 52,415 53,469 3.97 × 10−4 1.91 × 10−4 7.0% 1.87 × 10−4 10.5%

Mix 3 9,164 18,004 19,315 1.09 × 10−3 5.55 × 10−4 8.1% 5.18 × 10−4 13.1%

Activation of oxidative stress response

slopenom,mix

(CA model)
slopenom,mix

(exp.)
slopefree,mix

(exp.)
ECIR1.5,nom,mix [M]
(CA model)

ECIR1.5,nom,mix

[M] (exp.)
%CV ECIR1.5,free,mix

[M] (exp.)
%CV

Mix 1 734 5,513 4,264 6.81 × 10−4 9.07 × 10−5 6.6% 1.17 × 10−4 8.7%

Mix 2 2,899 6,753 10,244 1.72 × 10−4 7.40 × 10−5 6.4% 4.88 × 10−5 9.9%

Mix 3 835 2,652 2,136 5.99 × 10−4 1.89 × 10−4 8.8% 2.34 × 10−4 10.0%

FIGURE 2
Comparison of experimentally derived (exp.) nominal effect concentrations of the mixtures for cytotoxicity (IC10,nom,mix) and activation of
oxidative stress response (ECIR1.5,nom,mix) with (A) predicted values from the concentration addition (CA) model and (B) with experimentally derived
(exp.) freely dissolved effect concentrations (IC10,free,mix and ECIR1.5,free,mix).
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Contribution of individual chemicals to
concentrations and effects of mixtures

All mixtures of this study were designed to be equipotent,

i.e., the contributions of each individual chemical to the effect of

the mixture were equal. The experimental results confirmed the

design: In Mix 1 and 3 all chemicals contributed equally to the

cytotoxic effect of the mixture and in Mix 2 all chemicals had the

same contribution to the activation of oxidative stress response

(Figure 3).

As expected, the contribution of the individual chemicals to

Cnom,mix and Cfree,mix differed widely (Figure 3). All three

mixtures contained hydrophilic low-potency chemicals

(caffeine, coumarin, lamotrigine and torasemide in Mix 1 and

3 and coumarin in Mix 2) that were added at high concentrations

and they primarily defined Cnom,mix (Figure 3). Caffeine,

coumarin, lamotrigine and torasemide constituted 84 and 95%

of Cnom,mix of Mix 1 and 3, but contributed with only 33 and 50%

to the cytotoxicity and 33 and 33% to the activation of oxidative

stress response of the respective mixtures. Similarly, coumarin

made up 81% of Cnom,mix of Mix 2, but contributed only with 14%

to cytotoxicity and with 25% to the activation of oxidative stress

response (Figure 3B).

Because the free fractions of caffeine, coumarin and

lamotrigine in the assay medium were high (>80%), the

contribution to Cfree,mix was also high for these chemicals and

even more pronounced as compared to Cnom,mix. The sum of the

contributions to Cfree,mix of caffeine, coumarin, lamotrigine and

torasemide was 95 and 99% for Mix 1 and 3 and coumarin made

up 95% of Cfree,mix of Mix 2.

Some interesting trends could also be deduced by comparing

the contributions of individual chemicals in different mixtures.

For example coumarin showed a similar contribution to the

cytotoxic effects of Mix 2 and 3 (about 14% for both Mixes), but

contributed remarkably different with 81 and 30% to Cnom,mix of

Mix 2 and 3 and with 95 and 30% to Cfree,mix of Mix 2 and 3. For

bisphenol A the trends are reversed in comparison to coumarin.

Bisphenol A contributed with 9%, 40 and 14% to the cytotoxic

effects of Mix 1, 2 and 3, but only showed very little contribution

to Cnom. mix (0.8, 7 and 0.9% for Mix 1, 2 and 3) and even less to

Cfree,mix (0.3%, 4 and 0.4% for Mix 1, 2 and 3).

In Figure 3 the contribution of the individual test chemicals to

Cnom,mix and Cfree,mix appears to be very similar. A closer look at the

measured Cfree of the individual mixture components revealed that

Cnom and Cfree were only similar for caffeine, coumarin and

lamotrigine (within a factor of 2.6 Figures 1C,D,E), but differed

significantly for all other chemicals (Figure 1). For example, for

fluoranthene Cnom and Cfree differed on average by a factor of 456

(Figure 1B) and for naproxen the difference ranged from a factor of

4.2 at the highest dosed concentration to 648 at the lowest

concentration tested (Figure 1I). Furthermore, Cfree of the

individual chemicals seemed to be independent of the mixture

composition, as chemicals tested in different mixtures showed

similar Cfree (see Supplementary Figures S2A–F,J,L for bisphenol

A, fluoranthene, caffeine, coumarin, lamotrigine, diclofenac,

torasemide and genistein) and were also similar for all chemicals

except ibuprofen and warfarin when measured individually (black

dots in Figure 1) and in the mixtures. The data for the individual

chemicals were taken from previous studies as indicated in Table 1,

except for fluoranthene and coumarin that were also measured

individually in this study (Nominal and freely dissolved effect

concentrations of fluoranthene and coumarin).

Interestingly, Cfree of diclofenac, ibuprofen, naproxen and

warfarin was found to be concentration dependent and did not

increase linearly with the dosed nominal concentration (Figures

1F,H,I,K). For diclofenac Cfree was 91 times lower than Cnom at

the lowest measured Cfree of 4.53 × 10−9 M in Mix 1. With

increasing concentrations, the difference between Cfree and Cnom

continuously decreased and therefore Cfree was only a factor of

nine lower than Cnom at the highest measured Cfree of 1.13 ×

10−6 M in Mix 1. Similar trends were observed for ibuprofen,

naproxen and warfarin. For these chemicals the differences

between Cfree and Cnom ranged from 12 to 1.9, 648 to 4.2 and

13 to 1.4 for Mix 1.

FIGURE 3
Contribution of the individual test chemicals to the cytotoxicity and activation of oxidative stress response and to the nominal (Cnom,mix) and
freely dissolved concentrations of the mixtures (Cfree,mix) (A) Mix 1, (B) Mix 2 and (C) Mix 3.
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The contribution of diclofenac, ibuprofen, naproxen and

warfarin to Cfree,mix was also concentration-dependent (see

Figure 4 for Mix 1 and Supplementary Figure S6 for Mix

2 and 3). The concentration-dependence of Cfree and the

change in the contribution Cfree,i/Cfree,mix was most

pronounced for the acid naproxen. Naproxen contributed

1.03% to Cfree,mix of Mix 1 at the highest measured Cfree,mix of

8.52 × 10−4 M and only 0.01% at the lowest measured Cfree,mix of

5.81 × 10−5 M, which was a difference of nearly a factor of 100.

Discussion

For the majority of the test chemicals the determined Cfree in

bioassay medium showed a good overlap when chemicals were

tested individually and inmixtures (Figure 1). This indicates that the

SPME method developed for exposure assessment of single

chemicals is also applicable to mixtures of chemicals. Only

ibuprofen and warfarin had slightly lower Cfree when dosed

individually compared to the 12-component mixture. Organic

acids are considered to bind to only few specific binding sites on

serum albumin and may compete for these binding sites if dosed in

mixtures (Kragh-Hansen et al., 2002). This effect could explain the

higher Cfree of ibuprofen and warfarin in the mixture as Mix

1 contained seven organic acids that potentially bind to the same

sites on albumin. The protein binding sites of serum albumin may

also become saturated at high chemical concentrations. Saturation

effects (i.e., a non-linear increase of Cfree with increasing dosing

concentrations) were observed for diclofenac, ibuprofen, naproxen

and warfarin. This finding is in line with a previous study from our

group that also demonstrated that Cfree was concentration-

dependent for anionic organic acids in bioassay medium

(Huchthausen et al., 2020).

The experimental effect concentrations of the designedmixtures

of this study were found to be lower than predictions from amixture

model that assumes concentration addition of the effects. The CA

model predicts the activation of oxidative stress response only based

on the chemicals that showed activity below cytotoxicity as single

chemicals. The predictions for Mix 1 are therefore only based on the

four active components bisphenol A, fluoranthene, coumarin and

genistein. However, the other chemicals may still have contributed

to the mixture effect. While the single chemicals might not have

reached the IR of 1.5 before cytotoxicity was observed, they may still

contribute to the activation of ARE in the mixture. Similar results

were also reported in a previous study (Escher et al., 2013).

Furthermore, oxidative stress response is often detected close to

FIGURE 4
Contribution of the measured freely dissolved concentrations of the individual chemicals (Cfree,i) to the freely dissolved concentrations of Mix 1
(Cfree,mix).
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cytotoxic concentrations and is therefore difficult to distinguish

from the so-called “cytotoxicity burst phenomenon” (Judson et al.,

2016; Escher et al., 2020b).

Low-potency chemicals that were added at high concentrations

were found to dominate Cnom,mix and Cfree,mix in the present study,

but not the effect (see Figure 3). For example, caffeine made up 45%

of the nominal and 55% of the freely dissolved concentration of Mix

3, but did not contribute at all to the activation of oxidative stress

response caused by the mixture. Hence, in designed equipotent

mixtures all individual components contribute equally to the effect,

but their contribution to the concentration nominal as well as freely

dissolved of the mixture will be a function of their potency.

Implications for complex and undefined
environmental mixtures

In many cases the use of Cnom,mix for mixture toxicity

assessment will be sufficient. Especially if complex mixtures

are extracted from environmental samples, their measured

mixture effects are sufficiently well related to the nominal

concentrations of the single chemicals in so-called iceberg

modelling (Escher et al., 2021).

However, if one wants to do a risk assessment based on the

mixture effect data, which requires in vitro to in vivo extrapolation,

one needs to account for the differences in bioavailability in the

in vitro bioassay in comparison to blood. If a mixture contains high

concentrations of hydrophilic low-potency chemicals (e.g.,

sweeteners) they will have similar Cnom,mix and Cfree,mix, i.e., show

similar behavior as the mixtures of this study. The use of Cfree,mix is

advisable if the mixture is mainly composed of neutral hydrophobic

chemicals (e.g., a mixture extracted from a soil sample) and

consequently has orders of magnitude lower Cfree,mix than

Cnom,mix. In this case Cfree,mix may also be predicted by mass

balance models to avoid the laborious experimental

determination of Cfree,mix. Special attention should be paid to

mixtures that contain acidic components at variable

concentration levels, e.g., mixtures of perfluorinated acids

extracted from blood samples from the general population versus

exposed workers. In these cases, Cfree,mix will be much lower than

Cnom,mix, but a prediction of Cfree,mix would be challenging, because

the free fraction will be dependent on the concentration and

composition of the mixture. Furthermore, the concentration

ratios Cfree,mix/Cnom,mix would not only depend on the absolute

concentrations but also on other mixture components.
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