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Text S1: Lateral transport 

As shown in Figure S1, lateral transport is the movement of chemical through the epithelium within the 

cell membrane. In Bittermann and Goss (2017), no significant lateral transport was assumed for ionic 

compounds. However, this assumption could not be verified with the dataset in that study because 

other resistances such as the permeation through the unstirred water layer dominated the Caco-2 

(human colorectal adenocarcinoma cells) and MDCK (Madin-Darby canine kidney cells) cell permeation. 

With the dataset of Ribbenstedt et al. (2022) on anionic surfactants, on the other hand, we are now able 

to analyze the significance of the lateral transport for ions more clearly. When we calculated lateral 

transport for ionic compounds using the equations presented in Bittermann and Goss (2017) for neutral 

compounds, modeled cell permeation, and as a consequence uptake rate constants ku, were clearly 

overestimated compared to experimental ku. Lateral permeation of ions can thus clearly not be 

calculated analogously to neutral compounds. Therefore, in the absence of a calculation method for 

ionic compounds we still assume no significant lateral transport. 

Although lateral transport for neutral chemicals was also deemed irrelevant in Bittermann and Goss 

(2017), these findings cannot automatically be assumed to apply to our current application, because the 

dataset contained compounds that are less hydrophobic and the transwell setups for Caco-2 and MDCK 

cells exhibit much thicker unstirred water layers (>300 µm) than gills in fish (a few µm). The more 

hydrophobic compounds, for which lateral transport might potentially play a role, were thus not limited 

by the epithelial monolayer resistances in the Caco-2/ MDCK experiments, but by the resistance of the 

unstirred water layer. Hence no information about the magnitude of the lateral transport (or any other 

monolayer resistance) of hydrophobic chemicals can be obtained from the Caco-2/ MDCK experiments. 

Lateral transport per se can only be relevant when the transport through the cytosol is rate limiting, 

since membrane permeability itself exceeds lateral permeability due to the lesser space available for 

lateral diffusion. We assume aqueous resistances (including the cytosol resistance) to be insignificant 

compared to the resistance for delivery of the water to the gills (see section “Mass transfer across gills”).  

Consequently, even if lateral permeation should exceed transcellular permeability for very hydrophobic 

compounds, the resistance of the cell monolayer as a whole would be insignificant. Therefore, lateral 

transport does not need to be included in the framework. 
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Text S2: Solubility-diffusion model 

The solubility-diffusion model describes membrane permeation as the partitioning into and the diffusion 

through the membrane. Hereby, the anisotropy of the membrane has to be considered: The partitioning 

into the region of polar headgroups will differ from the partitioning into the hydrocarbon membrane 

core. Although the partitioning into the most favorable layers of the membrane will be crucial for the 

KMLW or DMLW, the partitioning into the least favorable layers will decide membrane permeability, since 

the latter dominates the total membrane resistance. For the compounds of interest here, it can be 

assumed that the membrane core provides the highest barrier to permeation. Thus, for a simplified 

calculation the membrane is often approximated as a thin slab of apolar solvent such as hexadecane, 

which has a dielectric constant similar to the membrane core. The intrinsic permeability PM,n of the 

neutral species can thus be calculated as follows (Missner and Pohl,  2009): 

 𝑃𝑀,𝑛 =
𝐷𝑚×𝐾ℎ𝑒𝑥/𝑤

𝑑
  (S1) 

where Dm is the diffusion coefficient in the membrane core, which is assumed reduced by a factor of 10 

as compared to water (Orbach and Finkelstein, 1980), Khex/w is the hexadecane/water partition 

coefficient, and d the thickness of the membrane core.  

The permeability also correlates with octanol/water partition coefficient KOW, and although the 

correlation is not as good as for hexadecane, we will use the following correlation found by Walter and 

Gutknecht (1986) to predict neutral intrinsic permeability PM,n (cm s-1): 

 log(𝑃𝑀,𝑛) = 1.15 × log(𝐾𝑂𝑊) − 2.14 (S2) 

Combining this correlation with an empirical correlation relating the KMLW to the KOW (Endo et al., 2011; 

see Eq. S3) leads then to the correlation between PM,n and the KMLW expressed in Eq. S4: 

 log(𝐾𝑀𝐿𝑊) = 1.01 × log(𝐾𝑂𝑊) + 0.12  (S3) 

 log(𝑃𝑀,𝑛) = 1.14 × log(𝐾𝑀𝐿𝑊) − 2.28  (S4) 

To reduce the number of variables in the framework, we use the DMLW in the correlation instead of the 

KMLW. Expressed in non-logarithmic form, the used correlation reads as follows: 

 𝑃𝑀,𝑛 = 0.00525 × 𝐷𝑀𝐿𝑊
1.14 (S5) 

 Converting the units for PM,n to m h-1 yields: 

 𝑃𝑀,𝑛 = 0.189 × 𝐷𝑀𝐿𝑊
1.14 (S6) 

It is important to acknowledge assumptions and approximations in this approach that can contribute 

significant uncertainty: 

- Approximating the partitioning into the membrane core with KOW instead on Khex/w. As noted 

above, octanol is not as strong a model for the partitioning properties of the membrane core as 

hexadecane. 

- Using DMLW to approximate KMLW. The DMLW of ionic compounds is expected to be lower than the 

neutral KMLW. Nevertheless, we expect them to be quite strongly correlated with each other. 
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- Approximating PM,n for biological membranes with measurements made using black lipid 

membranes (BLM, in which the measurements of Walter and Gutknecht were made). 

Permeability in biological membranes is considerably lower than in BLM (Lomize and Pogozheva, 

2019). 

We note that while each of these factors can contribute considerably to the uncertainty of PM,n for a 

given compound, their influence on the relative value of PM,n for compounds with similar structures such 

as hydrocarbon anionic surfactants (the compounds for which PM,n is relevant in our framework) is 

anticipated to be less pronounced. Furthermore, the second and third factors above are expected to 

partially cancel each other out. Finally, as the comparison to empirical data for anionic surfactants in the 

paper shows, the uncertainty in pKa for anionic surfactants is currently so great that the absolute value 

of PM,n could not be employed in the framework; instead it was used to estimate the pKa. As such, the 

absolute value of PM,n is of limited importance for current application of the framework. However, as 

better estimates of pKa for anionic surfactants become available and understanding of cell membrane 

permeability improves, there will be opportunities to further develop this aspect of the framework. 

We further assume that the permeation is governed by the neutral species alone, i.e., that ionic 

permeation is insignificant and only the neutral form contributes to this aspect of the transcellular 

pathway (see Figure S1 below). Although this assumption is commonplace, it might be questionable for 

some ionic surfactants which due to their very low pKa exist predominantly in their ionic form. On the 

other hand, intrinsic ionic permeability is usually orders of magnitude lower than intrinsic neutral 

permeability, because it is energetically very unfavorable to bring the charge from water into the 

membrane core. To assess the validity of our assumption, we used COSMOtherm (Eckert and Klamt, 

2004; Bittermann and Goss, 2017; Ebert et al., 2018) to calculate neutral and ionic permeability and pKa 

values for selected surfactants: the anionic surfactants from Ribbenstedt et al. (n = 11), dodecyl 

hydrogen phosphate and 2-ethylhexyl phosphate.  For all these surfactants, the calculations showed 

that the neutral permeation is still dominant. This is, however, not always the case: According to 

previous calculations of neutral permeability and pKa, and experimental measurements of the ionic 

permeability, perfluorooctanesulfonic acid (PFOS) dissociates so strongly that ionic permeation should 

clearly dominate, while for perfluorooctanoic acid (PFOA) both the neutral and ionic species might be 

relevant (Ebert et al., 2020). This is in line with a recent report showing only a weak pH dependence of 

kU for the uptake of PFOA in carp (Dong et al., 2023). For many ionizable surfactants our generalized 

approach will be valid, but for anionic surfactants with very low pKa values the assumption that only the 

neutral species permeates the membrane via the transcellular pathway may need to be revisited.   

As discussed in the main text, the framework predicts that paracellular transport dominates the uptake 

of permanently charged quaternary ammonium-based surfactants (QACs) across the gills. Accordingly, 

the solubility-diffusion model and its assumptions are not relevant and the uptake kinetics of all such 

compounds are expected to be similar.  Although the bioaccumulation potential of Q14 is not of 

regulatory concern (BCF = 54 L/kg; see Table S3), it would still be useful to confirm or refute the 

predictions of the framework for a series of QACs spanning a range of log DMLW values.  For example, a 

positive relationship between kU and DMLW for QACs would not be consistent with the framework as 

currently formulated. 
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Text S3: Parameterization of the framework 

Parameter Abb. Value Unit Source 

Fish mass M 0.01 kg Assumed. BCF experiments commonly use fish 
with approximately this mass. 

Gill surface area AGill 0.0027 m2 Correlation from Hughes (1984) for Salmo 
gairdneri, calculated for a 10 g fish. 

Water flow 
through gills 

QW,Gill 0.000264 m3 h-1 Correlation from Arnot and Gobas (2004), 
calculated for a 10 g fish and an O2 concentration 
in water of 11.1 mg L-1. 

Blood flow rate 
through gills 

QB,Gill 0.0000226 m3 h-1 Correlation for rainbow trout from Erickson et al. 
(2006), calculated for a 10 g fish at 10 °C. 

Fraction of 
membrane lipids 
in blood 

fM-Lipid,B 0.007 kg L-1 50% of the lipid of rainbow trout blood reported 
by Bertelsen et al. (1998). 

Permeability for 
paracellular 
transport 

PParacell 0.000161 m h-1 See below. 

 

For small molecules, the paracellular resistance RP,W→B is not influenced strongly by molecular structure. 

Bittermann and Goss (2017) modeled this resistance in Caco-2 cell monolayers for 135 chemicals, and 

the 95th percentile range of the estimates encompassed just a factor 6.6. We used the geometric mean 

of this dataset, 670000 s cm-1 or 19000 h m-1, took the inverse to obtain the permeation coefficient, and 

multiplied by a factor of 3 to correct for the lesser thickness of the gill epithelium (6 µm) compared to 

Caco-2 cells (14-20 µm) (Hughes, 1984; Tan et al., 2018). 
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Figure S1: Illustration of the 4-resistance model used to describe surfactant exchange across the gills. RW 

is the resistance from perfusion with water, RUWL,W is the resistance from diffusion through the laminar 

boundary layer (or unstirred water layer, UWL) of water at the outer gill surface, RMONOLAYER is the 

resistance of the epithelial monolayer, RUWL,B the resistance from diffusion through the laminar 

boundary layer on the inner side of the gill epithelium, and RB is the resistance from perfusion with 

blood. RMONOLAYER is the result of three parallel resistance paths: the paracellular resistance RPARA, the 

lateral resistance RLAT, and the transcellular resistance RTRANS. RTRANS can further be subdivided into three 

resistances in series: the apical and basolateral membrane resistances RM, and the resistance from 

diffusion through the cytosol RCYT. We assume all aqueous resistances and lateral permeation to be 

insignificant (see the manuscript and Text S1), which leaves 4 resistances: RW, RPARA, RM, RB. 
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MIX1, pH = 7.6 

T10 

  
P12  

 
T13  

  
Q14 

  
P16 

  
Figure S2: Fit of model to observations for cationic surfactants, see Table S3. The shaded area (left 

panel) shows the 90% credible region for the model-based concentration in water/fish over time. 
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MIX1pH, pH = 6.2 
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Figure S2 (continued) 
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MIX1, pH = 7.6 
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Figure S2 (continued)
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Figure S3: Measured vs. modeled kT for cationic surfactants (including biotransformation). 
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Table S1: Selected nonionic surfactants with tonnage >1000/y in the EU. 

Tonnage  

(y-1) 

CAS Chain length 

range  

Substance name (with hyperlink to REACH dossier) Surface 

tension 

(mN/m) 

REACH 

dossier # 

100.000-

1.000.000 

68439-50-9 C12-C14  Alcohols, C12-14, ethoxylated (1 - 2.5 moles ethoxylated)  41.9 16040 

10.000-100.000 160901-19-9 C12-13 Alcohols, C12-13, branched and linear, ethoxylated  26.0 15818 

10.000-100.000 68439-49-6 C16-18  Alcohols, C16-18, ethoxylated  67.5 13418 

10.000-100.000 68515-73-1 C8-10 D-Glucopyranose, oligomers, decyl octyl glycosides 29-36 14947 

10.000-100.000 110615-47-9 C10-16 D-Glucopyranose, oligomeric, C10-16-alkyl glycosides 29.5 14407 

1.000-10.000 
 

C12-14  Alcohols, C12-14 (even-numbered), ethoxylated, magnesium 

salts, < 2.5 mol EO  

29.8 5619 

1.000-10.000 68920-66-1 C16-18 Alcohols, C16-18 and C18-unsatd., ethoxylated  15961 

1.000-10.000 71060-57-6 C8-10 Alcohols, C8-10, ethoxylated 32.6 33685 

1.000-10.000 1338-41-6  Sorbitan stearate  15165 

 

 

 

Table S2: Selected zwitterionic surfactants with tonnage >1000/y in the EU. 

Tonnage  

(y-1) 

CAS Chain length 

range  

Substance name (with hyperlink to REACH dossier) Surface 

tension 

(mN/m) 

REACH 

dossier # 

1.000-10.000 66455-29-6 C12-14  Betaines, C12-14 (even numbered)-alkyldimethyl  36.1 14910 

1.000-10.000 3332-27-2 C14 N,N-dimethyltetradecylamine N-oxide 32.4 14677 

1.000-10.000 1471314-81-4 C12-18 3-C12-18-(even numbered)-alkylamido-N,N-dimethylpropan-

1-amino oxide 

35 14163 

 

https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/16040
https://echa.europa.eu/registration-dossier/-/registered-dossier/15818
https://echa.europa.eu/registration-dossier/-/registered-dossier/13418/4/8
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14947/
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14407
https://echa.europa.eu/registration-dossier/-/registered-dossier/5619
https://echa.europa.eu/registration-dossier/-/registered-dossier/5619
https://echa.europa.eu/registration-dossier/-/registered-dossier/15961
https://echa.europa.eu/registration-dossier/-/registered-dossier/33685
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/15165
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14910
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14677
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14163
https://echa.europa.eu/nl/registration-dossier/-/registered-dossier/14163
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Table S3: kU, kT and BCF for cationic surfactants, recalculated from the raw data in Kierkegaard et al. 

(2021) using the Bayesian model described in Ribbenstedt et al. (2022). The 95% confidence interval is 

provided in brackets.§ 

 
Uptake rate constant  

(kU, L kg-1 h-1) 

Measured total elimination 
rate constant  

(kT, h-1) 
BCF 

(kU/kT, L kg-1) 

MIX1 (pH = 7.6)  

T10 9.4 (8.2-10.8) 0.069 (0.064-0.075) 136 (124-148) 

P12 2.8 (1.9-4.3) 0.0082 (0.0068-0.0096) 341 (250-481) 

T13 18.6 (16.7-20.9) 0.0052 (0.0048-0.0056) 3570 (3300-3890) 

Q14 0.127 (0.112-0.143) 0.0023 (0.0020-0.0027) 54 (49-61) 

P16 16.5 (14.2-19.3) 0.0025 (0.0020-0.0030) 6630 (5830-7640) 

MIX1pH (pH = 6.2)  

T10 0.83 (0.68-1.01) 0.111 (0.097-0.126) 7.4 (6.6-8.3) 

P12 0.43 (0.31-0.58) 0.056 (0.045-0.067) 7.7 (6.4-9.4) 

T13 5.1 (4.4-5.9) 0.0142 (0.0132—0.0151) 363 (326-402) 

Q14 0.146 (0.128-0.166) 0.0026 (0.0022-0.0030) 57 (52-64) 

P16 9.6 (8.1-11.2) 0.0030 (0.0025-0.0035) 3220 (2860-3660) 

MIX2 (pH = 7.6)  

T9 2.1 (1.8-2.6) 0.060 (0.055-0.065) 35 (31-41) 

S12 6.6 (5.6-7.8) 0.0068 (0.0062-0.0073) 978 (867-1110) 

P13 4.8 (3.8-6.3) 0.0035 (0.0028-0.0043) 1370 (1150-1650) 

T14 27 (25-29) 0.0032 (0.0030-0.0034) 8380 (7910-8880) 

S16 23 (21-25) 0.0026 (0.0024-0.0028) 8900 (8330-9520) 

 

§ Figure S2, left panel, shows the fit of the Bayesian model (as applied previously to anionic surfactant 

BCF studies reported in Ribbenstedt et al. (2022)) to the concentrations in fish from the 

bioconcentration experiments with cationic surfactants in Kierkegaard et al. (2021). The grey margin 

around the curve indicates the 95% confidence interval. The right panel shows the distribution of the 

modeled BCF in L kg-1. 
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