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Abstract 

Background: The assessment of persistence, bioaccumulation and toxicity (PBT) is part of the regulation process of 
ionic organic compounds (IOCs) and a major challenge, as a commonly acknowledged approach for the estimation of 
the bioaccumulation potential of IOCs is still missing. The goal of the present study was, therefore, to experimentally 
determine the bioaccumulation of fully ionized compounds and to identify screening parameters that can indicate 
high bioaccumulation potential of IOCs. Three feeding studies with rainbow trout (Oncorhynchus mykiss) were carried 
out according to OECD TG 305. Separation of liver, gastrointestinal tract (GIT) and carcass allowed to further elucidate 
the tissue distribution of the individual test substances. The chemicals chosen had characteristics that made them 
suspect for high bioaccumulation, and included two cations (tetrabutylphosphonium bromide (TBP), trimethylocta-
decyl ammonium chloride (TMOA)) and four anions (benzotriazole, tecloftalam, pentachlorophenol (PCP), MEE-phos-
phonate). Data on the dietary biomagnification of IOCs (strong acids) were also collected from published literature.

Results: The highest distribution factors were found for the GIT, followed by liver. However, none of the tested IOCs 
showed a distinct biomagnification potential, as kinetic biomagnification factors  (BMFk) ranged between 0.001 and 
0.05 g/g (median 0.009 g/g). Cations showed lower assimilation efficiency (α) than anions, except for tecloftalam. 
In contrast, anions showed a considerably faster depuration rate (half-life less than 0.5 days) compared to cations 
(half-life of around 5 days). Sixteen potential screening parameters for BMF were calculated with a chemical property 
estimation tool (ACD/i-Lab) and correlated with the BMF data from this study and from literature. The number of 
hydrogen bond donors (nHBD) showed the highest correlation to measured BMF, but the prediction is only based on 
two values (one or two nHBD), while the other descriptors were insignificantly correlated.

Conclusion: The suspected dietary bioaccumulation potential of the six IOCs could not be confirmed in the feed-
ing studies with rainbow trout. The more than twenty screening parameters showed no particularly high correlation 
neither with the test results nor with the BMF values collected from literature. The results corroborate earlier findings 
that ionization lowers the tendency of a chemical for dietary bioaccumulation, compared to non-ionized chemicals. In 
addition to the lipophobicity of ionic molecule moieties, fast depuration seems to be a major reason for the observed 
low dietary bioaccumulation of ionic compounds, in particular anions. Fast depuration may happen due to rapid 
metabolism of charged compounds, and future studies should test this hypothesis.
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Background
The uptake of chemicals in biota and the subsequent 
accumulation in the food chain caused severe prob-
lems in the past [1] and is, thus, of major concern in 
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environmental protection. Consequently, bioaccumula-
tion is a key criterion in chemical risk assessment. Within 
the European Union, the regulation of Registration, 
Evaluation, Authorisation and Restriction of Chemicals 
(REACH) requires testing of the bioaccumulation poten-
tial of substances during registration. Moreover, bioac-
cumulation is a criterion (together with persistence and 
toxicity) in the PBT assessment of substances, which are 
of major concern [2]. The first step of bioaccumulation 
assessment is usually done based on a physico-chemi-
cal screening parameter, the log octanol–water parti-
tion coefficient (log Kow). If the threshold value of 4.5 is 
exceeded, studies on aquatic bioconcentration or bioac-
cumulation according to OECD test guidelines 305 [3] 
have to be conducted [2]. If the outcome of the study is a 
bioconcentration factor (BCF) > 2000 L/kg, the substance 
is labeled as bioaccumulative B, and if BCF > 5000  L/
kg as very bioaccumulative vB. The same criterion of 
BCF > 5000  L/kg is also used in other regulations (e.g., 
Stockholm convention [4]). Notably, a corresponding 
common threshold value is missing [2] for the biomagni-
fication factor (BMF), which describes bioaccumulation 
through dietary exposure. Experimental determination 
of the bioaccumulation potential means high need for 
experimental animals and high costs.

The general framework for evaluating the bioaccumu-
lation potential of substances was developed for neutral 
organic hydrophobic substances. However, many organic 
substances are partially or completely ionized under envi-
ronmentally relevant conditions [5]. Due to their charge, 
ionic organic substances (IOCs) differ in their environ-
mental behavior from neutral substances [6]. For ioniza-
ble and ionic compounds, the log  Kow is not considered a 
valid descriptor for bioaccumulation in the REACH regu-
lation [2]. However, experimental data show that ions can 
also bioaccumulate in fish [7]. Additional effects, such as 
the ion trap and the attraction of ions through proteins, 
can make the accumulation of IOCs more complex. The 
log  Kow and also the pH-corrected apparent partition 
coefficient (log Dow) are rather weakly correlated with the 
BCF of ionized substances [8], questioning their value as 
screening parameters for the bioaccumulation potential 
of IOCs [7]. Studies also show that the pH-dependent 
log  Dow underestimates the sorption of ionic species by 
several orders of magnitude [9, 10]. However, an alterna-
tive screening criterion to log Kow or log Dow is currently 
not established in the regulation.

An evaluation of data from REACH registrations of 
substances with an annual production of 1000 tons or 
more showed that in 18% of the cases, no bioaccumula-
tion tests are available because the registered substance 
is ionically or hydrolytically unstable [11]. Whether the 
omission of a bioaccumulation assessment was always 

justified remains open. Due to the lack of suitable screen-
ing tools, IOCs have so far been omitted from QSAR-
based mass screening for potential PBT substances from 
the total number of substances registered under REACH. 
Due to the weak data situation, it is unclear whether 
IOCs can generally be absolved in terms of their bioac-
cumulation potential and whether the screening of the 
neutral species is sufficient to identify all PBT/vPvB 
substances.

Several studies have described that liposomes consist-
ing of phosphatidylcholine are a suitable artificial model 
for biomembranes [10, 12]. The liposome water partition 
coefficient  Klipw was superior to the  Dow as predictor for 
the sorption of ionic species to biomembranes [9, 10]. 
Therefore, the log Klipw in connection with further distri-
bution coefficients (e.g., the protein–water distribution 
coefficient) might be a feasible screening criterion for 
the bioaccumulation of IOCs [7, 13]. Other parameters 
suggested for this purpose are the pH-adjusted log  Dow 
for partly ionized compounds [8], the polar surface area 
(PSA) for oral uptake [14, 15], and various structural 
parameters for oral bioavailability [16, 17].

The ionized fraction of acids and bases generally shows 
a lower uptake from water into fish and hence a lower 
BCF than the neutral molecules [6, 18–20]. However, 
data from fish feeding studies examined in the work of 
Arnot and Quinn [21] indicate that IOCs do not neces-
sarily show a lower uptake from dietary ingestion than 
neutral compounds with similar properties, and the 
charge may have no decisive influence on the intake in 
the gastrointestinal tract (GIT) [20]. Due to the lower 
membrane permeability of IOCs and the higher trans-
epithelial resistance of the gills compared to the GIT, it 
is likely that IOCs are better received via the GIT. The 
associated greater permeability of the GIT and the longer 
residence time in the GIT support this assumption. In 
this study, the bioaccumulation potential of selected 
IOCs was evaluated in a dietary uptake study carried 
out according to OECD TG 305 [3], combined with 
organ-specific analysis. The chemicals tested included 
two cations (tetrabutylphosphonium bromide (TBP), tri-
methyloctadecyl ammonium chloride (TMOA)) and four 
anions ((3-(3-(2H-benzo[d][1,2,3]triazol-2-yl)-5-(tert-
butyl)-4-hydroxyphenyl)-propanoic acid (benzotriazole), 
2,3,4,5-tetra-chloro-6-[[(2,3-dichloro-phenyl)-amino]
carbonyl]benzoic acid (tecloftalam), pentachlorophenol 
(PCP) and mono-2-ethylhexyl(2-ethylhexyl)phosphonate 
(MEE-phosphonate). These chemicals were selected as 
their characteristics (e.g., high log  Dow; long lipophilic 
side chains) made them suspect for high biomagnifica-
tion. For each of the six substances, twenty potential 
screening parameters for BMF were derived with esti-
mation tools to assess their capability of predicting 
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biomagnification factors. Correlations were performed 
for BMF data measured in the present study and BMF 
data collected from published literature. The ultimate 
goal of the study was to elucidate whether IOCs can show 
sufficient bioaccumulation potential to be classified as 
“bioaccumulative”, and to identify screening parameters 
that can identify this potential beforehand.

Methods
Literature search and identification of candidate IOCs 
for testing
Dataset definition
Whole-body dietary BMF values in fish were collected 
from scientific literature (published until December 
2017). Reliable dietary BMF values were selected based 
on quality criteria set by OECD TG  305 [3] and Arnot 
and Quinn [21], namely: (i) for  BMFss, the assumption 
of steady state between uptake and depuration kinetics 
could be verified based on reported time-resolved con-
centration data or depuration rate (in the latter case, the 
time to reach 90% steady state had to be lower than the 
uptake phase duration [22]); (ii) fish growth was explicitly 
accounted for using a growth-corrected depuration rate 
(k2g); and (iii) the assimilation efficiency α had been esti-
mated to be ≤ 100%. Lipid-normalized BMF values were 
not considered for the assessment, given that IOCs such 
as perfluorinated substances do not primarily adsorb to 
lipids.

Selection of predictors
Molecular descriptors were selected to assess their capa-
bility of empirically predicting dietary BMF for ionizable 
substances and include: (i) acid dissociation constants 
 (pKa); (ii) molar mass, molar volume and McGowan’s 
estimation of molar volume; (iii) partition coefficients 
 Kow,  Dow and  KHSA (human serum albumin–water); (iv) 
solubility at neutral pH; (v) Lipinski’s properties, namely 
topological polar surface area (TPSA), number of rotat-
able bonds (nRB), number of hydrogen bond donors 
(nHBD) and acceptors (nHBA) and total number of 
hydrogen bonds (nHBD + A); (vi) volume of distribution. 
Predicted values for each descriptor were estimated using 
ACD/i-Labs.

Selection of compounds for experimental testing
The database of BMF values  and molecular descriptors 
was used to identify IOCs suspect of high dietary bio-
accumulation. Substance availability and feasibility of 
extraction and analysis were also relevant. Permanently 
charged cationic and lipophilic quaternary ammonium 
compounds were first considered as relevant candidates 
for selection. Similarly, permanent lipophilic anions were 
also to be included in the examination. Permanent ions 

will presumably show a different accumulation due to 
their poor membrane permeability and uptake into the 
circulation system via the paracellular pathway [23]. Ionic 
surfactants were also found to be of interest because, due 
to the interfacial activity, a completely different sorption 
behavior can be expected. However, polyfluorinated com-
pounds were excluded because they were  studied else-
where, and a  BMF data set from published literature  is 
available. Based on these considerations, the two cations 
TBP and TMOA were chosen. Both substances have long 
lipophilic side chains, and Ross et  al. [24] showed that 
lipophilic permanent cations (like triphenylphosphonium 
compounds) can rapidly cross membranes and accu-
mulate in cells and mitochondria. Additionally, the four 
anions benzotriazole, tecloftalam, PCP and MEE-phos-
phonate were selected for testing, which had either high 
log  Dow or high partition coefficients to protein  (KHSA). 
The test substances along with chemical structure, CAS 
number and physicochemical properties are presented in 
Table 1. Additionally, the properties necessary for Lipin-
ski’s ‘rule of five’ and Veber’s rules were collected for the 
tested IOCs (see Additional file 1: S2.3, Table S6) [16, 17].

Feeding studies
Standards and reagents
TBP (chemical purity 98%), TMOA (chemical purity 
95%) and PCP (chemical purity 97%) were purchased 
from Sigma Aldrich. Benzotriazole (chemical purity 95%) 
was purchased from BOC Sciences, tecloftalam (chemi-
cal purity 95.3%) was purchased from APIChem Tech-
nology and MEE-phosphonate (chemical purity 95%) 
was purchased from TCI Chemicals. Unless otherwise 
noted, all solvents were obtained from ChemSolute and 
from Sigma Aldrich and were of the quality purum or 
suprapur.

Study design
Juvenile rainbow trout with an average weight of 
5.42 ± 1.14 g were fed three test diets supplemented with 
two different IOCs for 14  days each at a rate of 2% of 
their body weight. The fish were held under flow-through 
conditions (flow rate of 15.6  L/h) at a temperature of 
14 ± 2  °C under a 16:8  h light–dark cycle and constant 
aeration. The accumulation phase (days −14  to  0) was 
followed by a 14-day depuration phase (days 0 to 14), in 
which the test diet was replaced by non-spiked trout feed. 
On certain dates during the study, five animals were sam-
pled from the test basin. Organ and carcass samples were 
dissected and prepared for IOC analysis. At the begin-
ning of the study (day −14), five animals were sampled 
for IOC analysis to quantify initial background levels. 
The biomagnification studies were carried out following 
the principles of the OECD TG 305 [3] and in accordance 
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with the German animal welfare act under a Landesamt 
für Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen, Germany permit (81-02.04.2018.A023).

Feed preparation and fish rearing are described in 
detail in Additional file 1: S1.1 and S1.2.

Sample preparation
All feed and fish samples were processed by solid–liq-
uid extraction. Carcass samples were first homogenized 
with an IKA ULTRA-TURRAX® attached to a dispers-
ing tool (basic, S25N-10G). Approximately 1  g of car-
cass homogenate, the whole GIT and liver samples, as 
well as aliquots of 1 g of feed were extracted and used for 
the analysis of IOC concentrations. To all samples, 4 mL 
methanol were added prior to homogenization. The sam-
ples were homogenized for 30 s with the dispersing tool 
attached to an ULTRA-TURRAX®, treated in an ultra-
sonic bath for 10 min and then centrifuged for 5 min at 
5000 rpm. The supernatants were transferred into a volu-
metric flask. This step was repeated twice and the com-
bined supernatants were filled up to the 10 mL mark with 
methanol.

Prior to sample extraction, spike recovery of the 
used extraction protocol was assessed for the differ-
ent sample matrices. Therefore, blank matrices (GIT, 
liver, carcass) were spiked with a known amount of test 

substance followed by extraction as described above. 
The respective recovery rates were calculated.

IOC analysis
Chemical analysis of the test substances was performed 
by liquid chromatography with coupled mass spec-
trometry and all analyses were performed in multiple 
reaction monitoring mode. For further instrumental 
and chromatographic details, see Additional file 1: S1.3.

Quantification was performed externally using an 
at least 6-point matrix-matched calibration. Here, a 
calibration range of 0.05–20  µg/L for the cations and 
0.25–50 µg/L for the anions were used. Coefficients of 
correlation of the calibration function were estimated 
as 0.991–0.999. Prior to chemical analysis of extracts 
exceeding the calibration ranges, the extracts of the 
different fish compartments were diluted with metha-
nol (1:80 to 1:1) depending on their IOC content. The 
extracts of the feed samples were diluted with methanol 
by a factor of 1000 yielding concentrations within the 
calibration range. Only values greater than three times 
the background [lowest calibration point (= defined 
LOQ)] were assessed as valid. Concentrations of test 
substances in fish feed and fish tissue samples were cal-
culated based on the recorded weight of the analyzed 
sub-sample.

Table 1 Chemical structure, CAS number and physicochemical properties of test substances

nd no data, z charge. Source: see text.

Substance (CAS) Structure KHSA log  Dow pH 7.4 log  Dow pH 3.0 z

TBP (3115-68-2)

  

3.12 1.6 1.6 1

TMOA (112-03-8)

  

3.9 4.1 4.1 1

Benzotriazole (84268-36-0)

  

5.03 0.8 3.5 −1

Tecloftalam (76280-91-6)

  

6.18 2.3 5.5 −1

PCP (87-86-5)

  

5.35 2.4 5.1 −1

MEE-phosphonate (14502-03-0)

  

3.77 0.0 3 −1



Page 5 of 11Mueller et al. Environ Sci Eur          (2020) 32:159  

Data evaluation
The data evaluation for specific growth rate (SGR), feed 
conversion ratios (FCR) and calculation of biomagnifica-
tion factors (BMF) followed Annex 7 of OECD TG 305 
[3] and are described in detail in Additional file 1: S1.4.

Results
BMF data from literature
A BMF dataset was compiled from the results of 6 pub-
lished articles [22, 25–29]. The dataset includes 25 dietary 
BMF values for a total of 21 compounds, among them 11 
strong acids, 7 weak acids and 2 bases. All compounds 
and empirical data (kinetic  BMFk and steady state  BMFss, 
α, k2) are shown in Additional file  1: S2.1. The highest 
BMF values were determined for per- and polyfluori-
nated compounds, with a maximum  BMFk of 1.0 g/g for 
perfluorotetradecanoic acid. Relatively few values, and 
all < 0.1  g/g, were found for bases. The overall median 
 BMFk was calculated to be 0.178 g/g. Literature data have 
been checked for correlation with the chosen screening 
parameters (see section Additional file 1: S2.2–3).

Feeding studies
Homogeneity, content and stability of IOCs in fish feed
The homogenous distribution and the content of the 
IOCs in the spiked experimental diets were confirmed 
directly after preparation by analysis of five individually 
processed replicates. The relative standard deviations of 
the concentrations were < 10%, confirming the homog-
enous distribution of the test substances on the spiked 
feed (Additional file 1: S2.4.1). The nominal test concen-
tration of all IOCs was 30  mg/kg and for cationic sub-
stances test concentrations of 23.8  mg/kg for TBP and 
25.9  mg/kg for TMOA were applied. For anionic IOCs, 
the dietary concentrations were 31.9, 27.5, 20.3 and 
29.6 mg/kg for benzotriazole, tecloftalam, PCP and MEE-
phosphonate, respectively. At the end of the study, 86.2–
109% of the substances were recovered and thus, the feed 
approved as sufficiently stable.

Growth rate and feed conversion
No mortality or abnormalities of the animals’ behavior 
were observed during the biomagnification study. FCRs 
and SGRs of experimental animals during the fish feeding 
study are shown in Additional file 1: S2.4.2.

Spike recovery experiments
Mean recovery rates of the IOCs extracted from spiked 
fish compartments were in the range of 81.4% (benzo-
triazole in GIT) and 115% (TMOA in carcass). For GIT, 
the recovery rates ranged from 81.4 to 86.7% for all ions 
except of tecloftalam, where a recovery of 104% was 
determined. Recoveries from liver ranged between 85.9 

and 107% and comparable data were determined for car-
cass (83.8–115%) (Additional file 1: S2.4.3).

Biomagnification of IOCs in rainbow trout
The concentrations of the IOCs in the test animals 
(whole fish) during the uptake and the depuration phase 
are presented in Additional file  1: S2.4.4, Figure S2–S4. 
At the end of the uptake phase, concentrations of 0.640 
and 1.029  mg/kg were determined for TMOA and ben-
zotriazole, respectively. For TMOA the highest tissue 
concentrations were found after 10 h of depuration with 
1.31  mg/kg. Lower concentrations were found for TBP, 
tecloftalam, PCP and MEE-phosphonate, with 0.0338, 
0.0454, 0.187 and 0.293 mg/kg, respectively.

The α-values of the test substances ranged from 0.0155 
(TBP) to 0.931 (MEE-phosphonate). An α-value of 2.03 
was calculated for benzotriazole which is supposed to be 
an artefact resulting from the calculation of whole fish 
assimilation efficiencies based on the IOC concentrations 
measured in the different fish matrices. Depuration rate 
constants (k2) were determined by linear regression of ln-
transformed tissue concentrations measured during the 
depuration phase (Fig. 1). Data of the individual compart-
ments can be found in Additional file 1: Figures S5–S7.

The highest depuration rate was observed for 
tecloftalam and MEE-phosphonate, with k2 val-
ues of 2.96 and 2.06  day−1, respectively, followed by 
PCP (1.79  day−1), benzotriazole (1.24  day−1), TBP 
(0.156 day−1) and TMOA (0.173 day−1).

Considering the depuration rates and assimilation 
efficiencies, BMF values were calculated. Growth cor-
rected  BMFkg values ranged from 0.00129 (tecloftalam) 
to 0.0463 g/g (TMOA) (Table 2).

IOC concentrations in fish matrices and distribution factors
Mean IOC concentrations in organs and tissues from fish 
sampled at the end of the accumulation phase are pre-
sented in Table 3. The concentrations of IOCs in the indi-
vidual organs during the course of the study are shown 
in Additional file 1 (Figures S8–S16). Distribution factors 
(DFs) express the mean IOC concentrations in the differ-
ent tissues in relation to the average concentrations esti-
mated for the whole fish and are presented in Fig. 2.

The highest DFs were calculated for the GIT with, 
e.g., 12.9 ± 2.90 for TMOA, 10.9 ± 1.77 for tecloftalam, 
10.7 ± 4.05 for TBP, 9.08 ± 1.36 for MEE-phosphonate 
and 7.14 ± 0.711 for PCP followed by the liver with 
4.45 ± 1.30. All other GIT and liver DFs were > 1, and all 
carcass DFs were < 1. Overall, these results indicate an 
even distribution of benzotriazole in the different com-
partments compared to the other IOCs, which were pri-
marily distributed in the GIT followed by the liver and 
only a minor fraction was found in the carcass.
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Fig. 1 IOCs in ‘whole fish’ during the depuration phase; a cationic and b anionic IOCs. Natural logarithm of calculated ‘whole fish’ concentrations in 
mg/kg are presented (not growth corrected). Each data point is based on the results from liver, GIT and carcass data. The depuration rate constant 
was determined from the slope of the linear regression curve

Table 2 α, k2g  [d−1], depuration half-life calculated from k2g  (T1/2) [d],  BMFk and growth-corrected kinetic biomagnification 
factor  (BMFkg) of IOCs in rainbow trout (whole fish) [g/g].

*α-value > 1 indicating incorrect result of calculation of whole fish assimilation efficiency.

TBP TMOA Benzotriazole Tecloftalam PCP MEE-phosphonate

α 0.0155 0.350 2.03* 0.190 0.725 0.931

k2g 0.134 0.151 1.22 2.94 1.76 2.04

T1/2 5.16 4.58 0.571 0.236 0.393 0.340

BMFk 0.00198 0.0404 0.0328 0.00128 0.00821 0.00903

BMFkg 0.00231 0.0463 0.0334 0.00129 0.00822 0.00913

Table 3 IOC concentrations (mg/kg) in fish matrices at the end of uptake phase (day 0)

Tissue TBP TMOA Benzotriazole Tecloftalam PCP MEE-phosphonate

GIT 0.362 ± 0.122 8.23 ± 1.66 0.666 ± 0.59 0.495 ± 0.072 1.34 ± 0.119 2.66 ± 0.355

Liver 0.077 ± 0.038 1.02 ± 0.190 3.27 ± 1.03 0.127 ± 0.030 0.832 ± 0.217 0.481 ± 0.188

Carcass 0.009 ± 0.005 0.086 ± 0.020 1.02 ± 0.363 0.008 ± 0.004 0.074 ± 0.030 0.082 ± 0.044

Whole fish 0.034 0.640 1.029 0.045 0.187 0.293

Fig. 2 Tissue distribution factors (DF) for IOCs in specific tissue at the end of uptake; a cations and b anions. The DF values for the different tissues 
are calculated in relation to the calculated ‘whole fish’ (DF = 1; dotted line)
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Tissue depuration kinetics
The highest growth-corrected depuration rate con-
stant (k2g) in GIT was calculated for tecloftalam 
(2.25  day−1), MEE-phosphonate (2.00  day−1) and PCP 
(1.55  day−1). In liver, high growth-corrected depura-
tion rates were observed for PCP (1.89 day−1) and ben-
zotriazole (1.00  day−1) in contrast to TBP and TMOA 
for which only lower depuration rate constants of 0.224 
and 0.0862  day−1 were calculated. PCP (2.06 day−1), TBP 
(1.95 day−1) and benzotriazole (1.22 day−1) showed dis-
tinct depuration rate constants for carcass. However, a 
minor growth-corrected depuration rate constant was 
calculated for TMOA (0.0557 day−1). No depuration rate 
constants could be calculated for tecloftalam and MEE-
phosphonate for liver and carcass as tissue concentra-
tions during depuration were below LOQ (Table 4).

Estimation of additional bioaccumulation indicators The 
measured  BMFkg values were contrasted to the BCF values 
estimated with the empirical regressions of Fu et al. [8] or 
the rule-based method of Meylan et al. [30] (Table 5). Nota-
bly, the highest BCF value was estimated for tecloftalam, 
for which the lowest BMF was measured.

Discussion
Interpretation of measured BMF
Biomagnification could not be demonstrated for any 
of the IOCs tested in this study. The median of the six 
experimental BMF was 0.0087  g/g, and the highest 
BMF was 0.0463 g/g (TMOA), well below the proposed 
threshold values of 1 and 0.1 g/g. There are several pos-
sible explanations for the low biomagnification of the 
IOCs selected for this study. Two of the compounds, 
tecloftalam and MEE-phosphonate, were only detected 
in the GIT. This is a strong indication for slow or inhib-
ited uptake into the organism. Similarly, TBP has a very 
low α and, therefore, also low BMF in liver, carcass and 

whole fish. However, the median of α-values of the six 
test compounds is at 0.54  g/g and, thus, very similar to 
the median of literature data (0.56 g/g, Additional file 1: 
Table S4). It is also remarkable that for benzotriazole, an 
α-value of 2.03  g/g was derived, which is much higher 
than expected (typically ≤ 1). The calculation of alpha 
is dependent on a good measure of the clearance of a 
chemical that has been taken up. This was not possible 
in the case of benzotriazole due to the few data points 
with detectable concentrations. The LOQ was supposed 
to be too high to allow an extended quantification of the 
substance elimination. The high alpha value should, thus, 
be treated with caution. A second reason for low BMF 
are  the rather high depuration rates (k2) observed for 
tecloftalam, benzotriazole, PCP and MEE-phosphonate, 
i.e., the four acidic compounds. Overall, it can be con-
cluded that the experimental BMF values are low due to 
slow uptake and rapid depuration.

Comparison with literature findings
In comparison to earlier values, the measured BMFs 
are low. The median of the literature BMFs is 0.178 g/g, 
which is 20 times higher than the median  BMFkg of 
the six test substances. The highest BMF values in the 

Table 4 Growth-corrected depuration rate constant (k2g)  [d−1], and depuration half-life  (T1/2) [d] of IOCs in rainbow trout 
compartments if available

GIT Liver Carcass GIT Liver Carcass

TBP TMOA

k2g 0.125 0.202 1.925 0.200 0.0643 0.0338

T1/2 5.53 3.43 0.360 3.46 10.8 20.5

Benzotriazole Tecloftalam

k2g – 0.986 1.20 2.23 – –

T1/2 – 0.703 0.578 0.310 – –

PCP MEE-phosphonate

k2g 1.53 1.87 2.04 1.98 – –

T1/2 0.453 0.371 0.340 0.350 – –

Table 5 Comparison of  estimated BCF-values [L/kg] 
with  experimental BMF  (BMFkg,exp, [g/g]) of  the  test 
substances

Substance BCFFu BCFMeylan BMFkg, exp

TBP 17.9 3.2 0.0023

TMOA 70.7 3.2 0.0463

Benzotriazole 11.5 3.2 0.0333

Tecloftalam 85.6 56.2 0.0013

PCP 46.3 5.6 0.0082

MEE-phosphonate 32.7 5.6 0.0091
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literature were found for perfluorotetradecanoic acid 
and PFOS with kinetic BMF values of 1.00 and 0.42 g/g, 
respectively. The median of the experimental depura-
tion rates is 1.5 d−1, while the median k2 of the literature 
data (strong acids and PCP) is 0.07 d−1. PCP is the only 
test compound for which experimental data are available 
from earlier studies [10, 21, 31]. There, a BMF of 0.22 g/g 
was found, while the BMF obtained from this study is 
0.008 g/g. The main reason for the different result is the 
higher depuration rate k2 (1.76 versus 0.25 d−1 in the ear-
lier study).

Screening parameters for the BMF of IOCs
For the BMF data set collected from literature, the cor-
relation analysis between BMF and screening parameters 
showed a significant correlation for the number of hydro-
gen bond donors (nHBD), but since the value of nHBD 
was either 1 or 2, this result is of limited validity (Addi-
tional file 1: Figure S1a). The next best correlations were 
obtained to the partition coefficient to proteins log  KHS

A > log Dow > TPSA > log Kow, but none of these were sig-
nificant. Comparing the screening parameters with BMF 
values of test substances obtained in this study, none of 
the correlations between the above mentioned screening 
parameters (e.g., MW, nHBD, nHBA, TPSA, RB, log  Dow 
at different pH) and the measured BMF are significant 
(not shown).

Also for the literature BMF data set, no significant cor-
relation was shown between BMF and any of the screen-
ing parameters (Additional file 1: Table S5). Furthermore, 
all three distribution parameters  (KHSA, calculated  BCFFu 
and calculated  BCFMeylan) show a negative but insig-
nificant correlation to the BMF values measured in this 
study (Additional file 1: Figure S1b). The degree of free-
dom of the correlation is very low, due to the low number 
of events (n = 6), explaining the low significance, but a 
negative trend was nonetheless not expected.

Rules for oral uptake of medical drugs
Lipinski et al. [16] presented the ‘rule of 5’, which predicts 
that poor absorption or permeation of orally applied 
drugs is more likely when the compound has more than 
5 HBDs, 10 HBAs, the molecular weight is greater than 
500 g/mol and the log Kow (or log Dow) is greater than 5. 
Of the six test chemicals, none has more than five HBDs 
or > 10 HBA nor molar mass > 500 g/mol nor log Dow > 5 
at neutral pH. Tecloftalam and PCP have, however, 
log  Dow > 5 at pH 3 (which may occur in the GIT). 
Veber et al. [17] did not fully corroborate the findings of 
Lipinksi et al. [16]. Instead they found, using a data set of 
1100 oral studies with rats, that compounds which meet 
only the two criteria of (i) 10 or fewer rotatable bonds 
(RB) and (ii) polar surface area ≤ 140  Å2 or 12 or fewer 

HBDs and HBAs, will have a high probability of good 
oral bioavailability (in the rat). Applied to the experimen-
tal data here, all compounds have a TPSA < 140  Å2, but 
TBP (17 RBs), TMOA (12 RBs) and MEE-phosphonate 
(12 RBs) have more than 10 RBs and would accordingly 
show limited oral bioavailability. Veber et  al. [17] stud-
ied also data sets for the artificial membrane permeation 
rate. Reduced polar surface area correlated better with 
increased permeation rate than did lipophilicity, and 
increased RB number had a negative effect on the per-
meation rate. Taking the criteria of Lipinski and Veber 
together, all compounds tested in this study, apart from 
benzotriazole, violate at least one of the criteria for good 
oral uptake [16, 17]. Summarizing, Lipinski’s ‘rule of 5’ 
did not indicate low oral uptake, but Veber’s rules indi-
cated low oral bioavailability of TBP, TMOA and MEE-
phosphonate but not for the other three compounds. 
However, limited uptake from the GIT was only observed 
for three of the compounds, namely TBP, TMOA and 
tecloftalam, which is likely to be the main reason for the 
low observed BMF.

Evaluation of screening parameters
None of the screening parameters or BCF estimation 
methods was of real value when applied to the experi-
mental results of the six test substances. This can be 
partly explained by the low permeability and low bio-
availability of the test substances in the gut, but was 
obviously mostly caused by rapid elimination from the 
fish, possibly induced by rapid metabolism, e.g., conju-
gation. All ionic compounds have at least one reactive 
group—the charged moiety—and living organisms may 
form conjugates with such compounds [32]. Most of the 
screening parameters target partitioning (K-values, log 
D) or adsorption efficiency (Lipinski parameters), but 
not metabolism. Interestingly, perfluoroalkyl substances 
(PFAS), a compound class where biotransformation is 
absent [33], had the highest literature BMF values, and 
eight of the ten highest BMF values from literature are 
for per- or polyfluorinated compounds (Additional file 1: 
Table  S4). It may be concluded that a single screening 
parameter, that targets partitioning or uptake but is not 
related to metabolism, cannot satisfyingly predict BMF of 
IOCs.

Earlier screening studies for bioaccumulation of IOCs
For neutral compounds, BCF and BMF are related via 
the depuration rate (k2) but such a clear relation lacks for 
ionic compounds [34]. Benchmarking of BMF versus BCF 
may provide useful evidence for the bioaccumulation 
assessment [2]. Nendza et al. [19] screened data sources 
for aquatic bioaccumulation and collected experimental 
and physicochemical data of 998 (training set) plus 181 
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(validation set) compounds. In the training set were six 
bases and seven acids that were classified as “B” (biocon-
centration factor > 2000 L/kg). However, only two of the 
acids in the training set, PFOS and perfluorohexane sul-
fonic acid, both polyfluorinated compounds, were more 
than 10% ionized at neutral pH. None of the bases in the 
training set with B property showed significant ioniza-
tion at test conditions (neutral pH). In the validation set, 
two acids showed B property, namely potassium hepta-
decafluorooctane-1-sulfonate (also a fluoro-compound) 
and PCP, plus two amphoteric compounds. The ioniza-
tion status of the latter is unknown but their log Dow val-
ues indicate little ionization. PCP has a  pKa of 4.6, i.e., it 
depends on the test pH whether it is ionized or not (at 
usual test pH of 7.5 it is), and the sulfonate is a strong 
acid. Summarized, all acids and bases that are labeled B 
in this large dataset are either mostly non-ionized or are 
polyfluorinated sulfonic acids, with the exception of PCP 
which was listed in this data set with an experimental 
BCF value of 4898 L/kg. All compounds in the data set 
of Nendza et al. [19] that showed high bioaccumulation 
were "not readily biodegradable", and there was a strong 
relation between BCF and degradation half time. All 
acids and bases that showed a high BCF had also a high 
log  Dow > 3, but as mentioned, this were non-ionized elec-
trolytes, except the polyfluorinated compounds.

In the BCF fish database of Fu et al. [8], an experimen-
tal BCF value for PCP of only 10 L/kg was listed, which 
is in contradiction to the high BCF value described by 
Nendza et al. [19] but confirming the low BMF observed 
in this study. None of the anions or cations listed by Fu 
et al. [8] showed any bioaccumulation above the criterion 
for B (> 2000). The highest BCF among the acids (n = 74) 
was for tefluthrin, cyhalothrin (both not ionized at test 
pH) and 2,4,5-trichlorophenol (BCF 1800 L/kg,  pKa at 
7.10 and thus about half neutral, half ionized at test con-
ditions). Mostly ionized acids, like 2,3,4,6-tetrachloro-
phenol  (pKa 5.64) or the mentioned PCP had BCF values 
clearly < 2000 L/kg. Similarly, out of the 65 data sets for 
bases, only one named azocyclotin had a BCF > 2000, but 
that compound has a  pKa of 2.74 and is, thus, completely 
non-ionized at neutral pH. Among the mostly ionized 
bases  (pKa > 9), fenpropidin showed the highest experi-
mental BCF with 160 L/kg.

Fu et  al. [8] made correlations between BCF and log 
 Dow. Interestingly, acids with high  pKa (mostly neutral) 
showed an excellent correlation between the two param-
eters (R2 was 0.91), and the regression had high slope 
and low y-axis intercept. Also for mostly neutral bases, 
the correlation of log Dow to BCF was high (R2 was 0.80), 
and like before the slope of the regression line had a high 
slope and a low y-axis intercept. For the mostly ion-
ized acids as well as for the mostly ionized bases, the 

correlation of log Dow to BCF was weak (R2 of 0.34 and 
0.38), the slopes of the regression lines were low and the 
y-axis intercepts high. This clearly shows that log  Dow (or 
log  Kow) is a good predictor for the bioaccumulation of 
the neutral molecule fraction of ionizable substances, but 
a weak predictor (if at all) for the ionized fraction. It also 
shows that if a compound is partly ionized only, the neu-
tral fraction will dominate the BCF. This was confirmed 
by the studies of Rendal et  al. [6, 18], where acids and 
bases in neutral form showed both higher toxicity and 
higher uptake into organisms.

Consequently, Armitage et al. [20] recommend to con-
sider only the neutral fraction for bioaccumulation, if 
ionization is < 90%. These authors also expect that bio-
transformation plays a crucial role for compounds with 
high adsorption. Arnot and Quinn [21] showed for a 
data set with mostly neutral compounds and evaluated 
by a dynamic model that BMF values follow an optimum 
curve, with maximum values of above 10 g/g in the range 
of log  Kow 5–8, but declining BMF values due to growth 
dilution for very highly adsorbing compounds with log 
 Kow > 8. It is likely that such a BMF optimum also could 
be found for ionic compounds, but since the perme-
ability of ions across membranes [23] is generally slower, 
the optimum BMF would be lower than that for neutral 
compounds.

Kierkegaard et  al. [35] determined the tissue distri-
bution of twelve cationic surfactants in rainbow trout 
(Oncorhynchus mykiss) following exposure via water. 
Rainbow trout were exposed for seven days to ten alkyl 
amines with chain length from 9 to 16 C and to two 
quaternary alkylammonium surfactants with 10 and 
14  C-chains. Different fish tissues were analyzed for 
surfactant residues, and the contribution to the body 
burden was calculated. The permanently charged quater-
nary ammonium compounds accumulated mostly in the 
gills, which indicates slow uptake and corroborates our 
findings. The BCF of alkyl amines increased with chain 
length and showed particular high accumulation in the 
liver. Apparent BCF values ranged from 0.1 to 1260 L/kg, 
hence came close but remained below the threshold of 
the B criterion of 2000 L/kg. The authors concluded that 
further studies with longer exposure time and smaller 
fish should be conducted on the bioaccumulative prop-
erties of cationic surfactants [35]. The 16 C alkyl amine 
that showed the highest bioaccumulation potential in 
that study is structurally similar to TMOA, which had the 
highest BMF of the six test substances.

Conclusions
The bioaccumulation of six ionized organic com-
pounds IOCs was tested in an OECD TG  305 dietary 
uptake study. None of the tested IOCs showed distinct 
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biomagnification  (BMFkg < 0.1 g/g) and the highest con-
tent of most IOCs was found in GIT. The low concen-
trations in the other tissues might be explained by the 
absent or limited transport into other tissues, and/or 
by rapid biotransformation. The only exception to that 
was benzotriazole, for which a rapid elimination from 
GIT and transfer into liver and carcass were observed. 
Hence, the hypothesis that IOCs show a higher bioac-
cumulation potential by uptake through the gastroin-
testinal tract (GIT) could not be confirmed. Overall, 
all four anionic substances showed considerably higher 
depuration rate than cationic ones.

The more than twenty screening parameters showed 
no particular high correlation neither to the test results 
nor to the BMF values collected from literature. The 
results of this study point towards uptake and elimina-
tion kinetics as being  decisive for the dietary BMF of 
the investigated IOCs. The tissue analysis indicated that 
the low BMF of the investigated organic cations was 
due to slow uptake from GIT into blood. This was also 
seen for some of the organic anions, but for those, the 
main reason for low BMF was rapid elimination, i.e., a 
high depuration rate. Hence, screening parameters pri-
marily predicting adsorption, like log  Kow, log  Dow, or 
the log  KHSA, may not be well suited to indicate high 
biomagnification following dietary uptake.

The results of our study are not in contradiction 
to earlier findings that ionization usually lowers the 
tendency of a chemical to bioaccumulate, compared 
to non-ionized chemicals [7, 18]. In addition to the 
increase in polarity caused by ionization, fast depura-
tion seems to be a major reason for the observed low 
biomagnification of ionic compounds, in particular for 
the anions studied. Fast depuration may happen due to 
rapid metabolism of charged compounds, and future 
studies should test this hypothesis.
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