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xposure and bioconcentration in
fish be affected by slow binding kinetics in blood?†

Sophia Krause *a and Kai-Uwe Goss ab

The possible implications of slow binding kinetics on respiratory uptake, bioconcentration and exposure of

chemicals were evaluated in the present study. Most physiological and chemical information needed for

such an evaluation is already known from the literature or can be estimated. However, data for binding

kinetics of chemicals in fish plasma have not been reported in the literature yet. In the first part of this

study, we therefore experimentally investigated the plasma binding kinetics for ten chemicals, including

pollutants like polycyclic aromatic hydrocarbons and a pesticide. The determined desorption rate

constants were in the range of 0.4 s�1 to 0.1 s�1. In the second part of this study, we present

a comparative modeling analysis of generic predictions with binding kinetics of different velocities. For

doing so, a model that explicitly represents binding kinetics in blood was developed and applied for

different hypothetical scenarios. The evaluation showed that slow sorption kinetics only limits respiratory

uptake and thus influences the levels of bioaccumulation for extreme and, by that, rather unlikely

parameter combinations (i.e. for strongly sorbing chemicals with very slow binding kinetics). It can

therefore be assumed that limitations on respiratory uptake due to slow binding kinetics in blood are

rather unlikely for most chemicals.
Environmental signicance

Predicting bioaccumulation or exposure in sh is increasingly becoming a promising alternative to animal testing. In this study, we investigate the impact of
binding kinetics in blood on branchial uptake in sh because accurate representation of uptake is essential for such predictions. Slow binding kinetics in gill
blood could result in the blood not being able to fully utilize its transport capacity for the chemical, resulting in less chemical reaching the periphery of the
organism. We experimentally determined rate constants for plasma binding kinetics for a set of chemicals and developed a mathematical model for evaluation
of the impact of binding kinetics. The analysis shows that limiting effects due to slow binding kinetics appear unlikely for most chemicals.
Introduction

The use of predictive models for screening or assessment of
chemicals regarding their bioaccumulation potential is regar-
ded as a promising approach to reduce the use of animal
testing. Particularly the prediction of bioconcentration factors
(BCFs) has recently been subject of various studies1–5 because
the BCF is an accepted regulatory criterion. One important
aspect for the predictive performance of such models is the
consideration of elimination via biotransformation. For
obtaining reliable estimates of biotransformation kinetics, so-
called in vitro biotransformation assays were developed and
rened in recent years, and nally two OECD test guidelines on
Research, Department of Analytical
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tion (ESI) available. See DOI:

of Chemistry 2021
this topic have been published.6,7 The so determined in vitro rate
constants are then mathematically converted into correspond-
ing in vivo rate constants that can be used in BCF prediction
models. Another important aspect for an accurate prediction of
BCFs is the appropriate representation of chemical uptake. The
importance of accurate uptake estimates has led to the devel-
opment of plenty of methods for estimating uptake rate
constants. A comprehensive overview of existing methods for
estimation of respiratory uptake rate constants is provided by
Brooke et al.8 In their study, Brooke et al. concluded that it is
difficult to recommend one specic method for prediction of
respiratory uptake because several methods showed similar
performance. However, even the “best” performing methods
showed notable uncertainty (standard deviations of about 0.5
log-units), making the estimation of respiratory uptake a major
source of uncertainty in BCF prediction. In general, the respi-
ratory uptake rate depends on ventilation, permeation of the
chemical into gill blood and the capacity of the gill blood to
transport the chemical into the body. When present in blood,
most of the chemicals tend to bind to blood components like
proteins and lipids; especially for hydrophobic chemicals where
Environ. Sci.: Processes Impacts
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the freely dissolved chemical fraction in blood is usually small.
Commonly, it is assumed that binding of the chemical to blood
components is an instantaneous process. However, if the
assumption of instantaneous binding was incorrect and sorp-
tion kinetics was slow, this could have consequences for the
transport capacity of the blood and subsequent processes in the
organism. Especially in the pharmaceutical literature, different
experimental approaches have been developed for investigation
of binding kinetics9–12 and the topic has already gained much
attention with a strong focus on potential implications of slow
binding kinetics for drug elimination and distribution within
the body.13–18 In general, these studies demonstrate that, in
most cases, binding kinetics is faster than the subsequent
pharmacokinetic processes so that limitations of drug elimi-
nation or distribution due to slow binding kinetics can be
regarded as unlikely. However, analogous to the potential
effects on chemical elimination and distribution, slow binding
kinetics could also affect chemical uptake. To our knowledge,
this topic has not yet been systematically evaluated. In this
study, we want to focus on potential effects of slow binding
kinetics on respiratory uptake in sh. For the scenario of
respiratory uptake in sh, slow binding kinetics in blood would
mean that the blood could not exploit its full capacity to
transport the chemical from the gills into the periphery and
thus could not keep up a high chemical gradient between
ventilated water and gill tissue. As a consequence, less chemical
could be taken up into the gills and one would expect lower
chemical concentrations in the organism compared to
a scenario with instantaneous binding in blood. By this, slow
binding kinetics could lead to lower levels of bioaccumulation
in the organism. The question whether and to what extent these
effects occur for realistic parameter combinations is what we
want to discuss in this study.

For this purpose, we combine experimental data on binding
kinetics in sh plasma with suitable modeling approaches to
evaluate the implications of slow binding kinetics on respira-
tory uptake of chemicals in sh. To investigate how fast binding
kinetics in plasma is, the desorption kinetics of a set of organic
chemicals (including polycyclic aromatic hydrocarbons and
substituted benzenes) was determined experimentally using
a recently described method.19 This method for experimental
determination of desorption rate constants involves the time-
resolved extraction of the test chemicals from rainbow trout
plasma. The use of plasma instead of whole blood in the
experiments is due to the better handling and with regard to
partitioning, plasma is generally considered a suitable surro-
gate for whole blood.20 However, we cannot completely exclude
the possibility that kinetics of specic sorption processes to
individual components of whole blood may differ from those to
plasma components. Combination of the determined desorp-
tion rate constants with the corresponding equilibrium
constants for plasma binding of the chemicals allows for deri-
vation of the rate constants for the reverse process (i.e. for
sorption to the plasma components). The derived kinetic
information is then used to assess whether binding kinetics in
plasma limits respiratory uptake of chemicals. For the quanti-
tative evaluation of the impact of binding kinetics on
Environ. Sci.: Processes Impacts
respiratory uptake of chemicals, a model structure that incor-
porates binding kinetics in blood was developed and compared
with a simpler model that assumes instantaneous binding
equilibrium. We apply the model for different parameter
combinations to gain a general mechanistic understanding of
the inuence of binding kinetics on chemical uptake and
bioaccumulation.

For clarity, we want to start with some – oen misinterpreted
– theories and concepts that are frequently brought up in
discussions on the exchange kinetics between blood and
neighboring compartments. For example, the idea oen arises
that the bound fraction of a chemical could also be available for
uptake into eliminating tissues or for uptake by degrading
enzymes in contrast to the otherwise accepted paradigm that
only the freely dissolved fraction of a chemical is relevant. Some
authors thus insinuate that the actual available amount of
chemical may be greater than conceptually represented in the
models that refer to the unbound fraction.21–23 In fact, however,
theoretical considerations show that models which refer to
freely dissolved chemical concentrations already reect the
availability of the bound fraction. If instantaneous sorption in
blood is assumed, this conceptually means that free molecules
removed from the blood are immediately replaced by molecules
from the bound state. It does not matter whether one assumes
that freely dissolved chemical is taken up or whether a direct
uptake of bound chemical (i.e. without the chemical tran-
sitioning into the freely dissolved state) is also possible. By
assuming instantaneous equilibrium between free and bound
chemical, the underlying information is redundant. Thus, it is
conceptually irrelevant whether one refers to the freely dis-
solved fraction when quantifying elimination (which is the
typical approach) or whether one refers to the bound fraction.
Thought through consistently, both approaches (no matter
which reference is used) lead to the same result in the end. The
only exception are models that assume the bound fraction to be
irreversibly bound and, by this, not available for uptake under
any circumstances.

Another reasoning suggests that protein facilitated transport
of the bound chemical could enhance chemical uptake,21,23,24

e.g. the uptake from blood into biotransforming tissues like the
liver. Facilitated transport is therefore sometimes suggested as
an explanation for why in vitro-based predictions underestimate
in vivo biotransformation. Various studies have shown that the
phenomenon of facilitated transport can indeed increase
uptake or exchange rate of a chemical between two phases.25–27 A
prerequisite for this effect, however, is that the exchange of the
freely dissolved chemical has been kinetically limited in the rst
place.27,28 Exactly this point does not apply to the classical
models of chemical elimination, such as those used e.g. for in
vitro–in vivo extrapolation of hepatic biotransformation data.
These models3,29 make the simplifying assumption that the
exchange of the chemical between blood and eliminating tissue
is instantaneous. Facilitated transport as an explanation why
these models underestimate hepatic elimination is thus not
applicable, because no process can become faster than
instantaneous.
This journal is © The Royal Society of Chemistry 2021
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Thus, on the subject of sorption in blood, arguments are
sometimes put forward for observed discrepancies between
model-based BCF predictions and in vivo measurements that
are not consistent with the actual concepts/models applied.20,30

The model applied here takes into account a kinetic limitation
between bound and unbound chemical in blood, but does not
represent any further kinetic limitation for the permeation of
the chemical into surrounding tissues, such as slow membrane
permeability. Consequently, free molecules removed from the
blood are replaced bymolecules from the bound state according
to the prevailing kinetics but acceleration of chemical uptake
from blood into tissues due to facilitated transport does not
apply here, because this exchange process is a priori assumed to
be instantaneous.
Methods
Experiments for determination of desorption kinetics

For determination of desorption kinetics, time-resolved
extractions of the test chemicals (see Table 1) from diluted
rainbow trout plasma were performed as described elsewhere.19

In short, 200 mL of the plasma solution spiked with test chem-
ical were pumped through a PDMS coated capillary with dened
ow rates (24–0.2 mL h�1) using a syringe pump (VIT-FIT
syringe pump, Lambda Laboratory Instruments). Rainbow
trout plasma was provided from the Toxicology Centre of the
University of Saskatchewan and a protein content of 21.5 mg
mL�1 was given for undiluted plasma. Depending on the esti-
mated partition behavior of the test chemicals (see ESI Section
1† for details on the estimation of the required partition coef-
cients), different dilution factors for the plasma were chosen
to ensure (a) a high bound fraction of the chemical in the
plasma solution and (b) a sufficient capacity of the PDMS for
nearly complete extraction of the chemical from the plasma
solution in the capillary. For each test chemical, the experiment
was performed twice using differently diluted plasma solutions
(used plasma dilutions for each chemical see ESI Section 1†).
The purpose of this procedure is to conrm the determined rate
constants because the kinetics should be independent from the
used plasma concentration. For dilution of the plasma, Cort-
land's saline (124 mM NaCl, 5.1 mM KCl, 3.0 mM NaH2PO4-
$H2O, 11.9 mM NaHCO3, 0.94 mM MgSO4$7H2O, 1.6 mM
Table 1 Summary of the determined desorption and sorption rate consta
sorbing plasma components and water (Ksorbcomp/w)

Test chemical log KOW [L L�1] kdes [s
�1]

Phenanthrene 4.4 0.3
n-Propylbenzene 3.7 0.2
1,8-Dibromooctane 4.8 0.2
1,2,3,4-Tetrachlorobenzene 4.6 0.4
Di-n-pentylether 4.3 0.15
n-Hexylbenzene 5.3 0.1
Chlorpyrifos 5.2 0.1
1,4-Dibromobenzene 3.8 0.3
Pyrene 4.6 0.15
1,2,4-Trichlorobenzene 4.1 0.2

This journal is © The Royal Society of Chemistry 2021
CaCl2$2H2O, 10 mM HEPES, pH 7.8) was used. Stock solutions
of the chemicals were prepared in methanol or in isopropanol
and spiked into the diluted plasma (used chemical concentra-
tions see ESI Section 1†). The solvent content in the nal plasma
solution did not exceed 0.5 v/v%. For equilibration, the spiked
plasma solutions were incubated on a roller mixer over night at
11 �C.

The PDMS coated capillary used in the experiments was
purchased from Quadrex Corporation (007-1, inner diameter
0.25 mm, layer 8 mm of 100% polydimethylsiloxane). A PDMS
coated ber (Polymicro Technologies Inc., diameter of the glass
core 0.123 mm, layer 30 mm of 100% polydimethylsiloxane) was
inserted into the capillary to further increase the PDMS sorption
capacity and reduce the diffusion path lengths inside the
capillary. Pieces of 20 cm length of capillary and ber were used
for the experiments. Aer passage through the capillary, the
capillary effluent was collected and extracted under gentle
shaking for 3 min with 1 mL cyclohexane for concentration
determination. To compare the determined concentrations
with the initial concentrations, samples of the original spiked
plasma solution (not pumped through the capillary) were also
extracted with cyclohexane in the same manner. Extraction
efficiency for each chemical was calculated based on the
chemicals' physico-chemical properties and was >99% for all
test chemicals. The concentration determination was per-
formed via GC-MS (7890A/5975C, Agilent Technologies, injec-
tion in cold splitless mode, separation with an HP-5MS column
from Agilent Technologies).

Data evaluation of the desorption experiments

The concentrations of the test chemical in the capillary effluent
relative to the initial concentrations were plotted over the cor-
responding residence times inside the capillary to yield
concentration–time-proles. The desorption rate constants of
the chemicals were determined from these concentration–time-
prole via tting a transport model that considers convection
and dispersion as well as the partitioning kinetics between
sorbing components of plasma and PDMS. For a detailed
description of the transport model we refer to a recently pub-
lished paper using the same experimental method and data
analysis procedure for determining the desorption kinetics
from albumin.19 In order to adapt the transport model for the
nt (kdes and ksorb) and the corresponding partition coefficients between

ksorb [LW Lsorbcomp
�1 s�1] log Ksorbcomp/w tted [L L�1]

1699 3.75
40 2.30

1133 3.75
1412 3.55

75 2.70
600 3.78
400 3.60
165 2.74

1800 4.08
80 2.60

Environ. Sci.: Processes Impacts
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here performed experiments with plasma, the albumin
compartment of the original model19 was replaced by
a compartment, which represents the total of all sorbing plasma
components. Thus, the heterogeneous individual components
of the plasma (e.g. different proteins or lipoproteins) were
combined to a single joint compartment. As mentioned above,
the partitioning constants of the chemicals towards this
compartment were estimated using the approach presented by
Endo et al.31 (see ESI Section 1†) and adjusted based on the
generated concentration–time proles. Adjustment of the
partition coefficients based on the two generated concentra-
tion–time proles for each chemical (differing in the used
plasma dilution) is possible because the results for the shortest
and longest residences inside the capillary are governed by the
partition properties.19 It is not surprising that these adjust-
ments are necessary considering the fact that the data used to
estimate the partition coefficients are not sh derived, e.g. for
partitioning into the trout plasma proteins the partitioning to
bovine albumin was used as surrogate.
Modeling approaches for quantitative evaluation of the
impact of binding kinetics

To investigate the inuence of binding kinetics in gill blood on
chemical uptake, two steady-state models are developed for
a sh living under constant exposure to contaminated water but
eating uncontaminated food. One model represents a scenario
with binding kinetics in blood, the other model represents
a scenario with instantaneous chemical equilibrium in blood
between the bound state (at transport proteins or lipids) and the
freely dissolved state and is illustrated in Fig. 1.

The model that considers binding kinetics in blood addi-
tionally distinguishes bound and freely dissolved chemical in
the blood compartments; a detailed illustration of this model
can be found in ESI Section 2b.† Both steady-state models
represent uptake and elimination of the chemical via ventila-
tion and transport of the chemical into the periphery of the
organism with blood ow. Additionally, elimination of the
chemical in the periphery, e.g. via fecal egestion or hepatic
biotransformation, is also represented in both models. Both
models rely on individual mass balances for the represented
Fig. 1 Schematic overview of the modelled processes. Illustrated is th
uptake, elimination and exchange via blood flow are modelled as kinetic
between periphery and peripheral blood is assumed.

Environ. Sci.: Processes Impacts
compartments (see ESI Section 2†). Both models are expressed
as linear systems of equations and solved in MS Excel using
matrix functions (MMULT, MINV) for steady state. As a result,
the steady-state concentrations of the chemical in the ventilated
water owing out of the gills, in blood owing out of the gills
and into the gills and in the periphery of the sh are calculated.

For quantication of the impact of sorption kinetics, we use
the resulting steady-state concentrations to calculate uptake
efficiency (Euptake), elimination efficiency (Eelimination) and bio-
concentration factor (BCF) as a measure of bioaccumulation.
The steady-state uptake efficiency Euptake describes to which
extent a chemical is taken up from the respirated water and is
calculated from the steady-state concentrations of the chemical
in the respired water owing into and out of the gills, CW,in and
CW,out:

Euptakeh
CW;in � CW;out

CW;in

(1)

The steady-state elimination efficiency Eelimination in contrast
describes to which extent a chemical is removed from blood due
to elimination in the periphery (e.g. via biotransformation). The
elimination efficiencies for freely dissolved chemical and bound
chemical in blood have to be calculated separately using the
corresponding steady-state concentrations in blood (Cblood-free

and Cblood-bound) owing into and out of the periphery.

Efree
eliminationh

Cblood-free;gills � Cblood-free;periphery

Cblood-free;gills

(2)

Ebound
eliminationh

Cblood-bound;gills � Cblood-bound;periphery

Cblood-bound;gills

(3)

These two elimination efficiencies can then be combined to
yield the total elimination efficiency considering sorption
kinetics in blood:

Etotal
elimination ¼ funbound � Efree

elimination + fbound � Ebound
elimination (4)

The BCF is calculated by combining the steady-state
concentrations in the different body compartments (Cgills,
e model that assumes instantaneous equilibrium in blood. Chemical
processes; instantaneous equilibrium between gills and gill blood and

This journal is © The Royal Society of Chemistry 2021
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Cperiphery, Cblood,periphery, Cblood,gills) with the corresponding
volume information to derive the steady-state whole-body
concentration (see ESI Section 2† for details).
Fig. 2 Extraction of 1,8-dibromooctane from plasma. Different
plasma dilutions are indicated as diamonds (25� dilution) and dots
(100� dilution). Shown are mean values of duplicates, standard devi-
ations are indicated as error bars. In cases where error bars are invis-
ible, they are covered by the symbols. Corresponding fits with
desorption rate constants kdes ¼ 0.2 s�1 are indicated as crosses with
interpolated lines between the calculated data points.

BCF ¼
�
CgillsV gills þ CperipheryVperiphery þ Cblood;gillsVblood;gills þ Cblood;peripheryVblood;periphery

��
Vbody

CW;in

(5)
Input data required for model application

By default, a 10 g rainbow trout with 5% body fat at 15 �C was
modelled. For application of the developed models, physiolog-
ical data (e.g. blood ow rates, ventilation rate, composition of
gill tissue, blood and the rest of the organism) are required. The
used parameter values are described in ESI Section 3.†

Furthermore, partition coefficients for chemical partitioning
into gills, periphery and within blood are required. We here use
simple approaches based on the octanol–water partition coef-
cient KOW for estimation of these partition coefficients because
it generates a better general intuitive understanding about how
hydrophobicity affects the outcome of the model results. We
note that a more precise way for estimating tissue partition
coefficients is based on the pp-LFER approach31 but this
approach is only applicable to cases of actual chemicals and, by
that, not suitable for a generic analysis. The partition coeffi-
cients for the different tissues are calculated based on log KOW

analogous to the approach from Saunders et al.:32

Ktissue/water ¼ lipidtissue � KOW + proteintissue
� 0.05 � KOW + watertissue (6)

In this equation, proteintissue is the protein content of the
tissue of interest (as volume fraction mL mL�1), lipidtissue is the
lipid content of the tissue of interest (as volume fraction) and
watertissue the water content of the tissue of interest (composi-
tion data is presented in ESI Section 3†).

The uptake kinetics of chemicals from the respiration water
into the blood was estimated via their respective permeabilities.
It was assumed that a barrier consisting of aqueous boundary
layers (ABL), mucus, cell membranes and cytosol must be
overcome for uptake into the blood. Separate permeabilities
were calculated for each of the individual layers of this barrier,
which were then used to estimate the total permeability (Pgills)
in the gills. A detailed description of the used parameters values
and equations for estimating the permeability is also provided
in ESI Section 3.†

Results & discussion
Experimental dataset on sorption kinetics in plasma

The desorption experiments yield concentration–time proles
showing the test chemical concentration aer passage through
the capillary relative to the initial concentration. These
concentration–time proles result from the chemical being
extracted from the plasma solution into the PDMS as soon as
the chemical desorbs from the binding components of plasma
This journal is © The Royal Society of Chemistry 2021
during passage through the capillary. By this, the concentra-
tion–time proles allow the determination of desorption rate
constants via tting. As an example the data for extraction of
1,8-dibromooctane from 25� and 100� fold diluted plasma is
shown in Fig. 2. Plotted are average values of duplicates and
standard deviations are indicated as error bars. Fig. 2 shows
that for both plasma dilutions the concentration of 1,8-dibro-
mooctane was almost zero aer 30 s or 60 s residence time
inside the capillary, respectively. The generated data were
modeled with the developed transport model and a desorption
rate constant of 0.2 s�1 was determined.

The determined desorption rate constants for all tested
chemicals are summarized in Table 1. The corresponding
sorption rate constants can be determined from the equilib-
rium constant and the determined desorption rate constant
without the need for further experiments (see ESI Section 4†)
and are also included in Table 1.

All determined desorption rate constants are in a range of 0.1
s�1 to 0.4 s�1. By that, the here determined desorption rate
constants are at the lower end of the range of desorption rate
constants measured with the same method for bovine albumin
(0.2–1.8 s�1).19 The desorption rate constants for albumin varied
up to one order of magnitude and were directly related to
molecular weight of the chemicals: the desorption rate
constants for rainbow trout plasma constituents seem to be
located within a narrow range without any clear correlation to
molecular properties of the sorbing chemicals. The reason for
this could be the following: different from the situation with
albumin, the sorbing components in plasma are not a homo-
geneous sorption phase but a mixture of different proteins and
lipoproteins. Accordingly, the different sorption processes
Environ. Sci.: Processes Impacts
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could have different kinetics. In the used data analysis proce-
dure, however, these different sorption processes are not
resolved but a single joint kinetics is tted because resolution of
all involved sorption processes is not feasible.
Modeled impacts of sorption kinetics in blood on uptake,
elimination and BCF

We calculated the uptake efficiency, elimination efficiency and
the BCF with the model considering sorption kinetics in blood
for varying sorption rate constants. The evaluated range of
sorption rate constants was not limited to the experimentally
determined values, but a much greater theoretical range was
evaluated to elaborate general effects. Furthermore, we repre-
sent different scenarios in terms of chemical hydrophobicity
and elimination via biotransformation kinetics by varying
assumed log KOW and biotransformation rate constants
(biotransformation is assumed to occur only in the periphery,
not in gills or blood). The purpose of these simulations is to
gain a basic mechanistic understanding of the underlying
processes. These simulations represent various general
scenarios and are not substance-specic calculations, we thus
do not provide conclusions on model uncertainty for specic
chemicals.

In Fig. 3, we exemplarily show the modeled effects of slow
sorption kinetics for a scenario of a chemical with a log KOW ¼ 6
and a whole-body elimination rate constant k2 of 4 d�1. This
whole-body elimination rate constant was estimated from an in
vitro biotransformation rate constant of 10 h�1 using a recently
published in vitro–in vivo extrapolation tool.1 Given the typical
range of in vitro biotransformation rate constants,33 a value of
Fig. 3 Change in uptake efficiency (Euptake), elimination efficiency
(Eelimination) and bioconcentration factor (BCF) for a scenario of
a chemical with a log KOW ¼ 6 and a whole-body elimination rate
constant of 4 d�1 depending on the sorption kinetics in blood.

Environ. Sci.: Processes Impacts
10 h�1 already represents a scenario of fast biotransformation.
Thus, limitations are already more likely for this scenario than
for other scenarios with slower elimination, because limitations
by slow binding kinetics become strongest when the other
kinetic processes are fast compared to the binding kinetics.

Fig. 3 shows that for sorption rate constants higher than
10 000 LW Lsorbcomp

�1 s�1 there are no effects on uptake and
elimination efficiency and thus neither on the BCF. In a range of
sorption rate constants between 10 000 LW Lsorbcomp

�1 s�1 and
100 LW Lsorbcomp

�1 s�1, a strong decrease in elimination effi-
ciency is observed (by one order of magnitude). The reason for
this is that slow binding kinetics limit the delivery of the
chemical into the eliminating tissues in the periphery of the
organism, because bound chemical must rst desorb into the
freely dissolved state before it can permeate into the elimi-
nating tissues. A decreased elimination can lead to higher BCF
values because the chemical is less efficiently cleared. Fig. 3,
however, shows that the BCF changes only slightly (fromz70 to
z150 L kg�1) for this range of sorption rate constants. The
uptake efficiency remains nearly unchanged in the range of
sorption rate constants between 10 000 LW Lsorbcomp

�1 s�1 and
100 LW Lsorbcomp

�1 s�1.
For sorption rate constants smaller than 100 LW Lsorbcomp

�1

s�1, the elimination efficiency declines further. In addition,
there are now also effects on uptake efficiency and BCF: the
uptake efficiency shows a decrease from z0.8 to z0.2 for
slower sorption rate constants, while the BCF increases up to
z1500 L kg�1 for slower sorption kinetics. The uptake effi-
ciency of the chemical decreases because the onward transport
of the chemical into the rest of the body is limited when sorp-
tion of the chemical to the binding components of blood (lipids,
proteins) is slow. The chemical then accumulates in the gill
tissue which leads to a decreasing chemical gradient between
gill tissue and ventilated water and thus the uptake efficiency
reduces. The fact that the increase in BCF occurs simulta-
neously to the decrease in uptake efficiency does not seem
plausible at rst, because one would expect that a lower uptake
leads to decreased BCF values. The steady-state concentration
Fig. 4 Change in the steady-state concentrations in gills and rest body
(Cgills and Crest) for a scenario of a chemical with a log KOW ¼ 6 and
a whole-body elimination rate constant of 4 d�1 depending on sorp-
tion kinetics in blood.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Calculation of the uptake efficiency (Euptake) and bio-
concentration factor (BCF) in dependency of the partition coefficient
between sorbing plasma components and water Ksorbcomp/w (L L�1)
and the sorption rate constant ksorb (LW Lsorbcomp

�1 s�1).

Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 0
8 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
by

 H
el

m
ho

ltz
 Z

en
tr

um
 M

ue
nc

he
n 

 Z
en

tr
al

bi
bl

io
th

ek
 o

n 
4/

16
/2

02
1 

4:
00

:4
4 

PM
. 

View Article Online
in the rest of the body Crest (Fig. 4) does indeed show that Crest

decreases as soon as the uptake efficiency decreases, so there is
less chemical in the rest body. The steady-state concentration in
the gills (Cgills), however, shows a strong increase as soon as the
uptake efficiency decreases indicating that the chemical accu-
mulates strongly in the gills (Fig. 4). The resulting concentration
increase in the gills is so extreme that it causes the observed
increase of the BCF. Note that if (contrary to what is assumed
here) signicant biotransformation occurred in the gills, such
an increase in concentration would not be observed in the gills.

Apart from the potential implications for bioaccumulation,
the above results could also be of relevance for toxicity assess-
ments, in vitro–in vivo extrapolation of toxicity information or
exposure modelling. Fig. 4 shows that for slow sorption kinetics
the chemical concentration in the gills increases dramatically. A
model neglecting sorption kinetics could not predict these high
chemical concentrations in gill tissue. Accordingly, neglecting
sorption kinetics could erroneously lead to the indication that
the concentration is not high enough to cause toxic effects while
in fact the concentration could be far above the threshold for
toxicity in specic organs.

The effects described above also occur in scenarios with
other elimination rate constants, but the numerical values are
shied. For example, in case one arbitrarily assumes a tenfold
slower whole-body elimination rate constant of 0.4 d�1 (data
shown in ESI Section 5†), there still is a decrease in elimination
and uptake efficiency for slower sorption rate constant leading
to increasing BCF values. However, while for the above example
with a whole-body elimination rate constant of 4 d�1 Eelimination

decreases up to 3 orders of magnitude and the BCF increases by
more than one order of magnitude for slow sorption rate
constants, the effects are smaller for a scenario with a whole-
body elimination rate constant of 0.4 d�1: Eelimination reduces
up to two orders of magnitude and the BCF increases only by
factor 2–3 (Table 2). The reason for these observations is the fact
that a potential limitation due to slow binding kinetics in blood
becomes most relevant when subsequent processes (e.g. elimi-
nation) are fast compared to the binding kinetics.

For scenarios with log KOW values other than 6 analogous
effects can be observed, however, the impact of sorption
kinetics decreases with decreasing log KOW. Less hydrophobic
chemicals have a lower tendency to bind to blood components
and thus the impact of sorption kinetics also becomes less
important. Fig. 5 illustrates the relation between sorption rate
constant, partition coefficient and either uptake efficiency
(Fig. 5 upper panel) or BCF (Fig. 5 lower panel), respectively.
Table 2 Change of elimination efficiency (Eelimination) and bioconcentra
assumed whole-body elimination rate constants

Resulting effect

Who

4 d�1

Reduction of Eelimination Up to 3 orders of magnitude (from 0.1 to 0
Increase of BCF >One order of magnitude (from 70 L kg�1 t

This journal is © The Royal Society of Chemistry 2021
Fig. 5 shows that the less hydrophobic a chemical is, the
smaller is the impact of sorption kinetics on uptake efficiency
and BCF: for a chemical with a log Ksorbingcomonents/water ¼ 5 LW
Lsorbcomp

�1, the uptake efficiency reduces fromz0.8 toz0.2 for
the here evaluated range of ksorb, while the uptake efficiency for
a chemical with log Ksorbingcomonents/water ¼ 2 LW Lsorbcomp

�1

changes only slightly from z0.2 to z0.1 for the same range of
ksorb. The same can be observed for the BCF; the BCF for
a chemical with a log Ksorbingcomponents/water ¼ 5 changes notably
for the evaluated ksorb range while the BCF for a chemical with
a log Ksorbingcomponents/water ¼ 2 remains nearly constant. The
explanation for this observation is that for less hydrophobic
chemicals only a small proportion of chemical in the blood
actually binds to the sorbing components and thus the sorption
kinetics cannot have a great inuence. The corresponding
graph for elimination efficiency shows analogous effects and
can be found in ESI Section 6.†

Considering both, the determined sorption rate constants
and the sorbing plasma components–water partition coeffi-
cients, one now can evaluate whether a signicant limitation of
uptake or elimination due to sorption kinetics is to be expected
tion factor (BCF) for slow sorption rate constants depending on the

le-body elimination rate constant

0.4 d�1

.0001) Up to 2 orders of magnitude (from 0.01 to 0.0001)
o 1500 L kg�1) By factor 2–3 (from 700 L kg�1 to 1600 L kg�1)
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for the above test chemicals. The slowest sorption rate
constants were derived for n-propylbenzene, di-n-pentylether
and 1,2,4-trichlorobenzene (Table 1). At the same time,
however, the sorbing blood components–water partition coef-
cients for these chemicals are in the low range (log K ¼ 2–3,
Table 1), so that for none of the test chemicals a signicant
limitation of uptake or elimination due to sorption kinetics is to
be expected (Fig. 5). Considering all relevant factors, i.e. the
sorption rate constant, the sorbing blood components-water
partition coefficient and the biotransformation kinetics, it can
be concluded from the modeling results that for most chem-
icals signicant limitations due to slow binding kinetics appear
unlikely.
Conclusion

The derived experimental dataset on binding kinetics in plasma
shows that the sorption rate constants for the investigated test
chemicals are fast enough to prevent any limitations. The
generic modeling analysis further indicates that this result
seems to be valid for most chemicals. Only for extreme
parameter combinations in terms of chemical hydrophobicity
and assumed rate constants for plasma binding, respiratory
uptake of chemicals is limited due to slow binding kinetics. In
these cases, the chemical then accumulates in the gills leading
to increasing BCF values.

In general, however, limitation of uptake or other modeling
related aspects (e.g. consideration of the potential rst-pass
effects in sh gills1) seem to be unlikely explanations for
potential discrepancies between experimental and predicted
BCF. In our opinion, it is more likely that explanations for such
discrepancies could lie on the part of the in vitro methods used
to determine biotransformation kinetics. For example, one
particularly relevant aspect could be enzyme induction: induc-
tion of biotransformation enzymes in the living animal over the
duration of a BCF study is a factor that cannot be represented in
in vitro assays lasting only a few hours. If signicant enzyme
induction occurs in vivo, the in vitro assays would underestimate
the actual biotransformation and predictions using this
biotransformation information would thus overestimate
bioaccumulation.
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