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Abstract

A wide range of studies have characterized diffetgoes of biosorbent, with regards to their
interactions with chemicals. This has resultechis development of poly-parameter linear free
energy relationships (pp-LFER) for the estimatidpartitioning of neutral organic compounds
to biological phases (e.g., storage lipids, phobpigs and serum albumins). The aims of this
study were to explore and evaluate the influencenplementing pp-LFERs both into a one-
compartment fish model and a multi-compartment phygically based toxicokinetic (PBTK)
fish model and the associated implications for dobahrisk assessment. For this purpose, fish
was used as reference biota, due to their impor@let in aquatic food chains and dietary
exposure to humans. The bioconcentration factorH|Bflas utilized as the evaluation metric.
Overall, our results indicated that models incoatiog pp-LFERs (B=0.75) slightly
outperformed the single parameter (sp) LFERs agpraathe one-compartmental fish model
(R*=0.72). A pronounced enhancement was achieveddimpounds with log Ky between 4
and 5 with increased “Rfrom 0.52 to 0.71. The little improvement was aaliy the
overestimation of lipid contribution and underestiian of protein contribution by sp-approach,
which cancel each other out. Meanwhile, a greatgrovement was observed for multi-
compartmental PBTK models with consideration of abetism, making all predictions fall
within a factor of 10 compared with measured data.screening purposes, thgyWbased (sp-
LFERSs) approach should be sufficient to quantify thain partitioning characteristics. Further
developments are required for the consideratiomization and more accurate quantification

of biotransformation in biota.
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Graphical abstract
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Highlights

Incorporating pp-LFERs approach into fish modelltesl in greater improvement in the
PBTK fish model than that in one-compartment fisbded.
* Sp-LFERs approach overestimated the lipid contigibutand underestimated protein

contribution to the total partition between fistdamater, which cancelled out each other.
» Large uncertainties are caused by quantificatiomafansformation.
* Uncertainties in screening assessments are langer differences between the pp-LFER

and sp-LFER models.
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1 Introduction

Bioaccumulation in aquatic species is a criticalgmint in the regulatory assessment required
by authorities, such as the European Chemical AgdiiCHA) and the United States
Environmental Protection Agency (Gobas et al., 200he widely used assessment metric is
the bioconcentration factor (BCF), which assesBestoaccumulative potential of a chemical
to biota through constant aqueous exposure unddkcoamrolled laboratory conditions
(Mackay et al., 2013). One principle of the Registon, Evaluation, Authorization and
Restriction of Chemicals (REACH) regulation is thedting of chemicals on animals should be
a last choice (Van der Jagt et al., 2004; Parliaraad Union, 2006; Laue et al., 2014). Much
effort has been devoted to developing predictivalei® to estimate BCFs, where movivo
data are available. Typically, chemical is preliemyn screened and assessed based on
physicochemical properties, like octanol-water iparting coefficient (kow). It's widely used

as an indicator of hydrophobicity and thus theipaning of a chemical from water to lipids

and other organic phases (e.g., protein) (Debragn@obas, 2007).

Equilibrium partition coefficients for organic chamals from environmental compartments to a
tissue/organism are normally estimated by the fgial content in combination with thed§
(Mackay, 2001). So chemical concentrations in ajamism/tissue are often normalized to the
total lipid content, assuming that all lipids hddentical sorption properties and the non-lipid
fraction has a negligible sorption capacity (Entlale 2013). However, the suitability of this
simplified approach has been questioned (Hermeak,e2013; Endo and Goss, 2014a). It has
been reported that the sorption capacity variesngnaifferent types of lipids (e.g., storage and
membrane lipids) (Endo et al., 2011). Furthermtre,non-lipid components (e.g., proteins and
serum) could also be a significant accumulatiorsptar organic compounds, especially for the
H-bond donor compounds (Endo et al., 2012). Morpoirtantly, correlations with ¥y are
expected to be valid only for restricted chemiocaindins (Hermens et al., 2013). As attention

on contaminants in the environment with more complgructures, like hormones,
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pharmaceuticals and surfactants grows, the taglotbeyond ks and explore more refined

approaches to mechanistically modelling bioaccutiands urgently needed.

Much effort has been made for the exploration aenelbpment of poly-parameter linear free
energy relationships (pp-LFER), which could accdantthe contribution of different specific
and non-specific inter-molecular interactions (At et al., 1994; Abraham et al., 2015).
Undeman et al. (2011) estimated the total sorptipacity of the human body directly using
the pp-LFERs calibrated for composite tissues/@gashowing limited benefit over the
traditional sp-LFERs approach (Undeman et al., 20This could be attributed to the
unavailability of different pp-LFERs equations mdividual biological phase (e.g., neutral lipid,
phospholipid and protein) at that time. A singlp-[-ER for partitioning to composite
tissue/organ (e.g., blood, liver and brain) theydjswhich may only work well for the
calibrated chemicals. If a very diverse set of gtaldemicals out of the calibration domain was
applied to pp-LFERs of composite tissue/organ,daggors may occur. For instance, models
calibrated by data set from very polar compoundsiclv predominately partition into the
aqueous phase, may not work well in a biologicehgegh calibrated by compounds mainly
partitioning to lipid (Geisler et al., 2011). Thukdifferent chemicals have different preferred
phases within a composite material (e.g., fat éSsua composite material mainly made up by
water, neutral lipid, phospholipid and proteinp@LFERs need to be established for individual
biological phase instead of the whole bulk compartmHowever, the individual pp-LFER for

a separate biological phase was not available qusiyi.

Recently, a number of studies have characteriziéereint types of lipids, with regards to their
chemical interactions (Endo et al.,, 2011; Geislerale, 2012). Meanwhile, pp-LFERs for
estimation of partitioning of neutral organic corapds to biological phases have also been
calibrated, e.g., storage lipids (Geisler et d@12), phospholipids (Endo et al., 2011), serum
albumins (Endo and Goss, 2011a) and muscle prqio et al.,, 2012). In addition,
preliminary evaluation has been carried out toatliyecompare partition coefficients to tissues

calculated by pp-LFER models andojdcbased models, indicating an order-of-magnitude
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approximation (Endo et al., 2013). Furthermore,tlamoinitial evaluation was conducted to
examine the effect of pp-LFERs approaches on pharkirzetic (PBPK) models (Salmina et al.,
2016). But they did not incorporate metabolic tfarmeation, which would be a critical issue
for rapidly metabolized compounds. Consequenthcomprehensive study to explore their
benefit for the prediction of bioaccumulation pdiehand interpretation of biomonitoring

results is desirable.

The main objective of this study was to exploreittilience of implementing pp-LFERS on the
estimation of bioconcentration factors in differéppes of fish model. Fish were used as a
reference biota due to their important role in hardaily diet and the fact that they act as an
essential biosorbent for organic chemicals. Adddilty, enough data availability exists for
model evaluation compared to other species. In ghisly, two types of fish model: a one-
compartment fish model (Arnot and Gobas, 2004) armulti-compartment physiologically
based toxicokinetic (PBTK) model (Nichols et ab90) were set up with incorporated sp or pp-
approaches. Differences between model outputs exereated, and predicted BCFs were used
to compare with measured BCFs. The implicationsrésearch and regulatory practices with

regard to chemical risk assessment are also destuss

2 Methods

2.1 General approach

Two types of mechanistic fish models were seleatethis study, the one-compartment fish
model (Arnot and Gobas, 2004), which assumes themiial concentration is the same
throughout the organism, and the multi-compartn®RBITK model (Nichols et al., 1990), which
considers chemical concentration may differ betwesious organs and tissues. Their selection
in the chemical risk assessment depends on thdiguéeing addressed and the ease of data
collection under different scenarios (Landrum et 4992). The one-compartment model is
suitable for preliminary risk assessment with sinpputs, while the multi-compartment model

is preferred in higher-tier assessments to quardifyan-specific concentration. These two
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representative models were implemented under battitional sp-LFER (traditional &y -

driven) and newly-developed pp-LFERS to explorertperformance in term of BCF prediction.

To eliminate difference caused by input parametérs,only distinction between these two
approaches of pp-LFERs and sp-LFERs models, isvélyeof calculating partition coefficients

to tissues/organs. All other equations and paramat®ns were not modified in these two
modelling approaches. Firstly, both models were usimg a set of chemicals with the same
measured descriptors. Thus, the potential errotisermeasurement of chemical descriptors will
be eliminated by using the same chemical descagdtmr both approaches. Then the compiled
dataset with measured BCFs was used as the endpaiompare with the model predictions.
Only chemicals present in neutral form in naturatev were considered in this evaluation

process.

2.2 General fish model

2.2.1 One-compartment model

For the one-compartment model, fish was descrilseal @well-mixed compartment and thus the
target chemical was assumed to be homogeneou® iwhble fish body. In this type model,
KowWwas regarded as a surrogate of lipid to quantifyitijen process. Chemical concentration

in fish (G, kg kg") could be modelled using following first-order atjon:

dCh/dt=kqu-kgCh (1)

wherek, is the uptake rate constant via gill ventilatiankg™ d*), C, is the truly dissolved
chemical concentration in the water column (kf.lk.is the total elimination rate constant’jd
including respiratory exchange back to walkg),(fecal egestionk(), biotransformationk,) and
growth dilution k). These four elimination rate constants were dated following the same
treatment of Arnot fish model (Arnot and Gobas, £00n this study, the organism was
assumed to be fed completely “clean” food during #ntire exposure period. Though the

dietary uptake could be omitted from a BCF modektaf egestion should be included to
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account for the redistribution of the target commibubetween the organism and its gut
(Armitage et al., 2013). The detailed parametenrat contained in Table S1. The steady-state
condition was assumed. So BCFs were used to contpardifference between predicted and
observed values. Under steady stat€,/dt=0), chemical concentrations in the organism and

BCF could be calculated by:
Cu=k.Cu/ke (2) andBCF=Cy/C,=ky/ke (3)

In all calculations, the diet was assumed to bé&b6ltbtal lipid (1.2% neutral lipid, 0.3%
phospholipid for pp-LFER calculation), 15% non-tiporganic matter (NLOM) and 83.5%
water (Armitage et al., 2013). Mass-based tissaetiins were converted to volume-based
tissue fractions assuming densities of 0.9, 0®ahd 1.0 kg L for neutral lipid, phospholipid,

NLOM and water, respectively.
2.2.2 Multi-compartment PBTK model

Chemical accumulation by fish can also be simulatethe physiologically based toxicokinetic
(PBTK) fish model developed by Nichols and co-weskewhich treats whole fish with
individual compartments, like adipose, liver andngy separately (Nichols et al., 1990). It is
particularly useful to predict chemical concentatiwhen a specific tissue/organ is the
dominant site of action. The rainbow trout was uasa reference fish, due to being used as a
standard fish in many studies and has relativelyndlant data. Detailed parameterizations were
presented in Table S5 but are also presented etseNichols et al., 2007). The amount of the

chemical in each compartment is calculated usiadahowing relationship:

dAdt=Q; x(Car-Cy) (4)

where A is the chemical amount in compartmen{ug), Q; is the arterial blood flow to
compartment (L h'l), C.t is the chemical concentration in arterial blood (lu’g, C, is the

chemical concentration in venous blood after cotnpenti (ug LY.

Co= JA/BW )
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whereC, is the average chemical concentration in the wiiste body (ug kg), LA is the

chemical amount in all compartments (pB)Vis the body weight of fish (kg).

In order to facilitate the comparison, the PBTK meloeimployed several empirical relationships
provided by (Arnot and Gobas, 2004), including tiaculation ofC,q (dissolved chemical
concentration in water)Cq (chemical concentration 4€0 in diet, assuming only ingesting
completely “clean” food)G, (total ventilation volume) and partition coeffictebetween fish
and water Ksshwated)- The considered compartment includes the livar Kidney, richly perfused

compartment and poorly perfused compartment folbi@w trout.

2.3 Biotransformation

In general, models require information on metabblmtransformation to improve estimation
for chemicals that are subject to biotransformatidmot et al., 2008). Even slow rates of
biotransformation may significantly affect bioacaulation in fish (Mackay et al., 2013). So the
treatment of biotransformation was considered agstigbed in detail as below for the two
types of fish model. However, the measured data awailable models for estimating
biotransformation rates (both whole body and tisguecific) were extremely limited (Nichols
et al., 2006). The extrapolation approach descrildow is a first approximation and should be

used with caution due to the high uncertainty.

2.3.1 One - compartment model

For the one-compartment model, the experimentatdneformation rate constants,fkwere
selected preferentially to predicted values fromFBBF submodel in EPISuite (US EPA,
2012), which was normalized to a 10 g fish at°C5 These were converted to mass and

temperature specifickvalue as (US EPA, 2012):

k. x =Km (Wi/ Wh) ®?>xexp (0.01%(T-Ty)) (6)

whereW, is the study-specific mass of the organism (M), is the normalized mass of the
organism (0.01 kg)Ty is the study-specific temperatuiig, is the normalized water temperature

(15 C).
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205 2.3.2 Multi-compartmental model

206 For the PBTK model, the whole-body metabolism iateken from the EPISuite database (US
207 EPA, 2012) was used to back-calculate the metabatide in liver. Experimental values were
208 also preferred and used where possible. Thus, ¢patic clearance (Gl L h' kg') was

209 expressed as below and was normalized to the wefdish:

CL=KmXV 4 biood (7)
210 where theVqpiooa (L kg'l) is the apparent volume of distribution, refereht¢e the chemical
211 concentration in mixed blood. This could be regdrde the sorption capacity of the fish
212 relative to that of blood, and can be approximdedividing the KishwaterdY Kboiood-watel(Nichols
213 et al., 2006). If the rate of biotransformationvesy high, then the GLis rate-limited by the
214 total blood flow to the liver (Nichols et al., 1990This is just a first approximation of
215 extrapolation of biotransformation rates, sinceilt be affected by many factors, e.g., the extra

216  hepatic metabolism and protein binding (Nicholalet2007).
217 2.4 General pp-LFERs

218 Poly-parameter linear free energy relationshipl(pgRs) are multiple linear regression models
219 that use several solute- or sorbate-specific datses as independent variables (Endo and Goss,

220 2014a). There are three widely used forms of ppR&Expressed as:

log K=c+sS+aA+bB+vV+eE (8)
log K =c+eE+sS+aA+bB+IL (9)
log K=c+sS+aA+bB+vV+IL (10)

221 whereK is the partition coefficient between two phasegudfion (8) is used for partitioning
222  between a condensed phase and a gas phase, aribE@®gis used for partitioning between
223 two condensed phases. The capital letters standhforchemical descriptorsS refers to
224  dipolarity/polarizability,A andB are the hydrogen bond acidity and basiditys the logarithm
225 of the partition coefficient between hexadecane aincE is the excess molar refraction &m

226 mol'/10), anaV refers to the McGowan volume (€mol™/100). The lower cases lettessa, b,
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v, and | are regression coefficients and c is the regrassimnstant, which indicate the
complementary properties of the partitioning systéime Equation (10) usasandL and has
the advantage of wider application to organosilicand highly fluorinated compounds (Endo
and Goss, 2014b). It is therefore preferred todmduThe selected pp-LFERS in this study are
summarized in Table S3. It is generally expected the extrapolation of a model beyond its
calibrated domain may cause larger prediction srriivan that would be expected for
interpolation. Special caution should be takentlfigr serum albumin, whose fitting to data was
not as good as other biological systems (Endo aosisG2011b). The ranges of individual
descriptors used in each equation are summariz€dbte S6 for each biological system in this

study.

2.5 Implementation of pp-LFERs

2.5.1 Incorporating pp-LFERSs in the one-compartment model

In the one-compartment model, the partition cogdfit between fish and water is quantified as

(Arnot and Gobas, 2004):

Kfish/water: (flipid/ Dwater+ 1ENLOMXﬁ/DNOLM) KOW+fwater (11)

wherefipig, fueomandfyaer are the volume fractions of lipid, non-lipid orgamatter (NLOM)
and water, as quantified in Table $ds the proportionally constant BLOM to octanol Dyager

andDyoLw are the densities of lipid and non-lipid organictiea

Replacing the sp-LFERs by pp-LFERSs, the partitioafticients are modified as:

Kfish/water:(K storage Iipid/watexfstorage Iipie(DIipid)+ (Kphos.pholipid/wate?'(]c phospholipid’Dphospolipit)"' (12)

(Knrnrpin/warprnmrs-ir/Dnran-ir+ f\AIAfPI/D\AIF\fPI)

wherefsiorage lipid » fphosphotipia@Ndfroeinare the volume fractions of storage lipid, phoshdland
protein of fish defined in Table S& valuesindicate the individual partition coefficients
between target biological medium and water, Brid the corresponding density of each tissue.

The densities of storage (neutral) lipid, phosphdliprotein and water are assumed to be 0.93,
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1, 1.4 and 1 kg £ (Endo et al., 2013). A similar treatment was perfed for the partition

coefficient between gut and fiskd,cfist).

2.5.2 Incorporating pp-LFERSs into PBTK model

In the PBTK model, th&poq.waerWas derived as (Bertelsen et al., 1998):

Kblood/water_‘loojzx log Kow +1.04 Logo@)_l_ Vo (13)
where they, is the lipid content of blood tissug,is the water content of blood tissue and other
partition coefficientsKorganbiood INCIUAING Kiverbioos Kratbioos Kmusciemiood@Nd K idneysbiood are

calculated fronKyoodwater@S:

.72xLog K 1.04 Logof)+0.86,
Korgan/blood=(100 og fows oga)+ +)’i)/ Kbloodlwater (14)

Where they; andy; are the lipid and water contents in the individoigan. The composition of
each organ was as assumed to the defaults foromaitrout in the original PBTK model. But in
pp-LFER PBTK model, thé&yganwaerWas calculated based on the biological compositibn
each organ, mainly containing neutral lipid, phadjghd, protein and water. The specific
composition of each biological compartment (e.tpod, kidney and liver) is presented in Table
S5. It was assumed here that total lipid only costareutral lipid and phospholipid. The
fraction of bovine serum albumin (BSA) was seledtedh a study based on mammals (Endo et
al., 2013). The treatment of fat content in leasues (all compartments exclude the fat) and the
temperature dependence of partitioning is detaditethe supporting information. The bovine
serum albumin was only considered to be presetfigiblood tissue, since its existence is fairly
minimal and its variation may increase the modaeutainty. TheKyganbioodWas calculated in

the pp-LFERSs approach as:

Korgan/blood_‘ K organ/water/KbIood/water (15)

2.6 Solute descriptors

Experimentally measured solute descriptors arelablai for thousands of chemicals and have

been compiled as a free-of-charge database (htpw/ufz.de/index.php?en=31698). The

initial chemical dataset including 235 compoundso(® and Wania, 2009), were selected
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from 1460 individual chemicals which were considete fall within the range environmentally
relevant compounds. Several updated experimentagésaf descriptors were also added from
the recently published literature to cover moreapoand complex chemicals, including
organosilicon compounds, highly polyfluorinated wrieals, flame retardants (e.g.,
polybrominated diphenyl ethers, hexabromocyclodadec bromobenzenes, trialkyl
phosphates), pesticides, polychlorinated biphe(®Bs) and heterocyclic aromatic as well as
nitroaromatics compounds (Geisler et al., 2011n&tket al., 2013a, b). lonization was not
taken into account in this study, as the pp-LFER@@ches to ionic chemicals are still a subject
of on-going research. No successful applicatioartaronmental and biological processes have
been reported so far (Endo and Goss, 2014a). 8dlebemicals were categorized into different
polarities according to A and B values defined hammpolar (both A and B 0.2), monopolar
(including H-bond acceptor (A >0.2 but B <0.2) orbbind donor (A <0.2 but B>0.2), and

bipolar (both A and B >0.2) compounds. Their indixal impact on pp-LFERs is characterized.

Two subsets of compounds were added to the whdéseta One represented chemicals with
strong H-donor function (A>0.3), because substhuiifferences in the “aA” term have been
observed for the pp-LFER equations for octanol stwdage lipids for this type of chemical.
Thus, partitioning to octanol and storage lipid expected to be different, which contrasts with
most typical assumptions that the octanol is a gsadogate for lipids. The other subset
contained complex compounds with more than oner gatzctional group per molecule. The
selected compounds cover hormones and hormone actimpounds (e.g., estrone, bisphenol A,
phthalate esters), fungicides, herbicides and noyawos. The representative functional groups
included alcohol, amide, carbonyl, nitrite, estepoxide and phenyl groups. Ignorance of
ionization could potentially generate uncertaingjiice the partitioning behaviour of ionic

species is different from neutral species (Abralaach Acree, 2010).

2.7 Compilation of measured BCFs dataset

The main source of observed BCF data was extrdctad Arnot and Gobas (2006). It contains

multiple BCF measurements for chemicals in diffefiésh species with varying physiological
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conditions, which reflect realistic variations irCBs across different fish species and system
conditions. The dataset mainly contained nonpadenpounds and was firstly used to test the
model performance for the one-compartment modeh@gAand Gobas, 2004). The majority of
data points are from studies using common ca&fypfinus carpip, fathead minnow
(Pimephales promelyszebrafish Danio rerio) and rainbow trout@ncorhynchus mykis3he
chemicals with observed BCFs from studies in rambout were extracted to produce a subset
of 41 distinct compounds and 355 data points, whiels used to evaluate the PBTK model
under sp and pp approaches requiring specific paldish information. In addition, other
publicly available data were also compiled to coadditionally observed BCFs for complex
polar chemicals, such as the Pesticide Property  aliaae

(http://sitem.herts.ac.uk/aeru/ppdb/en/index.hiink ideal to have study-specific experimental

information water temperature, fish weight, anddlipontent to predict individual BCF values.
However, many studies did not record such inforamatConsequently, a value of 5% was used
as a first approximation of whole body lipid corit¢Arnot and Gobas, 2006). All selected

experimental BCF values were lipid normalized.

2.8 Inter-comparison of models

A difficult task is to systematically compare thresults from pp-LFER and sp-LFER models.
One approach is to compare the predicted resuktstti (Gotz et al., 2007). Here, we used
space maps to present the variations in modelsutsugs a function of partition coefficients,
like Kaw, Koa and Kow (Brown and Wania, 2009). Firstly, the entire datawas used to
compare the predicted values of partition coeffitsecalculated by sp/pp-approach and the
predicted concentration in fish. Individual contiilons of different forms of intermolecular
interaction to partitioning from organs/tissuesvater can be compared to explore the dominant
interactions. The statistical analysis was conaliagng average model bias (MB) and average

absolute model bias (AMB) to assess model perfocmas calculated below:
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1L logGely 19
MB = E
n
., 4BS [tog (Geln)] (an
AMB = - B

whereBCR, is the modelled bioconcentration fact®8CF: is the measured bioconcentration
factor, n is the number of observatio®SBS means the absolute deviatioviB represents the

average factor by which the model output deviatesifthe observation. It is useful to indicate
the direction of any systematic bias. The root meamare error (RMSE) and the square of

correlation coefficient (R were also used to characterize model performance.

In this study, the only difference between modeuis is the replacement of octanol-based sp-
LFER with pp-LFERs. Therefore, any observed diffiees will be attributable to this
difference. The experimental errors in measuring partitioning coefficients were not
considered in this study. In order to keep the im@mame and reduce the uncertainty from the
measurement of &y (Linkov et al., 2005), Kw used in sp-LFERs was also derived from pp-

LFERs instead of using measureghvalues.

3 Results & Discussion

3.1 Comparison of outputs by the sp/pp-approaches

In order to identify the types of chemicals for atithe implementation of pp-LFERs would
make a significant difference, the predicted cotragion of fish and partition coefficients were
compared for chemicals possessing a wide rangeaxitipning properties using the solute
descriptors. The results are presented in chenpaditioning plots as a function of the
chemicals’ octanol-air-water partitioning propestielescribed by kv and Koa (Figure 1). In
addition, the influence of the polarity is alsoudtrated in Figure 1 (a, b). The different
categories of nonpolar, monopolar and bipolar camps were defined based on the descriptor

values of A and B in Section 2.6. A quantitativeessment of the relative contribution of the
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345 different solute descriptors in the pp-LFERs foe thartition coefficients was presented in

346  Figure S2.
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348 Figure 1 Comparison of calculated logarithmic fish-watertpian coefficients (a) and blood-
349 water partition coefficients (b) by pp-LFERs andL$feRs values with different defined
350 polarities. The multiple colours and symbols repmtsd different polarities defined by A and B.
351  For nonpolar compounds, both A and®.2 (N=156); for monopolar compounds, either A or B
352 is >0.2 (N=224); for bipolar compounds, both A &@d0.2 (N=108). Chemical partitioning
353 space plots indicated the ratios of partition doaffit between water and whole fish (c) also
354  blood (d); concentrations in fish calculated usipgand pp approach in one-compartment model
355 (e) and in multi-compartment PBTK models (f). Difat colours indicated the magnitude of

356 the quotient. The diagonal lines indicate the leg,Kqual to 0, 4 and 7.
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357 3.1.1 Comparison of Kgsh.water DY the sp/pp-approaches

358 In general, the log KnwaerWas estimated consistently via both approaches. 80%elected
359 substances the observed differences was less tmarlog unit. Compounds with different
360 polarities indicated slightly different deviatioas in Fig 1. For all nonpolar compounds in the
361 dataset, the Knwaervalue calculated by pp-LFERs was larger than thktutated by sp-LFERSs.
362 However, the compounds with bipolar functional greuended to show a larger difference
363 between KgwwaerCalculated by these two approaches. The largdstrelifce of 109 Keh.waerWas
364 observed for bis(2-ethylhexyl) hydrogen phosphateto 1.5 log unit, with a strong H-bond
365 donor/acceptor (A=0.96, B=1.12). Its log,iwaerWas less than log dg by 2 log units, leading
366 to the large deviation of calculatedsiuaes The overestimation of BCFs may be expected for

367 such type of compounds by directly using Kow.

368 When looking at the dependency of deviation with different range of log &y valuegFigure
369 1-c), the discrepancy also gradually raised witbreased hydrophobicity. For hydrophilic
370 compounds (log Kw <0), both approaches agreed well with each othigrirwapproximately a
371 factor of 10. For chemicals with log Kow>4 and l&g, >8, the pp-approach generally
372  predicted Kgh.waerON average two times higher than that predictedsfpapproach. But the
373 deviation did not consistently propagate to thedjotéons of concentration in fish. Both
374 approaches agreed reasonably well for hydrophlbg (Kow<0) and highly hydrophobic
375 compounds (log Kow>7) with the quotient between)® while the deviation occurred on the
376 calculation of Kghwaer Wasup to 35 times. The underlying explanation couldtheg Kishwater
377 has different extent of impact on the determinatbiBCFs, which is dependent on chemical
378 hydrophobicity. For instance, sl .water Was observed to contribute a greater degree to the
379 bioaccumulative potential for hydrophobic chemioalth a high tendency of bioaccumulation
380 (Kuo and Di Toro, 2013b). While, partitioning toganic carbon (bioavailable portion)

381 contributed more to BCF values for super-hydropb@bimpounds (Kuo and Di Toro, 2013b).
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3.1.2 Comparison of Kyog-water Y SP/pp-approaches

Greater differences were observed for the lgg.dvatecalculated by sp-LFERs and pp-LFERs
approaches, indicating increased divergence wighéri partition coefficients between blood
and water for compounds with different polaritid@@% of selected substances fell within a
difference of less than a log unit. In the totaladset, the largest difference up to 2.5 log units
was found for 1, 2, 3, 4, 5, 6, 7, 8-octachlororithplene in the category of nonpolar compounds.
This compound has an extremely high L=12.88, legattirhigher partition coefficients between

biological tissue and water than that between attand water.

A different trend was observed for the relationdbgtween hydrophobicity and the deviations
of the predictions by sp-LFERs and pp-LFERs motteds that for the l§nwater FOr 86% of the
selected substances, the pp-LFERs model estimagdeérhblood-water partition coefficients
than the sp-LFERs model. Larger discrepancies wbserved with increasing hydrophobicity
for all three types of compounds. Especially fonpalar compounds, the deviation between the
sp-LFERs and pp-LFERs models indicated a positlationship between the logolt and a
high correlation coefficient of 0.96 was observed (Figure S1-a). A higher deviatisulting
from incorporating pp-LFERs was expected for patampounds than for nonpolar compounds.
The underlying reason for this unexpected resultddcbe caused by the inclusion of protein in
the pp-approach. The predicted partitioning coeffits of protein have larger deviation (1-2 log
units) than Kiorage iipis-watefOr NONpolar compounds, which increased with hytuotpcity (Endo

et al., 2012). The absolute values of LI+Vv terahsscribing van der Waals interactions, was
plotted against hydrophobicity (illustrated in FiguS1). The sum of LI and Vv consistently
increased in all biological systems as in Figure Bie divergences grew between different
biological compositions and octanol with increasedirophobicity. Therefore, the greater
deviation probably occurs as a consequence of napeply capturing the behaviour of van der
Waals' forces for chemicals with high values of The difference between predicted

concentrations between sp-LFERs and pp-LFERs fl@PBTK model is similar to that from
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the one-compartment model, since both models eradlogeveral identical empirical

relationships (Arnot and Gobas, 2004).

1.0 ¢ 1.0

Netural lipid_pp Netural lipid_pp

= Phospholipid_pp
A Protein_pp

x BSA_pp

* Water_pp

+ Lipid+NLOM_sp
* Water_sp

0.9 0.9

= Phospholipid_pp
5

0.8 | 4 Protein_pp §os
0.7 - © Water_pp g 0.7
+ Lipid_sp x
x NLOM_sp 2
e

2

* Water_sp

0.6

0.5
0.4
03
0.2

Contribution to the Kgg,/yater

0.1 4

0.0 +

10

:
2 Log Kow 4

Figure 2. Contribution to total partition capaclty different biological tissues with the full

range of kw: (8) individual contribution to the totalswawe; (b) individual contribution to the

total Kblood/water.

3.2 Contribution to the total sorption capacity

In order to explore the importance of neutral lipighospholipids (membrane), proteins, serum
albumin (BSA) and water as sorptive matrixes, tlatiibution of each biological phase
calculated via sp-LFERs and pp-LFERs was plotted asction of log kg in Figure 2. The
greatest disparity is the dominant tissue contiriiguto the total partitioning capacity. For the
one-compartment fish model, the sp-LFERs model aalgsidered neutral lipid, water and
NLOM (a relative sorptive capacity proportionallipid). Therefore, the contribution of each
biological sorbent to the total partitioning capagresented a continuous trend the change of
chemical hydrophobicity (illustrated in Figure 2-&jowever, the shifting trend was more
complex for the pp-LFERs model, with additional sioieration of protein and phospholipid
without directly relating to octanol. It is obviotisat the contributions of water and lipid were
consistent for hydrophobic and hydrophilic chengdal both models, since the water and lipid
are the absolute predominant sorptive matrixes.tk®rchemical with moderate to highK
values (2<log kw<6), the phospholipid and protein made importamtticoutions, up to 39%
for protein and 61% for phospholipid, respectivlliiis also explains that the large deviation in
calculated partition coefficients between fish/ldoand water for a chemical with moderate

hydrophobicity (Figure 1-c).
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For the PBTK models employing pp-LFERS, the indinab contribution was also calculated
between blood and water for the whole range gfy i Figure 2-b. A similar trend was
observed for predicted blood-water partitioning the comparison for the ¢ywater, Which
continuously changed with the variechKvalues. However, the pp-LFERs model predicted
more dispersed values in the individual biologicampartments. The protein and BSA also
contributed to the total blood-water partitioning to 72% and 41%, respectively. Their
individual contribution did not indicate a consigtshift with the increased logdg, especially
for protein, whose points were scattered on a wahge of log sy between 2 and 9. This
reflects the fact that hydrophobicity is not a petfindicator for absorption to protein. For
example, eicosanoic acid is the most hydrophohiepmund in the database with log Kow=9.47.
However, protein contributes 32% to the total bleader partition coefficients. BSA
contributed most in the moderate range of leg KL ~ 5, based on the currently used chemical
set. Phospholipids also contributed between 10~&0%ompounds with Log Kw >1 peaking

at about log Kkw=4~5. It is noteworthy that the regression relattop used for calculating
blood-water partition coefficients, was originatigrived from compounds with a limited log
Kow range from 1.46 to 4.04. Thus, any compounds @eitiiis range may cause potential
errors and should be used with caution (Bertelsexh.,€1998; Nichols, 2002). This relationship
is still commonly used in PBTK modelling (Hendrigsal., 2005; Han et al., 2007; Stadnicka et
al., 2012). Evaluation of the regression equatmuldscribe tissue/water partitioning is out of

the scope of this study.

From the comparison of the contribution to the Itdish/blood-water partition coefficients

above, it also could help to explain how the défeze occurs. In the range of log#from 2 to

6, protein provides an important contribution tadhopartition coefficients. Using octanol as
equivalent to lipid could overestimate the conttidwu of lipid, but the sp-LFER approach could
also underestimate the contribution of protein. &gesult, the total partition coefficient

calculated by the sp and pp-approaches could bectegh to be different within a reasonable

range, since the underestimation and overestimatioitd proportionally cancel out with each
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other. The similar result was also observed in anmng the lipid-octanol model and pp-LFERSs

model to predicting partition coefficients of tigswater (Endo et al., 2013).
3.3 Comparison with experimental data

3.3.1 One-compartment model

There are 835 data points from fish species chésen the experimental database for 110
distinct compounds (Arnot and Gobas, 2006). Thentteds covered the ¢ range from -0.15
to 8.67. However, most data points fell in the gy range between 3~5 as illustrated in
Figure S3. In order to examine the magnitude ofdéndation correlated by the hydrophobicity
between predictions and measurements, the impaetpplying pp-LFER equations to the
individual ranges of log kv and the whole dataset was explored and presemtédhble S7. In
general, the pp-LFER model performed slightly beite terms of predicting BCF, with
increased coefficient of determination’(Rnd absolute model bias for the whole dataset. Th
deviations between the sp and pp-LFERs model greds; did not show a pronounced
dependency. The pp-LFERs model did not generalfyrave the coefficient of determination,
for compounds with log Ky <3. The underestimation is most severe for leg, K1 with an
average 2.9 log units for both approaches. Thibdasause the calculation ofgdater IS
predominantly determined by water (illustrated igufe 2). Thus the effect of replacing sp with
pp-LFERs is minimal. Therefore, there is no cledvamtage observed for using pp-LFERs
model instead of sp-LFERs for compounds with lqegyK 2. For the middle range of logoi
from 4 to 5, the BCFs predicted by pp-LFERs werantb to better fit observed values
compared the sp-LFERs model. This is due to abgttantification of partitioning behaviour
of polar compounds such as phenols in this rangedding separate consideration of protein

and phospholipid, which makes signification conitibn in such case.

For very hydrophobic compounds (7<log<9), both models predicted the selected BCFs
reasonably well (R=0.80-0.96). This is because lipids are the marbisg matrix in this K
range. In addition, it has been demonstrated tbptidtion kinetics are more important for

hydrophobic chemicals with higher bioaccumulatioteptials. While, partitioning to dissolved/
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particulate organic carbon (the bioavailable paldys an important role for highly hydrophobic
chemicals (Kuo and Di Toro, 2013b). Therefore, ioyed partition coefficients may not greatly
influence the model performance using the pp-LFERslel in the high log Kw range (7~9).
On the other hand, chemicals with low bioaccumwapotential (log BCE 2) are generally
mainly determined by fish-water partitioning coeiifints (k) and thus more pronounced
improvement would be expected (Kuo and Di Toro, 3%)1 Consequently, the comparison
should be made with caution for the very hydrophdind super-hydrophobic compounds, due

the limited data points.
3.3.2 PBTK model

In total, 41 distinct compounds with 355 data powith log Kow from 2.4 to 8.7 for rainbow
trout were selected. Results of statistical analyse presented in Table S7 and S8. Most
compounds have low polarity, with relative small &ad Bb values. Greater improvement was
observed when pp-LFERs models were used in the PBiddel compared that in the one-
compartment model. This could be attributable teengp-LFERS equations incorporated in the
model, not only for the blood-water system, bubalsevering kidney, liver, and fat and water
partitioning composed by varied biological composit In the one-compartment model, sp-
LFERs were only replaced with the partition coééfits between whole body and water. The
Kow-driven sp-LFERs PBTK model tended to underestini@¥s for 96% of the selected
measurements. One underlying explanation coulthdethie partitioning behaviour could not be
well characterized by means of octanol-water pantihg. Particularly for highly hydrophobic
nonpolar compounds, the divergence increased thricreasing hydrophobicity as discussed

in Section 3.1.2.

When metabolism was included, the pp-LFER model pkrformed better in all the statistical
analysis. All deviations fell within a factor of 1@ paired t-test was conducted to indicate
whether there is a statistical difference (p<0.@%).the compounds fell within 1 log unit via

incorporation of pp-LFERSs equations. The correfatb determination was improved from 0.67

to 0.80 while the absolute model bias (AMB) deceealy half from 0.68 to 0.34. The largest
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deviation occurred for octachloronaphthalene ptediby the sp-LFERs model, which also had
the largest divergence when comparing the bloo@martition in the whole dataset discussed
previously. This further supports the fact thatL&ERs underestimated the blood water
partitioning and potentially also partitioning tther biological compartments (kidney, liver and
fat). However, both models tended to underestirtre@eBCFs for the whole dataset. This could
be due the parameterization uncertainty, mainlynfioepatic biotransformation extrapolated
from the whole-body metabolism rate. It has beemafestrated that biotransformation may
have a greater impact on the PBTK model than thahé one-compartment model, which

results from the different structure of both mod&lghols et al., 2007; Stadnicka et al., 2012).

« Log BCF_sp
4 | *LogBCF_pp
3 n=355
3
2
3
i
o
I.I.I
(]
o0 2 4
o0
o y
14 / 4 Octachloronaphthalene
yd g
0 : : ‘
0 1 2 3 a 5

log BCF_ob

Figure 3. Comparison between measured log BCF_ob predicted log BCF using sp/pp-
approaches in the multi-compartment PBTK model. @iashed lines represent a factor of 10

between the predicted and measured BCFs.

3.4 Practical implications

pp-LFERs model can potentially provide improvedighss about the prediction of potential
bioaccumulation. The impacts of using pp-LFERs wdifeerent in the one-compartment fish
model and PBTK fish model. For the one-compartntrantel, pp-LFERs improved model
performance for chemicals with logott 4-5, via better quantifying the protein/phosphalipi
water partition coefficients. However, the diffeces between predictions via sp-LFERs and

pp-LFERs model are relatively small for the whobnge of kw. This is because better
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guantification of individual partitioning processdses not guarantee significant improvement
overall. Besides, elimination kinetics could be thaost important parameters in the
determination of BCFs for highly bioaccumulativébstances (Kuo and Di Toro, 2013a). As a
consequence, such simplified models are generadlyrporated in multimedia fate models and
are used for the chemical screening and risk aseeds The sp-LFERs incorporated in one-

compartment fish models is, therefore, good endagthese purposes.

This situation could be different for the PBTK fishodel, which offers more detailed
information on organ-specific concentrations andiciwhis potentially more insightful for

understanding potential exposure routes for tafight organs. It is important to understand
specific pathways to target sites and bioaccunaratalong food chains, if predators
preferentially consume certain body parts (Ankldyak, 2010; Stadnicka et al., 2012).
Therefore, the pp-LFERs model would clearly bendfilm a better description and
characterization of biological composition and wagartition coefficients. Although the flawed

regression equations used in this study are limitetbrms of their applicable domains, lipid
was still not suggested as a good indicator to iprgahrtition coefficients in this case as
discussed above, particularly for very hydrophaddmd polar compounds. In addition, the pp-
LFERs model also could help with the extrapolatibppartition coefficients in PBTK model to

another fish species, if the biological composition individual organ/tissues could be

accurately quantified.

3.5 Limitations

In this study, all the values for solute descriptarere based on experiments, which have been

reported in the literature for more than 2000 couomus and freely at

http://www.ufz.de/index.php?en=31698. However, tlaald hamper its wide application if the
solute descriptor values are not available foraagpmpounds (Stenzel et al., 2013b). For the
purpose of fast chemical screening, predictive oaghthat only require molecular structure are
desirable. Prediction models, such as ABSOLV, amerngial QSAR model that predicts the

pp-LFER solute descriptors for compounds with SMELBotations (Stenzel et al., 2014), may
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be useful. This works well for chemicals with relaty simple molecular structures, but further
development is needed for H-donor compounds annhiclaé with complex structures (Geisler

et al., 2015).

lonization was not taken into account in this stualy/pp-LFERSs approach for ionic chemicals is
still a subject of ongoing research. No successiyplications to environmental and biological
processes have been reported so far (Endo and Bakéa). However, since many complex/
multifunction chemicals may ionize in biota, thése strong need for the investigation of ionic
chemicals (Endo and Goss, 2014a; Bittermann e@lg). Meanwhile, the development of
one-compartment models for ionic compounds ind&atenproved performance via

consideration of partitioning processes to phosphis (Armitage et al., 2013). In our study,

phospholipids also appeared to play an importaatinodistribution.

3.6 Conclusions

Overall, pp-LFERs models slightly outperformed d$gEHRs models for the whole dataset in a
one-compartment model, especially for compoundsthiea log Kow range 4~5. Greater
improvement was found when pp-LFERS were incorgarabto a multi-compartment PBTK
model. The impact of pp-LFERSs incorporation couddfbrther evaluated by the organ-specific
concentrations/bioaccumulative potential. Therefdi@ screening purposes conducted by
simplified one-compartment model, the sp-LFERs agph is probably good enough to
quantify the main partition characteristics in meases. For more detailed study aimed to
understand exposure pathways to target sites,evargli exposure for predators preferentially
consuming certain organs/tissues, it is suggestecp-LFERs should be incorporated in the

PBTK model to improve the accuracy of the desaiptf partition processes.
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