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Abstract The implementation of in vitro bioassays for the
screening of dioxin-like compounds (DLCs) into management
guidelines of dredged material is of increasing interest to reg-
ulators and risk assessors. This study reports on an intra- and
inter-laboratory comparison study between four independent
laboratories. A bioassay battery consisting of RTL-W1 (7-eth-
oxy-resorufin-O-deethylase; EROD), H4IIE (micro-EROD),
and H4IIE-luc cells was used to assess aryl hydrocarbon
receptor-mediated effects of sediments from two major
European rivers, differently contaminated with DLCs. Each
assay was validated by characterization of'its limit of detection
(LOD) and quantification (LOQ), z-factor, reproducibility,
and repeatability. DLC concentrations were measured using
high-resolution gas chromatography/high-resolution mass
spectrometry (HRGC/HRMS) and compared to bioassay-
specific responses via toxicity equivalents (TEQs) on intra-
and inter-laboratory levels. The micro-EROD assay exhibited
the best overall performance among the bioassays. It was
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ranked excellent (z-factor = 0.54), reached a repeatability
> 75%, was highly comparable (* = 0.87) and reproducible
(83%) between two laboratories, and was well correlated
(> = 0.803) with TEQs. Its LOD and LOQ of 0.5 and
0.7 pM 2,3,7,8-TCDD, respectively, approached LOQs of
HRGC/HRMS measurements. In contrast, cell lines RTL-
W1 and H4IIE-luc produced LODs > 0.7 pM 2,3,7,8-
TCDD, LOQs > 1.7 pM 2,3,7,8-TCDD, and repeatability
< 70%. Based on the data obtained, the micro-EROD assay
is the most favorable bioanalytical tool, and via a micro-
EROD-based limit value, it would allow for the assessment
of sediment DLC concentrations; thus, it could be considered
for the implementation into testing and management
guidelines for dredged materials.
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Introduction

Industrial and municipal emissions to rivers have been
reduced considerably during the last decades due to regulations
such as the European Water Framework Directive (WFD)
(Besselink et al. 2004). However, as sediments serve as sinks
for persistent and bioaccumulative contaminants, they remain im-
portant sources by reintroducing particulate-bound organic pollut-
ants back into the water phase through events such as dredging or
flood events (Burton 1992, Schiittrumpf et al. 2011). Among
sediment-bound pollutants, the group of dioxin-like compounds
(DLCs) represents one of the most relevant groups of legacy
contaminants. This group includes polychlorinated dibenzo-p-di-
oxins and dibenzofurans (PCDD/Fs) as well as dioxin-like
polychlorinated biphenyls (DL-PCBs), which have the potential
to cause adverse effects to wildlife and humans (as reviewed by
White and Birmbaum 2009). Through frequently conducted sed-
iment dredging activities, which are required and unavoidable for
the maintenance of navigable waterways, fisheries, hot spot con-
trolling, and flood defense (Breitung and Keller 2010), sediment-
bound pollutants can be re-mobilized and transferred into
surface waters where they become bioavailable again (Burton
1992, Otte et al. 2013). Thus, dredging may be contradictive to
the aim of the WFD (management plan, 2000/60/EG 2009) and
most likely prevent achieving the framework’s goal of a “good
ecological status” (Barceld and Petrovic 2007; Forstner et al.
2008; Hallare et al. 2011).

Recently, several environmental risk assessment (ERA)
approaches have been developed to progressively enhance
the water quality of rivers. For instance, the WFD daughter
directive requested the concentrations of 33 priority pollutants
(annex, 2000/60/EC 2006) not to increase in water (Hollert
et al. 2009). For these substances, environmental quality stan-
dards (EQSs) were set (2008/105/EC 2008), which are used to
identify effects or no effects of sediment-borne contaminants
and to define measures (e.g., disposal or habitat construction)
to be undertaken with dredged materials (Apitz and Power
2002, Manz et al. 2007, Wenning and Ingersoll 2002). A pro-
posal for a directive amending 2000/60/EC and 2008/105/EC
(COM(2011)876 2011) states 15 additional priority sub-
stances and introduces EQS for biota (additional to those
stated in 2008/105/EC).

The management and handling of dredged materials in
Germany follows guidelines that have been compiled by the
Ministry of Transport and Digital Infrastructure (BMVI) un-
der the coordination of the German Federal Institute of
Hydrology (BfG) (Breitung and Keller 2010). Waterways
located outside the jurisdiction of the Water and Shipping
Administration (WSV) are subjected to the regulations of the
respective German federal states (den Besten et al. 2003). Two
directives of the management of dredged material on both
federal inland (“Handlungsanweisung fiir den Umgang mit
Baggergut im Binnenland,” HABAB; HABAB 2000) and
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coastal waterways (“Handlungsanweisung fiir den Umgang
mit Baggergut Kiiste,” HABAK; HABAK 1999) have been
established and reestablished within joint transitional arrange-
ments (“Gemeinsame Ubergangsbestimmungen zum
Umgang mit Baggergut in den Kiistengewissern,” GUBAK;
GUBAK 2009). For disposal of dredged materials, character-
istics of dredging and relocation sites have to be comparable
and evaluated according to economic and ecological aspects
(Breitung and Keller 2010; HABAK 1999).

According to the German GUBAK (GUBAK 2009), the
assessment of sediment quality is based on a stepwise chem-
ical analysis and ecotoxicological test methods. Chemical
analysis in this context focuses on pollutants such as heavy
metals and hydrophobic organic pollutants such as polycyclic
aromatic hydrocarbons (PAHs) and PCBs, which all are
known to be of high relevance for sediments and suspended
particulate matter. In case of hydrophobic organic pollutants,
seven so-called indicator PCBs (i-PCBs; IUPAC No. 28, 52,
101, 118, 138, 153, und 180) are required to be analyzed, and
of which mono-ortho PCB 118 belongs to the 12 DL-PCBs.

Ecotoxicological tools such as tests with algae, bacteria,
and microcrustaceans do not provide information about caus-
ative compounds responsible for the observed biological ef-
fects and are not comparable to chemical analytical results
(den Besten et al. 2003, Manz et al. 2007). Bioassays, which
belong to the most important lines of evidence in support of
integrated sediment assessment schemes (sediment quality tri-
ad (SQT); Chapman and Hollert 2006; Hollert et al. 2002),
overcome such issues by being complementary to chemical
results and by taking synergetic and antagonistic effects into
account (Ahlf et al. 2002). This is why their role in a biological
effect-based assessment in decision making frameworks is
increasingly discussed (Ahlf et al. 2002; Besselink et al.
2004; den Besten et al. 2003; Forstner et al. 2008).

Since the year 2004, successful implementations of in vitro
assays for the screening of DLCs in form of the DR-CALUX
assay can be found in the Dutch dredging guideline for coastal
sediments, which formerly only included chemical analysis.
Here, a biological equivalent quotient (BEQ) signal value of
50 ng BEQ g ' dry weight (dw) sediment has been set,
which—if exceeded—involves further, detailed investigations
(Manz et al. 2007). In German legislation, in vitro assays as
semiquantitative methods prior to quantitative instrumental
analysis have only been established in the field of food anal-
ysis, where BEQs allow for a simple yes/no decision (2012/
252/EU 2012).

The present study addresses the question if specific in vitro
assays for the detection of dioxin-like effects, especially those
based on freely available non-proprietary cell lines, could be
of added value for the assessment of sediment quality in the
context of dredging activities in German waterways. Based on
the results of the most reliable bioassay, possibilities of a
threshold definition are presented and discussed.
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Materials and methods
Study design

Participating laboratories included (1) the Institute for
Environmental Research, RWTH University, Aachen,
Germany, (2) the Federal Institute for Hydrology (BfG),
Koblenz, Germany and (3) the BfG contract laboratory GBA
(Gesellschaft fiir Bioanalytik mbH), and (4) Miinster
Analytical Solutions (mas), Miinster, Germany, which in the
following are abbreviated as (1) lab 1, (2) lab 2, (3) lab 2*, and
(4) lab 3. The Institute for Environmental Research, RWTH
University, Aachen, Germany, was the main laboratory, where
most of the present study’s work has been conducted.

Firstly, a comparison of three in vitro cell bioassays, includ-
ing the rainbow trout liver RTL-W1 EROD assay, the rat hep-
atoma H4IIE micro-EROD assay, and the H4IIE-luc assays,
was conducted by lab 1 (main laboratory). Bioassays were
validated by means of a set of criteria (listed in Table 1) such
as repeatability, limits of detection (LOD) and quantification
(LOQ), different levels of effect concentrations (EC) of the
2,3,7,8-TCDD standard, sample induction strengths relative
to positive control as well as z-factors. Raw extracts, multilay-
er fractions (containing the sum of dioxin-like PCBs and
PCDD/Fs), DL-PCB and PCDD/F fractions of differently
contaminated sediments as well as positive control 2,3,7,8-
TCDD served as bases for bioassay validation.

It turned out that those criteria disqualified the RTL-W1
EROD assay as a reliable screening tool, while indicating
the need for further investigations of the H4IIE-luc assay. To
uncover possible operator-related variations in the H4IIE-luc
assay, additional intra-laboratory comparisons were per-
formed in lab 1 using this assay, which in turn disqualified
(repeatability < 75%; 2012/278/EU 2012) this assay, too.

For this and due to its overall best performance (Table 1),
only the H4IIE micro-EROD assay was chosen for an inter-
laboratory comparison between two operators of labs 1 and 2.

Finally, high-resolution gas chromatography/high-
resolution mass spectrometry (HRGC/HRMS) results for
selected DLCs were compared between labs 2* and 3, and
results of bioassay and HRGC/HRMS measurements were
compared via toxicity equivalents (TEQs) and biological
equivalents (BEQs), respectively.

Sediments

Sediment sampling was conducted by lab 2 in April 2012. The
three sampling locations comprised Ehrenbreitstein (EBR) at
the Rhine river as well as Prossen (PR) and Zollelbe (ZE)
located along the Elbe river. EBR has been used in former
studies, as it represents a slightly contaminated sediment
(Feiler et al. 2013; Hoss et al. 2010). Sediment PR possibly

reflects the toxicological burden coming from the Czech part
of the Elbe river (Stachel et al. 2011).

All sediments were sampled to a depth of 15 cm using Van-
Veen grabs, filled in polyethylene buckets and immediately
transferred to lab 1, where they were thoroughly homoge-
nized, and an additional 1:10 mixture (EBR/ZE), consisting
of nine parts dry weight (dw) EBR and one part dw ZE, was
prepared in the laboratory to present a fine particulate sedi-
ment contaminated with highly persistent DLCs. For simplic-
ity, the mixture of EBR/ZE will be subsequently named
sediment as well. All sediments were stored at 4 °C until
further use.

Sample preparation, extraction, and clean-up

The sample treatment procedures described in this section
were all conducted in lab 1. Sediments were freeze-dried for
72 h (Alpha 1-4 LD plus, Martin Christ GmbH, Osterode,
Germany), sieved to < 2 mm, and homogenized by using a
mortar and pestle. Sediments were extracted for 48 h accord-
ing to the methodology described by Umlauf et al. (2004),
using Soxhlet extraction (behr Labor Technik, Diisseldorf,
Germany) and a solvent mixture of n-hexane/acetone (352/
48; v/v). An amount of 20 g sediment (dw) was mixed with
an amount of 5 g muffled sodium sulfate (99% anhydrous
powder, Sigma Aldrich, Germany). A process control sample,
only containing 5 g sodium sulfate, was extracted in parallel.
Samples for chemical analysis were spiked with '*C;,-labeled
PCDD/F standards (EPA 1613 LCS, Wellington Laboratories,
Campro Scientific GmbH, Germany) and a '>C;,-labeled
PCB standards (EPA 68C LCS, Wellington Laboratories,
Germany).

Clean-up of extracts included the following steps in
chronological order: desulfurization with activated copper
(24 h), sulfuric acid treatment (24 h), multilayer silica
column clean-up, and activated carbon column clean-up.
Each step was performed in accordance with US EPA
method 8290 (US-EPA 1994) with the following modifica-
tions: Multilayer silica columns were equipped in the
bottom-to-top order: glass wool, 1 g of activated silica
gel, 2 g of basic silica gel (30 g of sodium hydroxide
dissolved in 750 mL methanol, combined together with
100 g of silica gel that was then rotary evaporated until
dryness for approximately 90 min in a 55 °C water bath),
1 g of activated silica gel, 4 g of acidic silica gel, 1 g of
activated silica gel, and 1 g of sodium sulfate.
Supelclean™ ENVI-Carb™ (Sigma Aldrich) was chosen
as carbon adsorbent in the activated carbon columns.
Extracts of fractions containing DL-PCBs and PCDD/Fs
were aliquoted volumetrically and stored in 4-mL vials
(amber glass, 45 % 14.7 mm with Butyl/PTFE septum and
screw cap, VWR International) until further use in bioas-
says or chemical analysis (HRGC/HRMS analysis). For

@ Springer



4040

Environ Sci Pollut Res (2018) 25:4037-4050

Table 1 Bioanalytical quality
criteria achieved for three

In vitro bioassay

different in vitro bioassays (RTL-

W1 EROD, H4IIE micro-EROD, EROD? Micro-EROD? Micro-ERODP HA4IIE-luc? HA411E-luc®
and H4IIE-luc assays) including
effect concentrations (EC) levels Cell line RTL-W1 H4IIE HA4IIE HA4IIE-luc H41IE-luc
;{f Rositifvg control 25(57 158_TC(11)D’ Passages used 60-77 26-50 26-30 10-26 19-27
;g;iigcaﬁft(fg (())7 - g;c?;‘rs’ Number of tests 273 75 16 71 48
repeatability, and reproducibility EC,,TCDD [pM]
Mean + SD 2.53+0.82 2.39+0.76 1.80 +0.20 1.21+£0.87 1.03 +£0.60
Min/max 0.72/6.25 1.09/5.99 1.49/2.20 0.26/6.00 0.11/2.73
EC,sTCDD [pM]
Mean + SD 472 +1.32 3.59+1.28 3.08 £0.35 2.52+0.85 2.71 £1.40
Min/max 1.81/12.08 1.61/10.35 2.58/3.69 0.72/4.22 0.77/7.67
LOD [pM]
Mean + SD 0.94+£0.61 0.45+0.32 043 +0.16 0.78 +£0.63 0.73+091
Min/max 0.01/5.41 0.07/2.05 0.06/0.61 0.06/2.96 0.01/4.72
LOQ [pM]
Mean + SD 1.72 +1.28 0.69 +0.36 0.72+0.18 2.32+2.05 2.12+2.27
Min/max 0.02/13.05 0.17/2.47 0.20/1.01 0.16/9.93 0.06/10.86
z-factor
Mean + SD 0.36 £0.46 0.54+0.22 0.72+0.10 0.67+0.14 0.64 £ 0.25
Min/max —5.13/0.99 —0.06/1.00 0.58/0.90 0.27/0.90 —0.88/0.91
Repeatability [%]
Extract/TCDD 64/70 76/77 88/90 69/61 43/62
Reproducibility [%]
Extract/TCDD na. 831/98 w1, 8361/98 o) Bt/ 830t/ T8

bl between-laboratory reproducibility, w/ within-laboratory reproducibility, z.a. not analyzed

 Operator 1, lab 1, method comparison

b Operator 2, lab 2, inter-laboratory comparison

¢ Operator 2, lab 1, intra-laboratory comparison

bioassay purposes, extracts were reduced close to dryness
under a gentle stream of nitrogen and redissolved in di-
methyl sulfoxide (DMSO > 99.5% p.a., Carl ROTH).

For intra-laboratory comparison purposes, 20 g of each
freeze-dried sediment was sent to lab 2* where an appropriate
extraction and clean-up were performed.

Bioanalytical analysis
RTL-WI1 EROD (7-Ethoxyresorufin-O-deethylase) assay

EROD activity was measured using the permanent fish cell
line RTL-W1 (Oncorhynchus mykiss, rainbow trout liver-
Waterloo 1) (Lee et al. 1993), donated by Dr. Niels C. Bols,
University of Waterloo, Canada. Passage numbers 73 to 76
were used to obtain the here presented results. Cell culture
and assay were performed according to the methods
described by Wolz et al. (2009) with the exception that
two samples were tested in triplicate per plate and each
well of a plate was adapted to a final concentration of
0.5% DMSO. Briefly, cells were seeded in 96-well plates
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(TPP, Trasadingen, Switzerland) and incubated 72 h until
confluence. Thereafter, medium was removed and cells
were exposed to serial diluted concentrations of extracts
and positive control 2,3,7,8-TCDD (3.1 to 100.0 pM;
Promochem, Wesel, Germany).

Following a 72-h incubation time, exposure medium
was removed and cells were lysed by freezing them at
— 80 °C for at least 1 h. First, an enzyme-substrate com-
plex consisting of EROD present in the cells and added
substrate 7-ethoxyresorufin was allowed to develop within
a reaction time of 10 min. Thereafter, addition of reduc-
tion equivalent NADPH caused the deethylation of the
substrate, which was stopped after another 10 min
through the addition of fluorescamine dissolved in aceto-
nitrile. After 15 min, specific EROD activity was deter-
mined by measuring the fluorescence of reaction product
resorufin (extinction 544 nm, emission 590 nm) and the
absorbance of fluorescamine-amine-complexes (extinction
of 360 nm, emission of 460 nm), according to a method of
Lorenzen et al. (1997) with a multiwell plate reader
(Tecan infinite M200).
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HAIIE micro-EROD assay

HAIIE cells were provided by the Lower Saxony State Office
for Consumer Protection and Food Safety (LaVes) and were
cultivated using Dulbecco’s modified eagle medium (DMEM;
low glucose, Life Technologies GmbH) supplemented with
10% FBS (Biochrom AG) and 2% L-glutamine (2 mM,
GIBCO® GlutaMAX™  Life Technologies GmbH,
Darmstadt, Germany). Passage numbers 26 to 50 were used
for the assay, which was performed according to a protocol
provided by LaVes (LAVES 2013). For the detailed protocol,
please refer to Schiwy et al. (2015). Briefly, confluent cells
were trypsinized and 50 pL cell suspension (200,000 cells
mL™' DMEM without phenol red) was seeded in a 96-well
plate (96-Well, Growing surface, Sarststaedt) and incubated
for 2 h in a humidified 95:5air/CO, atmosphere at 37 °C in
darkness.

Thereafter, cells were exposed to triplicates of serially (1:2)
pre-diluted concentrations of extracts and positive control
2,3,7,8-TCDD using DMSO as a carrier solvent (0.58 to
18.64 pM; Promochem, Wesel, Germany). DMSO concentra-
tion was 0.5% in all wells. Following a 72-h incubation, me-
dium was removed and 100 puL of 8 uM ethoxyresorufin
(ETX) solution containing 10 uM dicumarol was added to
all cell-containing wells. After 30 min, the reaction was
stopped by adding 75 pL methanol (p.a.; ROTH). Plates were
shaken horizontally (300 rpm) for 10 min, and resorufin pro-
duction was determined fluorometrically (excitation 530 nm,
emission 590 nm) by using a multiwell plate reader (Tecan
infinite M200; Tecan Germany GmbH, Crailsheim,
Germany). For the calculation of the specific EROD activity,
protein was determined by using a bicinchonic acid (BCA)
protein assay kit (Sigma Aldrich). A protein standard curve
was prepared in the remaining ETX solution and added to the
plate in a 1:2 serial dilution (3.9-500.0 pg mL ™). Absorption
was measured at 550 nm following the addition of 100 uL/
well BCA solution (Tecan infinite M200).

For intra-laboratory comparison purposes, personnel of lab
2 were trained in lab 1. Frozen cells (passage number 22),
aliquots of extract fractions, 96-well plates, and stock solu-
tions required for test performance were sent to lab 2. Plates
were measured using the same protocol (Tecan Infinite M200
Pro) and data was then sent to and evaluated by lab 1
personnel.

The H41IE-luc assay

The H4IIE-luc cell line was donated by Prof. Dr. John P. Giesy
(University of Saskatchewan, Saskatoon, Canada) and culti-
vated with Dulbecco’s modified eagle medium (DMEM; low
glucose, Life Technologies GmbH) supplemented with 10%
FBS (Biochrom AG) and 2% L-glutamine (2 mM, GIBCO®
GlutaMAX™ Life Technologies GmbH, Darmstadt,

Germany). The assay was performed according to a method
developed by Sanderson and co-workers (1996), with modi-
fications (Khim et al. 1999). Confluent cells of passage num-
bers 10 to 27 were trypsinized, seeded in 96-well plates
(ViewPlate™-96, Perkin Elmer, Rodgau-Jiigesheim,
Germany) at a density of 80,000 cells mL ! in DMEM, and
incubated for 24 h in a humidified 95:5air/CO, atmosphere at
37 °C in darkness.

Thereafter, medium was removed (liquid handling device,
IBS INTEGRA Bioscience, Landquart-Davos, Switzerland)
and cells were exposed to triplicates of 250 uL serially (1:3)
pre-diluted concentrations of extracts and positive control
(0.5% DMSO per well) for 72 h. It should be noted that ac-
cording to Lee et al. (2013), the prolonged 72-h incubation
time compared to 24 h of the original protocol by Sanderson
and co-workers (1996) may result in slightly poorer analytical
quality control criteria, without affecting relative potencies in
general. Thereafter, plates were washed twice with phosphate
buffered saline (PBS; 10 x; with 1.33 g calcium L ' and 1.0 g
magnesium chloride L™, Sigma). The bottoms of the plates
were closed with backing tape (white; for ViewPlate™-96,
Unifilter™-96, PerkinElmer) and each well was equipped
with 100 uL PBS and 50 pL LucLite (LucLite®, Constant
Quanta™, Perkin Elmer). After 10 min, luminescence was
determined using a multiwell plate reader (TECAN infinite
M200).

Calculation of biological equivalent quotients (BEQs)

Bioassay concentration-response curves were plotted via
GraphPad Prism 5 (GraphPad Prism 5 Software Inc., La
Jolla, CA, USA) using a four-parameter logistic regression
model (dose response stimulation; log agonist vs. response).
BEQs were calculated based on a 25% effect concentration
(EC) level (EC,s), with BEQ [pg/g dw] representing the quo-
tient of the EC,5sTCDD [pg mL '] and the extract ECys g
sediment mL ™" medium] (Eq. 1). Each BEQ represents the
mean value of three independent replicates.

1, TCDDECys [pgmL™']
BEQ [pgg '] = extract ECys [gmL™"|

(1)

All bioanalytical data from intra- and inter-laboratory com-
parisons were evaluated by the same operator.

Calculation of bioanalytical quality criteria

High-throughput screening assays require adequate sensitivi-
ty, reproducibility, and accuracy in order to be used as high
throughput assays for the identification of samples of highest
concern (2012/278/EU 2012).

Repeatability is defined as the precision under conditions,
where independent test results are obtained with the same
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method on identical test items in the same laboratory by the
same operator using the same equipment within short intervals
of time (ISO/5752 2002). It is calculated as the coefficient of
variation of n» measurements (# = 3 in the present study).

Reproducibility can be divided into (1) within-laboratory
reproducibility and (2) between-laboratory reproducibility.
Within-laboratory reproducibility is defined as precision un-
der conditions, where test results are obtained with the same
method on identical test items in the same laboratory with
different operators over a long period of time. Between-labo-
ratory reproducibility is defined as precision under conditions,
where test results are obtained with the same method on iden-
tical test items in different laboratories with different operators
using different equipment (ISO/5752 2002). Both (1) and (2)
are calculated as the coefficient of variation of two mean
values, each consisting of three independent replicates.

The z-factor was calculated according to Zhang et al.
(1999) (Eq. 2):

ztﬁcmr::1—§£€iifﬁl

(2)

1=t

with standard deviation ¢ and arithmetic mean p of the sample
s (here TCDD maximum induction) and the solvent control c.
The factor represents the assays’ dynamic range and data var-
iation of both sample and reference compound measurement.
A z-factor of 1 indicates an ideal assay, whereas z-factors in
the ranges 1 > z> 0.5 and 0.5 > z > 0 indicate excellent and
marginal assay, respectively. Marginal assay signifies that the
separation of positive and negative control is small. The clas-
sification is based on the general assumption that the better an
assay, the higher its dynamic range and the smaller its vari-
ability (Zhang et al. 1999). Limit of detection (LOD) (Eq. 3)
and quantification (LOQ) (Eq. 4) were determined according
to MacDougall and Crummett (1980),

LOD = p, + 30, (3)
LOQ = p, + 100, (4)
with p and o being the arithmetic mean and standard devia-

tion, respectively, of a negative control ¢, which in the case of
this study is represented by solvent control DMSO.

Chemical analysis
HRGC/HRMS analyses

HRGC/HRMS analyses of extracts prepared by lab 1 were
performed by lab 3. For instrumental analysis, a capillary
gas chromatograph coupled to a high-resolution mass spec-
trometry was used (Thermo Scientific Trace Ultra GC with
Thermos scientific DFS HRMS, Thermo Fisher Scientific,
Bremen, Germany). The GC was equipped with a 60-m DB-
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SMS capillary column of 0.25 mm inner diameter and
0.25 um film thickness (Agilent J&W, Santa Clara, CA,
USA). The capillary column was used for both PCDD/F and
PCB analyses. Separate HRGC/HRMS runs at different in-
strumental conditions were applied for the analysis of the
two compound classes.

Since the pre-cleaned sediment extracts provided by lab 1
partly showed insufficient extract purification, the PCDD/F
and PCB fractions of the initial clean-up were recombined
and reprocessed for chemical analysis by lab 3. The
HRGC/HRMS analyses also revealed hepta-, octa-, and partly
HexaCDD/Fs to be retained within the initial clean-up. Hence,
quantified congeners comprised 2,3,7,8-tetraCDD/F,
1,2,3,7,8-pentaCDD/F, 2,3,4,7,8-pentaCDF, and most
2.3.,7,8-HexaCDD/Fs, as well as the 12 WHO-DL-PCBs com-
prising the non-ortho PCBs 77, 81, 126, and 169 and the
mono-ortho PCBs 105, 114, 118, 123, 156, 157, 167, and
189. However, the comparably low TEF values of these
retained congeners make them negligible for TEQ calculation.

Quantification of PCDD/Fs and PCBs was performed via
isotope dilution and based on the labeled internal PCDD/F and
PCB standards added by lab 1 prior to the initial clean-up.
Overall recoveries of the internal standards through both
clean-up procedures were determined by means of labeled
recovery standards added prior to the instrumental analysis.
Based on blank analyses and the dry weight of the sediment
samples, analytical limits of quantification (LOQs) were de-
termined to be below 1 pg WHO2005TEQ/g for both
PCDD/Fs and PCBs, respectively. Recoveries of the 13C -
labeled Tetra- through HexaCDD/F quantification standards
were in the range of 15-106%, whereas recoveries of the DL-
PCBs ranged from 43 to 120%. Recoveries of PCDD/Fs and
DL-PCBs in the three process control ranged from 11 to 102%
and from 52 to 108%, respectively. Inter-laboratorial conduct-
ed HRGC/HRMS results were evaluated by different opera-
tors of laboratories 2* and 3.

Calculation of toxicity equivalent quotients

TEQs for DL-PCB and PCDD/F fractions were calculated
based on the relative potency (REP) of individual congeners
described previously for the different assays used in this study
(Behnisch et al. 2002, Clemons et al. 1997, Lee et al. 2013,
Van den Berg et al. 2006) and which allowed for assay and cell
line specific conversion of instrumentally derived results.

In the case of RTL-W1 cells, REPs were obtained from
72 h-ECs values previously described by Clemons et al.
(1997), whereas 72 h-EC,q values for H4IIE and H4IIE-luc
cells were obtained from Behnisch et al. (2002) and Lee et al.
(2013), respectively. Although BEQs were calculated for 72 h
of exposure, the chosen effect levels for BEQ calculation
slightly deviated from those available for REP-based TEQ
calculation. For bioassay comparisons, TEQs were calculated
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based on WHO,(ps mammalian toxicity equivalent factors
(Van den Berg et al. 2006) (Eq. 5):

TEQ, [pge '] = X(conci-REP,) (5)

Connecting the present study with German dredged
material directives

To connect the present study’s results with German dredged
material directives, we conducted an attempt to derive a
bioanalytical threshold value (H4IIE micro-EROD assay)
from chemical analytical data. TEQ values (sum of
WHO,p5 DL-PCB and PCDD/F TEQs) from an Elbe length
profile study, conducted by Stachel and co-workers (2011),
were collected and a 75% percentile of all data points, includ-
ing TEQs of the present studies’ Elbe sampling locations
Prossen and Magdeburg (ZE), was determined and served as
a limit value for stronger contaminated locations.

Data analysis and presentation

All graphs and correlation analyses (Pearson correlation;
p < 0.05) were calculated using GraphPad Prism 5.
[Nlustrations were created using the vector graphic program
Inkscape 0.91. A one-tailed Student’s ¢ test (p < 0.05) was
performed using Sigma Stat 12.0 to statistically analyze dif-
ferences between intra- and inter-laboratorial derived bioassay
results. In case of uneven variances, Welch’s correction
(p < 0.005) was applied for Student’s ¢ test adjustment.

Results
Physical chemical characterization of sediments

Generally, Elbe sediments PR and ZE, which on average ex-
hibited higher percentages of sand (21%) and smaller percent-
ages of silt (69%) and clay (10%) clearly differed from Rhine
sediment EBR (4, 79, and 17% of sand, silt, and clay, respec-
tively). In contrast to EBR (49.6 g kg ™' TOC), they had higher
amounts of TOC (63.7 g kg '), confirmed by their slightly
higher losses on ignition (13.6 and 10.6%, respectively).
WHO-PCDD/F concentrations (data not shown) increased
in the order EBR < PR < EBR/ZE < ZE (0.03, 0.24, 1.22 and
3.70 ng g ' dw, respectively), whereas WHO-DL-PCB con-
centrations increased in the order EBR < EBR/ZE < PR < ZE
(3.50, 4.18, 5.22 and 9.72 ng g ' dw, respectively). When
expressed as toxicity equivalents (TEQs, Van den Berg et al.
2006) both PCDD/F and DL-PCB TEQs increased in the or-
der EBR < PR < EBR/ZE < ZE. PCDD/F TEQs were 5.13,
549, 17.53, and 84.22 ng gf1 dw and DL-PCB TEQs were

2.66,2.95,4.04, and 5.85 ng g~ dw for EBR, PR, EBR/ZE,
and ZE, respectively.

Inter- and intra-laboratory comparison study
Comparison of three in vitro bioassays

This section focuses on the general handling and performance
of the EROD, micro-EROD, and H4IIE-luc assays (refer to
assays marked with “a”, Table 1) as well as a comparison
between bioassay and HRGC/HRMS-derived BEQs and
TEQs, respectively.

The H4IIE micro-EROD assay showed an average z-factor
of 0.54, an average repeatability (coefficient of variation (CV)
of three independent measurements) of > 75% for both sedi-
ment extracts and TCDD (Table 1) with an LOD and LOQ of
0.5 and 0.7 pM 2,3,7,8-TCDD, respectively.

The average LOD and LOQ of the H4IIE-luc assay was 0.7
and 2.1 pM 2,3,7,8-TCDD, respectively. Repeatability for
sediment extracts, which was independent of the different
fractions (raw, multilayer, DL-PCB, and PCDD/F) and
2,3,7,8-TCDD, was high and averaged at 31 and 39%, respec-
tively. The quotient of the average EC,sTCDD and the aver-
age EC,oTCDD levels was the highest (2.6) for the H4IIE-luc
assay (Table 1).

RTL-W1 EROD assay average LODs and LOQs of 0.94
and 1.72 pM 2,3,7,8-TCDD (Table 1), respectively, were high
compared to the remaining assays. The assay’s repeatability
was the lowest (64%), but independent of the different frac-
tions tested (raw, multilayer, DL-PCB, and PCDD/F). The CV
among replicate experiments with the single substance
2,3,7,8-TCDD was lesser with a value of 30% (Table 1).
The assays’ overall z-factor was 0.36 and was accompanied
by the overall highest standard deviation among the three
assays.

The comparability between TEQs and BEQs increased
from the H4IIE-luc (+* = 0.642) to the EROD (/7 = 0.779) to
the micro-EROD assay (+* = 0.803). The percentage of rela-
tive potency (REP)-based TEQs in micro-EROD BEQs
amounted up to 49% (Fig. 1). Thereby, it was proven that
REP-based TEQs explained a greater part (26.5%) of BEQs
than it was the case for routinely used WHO TEQs of year
2005 (16.0%, data not shown).

Intra-laboratory comparison

Results obtained by the different operators with the H4IIE-luc
assay were highly similar. The intra-laboratory validation
study achieved LODs that did not significantly differ
(p = 0.339) from each other following Welch’s correction
(p < 0.0001). However, repeatability differed considerably
between operator 1 (69%) and 2 (43%), respectively. The
within-laboratory reproducibility was independent of the
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Fig. 1 Comparison of bioanalytical (BEQs) and instrumentally derived
toxicity equivalents (TEQs) of DL-PCB and PCDD/F extract fractions of
four sediments. EBR = Ehrenbreitstein (Rhine), PR = Prossen (Elbe), ZE
= Zollelbe (Elbe) and a 1:10 mixture (EBR/ZE) consisting of one dry
weight part EBR and nine dry weight parts ZE. BEQs were determined on
an EC,s level via the H4IIE micro-EROD assay, while TEQs were
calculated using H41IE micro-EROD assay-specific relative potencies
(REP). The overall share of TEQs in respective BEQs is given in
percentages

different fractions and amounted to 78%. There was a highly
significant ( = 0.942) correlation between H4IIE-luc BEQs
obtained by two different operators (Fig. 2a). Among the dif-
ferent sediments, both operators characterized sediment ZE
and its fractions to possess the highest overall AhR activating
potential (Fig. 2a).

Inter-laboratory comparisons

Results obtained for the H4IIE micro-EROD assays were
highly similar between both operators and laboratories. A
one-tailed Student’s # test, which due to unequal variances
was adapted by Welch’s correction (p < 0.005), indicated
inter-laboratorial achieved LODs to not significantly differ
from each other (p = 0.752).

Repeatability achieved by both operators was lower for
DL-PCB than for PCDD/F fractions and averaged to 76 and
88% for lab 1 and 2, respectively. The between-laboratory
reproducibility for sediment extracts and single substance
2,3,7,8-TCDD averaged to 83 and 98%, respectively.
Average LOD and LOQ values of the micro-EROD assay
were 0.4 and 0.7 pM 2,3,7,8-TCDD, respectively (Table 1).
Furthermore, the correlation of micro-EROD assay results ob-
tained by different laboratories was significant (> = 0.87,
Fig. 2b). Both operators and laboratories found highest AhR
activating potential for fractions of sediment ZE.

Concerning the inter-laboratory comparison of
HRGC/HRMS measurements, a highly significant correlation
was found between DL-PCB and PCDD/F congener concen-
trations determined in sediments PR and EBR (r2 = 0.933;
Fig. 2c and Table 2), even though extracts were differently
extracted and cleaned.
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Summarized consideration of bioanalytical results

Multilayer and raw fractions were only analyzed using the
EROD and H4IIE-Iuc assays (data not shown). In both assays,
the sum of activities of DL-PCB and PCDD/F fractions was
lower than total activity measured in multilayer extracts (by 73
and 82% for DL-PCB and PCDD/F fractions, respectively).
Regarding intra- and inter-laboratorial achieved BEQs of the
three different assays, they all indicated sediment ZE and
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4 Fig.2 Pearson correlations of an intra-laboratory comparison via H4ITE-
luc EC,sBEQs (a) as well as inter-laboratory comparisons via H4IIE
micro-EROD EC,sBEQ (b) and instrumental determined concentrations
(¢) in different sediments extracts and fractions thereof. EBR =
Ehrenbreitstein (Rhine), PR = Prossen (Elbe), ZE = Zollelbe (Elbe), and
a 1:10 mixture (EBR/ZE) consisting of one dry weight part EBR and nine
dry weight parts ZE. Black and gray circles show BEQs (a, b) and single
congener concentrations (c) determined for sediment DL-PCB and
PCDDVF fractions, respectively. Black and gray triangles show BEQs
determined for multilayer fractions and raw extracts, respectively.
Linear regression line is depicted with its 95% confidence interval
(dashed red line). Lab 1 = RWTH Aachen University, lab 2 = German
Federal Institute for Hydrology (BfG), lab 2* = BfG contract laboratory,
lab 3 = Miinster Analytical Solutions (mas)

fractions thereof to possess the overall highest toxicity. The
fish cell line RTL-W1 produced the highest and the

Table2  Concentrations of PCDD/F and DL-PCB congeners in pg g
in sediments from Prossen/Schmilka (PR) and Ehrenbreitstein (EBR),
measured by two independent laboratories (lab 2* = BfG contract
laboratory; lab 3 = Miinster Analytical Solutions); (n.d. = not
determinable), data built the basis for the correlation analysis shown in
Fig. 2¢

Sediment PR Sediment EBR

Lab 3 Lab 2* Lab 3 Lab 2*
2,3,7,8-PCDDs
2,3,7,8-TetraCDD 0.6 0.5 0.6 0.6
1,2,3,7,8-PentaCDD 0.7 0.7 1.1 1.4
1,2,3,4,7,8-HexaCDD 0.8 0.7 1.1 1.7
1,2,3,6,7,8-HexaCDD 1.4 1.5 34 4.5
2,3,7,8-PCDFs
2,3,7,8-TetraCDF 6.8 8.8 4.6 6.0
1,2,3,7,8-PentaCDF 2.5 3.7 22 33
2,3,4,7,8-PentaCDF 4.0 4.5 3.1 3.6
1,2,3,4,7,8-HexaCDF 3.7 52 5.5 53
1,2,3,6,7,8-HexaCDF 2.3 3.1 2.7 33
1,2,3,7,8,9-HexaCDF 1.4 04 n.d. n.d.
2,3,4,6,7,8-HexaCDF 3.1 2.1 37 1.8
Non-ortho PCB
PCB 77 272.2 357.0 297.2 686.0
PCB 81 12.0 12.0 n.d. 5.0
PCB 126 20.9 24.0 24.7 39.0
PCB 169 n.d. 10.0 n.d. 10.0
Mono-ortho PCB
PCB 105 457.8 391.0 446.5 470.0
PCB 114 28.9 29.0 22.7 27.0
PCB 118 2041.7 2330.0 1600.1 1830.0
PCB 123 36.8 23.0 21.5 31.0
PCB 156 1052.2 1030.0 532.8 650.0
PCB 157 105.0 223.0 102.1 134.0
PCB 167 556.2 518.0 339.0 331.0
PCB 189 219.4 279.0 112.3 172.0

mammalian wild-type cell line H4IIE the lowest BEQs
(Fig. 3a, b). Logarithmic BEQs of the EROD assay correlated
well with those determined via the H4IIE-luc (72 =0.930) and
micro-EROD assays ? = 0.910). Logarithmic BEQs of the
HA4IIE-luc and micro-EROD assays are correlated well, too
(* = 0.900).

Intra- (H4IIE-luc) and inter-laboratory (micro-EROD)
BEQs were comparable (p = 0.008). Only the micro-EROD
BEQs obtained for ZE PCDD/F fraction significantly differed
between the two operators and laboratories (Fig. 3b).

Connecting the present study with German dredged
material directives

When combining the results obtained for Elbe sediments an-
alyzed by this study with TEQ values from a more extensive
data set that includes multiple locations analyzed along the
Elbe river (Stachel et al. 2011), the top 25% most contaminat-
ed sediments were clearly separated from the remaining sam-
ples by a TEQ limit value (LV) of 35 pg g ' dw (Fig. 4a).
Linear regression analysis of micro-EROD BEQs and TEQs
determined for Rhine and Elbe sediment DL-PCB and
PCDD/F fractions obtained during the present study
(Fig. 4b) resulted in a respective BEQy of 145 pg BEQ g
dw sediment.

Discussion
Inter- and intra-laboratory comparison study
Comparison of three in vitro bioassays

Each of the performed assays was able to detect dioxin-like
activity in complex samples. Altogether, according to our
findings, the micro-EROD assay with the cell line H4IIE con-
stitutes the preferable bioanalytical screening tool among the
examined assays. The micro-EROD assay according to its
average z-factor of 0.54 could be classified as excellent. Its
average repeatability > 75% corresponds to aforementioned
regulatory recommendations (2012/278/EU 2012), and the
here applied two sample-plate layout (i.e., testing of two sep-
arate samples per plate) allowed for the simultaneous testing
of 16 samples per cycle. The assays’ most promising criteria
were its remarkably low LOD and LOQ of 0.5 and 0.7 pM
2,3,7,8-TCDD (Table 1), respectively, which approach the
limits achieved by instrumental analysis such as
HRGC/HRMS.

In contrast to cell line H4IIE, a two sample-plate layout
turned out to be inappropriate using H4IIE-luc cells due to
cross-talk of adjacent wells during the luminescence measure-
ments (Puga et al. 2009). This limited the number of samples/
cycle to six. Although luminescence is known to be one of the
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Fig. 3 Biological toxicity equivalents (BEQs) obtained for DL-PCB (a)
and PCDD/F (b) fractions of three sediments from Ehrenbreitstein (EBR),
Prossen (PR), and Zollelbe (ZE) as well as a mixture (EBR/ZE) consisting
of nine dry weight parts EBR and one dry weight part ZE. BEQs were
obtained using the RTL-W1 EROD, H41IE-luc, and H4IIE micro-EROD

ZE

most sensitive endpoints (Sanderson et al. 1996, Willett et al.
1997), the average LOD of 0.8 pM 23,7,8-TCDD was higher
than expected and the average LOQ of 2.3 pM 2,3,7,8-TCDD
could not compete with those of the remaining assays. While
the assay’s average repeatability was satisfactory for complex
samples (69%), it was unexpectedly low (61%) for the stan-
dard 2,3,7,8-TCDD. It should be emphasized that a better
performance of the assay can be expected for the 24-h incu-
bation time described in the original protocol (Sanderson et al.
1996) as indicated by Lee et al. (2013). The distance between
the average EC,sTCDD and the average EC;(TCDD showed
that the H4IIE-luc assay covered the widest concentration
range among the analyzed assays (Table 1), hence might com-
pensate for time-consuming range finding tests prior to the
actual assay.

The RTL-W1 EROD assay allows for the testing of up
to 36 samples per cycle, which constitutes the assays’ most
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assays. Dashed bars show results of intra- (H4IIE-luc) and inter-
laboratory (H4IIE micro-EROD) comparisons. Bars show mean values
of three independent replicates with standard deviations. Asterisks show
significant differences between results obtained by different operators,
which was analyzed using a Student’s 7 test (p < 0.05)
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promising feature and equates three to five times the test-
ing capacity of mammalian cells such as H4IIE and H4IIE-
luc. High sample numbers require long test periods, which
due to differing culture conditions (e.g., lower temperature,
no need for culture in CO, atmosphere) are much better
tolerated by the fish cell RTL-W1 compared to their mam-
malian relatives. RTL-W1 cells are very slow growing (one
doubling after 72 h) and have stable cytochrome concen-
trations even at high passage numbers. Hence, they allow
for the testing of large numbers of samples using a single
subculture (Lee et al. 1993), which decreases subculture-
related variability. Nevertheless, repeatability of the RTL-
W1 EROD assay was higher than formerly determined
(2012/278/EU 2012; Besselink et al. 2004; Engwall and
Van Bavel 2004) and showed values of 64 and 70% for
extracts and single substance 2,3,7,8-TCDD, respectively.
Hence, repeatability decreased with increasing sample
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Fig. 4 a Sum of DL-PCB and PCDD/F WHO,qs toxicity equivalents
(TEQs) measured via HRGC/HRMS in sediment extracts of an Elbe
length profile sampling campaign conducted by Stachel et al. (2011).
Sampling locations follow the rivers course. Dashed line represents a
TEQ limit value (LV) derived from the 75% percentile (gray area) of all
data points; blank dots at locations Magdeburg and Prossen represent
TEQs measured in the present study. b Linear correlation of TEQs [pg/
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g dw] and biological equivalents (BEQs); TEQs represent the sum of DL-
PCB and PCDD/F measured in sediments of rivers Elbe and Rhine of the
present study, whereas BEQs show the AhR inducing potential of the
respective DL-PCB and PCDD/F fractions analyzed using the micro-
EROD assay with H4IIE cells. Through the TEQy derived in b, a limit
value for BEQ calculation was determined (dashed line, BEQy )
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complexity, which corresponds to previous observations of
Besselink et al. (2004).

Moreover, care has to be taken when samples with low
EROD-inducing potential have to be evaluated because of
the assay’s relatively high average LOD and LOQ of 0.9 and
1.7pM 2,3,7,8-TCDD (Table 1), respectively. The fact that the
z-factor of 0.36 was accompanied by the overall highest
standard deviation most likely indicates high intra-assay fluc-
tuations of positive and negative control (Zhang et al. 1999)
due to the z-factors’ high sensibility towards variability. In
conclusion, the EROD assay (RTL-W1) constitutes an assay
particularly suitable for the pre-screening of large sampling
sets, and despite its comparably high detection limits, prompt-
ly can be used to detect samples of highest concern.

Intra-laboratory comparison

Intra-laboratory results obtained for the H4IIE-luc assay were
highly similar (* = 0.942) between two operators of the same
laboratory (Fig. 2a), but repeatability for sediment extracts of
69 and 43% achieved by operator 1 and 2, respectively, was
different and indicated the assays’ high variability. The
within-laboratory reproducibility for sediment extracts of
83% (in contrast to the percentage of repeatability)
corresponded to recommendations set by European guidelines
(2012/278/EU 2012) and most likely was due to the fact that
test results of both operators and laboratories were evaluated
by the same operator (Table 1). Results generated by both
operators indicated that sediment ZE and its fractions pos-
sessed the overall highest AhR activating potential (Fig. 2a),
which demonstrated the suitability of the H4IIE-luc assay to
be used as prioritizing tool in sediment evaluations.

Inter-laboratory comparisons

The inter-laboratory comparison of the H4IIE micro-EROD
assay showed comparable results (/> = 0.87) between both
operators and laboratories, but showed slightly higher devia-
tions than the intra-laboratory comparison (Fig. 2a, b). The
between-laboratory reproducibility averaged to 83%, indicat-
ing the H4IIE micro-EROD as a useful cross-laboratory meth-
od. A standard (here 2,3,7,8-TCDD), which delivers highly
comparable repeated measures, is one basic requirement for
implementing an assay as a regulatory tool. For the standard,
between-laboratory reproducibility and repeatability on an
EC,5sTCDD level were 98 and 84% (calculated from respec-
tive standard deviations depicted in Table 1), respectively, and
thus are greater than the recommendations of regulatory
guidelines (2012/278/EU 2012) and performance of reported
by other studies (Engwall and Van Bavel 2004).

In general, the variability observed for this assay was below
the inter-laboratory variability that was achieved using the
CALUX assay. The reproducibility for 2,3,7,8-TCDD and

sediment extracts reached values of 86 and 80%, respectively,
in case of the CALUX assay (Besselink et al. 2004). However,
the fact that results of both laboratories were calculated by the
same operator most likely lowered the intra-assay variation.
For instance, Engwall and Van Bavel (2004) concluded for
their inter-laboratory bioassay comparison study that different
evaluation methods conducted by the participating laborato-
ries influenced inter-laboratory variance. To lower this
influencing factor, the authors strongly recommended stan-
dardized evaluation methods (Engwall and Van Bavel 2004).

Average LOD and LOQ values of 0.4 and 0.7 pM 2,3,7,8-
TCDD were comparable to former studies (as reviewed by
Eichbaum et al. 2014) and indicate that the H4IIE micro-
EROD is a highly suitable screening tool for complex samples
with low dioxin-like activity. The inter-assay variability of
EC,cTCDD values was very high compared to EC,sTCDD
levels, which possibly indicates EC,5 values to be the more
reliable effect level for sample evaluation (Table 1). Finally,
both operators found the highest overall induction potential
for fractions of sediment ZE, again showing the suitability as
prioritization tool and supporting the results of the remaining
assays (Fig. 2b).

Concerning HRGC/HRMS measurements conducted by
different operators and laboratories, a highly significant cor-
relation (r2 = 0.933; Fig. 2c, d Table 2) revealed that extrac-
tion, clean-up, and analytical methods applied by labs 1 and
2* were comparable and robust. Findings of an intra- and
inter-laboratory comparison study conducted by Besselink
et al. (2004) revealed that different extraction and clean-up
methodologies distinctly influenced TEQs and BEQs and
most likely increased reproducibility. Consequently, it is
strongly recommended to use extracts of the same origin for
future cross-method comparisons.

Although DL-PCBs and PCDD/Fs show high and low
concentrations, respectively, (Fig. 2a—c) bioanalytical re-
sults show low and high induction levels for DL-PCBs
and PCDD/Fs, respectively, which reveals their high sen-
sitivity towards dioxins. PCDDEF/s, so far, are not present
among the target compounds of guidelines for dredged
material (HABAB 2000; HABAK 1999). However, this
compound class essentially influences the overall induc-
tion potential in the group of DLCs; thus, the future imple-
mentation of in vitro bioassays for the screening of envi-
ronmental trace contaminations with the highly relevant
PCDD/Fs should be considered.

Summarized consideration of bioanalytical results

Only the H4IIE micro-EROD assay showed the same order of
contamination levels (Fig. 3a, b) for DL-PCBs (EBR < EBR/
ZE < PR < ZE) and PCDD/Fs (EBR < PR < EBR/ZE < ZE) as
the results from the chemical analysis (“Physical chemical
characterization of sediments” section). Furthermore, this

@ Springer



4048

Environ Sci Pollut Res (2018) 25:4037-4050

assay exhibited the smallest amount of unexplained percent-
ages of 26.5% when compared to chemical analytical results
(Fig. 1). Discrepancies between TEQs and BEQs were con-
siderably higher than guideline recommendations of + 20%
(2012/278/EU 2012), which may be explained through antag-
onistic or synergistic effects, contradicting the additive char-
acter of the TEQ approach (Safe 1998a, b). Moreover, com-
plex environmental mixtures are known to contain a certain
fraction of dioxin-like inducers non-targeted by chemical
analysis (Engwall and Van Bavel 2004). Moreover, adsorption
of DLC:s to the test vessel material might have influenced the
actual test concentrations during the exposure of cells. This
was observed by scientists, who compared adsorption behav-
ior of organic chemicals to glass and plastic materials, show-
ing that the latter one crucially lowers actual test concentra-
tions (Palmgren et al. 2006; Zielke 2011).

EROD and H4IIE-luc assays, by which multilayer fractions
containing both DL-PCBs and PCDD/Fs were investigated,
showed that the sum of the activity of the two fractions (DL-
PCB, PCDD/F) was lower than the total activity measured in
multilayer extracts (73 and 82%, respectively; data not
shown). This observation, although opposite to former find-
ings (Manz et al. 2007), may indicate the presence of antago-
nistic substances in the multilayer fractions or possible com-
pound losses during the fractionation process.

In general, BEQs of the different assays were comparable
when DL-PCB fractions were investigated, while they dif-
fered for PCDD/Fs (Fig. 3a, b), indicating the bioassays dif-
fering sensitivities towards PCDD/Fs.

Bioanalytical threshold value derivation from chemical
data

The present study’s sampling location ZE (Magdeburg)
was found to be among the top 25% of the most contam-
inated sediments of the Elbe river. Regarding the TEQy
of 35 pg g ' dw, sediment ZE with TEQs of 70 and
90 pg g ' dw as determined in the previous and in the
present study, respectively, clearly separated from other
sampling locations along the river such as sediment PR
(Prossen/Schmilka). The TEQry was chosen in an
arbitrary manner, and thus could also be based on any
other percentile of choice (Fig. 4a). The BEQry of
145 pg BEQ g' dw sediment, deduced from a linear
correlation of BEQs and TEQs determined in the present
study (Fig. 4b), has to be considered as preliminary due to
the limited data available for the bioassay to date
(Fig. 4b). Hence, further biochemical and instrumental
sediment evaluations with DL-PCB and PCDD/F fractions
would have to be conducted to strengthen the basis for
such in vitro assay sediment evaluations. Based on this,
sediments could be evaluated and ranked using simple,
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rapid, and low-cost intensive in vitro bioassays such as
the H4IIE micro-EROD assay.

Conclusions

The H4IIE micro-EROD assay showed the best perfor-
mance within the investigated bioassays. It was ranked
excellent (z-factor = 0.54), possessed a satisfactory sam-
ple/cycle-number, and its repeatability > 75% was inde-
pendent of sample complexity and its remarkably low
LOD and LOQ of 0.5 and 0.7 pM 2,3,7,8-TCDD, respec-
tively, approached the limits achieved by instrumental
analysis, with which the assay was highly comparable
(** = 0.803). Bioassay results were highly reproducible
(83%) and comparable (> = 0.87) between operators
and laboratories. While all bioassays reliably indicated
sediment ZE and its fractions to possess the overall
highest dioxin-like potential among the four chosen sedi-
ments, only cell line H4IIE showed the same sequence in
sediment contamination as it was determined by
HRGC/HRMS.

In contrast, the RTL-W1 EROD assay due to its high
sample/cycle-number was more suitable for the pre-
screening and prioritization of large sampling sets, and the
HA4IIE-luc assay due to its widest concentration range may
compensate for time-consuming range finding tests.

With an exemplarily set limit value, derived from former
determined Elbe sediment TEQs, we could moreover deduce a
HA4IIE micro-EROD-based limit value that in future regulatory
decisions might be used as an additional quality measure for
the assessment of sediments.
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