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1. Introduction
The development of the chemical industry, which ensures the
possibility of creating a broad range of materials that are durable,
light, cheap and easy to process and produce, has undoubtedly con-
tributed to the development of civilization and the improvement of
the standard of living in society in recent years. Plastics are now
the most universal and multi-functional materials used in each
field of technology and industry (Al-Natsheh et al., 2015). Despite
the numerous advantages of thesematerials there are some concerns
that chemical constituents of plastics may have some harmful effects
on wildlife and environment (i.e. air, land, water, groundwater pol-
lution, harmful to biota) (Bakir et al., 2012; Rochman et al., 2013;
Thompson et al., 2009).

Much of the subject area of plastic materials is inherently connected
with issues concerning bisphenol A (BPA). For many years, research has
been conducted on its environmental fate, aswell as its influence on liv-
ing organisms. Unfortunately, much less attention has been given to
other compounds, which are also used for the production of those plas-
tic materials. Bisphenol A diglycidyl ether (BADGE) is a synthetic indus-
trial compound obtained by a condensation reaction between
epichlorohydrin (ECH) and BPA (Xue et al., 2015). Similarly, novolac
glycidyl ether (BFDGE), a complex compound with more than two aro-
matic rings and glycidyl groups, is produced from the reaction between
novolac and epichlorohydrin. Both BADGE and BFDGE are used mainly
for the production of epoxy resins but also as an additive for polyesters
and a hydrogen chloride binding agent during varnished surface degra-
dation (Grob et al., 2010). Many industrial branches use these because
of the excellent properties for epoxy resins, including chemical and
heat resistance, goodmechanical properties and very good electrical in-
sulating properties. Epoxy resins are used as adhesives, food-can inner
coatings for protecting food from metal contamination and preventing
metal corrosion, components of powder coatings in polymer-based
root canal sealers and in electrical systems and electronics (Chang
et al., 2014; Xue et al., 2015). In Table 1, key information on the com-
pounds used in this research is summarized.

Unfortunately, despite the numerous pros resulting in its com-
mon industrial use, epoxy resins may also be a source of contamina-
tion. As indicated in numerous research results, these compounds
may be washed off the material surface and transferred to food or
individual elements of the environment due to the interaction
with food ingredients or the influence of external factors
(Ballesteros-Gómez et al., 2007; Pérez-Palacios et al., 2012). The
identification and the quantitative determination of the released
compounds is a particularly difficult task, due to the presence of
the highly reactive, easily transformed epoxide moieties in its
structure. In aqueous environments, BADGE and BFDGE form
water-soluble products, such as BADGE·2H2O, BADGE·H2O and
BFDGE·2H2O, BFDGE·H2O, respectively.

Reaction with hydrochloric acid yields BADGE·HCl·H2O,
BADGE·2HCl, BADGE·HCl, BFDGE·2HCl and BFDGE·HCl (Petersen
et al., 2008; Xue and Kannan, 2016). For most compounds, a toxicolog-
ical analysis was conducted, which demonstrated that they induce ad-
verse effects and show hormonal activity in living organisms (Satoh
et al., 2004; Sueiro et al., 2006, 2003). Moreover, many of this xenobi-
otics are characterised by lipophilicity thereby they are able to easily
pass through biological membranes and penetrate living cells, thus
be subject to bioaccumulation in various kinds of tissue and organs.
Mass production combined with its physiochemical properties re-
sults in a significant contribution of those substances to the general
negative environmental impact (Wang et al., 2015; Xue et al.,
2016). Some of physicochemical properties and annual global pro-
duction are summarized in Table 1. That is why it is necessary to in-
tensify the work of determining the exact levels of xenobiotics in
individual elements of the environment, as well as the exact level
of their influence on living organisms.
1.1. Legal aspects of BADGEs and BFDGEs derivatives and phthalates
applications

In 2005, the European Food Safety Authority (EFSA) concluded that
BADGE does not raise concern for carcinogenicity and genotoxicity, ac-
cording to in vivo studies. On the basis of the NOAEL (No-Observed-Ad-
verse-Effect Level defined as a highest dose at which there was not an
observed toxic and adverse effect) value of 15mg/kg bw/day, the toler-
able daily intake (TDI) value was determined to be 0.15 mg/kg/bw for
BADGE (Møller et al., 2012). For other related compounds, TDI values
have, so far, not been determined. Considering that other compounds
are suspected of showing similar or even higher endocrine and toxic ef-
fects than BADGE, it seems necessary to update the existing legal regu-
lations. As was previously mentioned, BADGE and related compounds
are used mainly for the production of the inner coatings of packaging
materials. To ensuremaximumconsumer safety, the EuropeanCommis-
sion, by virtue of the Commission Regulation no. 10/2011, has
established Specific Migration Limits (SLM) for individual compounds.
The EU specified a maximum SML of 9 mg/kg for foodstuff or simulated
liquid for the sumof BADGE and its hydrolytic products and 1mg/kg for
chlorinated derivatives. The use of BFDGE was prohibited in food con-
tact applications in 2005 in the EU (Commision Regulation no. 2011/8/
EU). Moreover some of compounds used to production of plastic mate-
rials are included in the scope of the European Chemicals Regulation
(No 1907/2006 on the Registration, Evaluation, Authorisation and Re-
striction of Chemicals (REACH)) (Geueke and Muncke, 2017) Between
2008 and 2014 four of phthalates (Diisobutyl phthalate, Dibutyl phthal-
ate, Benzyl butyl phthalate and Bis(2-ethylhexyl) phthalate), two pri-
mary aromatic amines (4,4′-Methylenebis[2-chloroaniline], and 4,4′-
Methylenedianiline), and three halogenated compounds (Trichloroeth-
ylene, Tris(2-chloroethyl)phosphate and Hexabromocyclododecane)
was added to Annex XIV of REACH (Geueke and Muncke, 2017,
European Parliament, 2011, Commision Regulation (EU) No 125/2012
of 14 February 2012, Commision Regulation (EU) No 348/2013 of 17
April 2013).

1.2. Analytical aspects of BADGE and related compounds determination

An appropriate approach of enabling the isolation and enrichment of
analytes, as well as the choice of an appropriate final determination
technique, is necessary to obtain reliable analytical information. This in-
formation is needed for the assessment of the condition of individual el-
ements in the environment, as well as the human risk. Literature
reviews unambiguously show that the main topics of interest of chem-
ical analysts is the identification and determination of BADGE deriva-
tives released from the surface of packaging materials. Those
compounds are determined in both samples of packaging materials
themselves and samples of simulant liquids and food (Cunha et al.,
2012; Gallo et al., 2017; Lapviboonsuk et al., 2014; Suciu et al., 2013).
Environmental samples and biological material have been of interest
in the context of the presence of these analytes for only a few years.
The use of modern analytical techniques has provided information on
the levels of most BADGE derivatives in samples of inside air, dust and
biosolids (Tran et al., 2016; Xue et al., 2016, 2015). BADGE, BFDGE and
their derivatives have also been identified in plasma and adipose sam-
ples. More information on the content of BADGE-related compounds
in various types of samples is summarized in Table 2.

1.3. Biological methods in studies on BADGEs

Currently inmodern analytical chemistry, bioanalytical methods are
becomingmore important for the assessment of the condition of the en-
vironment (Wieczerzak et al., 2016a). Themain asset resulting from the
use of living organisms in this kind of research is the ability to assess the
combined activity of all the contaminants present in the sample, as well
as the types of interactions andmodes of action of chemical compounds.
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In the literature, an abundance of informationmay be found on both the
toxic and endocrine disrupting activity of most compounds. The previ-
ous research has demonstrated that BADGE and its reaction products
have shown estrogenic activity and androgen antagonist activity
(Gallart-Ayala et al., 2011; Satoh et al., 2004). Information on biological
tests used to assess the toxic effect of BADGE derivatives, as well as the
mixture of compounds released from the surface of packagingmaterials
is compiled in Table 3.

In light of the current toxicological knowledge and the results of
studies aimed at the best possible understanding of toxic interactions
between contaminations, it is known that the coexistence of a few com-
pounds at very low levels of concentration may result in a toxic effect.
The joint activity of a few toxic substances may contribute to the rein-
forcement of the observed adverse effect (i.e., synergy) or its weakening
(i.e., antagonism) (Li et al., 2017; Ramirez et al., 2014). This phenome-
non has become a stimulating factor for research aiming at estimating
the overall impact of mixtures of contaminants. The effects of indi-
vidual and combined toxicity of bisphenol A, dibutyl phthalate and
cadmium on oxidative stress and genotoxicity were assessed using
HepG2 cells. Other research has focused on determining the overall
impact of a mixture of di (2-ethylhexyl) phthalate (DEHP) and
polychlorinated biphenyls (PCBs) on reproductive dysfunction in
the adult male mouse. It was determined that the mixture induced
permanent alterations in reproductive health in a different way
from the single compounds (Fiandanese et al., 2016). In other stud-
ies, the antagonistic and synergic effect between nonylphenol and
di-N-butyl phthalate was observed (Hu et al., 2014). According to
our current knowledge, there is no information concerning the as-
sessment of the overall activity of mixtures of BADGE-related com-
pounds. The main objective of the research was to assess the
dependencies which occur between compounds released from the
surface of epoxy resin.
2. Experimental and methodology

Experimental design is presented in more detail in (Wieczerzak
et al., 2016b); below, we present the basic information on the chemicals
used and methodologies applied during the studies (refer to Fig. 1. to
see general scheme of the methodology used).
2.1. Chemicals and reagents

Model substances selected for the study, namely: BADGE (CAS 1675-
54-3), BADGE·H2O (CAS 6002-91-0), BADGE·2H2O (CAS 5581-32-8),
BADGE·HCl (CAS 13836-48-1), BADGE·2HCl (CAS 4809-35-2),
BADGE·H2O·HCl (CAS 227947-06-0), BFDGE (CAS 2095-03-6),
BFDGE·2H2O (CAS 72406-26-9), BFDGE·2HCl (CAS 374772-79-9),
DEP (CAS 84-66-2), DBP (CAS 84-74-2), DEHP (CAS 117-81-7), NOGE
(CAS 158163-01-0) and BIS-DMA (CAS 3253-39-2) were purchased
from Sigma Aldrich (Germany). It holds true also for other chemicals
used for research, namely: HPLC grade methanol (CAS 67-56-1), di-
methyl sulfoxide (DMSO). Ultra-pure water was obtained using grade
A10 Milli-Q system (Millipore). Standard stock solution of each com-
pound was prepared separately by dissolving respective standard (to
reach the concentration of 4 mg/mL) in HPLC grade methanol and
stored in−20 °C. Various working solutionswere obtained by serial di-
lution of the stock solutions with HPLC-grade methanol or ultrapure
Milli-Q water. The concentration ranges [μM] for analytes studied in
order to determine their EC50 respective data and subsequently to select
C1, C2 and C3 (being 33, 66 and 100% of EC50 of respective analyte) and
determine impact of their co-presence on toxicity levels are listed in
Table 4. (together with LOEC (Lowest Observable Effect Concentration)
and NOEC (No-Observed Effect Concentration) of given chemicals with
respect to Xenoscreen YES/YAS).
2.2. Microtox® reagents and methodology

The Microtox® test acute reagent (lyophilized Vibrio fischeri), os-
motic adjustment solution (OAS, 22% solution of sodium chloride), re-
constitution solution (RS), and diluent (2% solution of sodium
chloride) were purchased from Modern Water (USA). The study was
conducted using Microtox® analyzer model 500 (USA). Apparatus is
equippedwith 30 incubationwells as well as reagent (bacterial suspen-
sions) and read wells. Temperatures are assigned to the corresponding
type of performed test (in this case acute toxicity test) and internally
maintained at 5.5 ± 1.0 °C for reagent well and 15.0 ± 0.5 °C for both
the incubator part and the read well. pH was adjusted to fall within
the 6.5–7.5 range with NaOH (CAS no. 1310-73-2) and HCl (CAS no.
7647-01-0) (purchased from Avantor Performance Materials S.A.
(Poland)) using Metrohm pH-meter model 827 (Poland).

The EC50 parameter for each analyte of interest separatelywas deter-
mined by standard protocol using the Microtox® Analyzer Model 500
and serial dilutions. Lyophilized reagent with Vibrio fischeri bacteria
was hydrated with 1 mL of RS and maintained at 5.5 ± 1.0 °C, subse-
quently 100 μL of bacterial solution and a pre-made samples of standard
dissolved in distilled water (made from stock solutions of given analyte
dissolved in ethanol) were added into the vials. To produce a suitable
osmotic pressure (above 2%)OASwas added to the vialwith the highest
concentration and proper dilutions and ions additions were prepared.
The incubation timewas 30min. Range-screening test for insoluble sub-
stancewas also performed to narrow the range of concentrations tested,
afterwards proper tests were performed in triplicates to determine
range of linearity and calculate particular analytes EC50 values.

In order to determine whether the addition of one analyte to solu-
tion of another onewould change the bioluminescence of bacterial sus-
pension, concentrated solutions of the compounds were prepared. Test
mixtures were prepared in such a way that the compounds were pres-
ent in an appropriate ratio respectively 100% of first model substance
and the second substance with a reduced effect to 33% and 66% of
EC50. Incubation time of samples with bacteria for all of the tests was
30 min.
2.3. Xenoscreen YES/YAS reagents and methodology

A set of XenoScreen YES/YAS was purchased from Xenometrix AG
(Switzerland), namely: vial with hERα yeasts (to determine estrogenic
activity) and hAR (to determine androgenic activity) settled on the fil-
tration paper, basal medium, vitamin solution, L-aspartic acid solution,
L-treonine solution, CuSO4, 17β-estradiol (E2, YES+ control), 5α-
dihydrotestosterone (DHT, YAS+ control), 4-hydroksytamoxyphene
(HT, YES- control), flutamide (FL, YAS- control), DMSO. CPRG
(Chlorophenol Red-β-D-galactopyranoside) was purchased from
Sigma Aldrich (Germany). Measurement of cell density (wavelength
690 nm) and of the intensity of the CPRG transformation product
(wavelength 570 nm) was performed with a TECAN Infinite M200
spectrophotometer.

To investigate endocrine potential of selected compounds slightly
modified protocol of XenoScreen YES/YAS was utilized, which uses ge-
netically modified yeast cells of Saccharomyces cerevisiae. For this pur-
pose the DNA sequence of human oestrogen hERα or androgen hAR
receptors was stably integrated into the main chromosome of the
yeast cells. Yeasts exposed to compounds that have endocrine potential
produce β-galactosidase, which oxidizes the dye CPRG in growthmedi-
um. The interpretation occurs by measuring the density of the cell sus-
pension and the color saturation of the oxidized dye. Furthermore, the
cells also contain an expression plasmid carrying the lacZ reporter
gene encoding the enzymeβ-galactosidase andmeans responsive to es-
trogens (YES) or androgen (YAS). The yeast cellswere cultured from the
filter papers in growthmedium (basic mediumwith a vitamin solution,
solution of L-threonine, L-aspartic acid and copper (II) sulfate (VI)).
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Table 1
Basic information on compounds used in the research.

Compound (IUPAC name) Acronym CAS no. Molecular
weight
[g/mol]

Kow pKa Water
solubility
at 25 °C
[mg/L]

TDI
[mg/kg]

Annual
production
(year)

Optimized structur 1 Distances [Å] Angle [°]

O-C2 O-O3 C-O4 O-C-O5

2-[[4-[2-[4-(Oxiran-2-
ylmethoxy)phenyl]propan-
2yl]phenoxy] methyl]oxirane

BADGE 1675-54-3 340,41 3,84 – 3,7 0,15 31 k tonnes
(2003)

5,78 9,28 5,78 108,83

3-[4-[2-[4-(Oxiran-2-
ylmethoxy)phenyl]propan-
2-yl]phenoxy]propane-1,2-diol

BADGE
·H2O

76,002-91-0 358,43 3,09 13,53 12,6 0,15 – 5,76 9,28 5,76 107,78

3-[4-[2-[4-(2,3-
Dihydroxypropoxy)phenyl]propan-2-
yl]phenoxy]propane-1,2-diol

BADGE
·2H2O

5581-32-8 376,44 1,93 13,23 96,2 0,15 – 5,72 9,31 5,73 105,41

1-Chloro-3-[4-[2-[4-
(oxiran-2-ylmethoxy)phenyl]propan-
2-yl]phenoxy]propan-2-ol

BADGE·HCl 13,836-48-1 376,87 4025 13,33 5,25 – – 5,76 9,17 5,76 105,57

1-Chloro-3-[4-[2-[4-(3-
chloro-2-hydroxypropoxy)phenyl] propan-2-
yl]phenoxy]propan-2-ol

BADGE
·2HCl

4809-35-2 413,33 4340 12,83 0,32 – – 5,75 9,28 5,74 107,74

3-[4-[2-[4-(3-Chloro-2-
hydroxypropoxy)phenyl]propan-2-
yl]phenoxy]propane-1,2-diol

BADGE
·H2O·HCl

227,947-06-0 394,89 3250 – 5,5 – – 5,76 9,15 5,76 105,11

2-[[4-[[4-(Oxiran-2-ylmethoxy)
phenyl]methyl]phenoxy]
methyl] oxirane

BFDGE 2095-03-6 312,37 3,26 – 17,2 – – 5,71 9,50 5,71 112,53

3-[4-[[4-(2,3-Dihydroxypropoxy)phenyl]methyl]
phenoxy]propane-1,2-diol

BFDGE
·2H2O

72,406-26-9 348,39 1254 13,23 453 – – 5,70 9,42 5,70 111,44

2-Chloro-3-[4-[[4-(2-chloro-3-hydroxypropoxy)phenyl]
methyl]phenoxy]propan-1-ol

BFDGE
·2HCl

374,772-79-9 385,28 3,98 13,52 1,51 – – 5,71 9,52 5,71 112,85

(continued on next page)
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Table 1 (continued)

Compound (IUPAC name) Acronym CAS no. Molecular
weight
[g/mol]

Kow pKa Water
solubility
at 25 °C
[mg/L]

TDI
[mg/kg]

Annual
production
(year)

Optimized struc re1 Distances [Å] Angle [°]

O-C2 O-O3 C-O4 O-C-O5

Diethyl benzene-1,2-dicarboxylate DEP 84-66-2 222,24 2470 – 1080 5 4,5 k tonnes
(2008)

2,45 3,79 2,46 74,44/85,21

Dibuthyl benzene-1,2-dicarboxylate DBP 84-74-2 278,34 4500 – 11,2 0,01 26 k tonnes
(1998)

2,46 3,95 2,45 65,16/89,62

Bis(2-ethylhexyl) benzene-1,2-dicarboxylate DEHP 117-81-7 390,56 7500 – 0,27 0,05 8000 k tonnes
(2003)

2,45 5,38 2,46 122,06/122,75

Novolac glycidyl ether 3-Ring NOGE 158,163-01-0 474,00 – – – – – 5,71
2,94

9,51
5,54

5,73
2,94

112,52
139,99

2,2-di(4methacryloxyphenyl)
propane

BIS-DMA 3253-39-2 364,43 6200 – – – – 5,76 9,18 5,76 108,77

1 Optimized for lowest energy, with HyperChem 8.0 software, blue – carbon atoms, red – oxygen atoms, black – hydrogen atoms, yellow – chlorine atoms.
2 Distance between central carbon atom and left branch oxygen atom forming phenol.
3 Distance between both branches oxygen atoms forming phenols.
4 Distance between central carbon atom and right branch oxygen atom forming phenol.
5 Angle formed by spatial location of given three atoms (central carbon atom and two oxygen atoms forming phenol units).
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5 mL of growth medium was transferred to a labeled culture bottles
with caps with a gas permeable filter, afterwards the yeast disks were
sterilely transferred and placed on an orbital shaker set at 32 °C temper-
ature and 100 rpm for 48 h. 100 μL of DMSO was added to each control
vial containing standards: E2 (17β-estradiol control of YES agonist),
DHT (5α-dihydrotestosterone control of YAS agonist), HT (4-
hydroxytamoxifen control of YES antagonist), FL (flutamide control of
YAS antagonist). Test plates were prepared in such a way that the con-
trols were in duplicate in eight serial dilutions respectively:

YES Agonist plate E2 (min. concentration 1·10−11 M, max. concen-
tration 1·10−8 M),

YES Antagonist plate HT (min. concentration 1·10−8 M, max. con-
centration 1·10−5M, additionally in the entire plate E2was present
at constant concentration of 1·10−9 M),
YAS Agonist plate DHT (min. concentration 1·10−9M,max. concen-
tration 1·10−6 M),
YAS Antagonist plate FL (min. concentration 1·10−7 M, max. con-
centration 1·10−4 M, additionally in the entire plate DHTwas pres-
ent at constant concentration of 3·10−8 M).

Addition of E2 or DHT present at the same concentration to the en-
tire YES or YAS antagonist plate, respectively, is intended to examine
(confirm/deny) andro- and estrogenic antagonistic activity of samples.
A substance with the antagonist properties competes with E2 or DHT
present on the plate and binds to the receptor without inducing the ex-
pression of β-galactosidase. Without the enzyme substrate staining
does not occur, however, if the test sample does not contain antagonis-
tic substances, then E2 and DHT the present in the wells bind with the
receptor expressing β-galactosidase and the staining of the substrate
occurs.

80 μL of 6 mM CRPG dye was added to each assay well. The concen-
trations of stock (highest) solutions studied were greatly correlated to
their solubility levels, the highest concentration of all analytes stock so-
lution was prepared as 40 μg/mL and they were diluted in 1:10 ratio
down to 0,039 μg/mL. This part of research – as can be easily noticed
– did not aim to study mixtures behavior in case of Xenoscreen, it was
performed to study plausible impact of different analytes from plasti-
cizers group (at varying concentration levels) and relate it to environ-
mentally levels as some of studies are summarized in Table 2. Serial
dilutions of analyteswere studied to detect a broad range of possible in-
teractions. All of the studies on mixtures were performed in triplicates,
furthermore controls were made for pure substances in duplicates. 100
μL of YES and YAS suspension of yeast culture (yeast cells density N 0,3
OD690) was added into agonist and antagonist YES and YAS plates, re-
spectively. Assay plates were sealed with semi-permeable membranes
and placed in thebag zippermoistenedwithwatered gauze on anorbit-
al shaker for 48 h at 32 °C 100 rpm. After 48 h of incubation, a cell den-
sity (byOD)was read at awavelength of 690 nmand color intensity at a
wavelength of 570 nm was determined. Afterwards the activity of β-
galactosidase was calculated as ratio of [(OD570-OD690)/OD690].
2.4. Calculations of model deviation ratios (MDRs)

The two most exploited models for environmental hazard and risk
assessments of mixtures are Concentration Addition (CA) and Indepen-
dent Action (IA) (Wieczerzak et al., 2016b). These two approaches
could assess combined toxicological effect of chemicals assuming simi-
lar mode of action (CA) or dissimilar mode of action (IA). In the envi-
ronmental risk assessment CA models are more frequently applied
since they are slightly more conservative than IA models and could be
used as a precautiousfirst tier for environmental hazard and risk assess-
ment of mixtures, irrespective of the modes of action of their
components.
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Table 3
Summary information on selected studies using single cell lines and organisms from different trophic levels to determine toxicity of BADGE derivatives.

Analytes Concentration
range

Detection technique Observed effects Ref.

Model studies
BADGE, BADGE·H2O,
BADGE·2H2O, BADGE·2HCl

10–500
μg/plate

E. coli tryptophan reverse mutation assay - BADGE was able induce mutagenic effects
- The mutagenic effect of BADGE·H2O was weaker than that obtained with BADGE
- No mutagenic activity was found for BADGE·2H2O and BADGE·2HCl.

(Sueiro et al.,
2006)

BFDGE 12.5–62.5
μg/ml

Salmonella typhimurium His(-) and Escherichia coli Trp- tests
sister chromatid exchange and micronucleus tests in human
lymphocytes

- BFDGE is able to induce mutagenic effects in bacterial strains
- Induces an increase in the frequency of sister chromatid exchanges and micronuclei in human
peripheral blood lymphocytes.

(Sueiro et al.,
2003)

BADGE, BADGE·2H2O 3 pM-300 μM XenoScreen XL YES/YAS Assay (re-engineered Saccharomyces
cerevisiae)

- Positive anti-estrogenic and anti-androgenic effect was noted for BADGE
-BADGE·2H2O demonstrated no anti-estrogenic or anti-androgenic activities

(Fic et al.,
2014)

BADGE, BADGE·2H2O,
BADGE·2HCl

10−14–10−4

M
cell proliferation assay (T47D human breast cancer cells) - Positive estrogenic activity was noted for BADGE·2HCl and BADGE·2H2O Nakazawa

et al., 2002)

Samples of food contact materials
Carton and polypropylene
packaging (PET, PE, PP, PS)

– YES/YAS (re-engineered Saccharomyces cerevisiae) CALUX - Estrogenic activity was detected in some samples (highest effect observed for paper/aluminum/PE
composite film for fatty products sample YES EEQa = 59.6 ± 29.3 ng/L)
- In the yeast oestrogen screen antagonistic effects was noted for foil and carton for milk product
extract
- None of the samples showed androgen activity in either YAS or AR CALUX

(Mertl et al.,
2014)

Paper and paperboard
packaging

– Tests with human larynx carcinoma cell line (HEp-2) and
metabolically competent mouse hepatoma cell line

- Samples showed marginal toxicity
- Some toxic responses, mainly in the RNA- synthesis inhibition assay measuring sublethal effects
were observed,
- Cytotoxicity in HEp-2 cells was observed for water extracts

(Ozaki et al.,
2004)

Plastic packaging – YES (re-engineered Saccharomyces cerevisiae) - The highest percentage of oestrogen-positive samples was found in composite film extracts
- The highest oestrogen activity determined for Paper/aluminum/PE composite film for fatty products
YES (EEQa = 59.6 ± 29.3 ng/L)
- None of the PP samples showed estrogenic activity

(Galotto and
Ulloa, 2010)

a EEQ - 17β-estradiol equivalent concentration.
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Fig. 1. Schematic presentation of research performed in the study.

Table 4
Concentration levels of bisphenol analogues studied during the research and EC50 values calculated for respective compounds.

Analyte For Microtox®a For XenoScreen YES/YAS®

Concentration ranges tested EC50 c1 c2 c3 Concentration ranges tested Effect

[μg/mL] [μg/mL]

YES+ YES– YAS+ YAS–

BADGE 6.49–65.45 N65.45b − − − 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

BADGE·H2O 6.49–65.45 39.25 12,95 25,91 39.25 0.039–40.00 N40.00N 40.00L N40.00N N40.00N

BADGE·2H2O 8.12–81.82 59.09 19,50 39,00 59.09 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

BADGE·HCl 3.25–32.73 7.93 2,62 5,23 7.93 0.039–40.00 N40.00N 4.00L N40.00N 40.00L

BADGE·2HCl 1.22–12.27 2.69 0,89 1,78 2.69 0.039–40.00 N40.00N 4.00L N40.00N 4.00L

BADGE·H2O·HCl 6.49–65.45 32.08 10,59 21,17 32.08 0.039–40.00 N40.00N 40.00L N40.00N 40.00L

BFDGE 8.12–81.82 64.38 21,25 42,49 64.38 0.039–40.00 N40.00N N40.00N N40.00N 40.00L

BFDGE·2H2O 12.99–130.91 96.94 31,99 63,98 96.94 0.039–40.00 N40.00N 4.00L N40.00N 40.00L

BFDGE·2HCl 4.87–49.09 6.31 2,08 4,16 6.31 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

DEP 12.99–130.91 117.49 38,77 77,54 117.49 0.039–40.00 N40.00N N40.00N N40.00N 40.00L

DBP 6.49–65.45 56.97 18,80 37,60 56.97 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

DEHP 6.49–65.45 N65.45# − − − 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

NOGE 6.49–65.45 N65.45# − − − 0.039–40.00 N40.00N N40.00N N40.00N N40.00N

BIS-DMA 6.49–65.45 N65.45# − − − 0.039–40.00 4.00L N40.00N N40.00N N40.00N

a c1, c2 and c3 stand for 33, 66 and 100% of EC50 of respective analyte.
b Solubility limit reached under conditions of the experiment, L – LOEC, N – NOEC.
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In this study the combined toxicological effect of mixture was
assessed by CA model using Eq. (1) [43]:

ECxmix ¼ ∑n
i¼1

pi
ECxi

� �−1

ð1Þ

where:

- ECxmix is the total concentration of the mixture that causes x effect,
- pi indicates the proportion of component i in the mixture,
- n indicates the number of components in the mixture,
- ECxi indicates the concentration of component i that would cause x
effect.

The independent action (IA)model is used to test toxicants in a mix-
ture for a dissimilar mode of action. The concept is that they act inde-
pendently. In fact the IA model is a statistical approach to predict the
chance that one of multiple events will occur. The total mixture effect
is calculated using Eq. (2):

E cmixð Þ ¼ 1−
Yn
i¼1

1−E cið Þð Þ ð2Þ

where:

- E(cmix) is the total concentration of the mixture,
- E(ci) is the concentration expected from component i.

The CAmodel does not count for possible interaction between differ-
ent chemicals in the mixture and deviations of tested mixture toxicity
from predicted one could be evidence for synergistic or antagonistic in-
teraction between chemicals. To outline significant deviations (interac-
tions between chemicals) the model deviation ratio (MDR) approach
proposed by Belden et al. (2007) is applied. MDR (unitless) is defined
as (Eq. (3)):

MDR ¼ Expected toxicity
Observed toxicity

ð3Þ

where:

- Expected toxicity is the effective toxicity (inhibition of endpoint ob-
served) for the mixture predicted by CA/IA model,

- Observed toxicity is the effective toxicity (inhibition of endpoint ob-
served) for the mixture obtained from toxicity testing.

The MDR values are easily applicable to reflect impact of toxicants
mixture when compared to predictive models. MDRs can be also pre-
sented in a plot form on logarithmic scale to visualize the predicted tox-
icity in comparison to observed one. The mixtures with MDR values
falling outside the range from 0.5 to 2.0 have high probability for biolog-
ically significant synergistic or antagonistic interactions between
chemicals. The underestimated or overestimated toxicity mixtures
close to these levels also most likely include possible synergistic or an-
tagonistic interactions (Belden et al., 2007; Wieczerzak et al., 2016b).
In current research it was arbitrarily assumed that MDR falling within
0.50–0.71 and 1.40–2.00 justify the concluding on, respectively, possible
under- and overestimation of presented models.

2.5. Quality assurance/quality control

For quality assurance of running the proper test, the following pa-
rameters according to the manufacturers' guidelines were used: for
Microtox®, I0 of bacterial suspension N70 U (chromium sulfate was
used as a positive control in the bacterial stock suspension test run);
for Xenoscreen YES/YAS, the OD690 of yeast cultures should be N0.3. In
all cases presented, these factors were fulfilled.

3. Results and discussion

Table 4 shows the results of the studies on toxicity and endocrine
potential as well the subsequent selection of C1, C2 and C3 (being 33,
66 and 100% of EC50 of the respective analyte) and the determination
of the impact of their co-presence in binary mixture on toxicity levels.
Data on LOEC (lowest observable effect concentration) and NOEC (no-
observed effect concentration) of given chemicals with respect to
Xenoscreen YES/YAS are also shown. As can be seen in prevailing num-
ber of cases no-effect could be reached neither for androgenic nor estro-
genic activity of chemicals studied under concentration levels studied.
In this study itwas found that agonistic estrogenic impactwas provoked
only by BIS-DMA (for concentrations of stock solutions at levels ≥4.00
μg/mL) while none of chemicals studied showed agonistic androgenic
action. Androgenic antagonistic activity was exhibited by all hydrochlo-
ric derivatives of BADGE as well as BFDGE and BFDGE·2H2O.
BADGE·2HCl was observed to be the most potent YAS- substance stud-
ied showing its impact already at ≥4.00 μg/mL. Estrogenic antagonistic
action was seen in cases of BFDGE·2H2O, BADGE·H2O and all its hydro-
chloric derivatives even at ≥4.00 μg/mL what confirms importance of
risk posed by given analytes. The problem with performing studies on
solutions at higher concentration levels would be connected with
reaching and/or overcoming solubility limits of given analytes in
water solutions. Certainly the problem may be reduced by adding
other solvents (e.g. ethanol, methanol, DMSO etc.) to reaction mixture
to increase solubility of analytes although such action does not reflect
real situation that may occur under environmental conditions and
may impact well-being of yeasts used for research thus impacting the
final results in unpredictable and uncontrolled way.

3.1. CA studies

Analyses of MDR variations in CAmodelling reveal some interesting
dependencies and trends (Table 5). BADGE·H2O has exhibited a syner-
gistic impact in all cases of binarymixtures, especially at the lowest con-
centration levels, which is of great importance in the case of
environmental threat assessment. With the growing content of
BADGE·H2O in a mixture, the trend of synergism weakens, but is still
underestimated in most cases. Interestingly, in mixtures with DEP, the
CA model proves that the mode of action of an analyte is independent
of its nature. In the case of DBP, which is structurally similar to DEP,
one can observe synergistic phenomena.

Inmost cases, the hydrochloric derivative of BADGE, with other sub-
stances in binary mixtures, shows independent behavior, with MDR
values oscillating approximately 1.00. Only in the case of the
BADGE·H2O·HClmixture are synergistic and underestimated behaviors
observed.

BADGE·2H2O exhibits similar behavior to BADGE·H2O. An over-
whelming number of binary mixture cases shows synergistic or
underestimated action, with the only exception being the mixture
with DEP, where independent action is confirmed with an increasing
content of mixture ingredients. The same behavior is observed for al-
most all mixtures of DEP; the only exception is observed when this an-
alyte is mixed with BADGE·H2O·HCl.

BFDGE is an interesting example of a compound posing a great
threat to the environment (just like BADGE·H2O) as it shows a synergis-
tic response in almost all of the mixtures studied. Only in the case of
BFDGE/BADGE·H2O·HCl is the independent mode of action of ingredi-
ents observed, with MDR values being slightly lower than 1.00.

BFDGE·H2O shows an independent mode of action with its hydro-
chloric derivatives, DEP andBADGE·H2O·HCl. Interestingly, themixture
with DBP shows many cases that are synergistic and underestimated.
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Table 5
MDR values for bisphenol A derivatives binarymixtures toxicity studies (for Concentration Additionmodelling) (red – synergism, blue – antagonism, green – overestimation, yellow – underestimation, C1, C2 and C3 stand for 33, 66 and 100% of EC50
of respective analogue as presented in Table 4.

BADGE·H2O

C1 C2 C3

C1

BA
D
G
E
·H

Cl 0,29 0,68 0,94

C2 0,57 0,38 1,54 BADGE·HCl

C3 0,58 0,49 0,46 C
1

C
2

C
3

C1

BA
D
G
E·
2H

2O 0,15 0,50 0,39 0,56 0,71 0,63

C2 0,58 0,41 0,89 0,80 0,82 0,75 BADGE·2H2O

C3 0,73 0,68 0,30 0,89 1,06 0,61 C1 C2 C3

C1

BF
D
G
E

0,27 0,32 0,42 1,11 1,18 1,19 0,27 0,42 0,54

C2 0,36 0,39 0,46 1,51 1,32 1,54 0,33 0,45 0,53 BFDGE

C3 0,45 0,48 0,51 1,34 1,24 0,91 0,42 0,53 0,57 C1 C2 C3

C1

BF
D
G
E·
2H

2O 0,36 0,59 0,64 0,60 0,62 0,67 0,35 0,62 0,66 0,37 0,46 0,64

C2 0,66 0,55 0,72 0,78 0,79 0,93 0,61 0,53 0,76 0,42 0,50 0,64 BFDGE·2H2O

C3 0,71 0,64 0,55 0,84 0,95 0,69 0,74 1,19 0,44 0,54 0,56 0,63 C1 C2 C3

C1

BF
D
G
E·
2H

Cl 0,23 0,47 0,62 0,61 0,84 0,89 0,25 0,80 0,79 0,26 0,32 0,41 0,63 0,93 0,91

C2 0,32 0,36 0,85 0,77 0,81 0,84 0,32 0,63 0,67 0,36 0,40 0,47 0,69 0,72 1,14 BFDGE ·2HCl

C3 0,35 0,40 0,50 0,81 1,12 0,70 0,34 1,29 0,49 0,48 0,49 0,55 0,68 0,73 0,7 5 C1 C2 C3

C1

BA
D
G
E·
2H

Cl 0,20 0,37 0,53 0,66 0,97 0,95 0,34 0,76 1,39 0,24 0,33 0,52 0,68 0,99 1,07 0,31 0,64 0,67

C2 0,25 0,34 0,71 0,74 1,02 0,95 0,80 0,52 1,00 0,24 0,33 0,53 0,83 0,88 1,23 0,43 0,49 0,95 BADGE·2HCl

C3 0,23 0,32 0,50 0,75 1,00 0,61 0,56 1,23 0,50 0,25 0,34 0,51 0,82 0,85 0,74 0,42 0,53 0,61 C1 C2 C3

C1

BA
D
G
E

·H
2O

·H
Cl 0,26 0,44 0,56 0,40 0,52 0,61 0,40 0,64 0,82 0,76 0,85 0,89 0,55 0,67 0,75 0,33 0,52 0,51 0,27 0,49 0,39

C2 0,44 0,43 0,91 0,80 0,65 0,66 0,74 0,56 0,65 0,76 0,81 0,86 0,82 0,73 0,98 0,90 0,70 1,54 0,85 0,72 1,20 BADGE·H2O·HCl

C3 0,45 0,47 0,58 0,79 1,27 0,73 0,66 0,94 0,51 0,90 0,93 0,91 0,69 0,65 0,66 0,71 0,64 0,63 0,71 0,62 0,55 C1 C2 C3

C1

D
EP

0,50 0,93 0,83 0,66 0,78 0,69 0,62 0,83 0,87 0,52 0,57 0,64 0,58 0,82 0,84 0,68 0,75 0,67 0,58 0,85 0,72 0,38 0,52 0,49

C2 0,91 0,62 1,46 0,72 0,74 0,83 0,94 0,77 1,11 0,56 0,59 0,63 0,77 0,74 1,01 1,00 0,70 1,01 0,90 0,74 1,19 0,54 0,50 0,64 DEP

C3 1,12 0,92 0,58 0,86 0,81 0,66 0,95 0,84 0,66 0,64 0,67 0,66 0,85 0,80 0,68 0,94 0,92 0,64 1,13 0,94 0,65 0,75 0,68 0,61 C1 C2 C3

C1

D
BP

0,27 0,42 0,45 1,22 1,13 1,06 0,51 0,71 0,73 0,43 0,53 0,70 0,49 0,72 0,73 0,56 0,61 0,69 0,58 0,86 0,61 0,42 0,69 0,71 0,62 0,95 1,06

C2 0,38 0,39 0,62 0,89 0,99 1,04 0,66 0,66 0,85 0,43 0,49 0,63 0,62 0,62 0,81 0,70 0,59 0,96 0,71 0,64 0,75 0,58 0,51 0,95 0,68 1,13 1,27

C3 0,58 0,53 0,54 1,01 1,03 0,56 0,93 0,92 0,63 0,58 0,61 0,63 0,79 0,73 0,60 0,81 0,86 0,55 0,95 0,94 0,58 1,04 0,82 0,58 0,80 1,26 0,65
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Table 6
MDR values for bisphenol A derivatives binary mixtures toxicity studies (for Independent Actionmodelling) (red – synergism, blue – antagonism, green – overestimation, yellow – underestimation, C1, C2 and C3 stand for 33, 66 and 100% of EC50 of
respective analogue as presented in Table 4.

BADGE·H2O

C1 C2 C3

C1

BA
D
G
E

·H
Cl

0,53 1,05 1,24

C2 1,15 0,65 2,18 BADGE ·HCl

C3 1,24 0,90 0,68 C1 C2 C3

C1

BA
D
G
E

·2
H

2O

0,42 1,66 1,43 0,84 1,10 0,99

C2 1,01 0,77 1,79 1,06 1,11 1,04 BADGE·2H2O

C3 1,18 1,21 0,57 1,11 1,36 0,80 C1 C2 C3

C1

BF
D
G
E

0,46 0,55 0,70 1,26 1,40 1,39 0,48 0,73 0,91

C2 0,56 0,62 0,74 1,63 1,46 1,70 0,53 0,76 0,91 BFDGE

C3 0,66 0,73 0,76 1,42 1,34 0,98 0,64 0,81 0,88 C1 C2 C3

C1

BF
D
G
E

·2
H

2O

0,62 0,99 1,00 0,94 1,04 1,12 0,68 1,08 1,10 0,51 0,72 0,92

C2 1,03 0,87 1,08 1,12 1,23 1,44 1,12 0,88 1,26 0,66 0,77 0,97 BFDGE·2H2O

C3 1,03 0,95 0,79 1,15 1,39 0,83 1,32 1,93 0,80 0,80 0,83 0,89 C1 C2 C3

C1

BF
D
G
E

·2
H
Cl

0,54 0,85 0,86 0,90 1,14 1,17 0,56 1,26 1,03 0,47 0,54 0,67 0,88 1,19 1,07

C2 0,79 0,70 1,24 1,09 1,10 1,12 0,80 1,08 0,93 0,59 0,64 0,74 1,03 0,98 1,41 BFDGE ·2HCl

C3 0,97 0,85 0,79 1,09 1,46 0,91 1,21 2,85 0,79 0,72 0,75 0,80 1,08 1,05 0,96 C1 C2 C3

C1

BA
D
G
E

·2
H
Cl

0,53 0,72 0,76 0,97 1,30 1,22 0,70 1,28 1,85 0,54 0,60 0,71 0,92 1,23 1,26 0,64 1,00 0,90

C2 0,80 0,76 1,13 1,11 1,41 1,26 2,35 1,18 1,61 0,62 0,67 0,77 1,24 1,18 1,54 0,87 0,79 1,32 BADGE ·2HCl

C3 0,84 0,76 0,89 1,13 1,40 0,83 1,84 3,13 0,86 0,74 0,77 0,82 1,24 1,16 0,93 0,88 0,88 0,86 C1 C2 C3

C1

BA
D
G
E

·H
2O

·H
Cl

0,55 0,81 0,82 0,65 0,87 1,00 0,75 1,11 1,27 0,99 1,00 1,01 0,85 0,99 0,99 0,54 0,90 1,03 0,45 1,08 0,99

C2 0,90 0,81 1,38 1,06 0,88 0,90 1,31 0,97 1,02 1,01 0,99 1,01 1,27 1,13 1,35 1,24 1,03 2,43 1,15 1,20 2,26 BADGE·H2O·HCl

C3 0,92 0,88 0,88 0,95 1,56 0,91 1,12 1,62 0,80 1,01 1,02 0,99 1,04 1,03 0,93 0,89 0,85 0,85 0,87 0,85 0,82 C1 C2 C3

C1

D
EP

0,76 1,47 1,32 1,09 1,36 1,19 0,95 1,31 1,34 0,88 0,92 0,97 0,90 1,24 1,23 1,11 1,34 1,25 0,95 1,48 1,37 0,66 0,98 0,92

C2 1,26 0,91 2,23 1,15 1,26 1,41 1,35 1,16 1,71 0,90 0,93 0,97 1,13 1,10 1,49 1,47 1,11 1,67 1,29 1,13 1,96 0,80 0,81 1,07 DEP

C3 1,44 1,24 0,80 1,21 1,20 0,97 1,26 1,16 0,95 0,93 0,96 0,95 1,16 1,12 0,96 1,24 1,29 0,93 1,48 1,28 0,94 1,01 0,97 0,89 C1 C2 C3

C1

D
BP

0,47 0,72 0,71 1,65 1,58 1,50 0,86 1,15 1,13 0,69 0,80 0,97 0,82 1,11 1,06 1,04 1,22 1,44 0,96 1,63 1,29 0,68 1,30 1,17 1,09 1,71 1,37

C2 0,60 0,63 0,95 1,26 1,44 1,55 1,04 1,03 1,31 0,69 0,77 0,95 0,98 0,94 1,18 1,14 1,01 1,76 1,03 1,04 1,33 0,89 0,83 1,56 1,17 1,90 1,72

C3 0,87 0,80 0,78 1,39 1,45 0,80 1,37 1,39 0,89 0,85 0,91 0,89 1,18 1,07 0,85 1,18 1,33 0,90 1,23 1,32 0,89 1,43 1,16 0,87 1,37 1,73 0,87
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HCl analogues of BADGE and BFDGE exhibit a synergistic impact on bac-
terialmetabolic processes, as in the case ofmixtureswithDBP. The same
holds true for the hydrochloric derivatives of BADGE and DBP. The mix-
tures of DEP with BADGE·H2O·HCl are the only ones among the DEP-
2nd ingredients that show predominantly synergistic action and under-
estimation of its toxic potential.
3.2. IA studies

BADGE·H2O shows independent behavior in most cases. The model
predominantly and properly describes a real situation; however, some
discrepancies are observed in mixtures with BADGE·H2O (Table 6). In
mixtures with DEP, overestimation and antagonism are observed. The
hydrochloric derivatives of BADGE are correctly modeled with IA
(MDR values ~1.00) or slightly overestimated. Interestingly,
BADGE·H2O is the only case of a mixture with BFDGE showing syner-
gism, suggesting that it is a great environmental threat when present
in different environmental compartments. BFDGE, also in mixture
with its chlorinated form, shows synergism and underestimation.
With BADGE·H2O·HCl, DEP and DBP themodel shows amode of action
independent of these compound mixtures.

BFDGE·2H2O in binary mixtures with BFDGE·2HCl, BADGE·2HCl,
BADGE·H2O·HCl, DEP and DBP is correctly modeled, as MDR values
are close to 1.00. A similar situation holds true for the BFDGE·2HCl. In
the case of BADGE·2HCl, synergism is observed at the lowest concentra-
tion levels and is proof of its threat when present at low concentration
levels in different environmental compartments. Similar to the case of
CA DEP, an independent mode of action has the tendency to be antago-
nistic in almost all cases with DBP.
3.3. MDR uncertainties

MDR values presented enable providing uncertainties for frequency
distribution of results given (please refer to Table 7. for details) and de-
termining safety factors in case of pollutants presence stated in complex
mixtures. The CA model has again the tendency for overprediction – it
confirms to be systematic behavior of model but from environmental
point of view it can be considered as an advantage as one can easily tar-
get the most toxic/dangerous components of mixture in this way.
4. Conclusions

Complex studies on the impacts of pollutants and/or environmental-
ly benign substances are currently and quickly developing within nu-
merous scientific centres. Still, the significance and proper assessment
of such mixtures will probably be a challenge to all environmental pro-
fessionals dealingwith health risk assessment. In the study presented, a
quick and reliable method for modelling BADGE and BFDGE derivatives
toxicity and endocrine potential is given. To a great extent, themixtures
show an independent or synergistic mode of action, especially in the
case of the hydrochloric derivatives of the analytes of interest. In the
studies presented, the MDR approach enabled quantitative descrip-
tion/scaling of independent, synergistic or antagonistic effects taking
place when the analytes studied are present in binary mixtures.
Table 7
Percentile values for model deviation ratios (MDR) and the number of cases for each group of

model No. of cases

Synergism Under-estimation Over-estimation

CA 91 146 5
IA 6 38 43
Summarizing both the literature studies and results of research con-
ducted we could say that:

There is a high probability of BADGE and BFDGE together with their
metabolites/transformation products will be routine constituents of
somewastewater effluent (Ballesteros-Gómez et al., 2007; Jiao et al.,
2012),

Someprevious literature reports up to 91 μg/L of BADGE inwastewa-
ter samples (Ballesteros-Gómez et al., 2007),
We were able to provide evidence for some estrogenic potential of
the BADGE and BFDGE and their metabolites/transformation
products,
More field measurements are needed to assess the holistic risk of
analytes of interest.

The data shown constitute a record that may deliver decisive bodies
new tools for implementing legal regulations in order to better deal
with this type of pollution. The concentration ranges studied in several
cases (BADGE, BFDGE and their HCl derivatives) reach similar levels as
environmentally relevant ones.What ismore risky, from an environmen-
tal point of view is that these analytes exhibit a tendency to act in a syn-
ergic manner and may be present in some yet unexamined utensils or
compartments (e.g. food, food contact materials, toys, medical devices,
wastewater effluents, accidental spills etc.) (Míguez et al., 2012; Xue
et al., 2017, 2015) at much higher concentration levels. Unintended
events, such as an accidental spill of BADGE and BFDGE, may pose an ad-
ditional threat to ecosystems. In all of these cases, the results presented
here may give simple clues and information on the possibility of
predicting the combined effects of given stressors to endocrine and bacte-
rial responses. Future research will be directed toward studying the syn-
ergistic/antagonistic impact of a wider spectrum of analytes belonging to
the bisphenol group (including those not yet used industrially) and
higher-order mixtures (e.g., 3 × 3, 4 × 4, etc.) to reflect more scenarios
thatmay occur in the environment and poison or degrade it. Similar stud-
ieswill be conducted for other bioassays, including chronic endpoints and
different chemicals of environmental relevance and XenoScreen YES/YAS
to learn on plausible synergistic/antagonistic activity of analytes of inter-
est when present at lower concentration levels (then studied in current
research) in complex environmentally relevant mixtures.
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