Bulletin of Environmental Contamination and Toxicology (2022) 108:658-662

https://doi.org/10.1007/s00128-021-03391-5

=

Check for
updates

Selective Recovery of Estrogenic Endocrine Disruptors from 48
Environmental Samples Using a Substrate for Activity-Specific

Concentration

Mayuko Yagishita'

- Fujio Shiraishi? - Tetsuya Tanigawa® - Takuya Kubo? - Shoji F. Nakayama? - Daisuke Nakajima®*

Received: 27 May 2021 / Accepted: 6 October 2021/ Published online: 25 October 2021
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract

hER-MIP is a molecularly imprinted polymer (MIP) that has been shown to selectively collect human estrogen receptor
(hER) binding active substances. However, environmental samples contain various chemicals depending on the location and
regional differences, and the hER binding activity depends on the sample type. Thus, the general applicability of hER-MIP
to actual environmental samples must be elucidated. In this study, 48 environmental samples were collected and screened
with hER-MIP, and a yeast assay was performed to evaluate the adsorption characteristics of the samples according to the
adsorption and elution fractions. The results showed that hER-MIP collects hER binding active substances almost selectively
but does not collect constitutive androstane receptor (CAR) binding active substances selectively. CAR binding activity was
detected in the adsorbed fraction because several hER binding active substances also demonstrate CAR binding activity.
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Endocrine disrupting chemicals (EDCs) are a newly defined
category of environmental pollutants that interfere with or
unintentionally promote the functioning of the endocrine
system (Colborn et al. 1993). Estrogenic EDCs are a subclass
of EDCs that comprise either natural or synthetic hormonal
estrogens that can mimic or induce an estrogen-like response
in an organism. There are four main classes of estrogenic
EDCs: natural steroidal estrogens [e.g., 17p3-Estradiol
(E2), estrone (E1), estriol (E3)], synthetic estrogens [e.g.,
17a-ethinylestradiol (EE2), and diethylstilbestrol], phy-
toestrogens (e.g., isoflavone and coumestrol), and various
industrial chemicals like xenoestrogens (e.g., bisphenol A,
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4-nonylphenol, and 4-tert-octylphenol). The various estro-
genic EDCs can differ by several orders of magnitude with
respect to their estrogenic potency (Shiraishi et al. 2018).
Cargouét et al. (2004) reported that environmental samples
contain several unknown estrogenic EDCs. They performed
gas chromatography—mass spectrometry analysis to quantify
El, E2, E3, and EE2, and they found that samples from a
wastewater treatment plant showed an estimated estrogenic
activity that was 2-2.5 times lower than in vitro estrogenic
activity. Additionally, this reason is explained by the results
reported; 84% of total estrogen was removed in the sewage
treatment plants that combined three processes (anaerobic
pond, biological filter, and wetlands) (Kiambe et al., 2020).
Searching for unknown estrogenic EDCs requires the effi-
cient and selective concentration of dilute human estrogen
receptor (hER) binding activity in environmental samples.
We previously developed the substrate hER-MIP, which is
a molecularly imprinted polymer (MIP) that specifically
concentrates hER binding activity. We improved the typi-
cal MIP preparation procedure using a hydrophilic matrix
with a polyethylene glycol (PEG)-based crosslinker and a
hydrophobic monomer to imitate the hydrophobic pocket
of hER. An optimized MIP prepared with methacrylic acid
as an additional functional monomer and E3, an analogue
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of E2, exhibited highly selective adsorption for hER-active
compounds such as E2 and E3, with significant suppression
of non-specific hydrophobic adsorption. Then we found that
hER-MIP can selectively collect and purify estrogenic EDCs
from environmental samples (Yagishita et al. 2019).

To verify the general applicability of hER-MIP to envi-
ronmental samples, we collected 48 samples from rivers
and effluents of wastewater treatment plants. hER-MIP was
applied to the collection of estrogenic activity. The selectiv-
ity of hER-MIP was evaluated by simultaneously measuring
the constitutive androstane receptor (CAR) binding activity,
which has different ligands and receptors from hER.

Methods

All samples were collected on sunny days between the sum-
mer of 2016 and winter of 2017. Table 1 lists the latitude and
longitude of the sampling points. In total, 48 samples were
collected: 37 samples of general river water, 8 samples of
effluent from sewage treatment plants, and 3 samples of river
water affected by the effluent. Each sample was sampled and
transported in a glass bottle.

In the future, we aim to pass a large amount of water
through the MIP. In the present study, however, we used
a cartridge-type MIP, so the sample amount could not be
increased. Therefore, 1 L of the environmental sample was
extracted and concentrated with a C18 disk and then re-
dissolved with methanol. Then, 50 mL of pure water was
added to the re-dissolved sample to prepare a simulated envi-
ronmental sample.

For the C18 method, 1 L of the water sample was passed
through a glass fiber filter to remove suspended solids (SS).
The filtered sample was then passed through a C18 disk
conditioned with methanol. The C18 disk was dried, and
the substance on the disk was eluted with methanol (C18
extract). The extract was then dried and used for the bioassay
or processed further with the MIP method described below.

For proposed MIP method, 50 mL of MilliQ water was
added to a sample pretreated with the C18 method. The
sample was then passed through an MIP cartridge washed
with acetonitrile and MilliQ water. The fraction that passed
through the MIP cartridge without adsorption was concen-
trated on the C18 disk and labeled as the “through sample.”
The through sample was then used for the bioassay. The frac-
tion that adsorbed on the MIP cartridge was labeled as the
“trap sample.” The trap sample was then eluted with acetoni-
trile and then used for the bioassay. The MIP method obtains
both the eluted and adsorbed fractions (i.e., through and trap
samples, respectively), as opposed to the C18 method that
only obtains the eluted fraction.

hER o and CAR can be introduced to yeast by an expres-
sion plasmid (pGBT9-RLBD) of the ligand binding region

of the receptor and DNA binding region of the transcrip-
tional activator GAL and the core. The expression plasmid
(pGAADA424-TF-2) for the transcriptional activation region
of the coactivators TIF2 and GAL was introduced to the yeast
strain Y 190, for which the reporter gene p-galactosidase was
incorporated. The test method was a modified version of
that reported by Shiraishi et al. (2000). Here, 0.88% glucose
was added to a test sample serially diluted with an improved
synthetic defined medium (without tryptophan and leucine)
on a 96-well black plate, and yeast was cultured at 30°C for
24 h. The sample was exposed to DMSO at a concentration
of 1% for 4 h. A solution of Zymolyase 100 T was added to
all wells and allowed to react with the samples at 37°C for
1 h. Then, the p-galactosidase chemiluminescent substrate
Galactone Star solution was added and allowed to react at
30°C for 10 min. Finally, a luminometer (Luminescencer-
JNR, AB-2100, ATTO) was used to quantify the chemi-
luminescence of each well. The luminescence of the test
sample at each dilution ratio was taken as the average of
two wells on the basis of the integrated value for each well
over a timeframe of 1 s. The measured values were used to
plot a dilution factor—emission curve, and a concentration
(ECx10) indicating an emission intensity 10 times that of
the solvent control was obtained from the portion showing a
linear increase. The sample was measured by a dipricate cell
and evaluated using the average value. If the values in the
two cells were significantly different, they were retested. E2
was measured as a positive control on each test day, and the
activity of the sample was calculated by converting it to E2
and comparing it with the E2 activity on that day.

Results and Discussion

hER binding activity was detected in 18 of the 36 river water
samples. Strong binding activity was detected in the effluents
and river water affected by effluents compared with the river
water without sewage discharge. This indicates that the hER
binding activity originates from anthropogenic contamina-
tion. CAR binding activity was detected in all 48 samples.
Figure 1 indicates no correlation between the hER and CAR
binding activities of the samples. Kamata et al. (2018) and
Shiraishi et al. (2018) reported at least 98 chemicals of
the 583 tested chemicals have both hER and CAR binding
activities, including p—t-octylphenol, diethylstilbestrol, and
hexestrol.

hER binding activity was detected in the adsorption frac-
tion (i.e., trap samples) of all samples identified as positive
by the C18 method. In the screening of hER binding activity,
the average recovery rate of hER binding activity (trap sam-
ple/C18 method) was 97% for the positive samples. Almost
all of the hER binding activity of 18 environmental samples
was captured by the MIP. This means that hER-MIP can be
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Table 1 Sample information

Date of sampling Latitude/longtitude Classification of water samples hER (ppt as CAR (ppt as
yy/mm/dd estradiol) octylphenol)
MIP-01 16/08/02 36.084380, 140.215881 Effluent from STP 2.0 502
MIP-02 16/08/02 36.074253, 140.206036 General river water ND 146
MIP-03 16/08/02 36.071446, 140.203302 General river water ND 118
MIP-04 16/08/03 35.848500, 140.170703 Effluent from STP 8.2 256
MIP-05 16/08/03 35.855349, 140.139061 General river water ND 222
MIP-06 16/08/03 35.881965, 140.127091 General river water ND 65
MIP-07 16/08/03 35.890095, 140.094569 General river water ND 71
MIP-08 16/09/07 32.760484, 130.753227 Effluent from STP 18 310
MIP-09 16/09/07 32.772001, 130.679025 Effluent from STP 2.0 174
MIP-10 16/09/09 35.111182, 136.900745 River water affected by hER STP 16 119
MIP-11 16/09/09 35.113509, 136.876985 General river water 0.31 34
MIP-12 16/09/09 35.113838, 136.836715 General river Est 6.60 233
MIP-13 16/09/09 35.113601, 136.834353 General river water 0.38 47
MIP-14 16/09/09 35.114508, 136.799670 General river water 0.80 103
MIP-15 16/09/09 35.110921, 136.789523 General river water 0.64 906
MIP-16 16/09/09 35.101029, 136.778250 General river water ND 168
MIP-17 16/09/09 35.157183, 136.837074 General river water 3.8 583
MIP-18 16/09/09 35.191986, 136.867613 General river water 1.3 289
MIP-19 16/09/09 35.218535, 136.911254 General river water ND 71
MIP-20 16/09/30 34.902531, 135.740788 General river water ND 56
MIP-21 16/09/30 34.881096, 135.710102 General river water ND 40
MIP-22 16/09/30 34.889462, 135.700949 General river water ND 35
MIP-23 16/09/30 34.891840, 135.700881 General river water ND 14
MIP-24 16/09/30 34.907916, 135.716649 General river water ND 9.2
MIP-25 16/09/30 34.908119, 135.702100 General river water ND 9.0
MIP-26 16/09/30 34.817881, 135.651693 General river water ND 67
MIP-27 16/09/30 34.847905, 135.662527 General river water ND 57
MIP-28 16/09/30 34.733136, 135.536381 General river water ND 23
MIP-29 16/09/30 34.752083, 135.525310 General river water 0.57 39
MIP-30 16/11/09 35.837959, 139.806429 General river water 0.36 68
MIP-31 16/11/09 35.837959, 139.806429 General river water 1.50 73
MIP-32 16/11/09 35.835940, 139.807681 General river water 0.46 170
MIP-33 16/11/09 35.834139, 139.810384 General river water 0.28 259
MIP-34 16/11/09 35.827709, 139.815039 General river water 0.26 281
MIP-35 16/11/09 35.831095, 139.828169 General river water 1.90 224
MIP-36 16/11/09 35.838386, 139.826850 General river water 0.19 111
MIP-37 16/11/09 35.840163, 139.834464 General river water ND 75
MIP-38 16/11/09 35.844164, 139.826524 General river water 0.36 120
MIP-39 16/11/09 35.842601, 139.820783 General river water 0.41 577
MIP-40 16/11/12 32.799556, 130.716194 Ground water ND 9.5
MIP-41 16/11/12 32.817139, 130.812306 Ground water ND 5.5
MIP-42 16/11/30 36.573537, 140.651768 Effluent from STP 9.7 189
MIP-43 16/11/30 36.571029, 140.650910 General river water ND 24
MIP-44 16/11/30 36.371674, 140.503130 Effluent from STP 23 396
MIP-45 16/11/30 36.372486, 140.505051 Water affected by effluent from STP 7.9 79
MIP-46 16/10/26 35.848500, 140.170703 Effluent from STP 4.7 816
MIP-47 17/03/01 36.371674, 140.503130 Effluent from STP 11 673
MIP-48 17/03/01 36.372486, 140.505051 Water affected by effluent from STP 4.6 306
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Fig.1 The correlation between hER and CAR bindng activities

applied to various environmental samples. The bar graph in
Fig. 2 shows the hER binding activity detected with the C18
method, and the pie chart shows the recovery rate calculated
with the MIP method. The eluted fractions (i.e., through
samples) that passed through without being trapped by the
MIP were negative for hER binding activity, except for two
samples. As shown in Table 1, these two samples were from
the same sewage treatment plant.

There was no correlation between the strength of hER
binding activity and the recovery rate of the MIP method.
Several samples showed a recovery rate of over 100%,
which indicates that the hER binding activity was higher
than that detected by the C18 method for the same sample
(i.e., trap > C18). This result indicates that the MIP car-
tridge had a purification effect. Several samples showed
a recovery rate of below 100%, which indicates that the
hER binding activity was lower than that detected by the

Fig.2 Recovery rate of hER »
binding activities with the MIP

method. Samples related to STP

are shown in dark bar graphs
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C18 method for the same sample (i.e., trap < C18). This
means that the MIP cartridge may trap hER binding chem-
icals strongly that cannot be eluted by acetonitrile. The
chemicals trapped by MIP may be eluted by acid. If these
strongly trapped chemicals are unknown estrogens, then
the MIP method can be effective applied to searching for
unknown substances.

For comparison, the same samples were screened for
CAR binding activity. Such activity was detected in all
samples. The bar graph in Fig. 3 shows the CAR binding
activity detected by the C18 method, and the pie chart
shows the recovery rate calculated by the MIP method.
The recovery rate of the CAR binding activity from the
adsorbed fraction (i.e., trapped samples) was approxi-
mately 50% on average, which is lower than that of the
hER binding activity. CAR binding activity was also
detected in the eluted fraction (i.e., through samples) for
several samples.

If hER_MIP captures most lipophilic substances as well
as C18 method, both hER and CAR binding activity will
recover the total activity. However, from Figs. 2 and 3, in
the sample purified using hER_MIP, although almost all
the hER binding activity could be recovered, and most of
the CAR binding activity was lost. This indicates that the
results of this bioassay show that hER-MIP selectively col-
lects hER-binding active substances.

The CAR binding activity in the purified sample is
attributed to a substance having both hER and CAR bind-
ing activities. For example, p—t-octylphenol and diethyl-
stilbestrol are known to have both activities, and it is pos-
sible that these effects are present.
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Fig.3 Recovery rate of CAR 1000
binding activities with the MIP
method. Samples related to STP 900
are shown in dark bar graphs
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Conclusion

In this study, 48 environmental samples were screened
with the previously reported hER-MIP, and a yeast assay
was performed to characterize the samples according to the
adsorption and elution fractions. The results showed that
hER-MIP selectively collects hER binding active substances.
The results for the recovery rate of hER binding activity
indicate that the MIP trapped unknown estrogenic chemicals
that mimic hER binding. The MIP method is effective for
searching unknown estrogenic chemicals.
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