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Chemicals of concern

Gamcheon Harbor in Busan, the largest port city in South Korea, is contaminated with persistent toxic sub-
stances, including polycyclic aromatic hydrocarbons (92 to 1700 ng g~* dry mass (dm)) and styrene oligomers
(17 to 520 ng g~ dm). This study applied effect-directed analysis and nontarget screening (NTS) to identify aryl
hydrocarbon receptor (AhR)-active substances in Gamcheon harbor sediments. Relatively great AhR-mediated
potencies were found in RP-HPLC fractions, F2.7-F2.8 (mid-polar, log Kow 6-8) and F3.6-F3.7 (polar, log

Kow 5-7). Target AhR agonists comprised up to 43% of total AhR-mediated potencies. NTS using GC-QTOFMS
and LC-QTOFMS identified daphnoretin and isorhamnetin as significant AhR agonists, with relative potency
values of 0.4 x 103 and 6.5 x 10, respectively, compared to benzo[a]pyrene. The major AhR agonists in the
coastal sediments of Korea appeared to be region-specific. This approach is useful for identifying and managing
key toxic substances in coastal ecosystems.

1. Introduction

Persistent toxic substances (PTSs), primarily sourced from industrial
activities, enter the coastal environment and accumulate in sediments
through biogeochemical processes (Hong et al., 2012). Among PTSs,
polycyclic aromatic hydrocarbons (PAHs) and styrene oligomers (SOs)
are prevalent in coastal sediments adjacent to industrial complexes in
South Korea, with their composition varies based on the type of indus-
trial activity (Hong et al., 2019; Lee and Khim, 2022). PTSs in sediments
do not decompose easily, can cause toxicity to living organisms, and may
accumulate in their bodies (Zhao et al., 2021). Previous studies have
shown that some PAHs and SOs can bind to aryl hydrocarbon receptors
(AhR), potentially triggering carcinogenic and developmental effects in
marine organisms (Eichbaum et al., 2014; Hong et al., 2016a; Mimura
and Fujii-Kariyama, 2003; Xiao et al., 2017). Thus, the characterization
of AhR agonists in sediments is crucial due to their potential adverse
effects on marine life.

Effect-directed analysis (EDA) has been employed for several years to
identify major causative toxicants in environment samples. In previous
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studies, EDA was successfully applied with multi-step fractionation to
reduce sample complexity and evaluate the contribution of chemicals
analyzed through target chemical analysis (Hong et al., 2016b; Jeon
etal., 2017). However, the presence of various environmental chemicals
poses challenges to this approach. To overcome these challenges, EDA
combined with nontarget screening (NTS) was developed (Zwart et al.,
2020). NTS is a promising method for identifying unknown or unmon-
itored toxicants in the environment because it enables precise mass
detection using high-resolution mass spectrometry, including
quadrupole-time-of-flight mass spectrometry (QTOFMS) (Ibanez et al.,
2008; Schymanski et al., 2015).

Recent advancements have successfully identified novel AhR ago-
nists in coastal sediments from South Korea using EDA combined with
NTS (Cha et al., 2019; Kim et al., 2019; Lee et al., 2020; Gwak et al.,
2022). Most previous studies have focused on the identification of mid-
polar AhR agonists. However, AhR binding affinity has been observed
not only in mid-polar agonists but also in polar AhR agonists. Recently,
studies have been conducted to identify AhR agonists in the polar
fractions of coastal sediments in South Korea (Cha et al., 2021).
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Nevertheless, polar AhR agonists have shown a very low contribution to
AhR-mediated potencies compared to mid-polar agonists. To further
determine the relative contribution of the polar fraction, studies should
be performed to identify unknown or unmonitored polar AhR agonists in
environmental samples.

Gamcheon Harbor in Busan City is the largest port area in South
Korea, encompassing various industrial zones, including factories and
shipyards, along the coastline (Hong et al., 2005; Moon et al., 2007).
Monitoring of tributyltin, an antifouling agent, was conducted in a
previous study, but the investigation into PAHs and SOs was limited (Lee
and Khim, 2022). As a designated “Specially-Managed Sea Area
(SMSA),” the Busan Coast is subject to close scrutiny due to the high
pollution load from nearby industries and various human activities.
However, studies on AhR-mediated potencies in sediments have been
limited. AhR-active substances from multiple anthropogenic activities
around Gamcheon Harbor can be introduced into the environment and
may accumulate in the harbor sediments.

The research hypothesis of the present study is that unmonitored
AhR-active substances exist in the sediment samples from Gamcheon
Harbor. This study aims to evaluate the contamination status of Gam-
cheon Harbor sediments through target chemical analysis and in vitro
bioassays and to identify previously unmonitored toxicants by con-
ducting EDA on highly toxic sediment extracts. The specific objectives
were: (i) to investigate the concentrations of mid-polar and polar AhR
agonists in sediments, (ii) to assess AhR-mediated potencies using H4IIE-
luc bioassays, (iii) to identify unmonitored AhR-active compounds in
highly potent fractions through nontarget screening, (iv) to determine
the relative contribution of individual compounds through potency
balance analysis, and (v) to compare the major AhR agonists observed in
this study with those from previous studies conducted in Korean coastal
waters.
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2. Materials and methods
2.1. Sample collection and preparation

Gamcheon Harbor is characterized by a variety of anthropogenic
activities, including a container yard, building material yard, ship repair
pier, seafood storage facilities, LPG power plant, and fish market
(Fig. la). Since the establishment of Busan New Harbor, Gamcheon
Harbor has experienced a rapid decline in cargo volume, particularly in
container handling. Despite this, this area is well-known for its abundant
marine life due to its deep waters and favorable currents. In May 2019,
surface sediment samples were collected from 12 sites (S1-S12)
(Fig. la). These sites were chosen to assess the impact of various
anthropogenic activities around Gamcheon Harbor, as previously
mentioned. The sampling sites in this study were selected in a manner
similar to previous studies (Choi et al., 2010; Moon et al., 2007), which
investigated sediment contamination by tributyltin and polybrominated
diphenyl ethers at comparable sites. These samples were placed in glass
bottles, stored in ice boxes, and kept frozen at —20 °C upon arrival at the
laboratory until further analysis. The sediment samples were then
freeze-dried, sieved through a 1-mm mesh, and homogenized. Forty
grams of these sediments were extracted with 350 mL of dichloro-
methane (DCM, J.T. Baker, Phillipsburg, NJ) using a Soxhlet extractor
for 16 h. Activated copper was added to the raw organic extracts (REs)
for 1 h to remove sulfur. The REs were then concentrated to a final
volume of 4 mL, representing 10 g of sediment (SEq) per mL, utilizing a
rotary evaporator and a nitrogen concentrator. The concentrated REs
were divided into two aliquots: 3 mL for silica gel fractionation and 1 mL
for bioassays. The solvent in the REs allocated for bioassays was
substituted with dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO).
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Fig. 1. (a) Map showing the sampling sites of surface sediments and local activities in Gamcheon Harbor, South Korea. (b) Concentrations of traditional PAHs (t-
PAHs), emerging PAHs (e-PAHs), and styrene oligomers (SOs) of sediments in Gamcheon Harbor. The blue bar represents the concentrations of AhR-active com-
pounds. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.2. Silica gel and RP-HPLC fractionations

Fractionation was performed in two steps: silica gel column chro-
matography and reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC, Agilent 1260, Agilent Technologies, Santa Clara, CA).
For the silica gel fractionation, 3 mL of the REs was loaded onto a silica
gel column and separated into three fractions: F1 (non-polar), F2 (mid-
polar), and F3 (polar). F1, F2, and F3 were eluted with 30 mL of hexane
(Honeywell, Charlotte, NC), 60 mL of hexane:DCM (8:2), and 50 mL of
acetone (J.T. Baker):DCM (6:4), respectively. Previous studies have
shown that F1 contains non-polar compounds such as polychlorinated
biphenyls, F2 includes mid-polar compounds such as PAHs and SOs, and
F3 contains polar compounds such as alkylphenols and pharmaceuticals
(Kim et al., 2019; Lee et al., 2020; Cha et al., 2022). The eluted fractions
were then concentrated to a final volume of 3 mL using a rotary evap-
orator and a nitrogen concentrator. Out of the 3 mL silica gel fraction, 1
mL was allocated for RP-HPLC fractionation. The instrumental condi-
tions for RP-HPLC separation are provided in Table S1 of the Supple-
mentary Materials. The fractionation conditions for RP-HPLC were
previously optimized using standard materials of various model com-
pounds, including 34 polychlorinated biphenyls, 16 PAHs, 7 alkylphe-
nols, and 5 phthalates (Hong et al., 2016b). The same procedures were
followed for the analysis of procedural blank samples.

2.3. HA4IIE-luc in vitro bioassays

The AhR binding affinity in REs of the sediments, silica gel fractions,
and RP-HPLC fractions were measured using H4IIE-luc recombinant
cells. Details of cell culture and experimental procedures, including
seeding, dosing, and instrumental measurements, are provided in
Table S2. Exposure concentrations for the cells were established at 10 g
of SEq mL™L. Benzo[a]pyrene (BaP) was used as a positive control,
effectively targeting mid-polar and polar compounds that undergo
metabolism in the H4IIE-luc bioassay upon 4-h exposure. The bioassay
response was converted into percentages of the maximum response to
BaP. Luminescence measurements were conducted using a Victor mul-
tilabel plate reader (PerkinElmer, Waltham, MA). Potency-based BaP-
equivalent concentrations (BaP-EQs) were derived from the dose-
response curve. The dose-response curve was generated by diluting
the sediment samples to six different concentrations. To ensure repro-
ducibility, all samples were tested three times during the bioassay.

2.4. Target chemical analysis

PAHs were designated as priority pollutants by the US Environ-
mental Protection Agency (EPA) and defined as traditional PAHs (t-
PAHs) in this study. PAHs identified through EDA combined with NTS
were classified as emerging PAHs (e-PAHs). The full names and method
detection limits of these compounds are listed in Table S3. A total of
fifteen t-PAHs, eighteen e-PAHs, and ten SOs in REs and fractions were
analyzed using an Agilent 7900B gas chromatograph (GC) equipped
with 5977A mass-selective detector (MSD) (Agilent Technologies)
(Table S4). The column used for separation was a DB-5MS. The flow rate
and injection volume were set at 1.0 mL min~! and 1 pL, respectively.
The mass range was 50-600 m/z, and the ion source temperature was
230 °C. The ionization mode used was electron ionization (EI). Isoto-
pically labeled surrogate standards (acenaphthene-d15, phenanthrene-
d15, chrysene-d15, and pyrene-d15) were added to the procedural
blank, and the recovery rates ranged from 67 to 105%.

The names and method detection limits of five polar AhR agonists are
presented in Table S5. The target compounds were not detected in the
procedural blank samples. Quantification of polar AhR agonists was
conducted using a 1290 Infinity II HPLC coupled with an Agilent 6470
triple quadrupole mass spectrometer (Agilent Technologies) (Table S6).
For efficient separation, a ZORBAX Eclipse XDB-C18 column was used.
The column temperature was maintained at 40 °C, the injection volume
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was set to 3 L, and the flow rate was adjusted to 0.4 mL min~'. The
ionization mode employed was electrospray ionization (ESI) in positive
mode. The ion source gas and curtain gas settings were established at 50
psi and 30 psi, respectively. Additionally, the DuoSpray Ion Source was
operated in positive mode at 5500 V.

2.5. Nontarget screening analysis

NTS was conducted on RP-HPLC fractions exhibiting significant AhR-
mediated potencies, using GC-QTOFMS for mid-polar fractions and LC-
QTOFMS for polar fractions. Detailed instrumental conditions for GC-
QTOFMS and LC-QTOFMS are provided in Tables S7 and S8, respec-
tively. Tentative mid-polar and polar AhR agonists were selected
through a four-step selection process. In the first step, all peaks in the
fraction samples were identified. Second, these peaks were compared
with known compounds using the NIST library and TCM Library soft-
ware in the GC-QTOFMS and LC-QTOFMS, respectively. Third, com-
pounds with library matching scores >70 were selected. The matching
score (mass accuracy score) reflects how closely the observed mass
matches the theoretically expected mass. A matching score of >70 has
been used in previous studies for the identification of untargeted com-
pounds in environmental samples (Cha et al., 2019; Kim et al., 2019; Lee
etal., 2020; Gwak et al., 2022). Finally, compounds containing aromatic
ring(s) were chosen. Among the tentative polar AhR agonists,
commercially available standard materials such as triphenlybenzene,
trenbolone, daphnoretin, and isorhamnetin were purchased from Sigma-
Aldrich.

2.6. Toxicological confirmation and potency balance analysis

The relative potency (RePs) values of mid-polar and polar AhR ag-
onists were evaluated using the H4IIE-luc bioassay, utilizing effective
concentrations (ECs) corresponding to 20% of the maximum response
elicited by BaP (ECy). ECyq values for the tentative polar AhR agonists
were determined from dose-response curves at six concentrations
ranging from 41 to 10,000 ng mL ™!, The RePs of target mid-polar and
polar AhR agonists are shown in Tables S9 and S10, respectively. Po-
tency balance analysis was executed to compare instrument-derived
BaP-EQs (BaP-EQcnem) With bioassay-derived BaP-EQs (BaP-EQp,) for
the same samples, aiming to evaluate the contribution of specific AhR
agonists to the overall AhR-mediated potency. BaP-EQchem Was calcu-
lated as the sum of the products of concentrations and RePs for indi-
vidual compounds (Eq. (1)).

BaP — EQupem = Z [(concentration of AhR agonist;) x ReP; ] 1)

2.7. In silico modeling using VEGA QSAR

Four tentative AhR agonists identified by NTS were screened to
predict various toxicological endpoints, including skin sensitization,
skin irritation, eye irritation, chromosomal aberration mode, glucocor-
ticoid receptor (GR) activity, endocrine disruptor activity screening,
hepatoxicity, androgen receptor (AR) activity, carcinogenicity, devel-
opmental toxicity, estrogen receptor (ER) activity, and thyroid receptor
(TR) activity using VEGA quantitative structure-activity relationship
(QSAR) (Marzo et al., 2016; Vedani et al., 2015). The open-access VEGA
QSAR software (version 1.2.3) was used to predict physicochemical and
human toxicity data through a similar in silico approach. This method
utilizes QSAR models that correlate toxicological effects with chemical
structure parameters, including various molecular descriptors
(Klanovicz and Pinto, 2024; Pizzo et al., 2013).
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3. Results and discussion
3.1. Assessment of sediment contamination in Gamcheon Harbor

t-PAHs, e-PAHs, and SOs were detected in all sediments of Gamcheon
Harbor (Fig. 1b and Table S11). The concentrations of t-PAHs and e-
PAHs in sediments ranged from 92 to 1700 ng g~! dry mass (dm) with a
mean of 770 ng g~ ' dm, and from 80 to 500 ng g~ dm with a mean of
290 ng g~ ! dm, respectively. Notably, the concentrations of t-PAHs at
site S3 surpassed the threshold effect concentrations (TEC) of 1600 ng
g~! dm, indicating potential environmental risk (CCME, 2001; Solberg
et al.,, 2003). PAHs, primarily from ship traffic and fuel combustion,
showed the highest concentration at S3, near the ship repair pier and the
largest harbor (Karacik et al., 2009). Previous studies have also reported
that ship repair was a major source of sediment pollution in the harbor
(Yu et al., 2017). Additionally, concentrations of t-PAHs in sediments
exceeded interim sediment quality guidelines (ISQG) except at sites S1,
S2, S6, S8, and S10 (770 ng g’l dm, ISQG) (CCME, 2001). Concentra-
tions of SOs in sediments ranged from 17 to 520 ng g~ dm, with a mean
of 260 ng g~! dm. The greatest concentration of SOs in sediment was
observed at S5, where the container yard is located. PAHs are primarily
produced from incomplete combustion processes and released into the
atmosphere, while SOs are predominantly formed through the thermal
decomposition of plastics and introduced into the marine environment
via ocean currents (Ghosh et al., 2015; Kwon et al., 2015). Due to these
distinct sources and pathways, the distribution of PAHs and SOs
observed at Gamcheon Harbor exhibits site-specific.

Among the target t-PAHs, e-PAHs, and SOs, several compounds are
known to have AhR binding affinity (Table S11). The concentrations of
AhR-active t-PAHs, e-PAHs, and SOs in sediments at sites S1-S12 ranged
from 44 to 790 ng g~ dm, 72 to 290 ng g~! dm, and 12 to 420 ng g~*
dm, respectively (Fig. 1b). Target mid-polar AhR agonists were
confirmed to account for most of the concentrations of t-PAHs, e-PAHs,
and SOs. It is indicated that PTSs introduced from nearby industrial
facilities may have caused AhR-mediated potencies in sediments. The
target polar AhR agonists were mostly undetectable across most sites
(<LOD-0.28 ng g~ ! dm) due to the limited number of target compounds
and challenges posed by their high water solubility (Table S12) (Von
Oepen et al., 1991). Despite their low concentrations, polar AhR agonists
are particularly significant due to their pharmaceutical applications and
direct relevance to human life (Cha et al., 2021). The highest levels of
target polar AhR agonists were detected at S3, while none of these target
polar compounds were found in the sediment at S10.
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3.2. AhR-mediated potencies in sediments

AhR-mediated potencies in all REs of sediments showed >100% of %
BaPnax (Fig. S1). AhR-mediated potencies in the silica gel fractions were
very low in F1 (non-polar), whereas F2 (mid-polar) and F3 (polar)
showed >100% of %BaPpax (Fig. S1). This result corresponds to the
AhR-mediated potencies observed in silica gel fractions from prior
studies (Cha et al., 2019; Kim et al., 2019; Lee et al., 2020; Gwak et al.,
2022). The higher AhR-mediated potencies observed in F2 and F3,
relative to the REs, could be attributed to the reduced number of AhR
antagonists, which are numerous in REs (Hashmi et al., 2018, 2020). The
AhR-mediated potencies of F2 and F3 were the greatest in the ship repair
pier region (S3 and S10). These findings were particularly pronounced
near the ship repair pier (S3 and S10), suggesting this area is a primary
source of AhR agonist contamination. Additional steps were performed
to identify AhR agonists using sediments of S3 and S10.

F2 and F3 of S3 and S10 exhibited relatively high AhR-mediated
potencies. The second-step fractionation was performed using RP-
HPLC, dividing each into 10 subfractions (F2.1-F2.10 and F3.1-F3.10)
(Fig. 2a and b). F3 of S10 showed greater AhR-mediated potencies
compared to S3. However, AhR-mediated potencies in subfractions of
S10 were smaller than those in subfractions of S3. These results may be
attributed to the masking effects of certain compounds present in F2 and
F3 of $3, leading to smaller observed AhR-mediated potencies compared
to those of S10 (Hashmi et al., 2018, 2020). Subfractionation of F2 and
F3 from S3 likely reduced the sample complexity, potentially elimi-
nating AhR antagonists that interfere with AhR-mediated potencies.
Similarly, a previous study reported the masking effect of anti-AR ago-
nists on the AR activity of sediment extracts after fractionation (Weiss
et al.,, 2009). Notably, F2.7 and F2.8 in both S3 and S10 exhibited
considerable AhR-mediated potencies (Fig. 2a). ECso values were
derived from dose-response curves for F2.6-F2.8 in S3 and S10 (Fig. 2c).
Potency-based BaP-EQ (BaP-EQy;,) concentrations were 1100 and 170
ng BaP-EQs g~ ! dm in F2.7 and 2800 and 2600 BaP-EQs g~ dm in F2.8
of sites S3 and S10, respectively. In F2.6 of S3 and S10, BaP-EQp;,
concentrations had low AhR-mediated potency; thus, ECsq could not be
calculated.

AhR-mediated potencies in F3 of S3 and S10 were notably elevated in
F3.6-F3.7 (Fig. 2b). This pattern of AhR-mediated potencies in F2 and
F3 subfractions of sediments aligns with observations from other in-
dustrial areas such as Ulsan Bay (Kim et al., 2019), Lake Sihwa (Cha
etal., 2019, 2021), Masan Bay (Lee et al., 2020), and Yeongil Bay (Gwak
et al., 2022). This suggests that AhR agonists in sediments of industrial
complexes are mainly compounds with log Kow 5-8. ECsg values were
calculated from dose-response curves for F3.6-F3.7 in S3 and S10
(Fig. 2d). BaP-EQy;, concentrations were 120 and 1200 ng BaP-EQs g_1
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Fig. 2. AhR-mediated potencies in raw organic extracts (RE), silica gel fractions (F2: mid-polar; F3: polar), and RP-HPLC subfractions of sediments from Gamcheon
Harbor, South Korea. AhR-mediated potencies of the (a) mid-polar and (b) polar fractions of S3 and S10 sediments and their RP-HPLC subfractions. Dose-response
characterization for AhR-mediated potencies of selected RP-HPLC fractions, such as (c) F2.6-F2.8 and (d) F3.6-F3.7 of S3 and S10 (error bar: mean + SD, n = 3).
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dm in F3.6 and F3.7 of S3, respectively. BaP-EQy,, concentrations for
F3.6-F3.7 of S10 did not allow the calculation of EC5¢ due to low AhR-
mediated potency. The calculated concentrations of BaP-EQp;, were
used in potency balance analysis.

3.3. Contribution of target mid-polar and polar AhR agonists

Concentrations of BaP-EQcper, for target mid-polar AhR agonists in
F2.6, F2.7, and F2.8 of S3 exhibited a range from 0.004-180 ng g~* dm,
0.74-140 ng g~ ! dm, and 68 ng g dm, respectively. In the corre-
sponding fractions of S10, the BaP-EQcpem ranged from 0.003 to 150 ng
g1 dm, 0.59 to 280 ng g ! dm, and 45 ng g~! dm, respectively. Target
mid-polar AhR agonists accounted for 22% and 2.6% of BaP-EQp;, in
F2.7 and F2.8 of S3, respectively (Fig. 3a), and for 43% and 26% of BaP-
EQpio in F2.7 and F2.8 of S10, respectively (Fig. 3b). Specifically, in both
S3 and S10, the significant contributors to F2.7 were in the following
order: BaP, benzo[jlfluoranthene (BjF), indeno[1,2,3-cd]pyrene (IcdP),
benzo[b]fluoranthene (BbF), and 10-methylbenz[a]pyrene (10MbA)
(Table S13, Fig. 3a, and b). BaP, IcdP, and BbF are compounds produced
by the incomplete combustion of coal and diesel, and they have been
reported to enter sediments through ship activities, such as ship repair
facilities and fuel combustion (Kado et al., 2000; Larsen and Baker,
2003; Li et al., 2016). BjF, an AhR agonist identified in sediments of
Ulsan Bay through EDA combined with NTS in a previous study (Kim
et al., 2019), is known to derive from pyrolysis of bituminous coal pri-
mary tar and combustion of fuel (Ledesma et al., 2000). Thus, it suggests
that BaP, BjF, IcdP, and BbF were introduced via ship repair activities,
influencing AhR-mediated potencies in sediments of S3 and S10.

Concentrations of BaP-EQpem for target polar AhR agonists (cipro-
floxacin, genistein, mepanipyrim, protopine, and rutaecarpine) in F3 of
sediments ranged from <LOD to 0.035 ng g~' dm (Table S13). Most
concentrations of target polar AhR agonists were below the LOD. Con-
centrations of BaP-EQchem in S3 and S10 were very low. This is because
the RePs of target polar AhR agonists are very low (except for rutae-
carpine), resulting in very low concentrations. In the potency balance
analysis of F3.6 and F3.7 of S3, target polar AhR agonists accounted for
only 0.3% of BaP-EQy;, in F3.6, but not in F3.7 (Fig. 3c). The remaining
unexplained AhR-mediated potencies might be attributed to other AhR
agonists present below the LOD in this study. The fact that neither target
mid-polar nor polar AhR agonists can fully explain the AhR-mediated
potencies in the sediments suggests the presence of unknown and/or
unmonitored AhR agonists, emphasizing the need for further identifi-
cation of untargeted AhR agonists.
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3.4. Identification of unmonitored AhR agonists using nontarget screening

NTS was conducted for F2.7, F2.8, F3.6, and F3.7 of S3. Tentative
AhR agonists were selected through a four-step selection criterion (Cha
et al.,, 2019; Kim et al., 2019; Lee et al., 2020; Gwak et al., 2022)
(Fig. 4a). A total of 281, 294, 107, and 15 chromatographic peaks were
detected in F2.7, F2.8, F3.6, and F3.7 of S3, respectively. In the second
step, the number of compounds matched by NIST and TCM Library
software was 138, 133, 45, and 11 in F2.7, F2.8, F3.6, and F3.7,
respectively. Following this, 38, 22, 7, and 0 compounds with matching
scores >70 were further refined (Muz et al., 2017). The final selection
focused on compounds possessing aromatic ring(s), known for their
binding affinity to AhR (Mekenyan et al., 1996). Consequently, four
compounds were selected as tentative AhR agonist candidates. Tri-
phenlybenzene in F2.7, along with trenbolone, daphnoretin, and iso-
rhamnetin in F3.6, were selected as candidates for AhR agonists.

While numerous peaks were detected in environmental samples, this
study identified only four compounds as tentative AhR agonist candi-
dates. To enhance the selection of AhR agonist candidates in future
studies, we propose two advanced methodologies. First, in the analysis
with QTOFMS, many chromatographic peaks were identified, but more
than half of the compounds were excluded during the library matching
step. The library contains various compounds, including pharmaceuti-
cals and pesticides, which can be crucial in the candidate selection
process. However, there is a risk of excluding compounds that do not
match the library due to the limited number of compounds, such as
transformation products (TPs) (Booij et al., 2014; Hong et al., 2023;
Moschet et al., 2017). Thus, it will be necessary to use additional
confirmation methods, such as in silico fragmentation platforms (MS
Fragementer, Mass Frontier, and MetFrag), to identify compounds not
found in the library (Gago-Ferrero et al., 2015; Wolf et al., 2010). Sec-
ond, the selection criteria process for active compounds can be time-
consuming, and the activity of tentative compounds may not be
exhibited when toxicological evaluation is performed using in vitro
bioassays. Recent advancements in machine learning offer a more effi-
cient and precise method to identify active compounds based on their
toxicological profiles, as evidenced by research that successfully utilized
these techniques to predict compound toxicity (Arturi and Hollender,
2023; Samanipour et al., 2022). Additionally, a recent study used deep
learning to identify 12 potential AhR agonists in sediments (Cheng et al.,
2024). Therefore, integrating high-throughput data analysis with ma-
chine learning could enhance the identification of compounds with
unknown and strong AhR binding affinities in environmental samples.
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Fig. 3. Contributions of target AhR agonists (instrument-derived BaP-EQs, BaP-EQchem) to the total induced AhR-mediated potencies (bioassay-derived BaP-EQs,
BaP-EQp;,) of (a) F2.7 and F2.8 of S3, (b) F2.7 and F2.8 of S10, and (c) F3.6 and F3.7 of S3 (Blue bar indicates the contribution of known AhR agonist). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(@) Selection for AhR agonists candidates (F2.7-F2.8 & F3.6-F3.7 of S3)
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Fig. 4. (a) Nontarget screening data analysis (obtained using GC-QTOFMS for F2.6 and F2.7 of S3 and LC-QTOFMS for F3.6 and F3.7) process of AhR-active fractions
for selection of AhR agonist candidates. (b) Toxicological confirmation (dose-response tests in the H4IIE-luc bioassay) for four tentative AhR agonists (error bar: mean
=+ SD, n = 3). Relative potency values for AhR-mediated activity of daphnoretin and isorhamnetin (i.e., newly identified AhR agonists) compared to benzo[a]pyrene

were obtained in this study.
3.5. Toxicological and chemical confirmation

Among the selected four candidates, daphnoretin and isorhamnetin
exhibited significant AhR-mediated activities (Fig. 4b). The RePs of
daphnoretin and isorhamnetin were 0.4 x 1072 and 6.5 x 1075,
respectively, compared to BaP. This study confirmed for the first
confirmation that daphnoretin can bind to AhR. Isorhamnnetin showed
different results from the previous study (Kim et al., 2021). Iso-
rhamnetin, a metabolite of quercetin, has been documented to inhibit
BaP from binding to AhR (Kim et al., 2021). Exposure to a mixture of BaP
and isorhamnetin in human liver cells (HepaG2) resulted in lower
cytotoxicity than BaP alone. In addition, the enzyme CYP1B1, which
metabolizes PAHs, increased (Kim et al., 2021). Thus, isorhamnetin, as
an anti-AhR agonist, might have contributed to the antagonist effect in
the fraction.

Daphnoretin and isorhamnetin, which showed AhR binding affinity,
were confirmed for retention time and mass fragment ions using HPLC-
MS/MS, and their concentrations in fractions were quantified
(Table S14). Daphnoretin and isorhamnetin were detected only in S3
with 0.30 ng g ! dm and 0.49 ng g~ ! dm, respectively. Both daphnoretin
and isorhamnetin were commonly detected in S3, where NTS was con-
ducted. Daphnoretin originates from Wikstroemia indica and is used in
Traditional Chinese Medicine. Isorharmnetin is a metabolite of quer-
cetin, and quercetin has been reported as one of the flavonoids present in
vegetables and fruits (Kim et al., 2021).

Daphnoretin and isorhamnetin explained only 0.0001% of AhR-
mediated potency in F3.6 of S3. Both target and novel polar AhR ago-
nists contributed a small portion to the total AhR-mediated potencies.
Previous studies have identified pharmaceuticals as significant polar
AhR agonists in environmental samples (Kim et al., 2021; Cha et al.,
2021). Pharmaceuticals can undergo various TPs in the environment
through abiotic and biotic processes (Heberer, 2002). Even after trans-
formation, these TPs may still exhibit stronger AhR binding affinity
compared to parent compounds (Escher and Fenner, 2011). However,
identifying TPs can be challenging, as they could not identified during
NTS due to the lack of libraries. Thus, further efforts to identify polar
AhR-active substances, including TPs, will be necessary in future
research.

3.6. Predictions of additional potential toxicity

VEGA QSAR was utilized to predict additional toxicities for the four
AhR agonist candidates. These toxicities encompassed GR activity, AR
activity, ER activity TR activity, skin sensitization, skin irritation, eye
irritation, chromosomal aberration, endocrine disruptor activity
screening, hepatoxicity, carcinogenicity, and developmental toxicity
(Table 1). Triphenylbenzene was predicted to exhibit skin sensitization,
developmental toxicity, ER activity, and mutagenicity. Daphnoretin and
isorhamnetin were predicted to have all potential toxicities except TR,
hepatoxicity, and endocrine disruptor activity screening. The toxicity of
daphnoretin and isorhamnetin, which showed significant AhR-mediated
potencies in this study, was previously predicted using VirtualToxLab
(Cha et al., 2022). The results indicated that daphnoretin has a binding
affinity to AR. The prediction of the three compounds using the Comp-
Tox chemistry dashboard indicated that triphenylbenzene and iso-
rhamnetin have ER binding affinity. These results indicate that the
identified compounds, mainly originating from local activities around
the harbor, have the potential to induce a range of toxic effects on the
environment and pose risks to human health.

3.7. Comparison of major AhR agonists in sediments of Korean coastal
waters

In previous studies conducted in various industrial complexes across
Korean coastal waters, including Ulsan Bay (Kim et al., 2019), Lake
Sihwa (Chaetal., 2019, 2021), Masan Bay (Lee et al., 2020), and Yeongil
Bay (Gwak et al., 2022), EDA combined with NTS was applied. Most of
these previous studies primarily aimed to identify unmonitored mid-
polar AhR agonists. Consequently, by utilizing EDA combined with
NTS, seven novel mid-polar AhR agonists were identified in sediments of
Ulsan Bay, seven compounds in Lake Sihwa, and four compounds in
Yeongil Bay (Cha et al., 2019; Kim et al., 2019; Gwak et al., 2022). The
contribution of newly identified and targeted mid-polar AhR agonists to
AhR-mediated potencies ranged from 3.5 to 32% in Ulsan Bay, 2.7 to
41% in Lake Sihwa, 0.1% in Masan Bay, 24 to 32% in Yeongil Bay, and
18 to 69% in Gamcheon Harbor (Busan Coast) (Fig. 5a). In all regions, t-
PAHs in sediments exhibited a greater contribution to AhR-mediated
potencies than e-PAHs and SOs.

To elucidate the distribution of the major AhR agonists present in the
sediments of Gamcheon Harbor, Lake Sihwa, Masan Bay, Ulsan Bay, and
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Table 1
Predicted potential toxic effects of four candidates of AhR agonists in sediments of Gamcheon Harbor using VEGA QSAR.
Predicted potential toxicity VEGA QSAR models Triphenylbenzene Daphnoretin Isorhamnetin Trenebolone
Skin Sensitization CAESAR +° + + +
IRFMV-JRC + + + +
NCSTOX -t + + +
Skin irritation CONCERT/Kode — + — +
CONCERT/coral - - - +
CONCERT/SarPy - + + +
Eye irritation CONCERT/Kode - + - -
CONCERT/SarPy - + - -
Chromosomal aberration mode Coral - + + +
Glucocorticoid receptor activity Oberon - - +
Endocrine disruptor activity screening IRFMN — - - -
Hepatoxicity IRFMN n.a“ + + +
Androgen receptor activity IRFMN/COMPARA + - + +
Carcinogenicity IRFMN/Antares - + + -
CAESAR + - - -
ISS - + + -
IRFMN/ISSCAN-CGX + + + +
Developmental toxicity CAESAR + + + +
PG n.a - + +
Estrogen receptor IRFMN/CERAPP n.a - + -
IRFMN + - + -
Mutagenicity CAESAR - - - -
CONSENSUS + - - -
ISS — + + -
KNN/Read-Across + - + -
SarPy/IRFMN - - - -
Thyroid receptor activity NRMEA - - - -
? 4 active.
b _: non-active.

¢ n.a: not available.

(a) (b)
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Fig. 5. (a) Comparison of AhR-mediated potencies and target AhR agonists (t-PAHs, e-PAHs, and SOs) contributions in sediments of Korean coastal waters [Ulsan Bay
(Kim et al., 2019), Lake Sihwa (Cha et al., 2019), Masan Bay (Lee et al., 2020), and Yeongil Bay (Gwak et al., 2022)]. (b) Heatmap of the contribution of individual

mid-polar AhR agonists in Korean coastal sediments.

Yeongil Bay, heat maps were used (Fig. 5b). Chrysene (Chr) was iden-
tified as the major AhR agonist in Ulsan Bay, benz[b]lanthracene (BbA)
in Lake Sihwa, Yeongil Bay, and Busan Coast, and benzo[a]anthracene
(BaA) in Masan Bay. This region-specific variation is attributed to dif-
ferences in the surrounding industrial activities. Notably, BbA originates

from the film layer of OFET and OLED and is widely detected in many
industrial complexes (Cha et al., 2019; Takahashi et al., 2007). Chr,
largely sourced from vehicle and ship traffic and fuel combustion,
alongside BaA, showed high concentrations of BaP-EQchem across most
regions (Karacik et al., 2009). All these regions are located near harbors,
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suggesting that these compounds flow into the harbor and accumulate in
the coastal sediments. Previous studies have used EDA combined with
NTS to identify AhR agonists in sediments from the Yellow Sea (e.g., 6-
methylchrysene and 1,2-dimethylbenzo[c]phenanthrene) (Lee et al.,
2022) and the Daqing River basin in China (e.g., 1-methyl-pyrene) (Xie
et al., 2022). However, the identified AhR agonists only partially
explained the observed AhR-mediated potencies, suggesting the pres-
ence of unknown AhR agonists.

The previous study aimed at identifying polar AhR agonists in F3
subfractions of Korean coastal sediments was conducted only in the
sediments of Lake Sihwa (Table S15). Even though EDA combined with
NTS was employed to identify novel AhR agonists in the F3 subfraction
of Lake Sihwa sediments, the known target polar compounds were
extremely limited, contributing only a small portion to AhR-mediated
potencies (0.002-0.02%). Thus, this underscores the continued need
for research to identify major polar AhR agonists in Korean coastal
sediments using EDA.

4. Conclusions

Over the past few years, numerous studies have been conducted to
identify previously unmonitored AhR agonists in Korean coastal sedi-
ments through the application of EDA. Nevertheless, AhR-mediated
potencies in sediments still cannot be fully explained. The unexplained
portion of AhR-mediated potencies might be attributed to the mixture
effects of various compounds. AhR agonists are widely distributed in
coastal sediments, indicating their association with diverse human ac-
tivities. EDA could be employed in future hazardous substance moni-
toring programs, offering valuable insights for the management and
regulation of unknown toxic substances.
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Supplementary Tables

Table S1. Reverse phase(RP)-HPLC conditions for fractionation of silica gel column fractions

(Hong et al., 2016).

Instrument

Column

Mobile phase

Flow rate

Injection volume
Mobile phase gradient

Test standards

Fractions collected times

Agilent 1260 HPLC system (Preparative scale)

1260 Multiple wavelength detector

PrepHT XDB-C18 reverse phase column (250 mm % 21.2 mm % 7 pm)

A: Water, B: Methanol

10 mL min’!

I mL

40% A (0 min) — 40-0% A (0—40 min) — 0% A (40-60 min) — 0-40% A (60—
62 min) — 40% A (62—70 min)

60% B (0 min) — 60-100% B (0—40 min) — 100% B (40—-60 min) — 100-60%
B (60—62 min) — 60% B (62—70 min)

34 polychlorinated biphenyls

16 polycyclic aromatic hydrocarbons

7 alkylphenols

5 phthalates

Sub-fraction = Sampling time (min.) Volume Log Kow
(mL)

1 3.11 -6.35 38 <1

2 6.35-12.83 65 1-2
3 12.83 —19.32 65 2-3
4 19.32 - 25.80 65 3-4
5 25.80-32.29 65 4-5
6 32.29 - 38.78 65 5-6
7 38.78 —45.26 65 6-17
8 4526 -51.70 65 7-8
9 51.70 - 58.23 65 8-9
10 58.23 —64.72 65 >9
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Table S2. Experimental design for H4IIE-/uc in vitro bioassay.

Bioassay

In vitro assays (H411E-luc)

Culture condition

Seeding condition

Dosing

Measurement

Temperature

Gas carrier

Culture flask

Test chamber

Initial concentrations
Volume

Incubation time
Positive control

Samples
Solvent control
Volume
Replicates
Test duration
Endpoint
Instrument

37°C

5% CO;

TC-treated culture dish

96-well plate

7.0 x 10%cells mL™!

250 pL well?

24 h

Benzo[a]pyrene

(50, 17, 6.0, 2.0, 0.62, and 0.21 nM)

Raw extracts, silica gel fractions, and RP-HPLC fractions
0.1% DMSO

250 pL well?

3

4h

Luciferase activity

VictorX3 multilabel plate reader (PerkinElmer, Waltham, MA)
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Table S3. Target compounds, abbreviations, target ions, and method detection limits in the GC-

MSD analysis.
Target compounds Abbreviation Target ions Method detection
Quantification Confirmation limit
ion ion (ng g dm)

Traditional PAHs (t-PAHS)
Acenaphthene Ace 153 154, 152 0.60
Acenaphthylene Acl 152 151, 150 0.76
Fluorene Flu 166 165, 167 0.65
Phenanthrene Phe 178 176, 179 0.63
Anthracene Ant 178 176, 179 0.70
Fluoranthene Fl 202 200, 101 0.42
Pyrene Py 202 200, 101 0.39
Benzo[a]anthracene BaA 228 226, 229 0.27
Chrysene Chr 228 226, 229 0.22
Benzo[b]fluoranthene BbF 252 253, 250 0.19
Benzo[k]fluoranthene BkF 252 253, 251 0.19
Benzo[a]pyrene BaP 252 253, 126 0.17
Indeno[1,2,3-cd]pyrene IcdP 276 138, 137 0.20
Dibenz[a,h]anthracene DbahA 278 276, 279 0.33
Benzo[g,h,i]perylene BghiP 276 138, 137 0.10

Emerging PAHSs (e-PAHS)
2-Methylanthracene 2MA 192 191, 189 2.2
9-Ethylphenanthrene 9EP 191 206, 189 0.9
Benzo[b]naphtho[2,3-d]furan BBNF 218 189, 219 0.34
11H-Benzo[b]fluorene 11BbF 216 215, 213 0.28
Benzo[b]naphtho[2,1-d]thiophene BBNT 234 235, 232 0.17
5-Methylbenz[a]anthracene 5MBA 256 241, 239 0.11
1,12-dimethylbenzo[c]phenanthrene  BCP 242 241, 239 0.11
Benzo[j]fluoranthene BjF 252 253, 250 2.1
Benzo[e]pyrene BEP 252 250, 253 3.7
11H-benzo[a]fluorene 11BaF 216 215, 216 0.15
1-Methylpyrene IMP 216 215,189 0.12
Cyclopenta[cd]pyrene CcdP 226 259 0.10
4,5-Methanochrysene 4,5MC 239 240, 241 0.10
Benz[b]anthracene BbA 228 226, 229 0.32
7,12-dimethylbenz[a]anthracene 7,12DbA 256 241, 239 0.12
10-methylbenz[a]pyrene 10MbA 266 265, 263 0.12
7-methylbenz[a]anthracene TMbA 242 241, 239 0.17
20-methylcholanthrene 20MC 268 252, 253 0.30

Styrene oligomers (SOs)
1,3-Diphenylpropane SD1 92 196, 105 0.19
cis-1,2-Diphenylcyclobutane SD2 104 208,78 0.18
2,4-Diphenyl-1-butene SD3 91 208, 104 0.89
trans-1,2-Diphenylcyclobutane SD4 104 208, 78 0.11
2,4,6-Triphenyl-1-hexene ST1 91 117,194 0.63
le-Phenyl-4e-(1-phenylethyl)-tetralin - ST2 91 129, 207 0.66
la-Phenyl-4e-(1-phenylethyl)-tetralin - ST3 91 129, 207 0.31
la-Phenyl-4a-(1-phenylethyl)-tetralin  ST4 91 129, 207 0.70
le-Phenyl-4a-(1-phenylethyl)-tetralin  ST5 91 129, 207 0.41
1,3,5-Triphenylcyclohexane ST6 117 104, 130 0.88
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Table S4. Instrumental conditions of GC-MSD for analysis of PAHs and SOs.

Instrument GC: Agilent Technologies 7890B
MSD: Agilent Technologies 5977A
Column DB-5MS (30 m % 0.25 mm i.d. x 0.25 um film)
Carrier gas He
Flow rate 1.0 mL min."!
Injection volume 1 ulL
Mass range 50-600 m/z
Ion source temperature 230 °C
Ionization mode EI mode (70 eV)
Oven temperature 60 °C (hold 2 min) — 6 °C min"! to 300 °C (hold 13 min)

SS



Table SS. Instrumental conditions of HPLC-MS/MS for quantification of polar AhR agonists in
sediment.

Compounds MRM Method detection limit
Transition Daughter ion (ng g
Parent ion (ESIH)
Polar AhR agonists
Ciprofloxacin 332.00 314.00 0.062
Genistein 270.92 153.00 0.029
Mepanipyrim 223.95 106.00 0.007
Protopine 353.95 189.10 0.060
Rutaecarpine 287.98 272.90 0.025
Internal standard
Monolinuron 215.00 126.20
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Table S6. Instrumental conditions for analyzing polar AhR agonists using HPLC-MS/MS (Cha et

al., 2021).
Instrument HPLC: Agilent Infinity 1290 II, MS/MS: SCIEX Qtrap 6500
Samples F3.6 and F3.7 RP-HPLC fractions of S3 and S10
Column ZORBAX Eclipse XDB-C18 (150 mm X 2.1 mm i.d. X 5 pm film)

Column temperature
Injection volume
Flow rate

Mobile phase

Mobile phase gradient

Ionization mode
Ion source gas
Curtain gas
Temperature

Ion source

Ion spray voltage

40 °C

3ul

0.4 mL min!

A:0.1% Formic acid and 10 mM ammonium formate in water
B: 0.1% Formic acid in acetonitrile

. . Solvent
Time (min) A B

0 90 10
1 90 10
15 0 100
24 0 100
25 90 10
30 90 10

Electrospray ionization (ESI) Positive mode

50 psi

30 psi

500 °C

DuoSpray Ion Source
Positive: 5,500 V
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Table S7. Instrumental conditions of GC-QTOFMS for nontarget screening.

Instrument GC: Agilent Technologies 7890B
QTOFMS: Agilent Technologies 7200

Samples S3 (F2.7 and F2.8)

Column DB-5MS UI 30 m x 0.25 mm i.d. x 0.25 pum film)

Carrier gas He

Flow rate 1.2 mL min."!

Injection volume 2uL

Mass range 50-800 m/z

Ion source temperature 230 °C

Tonization mode EI mode (70 eV)

Software Qualitative analysis B.07.01
MassHunter Quantitative analysis
Unknown analysis
NIST Library (ver. 2014)
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Table S8. Instrumental conditions of LC-QTOFMS for nontarget screening.

Instrument

Samples

Analytical column
Column temperature
Injection volume
Flow rate

Mobile phase

Mobile phase gradient

Ionization mode
Mass scan type
TOF masses (Da)
Ion source gas 1
Ion source gas 2
Curtain gas
Temperature

Ion source

Ion spray voltage
Software

LC: 1290 infinity II (Agilent Technologies, Santa Clara, CA)

QTOFMS: Triple time-of-flight (TripleTOF®) 5600+ mass spectrometer (AB

Sciex, Framingham, MA)

S3 (F3.6 and F3.7)

ZORBAX Eclipse XDB-C18 (150 mm X 2.1 mm i.d. X 5 pm film)
40 °C

3ulL

0.4 mL min!

A:0.1% Formic acid and 10 mM ammonium formate in water,

B: 0.1% Formic acid in acetonitrile

. . Solvent
Time (min) A B

0 90 10
1 90 10
15 0 100
24 0 100
25 90 10
30 90 10

Electrospray ionization (ESI) Positive and Negative mode
Full scan and Information Dependent Acquisition (IDA) Scanning
100-2000 Da

50 psi

50 psi

30 psi

500 °C

DuoSpray Ion Source

Positive: 5,500 V, Negative -4,500 V

All-in-One HRMS/MS

TCM library 1.0 metabolite software
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Table S9. Molecular formula, molecular mass, and relative potency values for mid-polar AhR
agonists reported previously (compared to benzo[a]pyrene).

Compounds Molecular Molecular ReP References
formula mass values

Traditional PAHs
Benz[a]anthracene CigHi2 228 32x10%  Kimetal. (2019)
Chrysene CigH12 228 8.5x10?
Benzo[b]fluoranthene CaoH12 252 5.0x10?
Benzo[Kk]fluoranthene CaoH12 252 4.8x10*
Benzo[a]pyrene CaoHa12 252 1.0
Indeno[1,2,3-c,d]pyrene CaoH1z 276 5.8x10?
Dibenz[a,h]anthracene CxHig 278 6.6 x 10!

Emerging PAHs
Benzo[b]naphtho[2,3-d]furan C16H100 218 8.2x102% Kimetal. (2019)
11H-Benzo[b]fluorene Ci7H12 216 2.4 %1071
Benzo[b]naphtho[2,1-d]thiophene C16H10S 234 3.6 x107?
3-Methylchrysene CigH1a 242 15
5-Methylbenz[a]anthracene CigH1a 242 4.2x10%
1-Methylchrysene CioH14 242 6.0
Benzo[j]fluoranthene CaoH12 252 1.7
11H-Benzo[a]fluorene Ci7H12 216 12 Chaetal. (2019)
Benz[b]anthracene CisH12 228 10.6
4,5-Methanochrysene CioH12 234 1.0 Gwak et al. (2022)
7,12-Dimethylbenz[a]anthracene CooHis 256 3.2
7-Methylbenz[a]anthracene CigH1a 242 1.4
10-Methylbenzo[a]pyrene CigH12 266 12
20-Methylcholanthrene CaHis 268 0.2

Styrene Oligomers
1,3-Diphenylpropane CisHe 196 2.3x10°% Hongetal. (2016)
2,4-Diphenyl-1-butene Ci6H1s6 208 3.0x10*
le-Phenyl-4e-(1-phenylethyl)-tetralin CasHas 312 2.7x10°
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Table S10. Molecular formula, molecular mass, and relative potency values for polar AhR
agonists reported previously (compared to benzo[a]pyrene).

Compounds Molecular Molecular ReP values Reference
formula mass
Polar e-PAHs
Ciprofloxacin C17H1sFN;O; 331.341 5.0x10°% Chaetal. (2021)
Genistein C5H100s 270.237 1.0x 10*
Mepanipyrim C1sH13N; 223.273 4.0x10*
Protopine C20H19NOs 353.369 2.0x10°
Rutaecarpine CisH13N;0 287.315 1.9
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Table S11. Concentrations of persistent toxic substances (PTSs) in sediments of Gamcheon
Harbor, Korea (ng g™ dm).

Compounds Sites
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11  S12
t-PAHs  Acl 32 387 46 134 026 55 24 36 66 42 21 0.6
Ace 12 83 23 19 1 10 0.75 88 11 16 34 0.73
Flu 13 12 15 61 097 17 0.42 10 14 11 65 3
Phe 75 73 130 36 75 110 46 68 80 79 41 12
Ant 18 18 31 68 21 26 3.3 15 32 18 10 25
FI 130 150 260 47 14 180 0.25 130 140 170 77 19
Py 150 170 260 61 14 180 0.61 140 150 150 80 20
BaA? 60 79 130 20 62 79 0.55 60 86 89 38 11
Chr? 35 40 63 12 33 38 0.2 37 55 52 22 7.3
BbF? 130 110 190 39 12 100 0.82 140 150 160 73 23
BkF? 36 34 49 12 36 32 0.97 37 48 46 20 6.4
BaP? 67 81 140 21 6.5 80 3.3 66 110 98 40 9
IcdpP? 110 100 190 36 11 106 19 120 150 160 68 23
DbahA* 20 19 34 65 18 18 33 21 28 29 11 33
BghiP 89 82 140 30 79 83 14 89 110 110 51 17
e-PAHs 2MA 56 62 61 23 043 59 27 38 96 41 38 065
9EP 13 13 77 54 067 87 012 94 1 66 77 22
BBNF? 86 95 13 29 075 98 <LOD*" 83 11 93 49 15
11BbF? 13 18 27 5 15 20 0.85 13 24 20 82 19
BBNT? 13 14 19 3.9 1.1 9.7 0.75 7.8 15 15 6.1 13
5MBA? 39 46 38 13 024 3 0.22 27 47 28 21 047
BCP 11 1.3 21 0.4 012 1.2 0.23 1.2 1.8 1.7 0.74 0.13
BjF® 43 42 70 14 3.9 44 <LOD 47 66 56 29 8.3
BEP 87 80 130 27 1.7 76 <LOD 91 110 110 49 14
1MP 83 97 74 33 51 73 063 59 85 46 5 1.3
CcdP 17 42 62 12 17 39 4.2 17 49 23 22 45
11BaF? 24 17 20 84 10 16 1.3 12 20 25 15 41
4,5MC? 15 18 24 74 14 17 3.6 16 23 13 10 338
BbA? 12 12 16 92 12 12 8.6 11 12 13 10 8.5
7MbA? 13 12 12 11 11 11 11 11 11 12 11 10
7,12DbA?* 23 17 17 16 17 18 15 17 17 15 16 15
20Mc? 18 22 22 17 20 23 16 26 22 15 18 15
10MbA? 27 57 42 18 22 24 14 26 66 15 14 15
SOs SD12 12 09 08 11 19 08 33 14 072 069 052 0.28
SD2 075 079 05 075 13 096 0.03 1.2 113 067 04 0.19
SD3? 120 97 76 19 360 190 34 160 260 160 120 30
SD4 18 21 17 26 26 22 007 31 17 11 11 067
ST1 78 35 51 22 16 23 34 41 34 34 25 13
ST22 54 11 66 14 54 13 51 92 20 99 45 1.2
ST3 27 1.6 30 64 25 10 0.63 40 15 42 19 035
ST4 28 10 31 6.3 27 12 0.73 43 31 48 21 1.3
ST5 270 28 40 85 33 15 0.65 48 24 48 24 1.6

@ AhR-active compounds.
b <. OD: Below detection limits.
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Table S12. Concentrations of target polar AhR agonists in sediments of Gamcheon Harbor, Korea (ng g* dm).

Compounds Sites

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
Ciprofloxacin <LOD 0.07 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD? <LOD <LOD
Genistein <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Mepanipyrim <LOD 0.01 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Protopine <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Rutaecarpine 0.04 0.2 0.03 <LOD 0.2 <LOD <LOD <LOD 0.02 <LOD <LOD <LOD

a<|.OD: Below detection limit
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Table S13. Potency balance between instrument-derived BaP-EQs and bioassay-derived BaP-
EQs in the RP-HPLC fractions (F2.6—F2.8 and of S3 and S10 and F3.6—F3.7 of S3) of the
sediments in Gamcheon Harbor, Korea.

a S3 S10 S3
Compounds Abb F2.6 F2.7 F28 F2.6 F27 F28 F3.6 F3.7
Instrument-derived BaP-EQs (ng BaP-EQ g* dm)
Traditional PAHs and SOs
Benz[a]anthracene BaA 45 31
Chrysene Chr 59 49
1,3-Diphenylpropane SD1 0.004 0.003
2,4-Diphenyl-1-butene SD3 0.36 0.74
Benzo[b]fluoranthene BbF 94
Benzo[K]fluoranthene BKF 24
Benzo[a]pyrene BaP 140
Indeno[1,2,3-c,d]pyrene IcdP 99
Dibenz[a,h]anthracene DahA 20
2,4,6-Triphenyl-1-hexene ST2
Emerging PAHs
Benzo[b]naphtho[2,3-d]furan BBNF 12 0.88
Benz[b]anthracene BbA 180 150
11H-Benzo[b]fluorine 11BbF 7.6 55
Benzo[b]naphtho[2,1-d]thiophene BBNT 0.74 0.59
5-Methylbenz[a]anthracene 5MBA 1.6 1.2
Benzo[j]fluoranthene BjF 120 95
11H-Benzo[a]fluorine 11BaF 21 26
4,5-Methanochrysene 4,5MC 34 18
10-Methylbenzo[a]pyrene 10MbA 49 17
7,12-Dimethylbenz[a]anthracene 7,12DbA 3.2 280
7-Methylbenz[a]anthracene TMbA 18 18
20-Methylcholanthrene 20MC 68 45
Ciprofloxacin 0.002
Genistein n.a
Mepanipyrim 0.0001
Rutaecarpine 0.035
Protopine n.a
Bioassay-derived BaP-EQs (ng BaP-EQ g dm) na 2800 2600 na° 1100 170 120 1200
Contribution (%) n.a 22 2.6 n.a 43 26 0.03 0

@ Abb: abbreviation.
bn.a: not available.
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Table S14. Instrumental conditions of HPLC-MS/MS for quantifying novel AhR agonists in

sediment samples.

Compounds MRM transition

Precursor Ion Product Ion Fragmentor Collison Energy
Daphnoretin 353 338 165 30

353 179 165 30

353 146 165 45
Isorhamnetin 317 217 145 55

317 203 145 50

317 153 145 50
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Table S15. Instrument and bioassay-derived BaP-EQs and contributions of target compounds to total induced AhR-mediated

potencies in sediments obtained from this study and previous studies conducted in South Korea.

Regions Sites Fractions BaP-EQbio BaP-EQchem (ng g™ dm) Contribution References
number (ng g dm) t-PAHs ___ e-PAHSs SOs (%)
Ulsan Bay 4 F2.6 <LOD*420 2.9-220 0.20-14 0.0083-1.1 31-230 Kim et al. (2019)
4 F2.7 61-1200 0.7-9.3 11-950 0.003-0.025 2.8-26
Lake Sihwa 4 F2.6 7.5-310 1.2-73 1.2-210 0.014-0.1 2.2-90 Cha et al. (2019)
4 F2.7 570-1500 7.1-96 10-370 0.005-0.030 2.8-31
3 F3.6 29-1810 - 0.004-0.28 - 0.002-0.02 Cha et al. (2021)
3 F3.7 150-1300 - <LOD - <LOD
Masan Bay 2 Raw extracts 33000—45000 39-48 - - 0.11-0.12 Lee et al. (2020)
Yeongil Bay 2 F2.6 340-2300 29-2,000 300-12,300 0.013-0.025 65-98 Gwak et al. (2022)
2 F2.7 1000-19000 24-2.900 190-2,800 0.010-2.2 20-21
2 F2.8 330-1100 2-190 1.7-0.6
Busan Bay 2 F2.6 <LOD-12 32-59 0.88-1.3 0.0.5-0.75 2400 This study
2 F2.7 1100-2800 78-152 0.05-130 0.21-0.32 18
2 F2.8 170-2500 - 0.06-0.08 - 0.0032
2 F3.6 <LOD-120 - 0.35 - <LOD-0.29
2 F3.7 <LOD-1200 - - - <LOD

2 <L.OD: Below detection limits.
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Supplementary Figure
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Fig. S1. AhR-mediated potencies in sediments of (a) raw extracts and (b) silica gel fractions (F1:
non-polar; F2: mid-polar; and F3: polar) (error bar: mean + SD, n = 3).
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