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PUBLIC SUMMARY

= Steroid hormones enter and persist in waters via wastewater, manure runoff, and airborne particles.

Conjugated forms and transformation products can be missed, while mixtures can amplify pollution risks.

These pollutants can disrupt reproduction in aquatic life and may pose broader risks to human health.

Monitoring, source control, and nature-based treatment provide a sustainable path forward.
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The pervasive occurrence of steroidal sex hormones in aquatic ecosys-
tems poses a substantial challenge to aquatic ecosystem health and may
also have implications for public health. Some of these potent endocrine-
disrupting chemicals act at ultra-trace concentrations, challenging tradi-
tional single-substance toxicological paradigms, and are often incom-
pletely removed by conventional wastewater treatment. This review critically
synthesizes the biogeochemical dynamics of aquatic sex hormones, tracing
their trajectories from anthropogenic sources through environmental
transport, transformation, and persistence. It highlights the need to expand
monitoring beyond targeted quantification toward comprehensive steroidal
profiling, with particular attention to the potentially overlooked contribu-
tions of conjugated forms and uncharacterized transformation products.
Furthermore, this review evaluates biological effects through the lens of
adverse outcome pathways and the One Health framework, integrating well-
established ecological effects in aquatic organisms with the more limited
and emerging evidence relevant to human health under real-world mixture
exposures. To address these threats, the efficacy and sustainability of
advanced and emerging removal technologies are critically assessed,
including catalytic oxidation, enzymatic biotransformation, hybrid systems,
and nature-based solutions. Ultimately, safeguarding aquatic ecosystems
requires an integrated, multi-barrier strategy that combines proactive
source control, mixture-aware risk assessment, fit-for-purpose waste-
water treatment, and sustainable mitigation aligned with circular economy
principles.

INTRODUCTION

Steroidal sex hormones include natural estrogens (e.g., estrone [E1] and
17B-estradiol [E2]), androgens (e.g., testosterone), and progestogens. These
endogenous hormones are fundamental regulators of physiological home-
ostasis across vertebrates, whereas their synthetic analogues, such as 17a-
ethinylestradiol [EE2] and synthetic progestins, can also exhibit potent biolog-
ical activity. Anthropogenic releases associated with pharmaceutical use,
including hormonal contraceptives, and intensive livestock production have
led to the continuous introduction of both endogenous hormones and
synthetic analogues into aquatic environments."” A recent global inventory
documented the widespread occurrence of natural and synthetic estrogens
across diverse aquatic systems, while also revealing substantial spatial vari-
ability in their concentrations and associated risks.” The environmental
behavior and receptor interactions of these compounds are influenced not
only by their rigid cyclopentanoperhydrophenanthrene nucleus but also by
their functional substituents, which collectively determine hydrophobicity,
phase partitioning, receptor affinity, and susceptibility to biotransformation.
Important gaps also remain in the comparative pharmaco- and toxicokinetics
of endogenous and exogenous estrogens.”

Steroidal endocrine-disrupting chemicals (EDCs) can elicit biological
responses at concentrations in the nanogram-per-liter range or lower, and
some may exhibit non-monotonic dose—response relationships. However,
these patterns are compound-, endpoint-, and exposure-dependent rather
than universal. These contaminants can interfere with hormone biosynthesis,

transport, metabolism, receptor binding, and downstream signaling, thereby
disrupting physiological homeostasis.” Their effects can extend across multi-
ple levels of biological organization. Endogenous sex steroids regulate
immune function and developmental processes, providing biological targets
through which exogenous hormonal exposure may act.” During development,
endocrine-active exposures can disturb tissue organization, and estrogenic
compounds can modulate teleost metamorphosis through interactions with
the thyroid axis, although the direction and magnitude of the reported effects
are context-dependent.”® Within a One Health framework, molecular- and
organism-level effects in aquatic species may, when sustained, contribute to
population-level changes and broader ecological consequences. The human
gut microbiota can also modulate systemic steroid profiles and may thereby
influence the composition of steroids ultimately excreted into wastewater,
illustrating a plausible connection between host metabolism and environ-
mental emissions.” Although disruption of sex-hormone signaling has been
implicated in metabolic and autoimmune diseases, direct evidence that envi-
ronmentally relevant exposure to aquatic steroid hormones causes these
outcomes in humans remains limited.'”'" Moreover, real-world aquatic envi-
ronments contain  complex mixtures of natural hormones, synthetic
analogues, transformation products, and other EDCs. Their combined effects
may be additive or non-additive, making single-substance assessments
insufficient for characterizing environmental risk.'*

Accurate characterization and effective mitigation of these contaminants
remain constrained by analytical and engineering limitations. Liquid chro-
matography coupled with tandem mass spectrometry (LC—MS/MS) is one of
the principal techniques for trace analysis of polar steroids in complex
aquatic matrices.”” However, reliable determination of potent synthetic
analogues such as EE2 at low-pg/L concentrations remains technically chal-
lenging, particularly in complex environmental matrices.'* A more fundamen-
tal limitation concerns monitoring scope. Conventional protocols often focus
on a restricted set of parent compounds and therefore fail to characterize the
complete steroidal profile, including conjugated forms and transformation
products. Although many conjugates exhibit limited direct biological activity,
they can undergo deconjugation to regenerate active parent hormones, while
transformation products may retain or acquire biological activity."”

Conjugated and halogenated estrogens can account for 60%—70% of the
total molar steroidal estrogen load in secondary effluents.'” Conventional
municipal wastewater treatment plants (WWTPs) can substantially attenuate
some steroidal hormones, but their performance is compound- and process-
dependent, and residual hormones and endocrine activity may persist in final
effluents. These limitations support the development of optimized, multi-
barrier treatment strategies that integrate physicochemical and biological
processes.

Previous reviews have documented different aspects of the occurrence of
steroidal hormones in aquatic environments,'” their ecological risks,'®'* and
their removal during wastewater treatment.””' Nevertheless, important gaps
remain in integrating chemical speciation and comprehensive exposure
profiles with real-world mixture effects and cross-system health implications.
Many previous syntheses have emphasized targeted measurements of
selected parent compounds and single-substance toxicological assess-
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ments. Consequently, the environmental contributions of conjugated reser-
voirs and biologically active transformation products may be underestimated.
Ecological effects and human health implications have also frequently been
considered separately, limiting the ability of existing frameworks to evaluate
the combined effects and uncertainties associated with complex environ-
mental mixtures.

To bridge these fragmented disciplinary perspectives and address current
bottlenecks, this review provides an integrative synthesis of the sources,
transport, transformation, biological effects, analysis, and mitigation of
steroidal sex hormones in aquatic systems. Using the One Health concept
and adverse outcome pathways as organizing frameworks, we connect
evidence across levels of biological organization while distinguishing well-
established ecological effects in aquatic organisms from the more limited
evidence concerning human health at environmentally relevant exposure
levels. We also highlight the need to expand environmental monitoring
beyond targeted quantification toward comprehensive steroidal profiling.
Finally, we compare conventional and advanced physical, chemical, and
biological treatments with hybrid systems and nature-based solutions,
emphasizing fit-for-purpose, multi-barrier strategies that integrate source
control with effective wastewater treatment. Through this framework, the
review aims to support mixture-aware risk assessment and context-specific,
sustainable mitigation consistent with circular economy principles.

SOURCES AND ENVIRONMENTAL FATE

The occurrence and environmental fate of steroidal sex hormones are
shaped by interconnected source, transport, partitioning, and transformation
processes. Anthropogenic inputs from municipal wastewater and livestock
production are supplemented by diffuse pathways, including surface runoff,
subsurface leaching, and dry and wet deposition of particle-bound steroids.
Following release, their mobility and persistence are governed by phase parti-
tioning among water, suspended particles, soils, sediments, and groundwater;
microbial deconjugation and reversible interconversion; photochemical and
biological transformation; and uptake and transfer through aquatic food
webs. Understanding this source-to-sink continuum is essential for charac-
terizing exposure, evaluating ecological risks, and identifying effective inter-
vention points. Figure 1 summarizes the major emission sources, transport
pathways, environmental compartments, and transformation processes.

Anthropogenic emissions

Human and livestock excretion represents a major primary source of
steroidal hormones entering aquatic environments. Early inventories of live-
stock production systems indicated that annual hormone releases could
reach tens to hundreds of tonnes, depending on the hormone class, animal
population, production system, and geographical scope considered.”
Combined oral contraceptives have been widely used for decades and typi-
cally contain an estrogen and a progestin.”’ Following administration and
metabolism, EE2, a widely used synthetic estrogen in these formulations, is
excreted in free and conjugated forms and subsequently enters domestic
wastewater.”” Population-based mass-balance estimates indicate that EE2
accounts for approximately 1% of total human estrogen excretion in the
Netherlands and probably less than 1% in the United States. Despite this
small mass fraction, its environmental relevance should not be evaluated
solely on a mass basis because mass contribution does not directly reflect
estrogenic potency. Although naturally excreted human estrogens and live-
stock-derived hormones may dominate total estrogen loads by mass, phar-
maceutical inputs such as EE2 can remain ecologically relevant because of
their high biological potency.

The chemical form in which hormones are excreted further influences their
mobility, transformation, and biological activity. Fecal excreta often contain
higher proportions of free, biologically active hormones, whereas urinary
excretion is generally dominated by water-soluble glucuronide and sulfate
conjugates.”” These conjugates typically exhibit lower direct biological
activity than their corresponding free hormones but can undergo deconjuga-
tion during waste treatment or after release into the environment, thereby
acting as mobile reservoirs of active parent compounds. In a survey of fresh
livestock excreta, conjugated estrogens accounted for more than 98% of the
total estrogen excreted in swine urine.”” Monitoring at two intensive swine
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farms further detected 31 target androgens, progestogens, and glucocorti-
coids in wastewater, with concentrations reaching 11,200 ng/L for 5a-dihy-
droprogesterone, illustrating the substantial and compound-specific steroid
inputs associated with intensive livestock production.”

Emission pathways can be broadly classified as point and non-point
sources, although individual activities may contribute through both pathways.
Municipal WWTPs are major point-source conduits because they receive
human excreta and pharmaceutical residues and may discharge residual
hormones and transformation products into receiving waters. A compilation
of data from multiple countries reported steroidal estrogens at ng/L concen-
trations in treated effluents and demonstrated substantial geographical vari-
ability in their occurrence.”” Where sewerage and treatment infrastructure are
inadequate, the direct discharge of untreated sewage can become the domi-
nant source. A nationwide source-apportionment study in China estimated
that untreated sewage contributed more than 50% of the steroid-hormone
burden in the investigated streams.*” Treatment processes can also alter
hormone speciation. During anaerobic digestion, E1 was observed to undergo
reduction to the more potent E2, followed by subsequent E2 removal, illus-
trating the need to evaluate transformation pathways and residual estro-
genic activity rather than relying only on individual parent-compound
concentrations.”

Intensive animal feeding operations can generate both localized discharges
from manure-storage and wastewater systems and diffuse emissions
following land application. Whole primary swine-lagoon samples contained
total free estrogen concentrations ranging from approximately 1,000 to
21,000 ng/L, demonstrating the high hormone loads that may occur in
untreated animal waste.”” Subsequent application of manure or slurry to agri-
cultural land can facilitate transport through surface runoff and groundwater
leaching. In livestock-dominated catchments, the hydrological contribution
and connectivity of individual agricultural areas to surface waters may be
more important than local livestock density alone in determining estrogen
concentrations in receiving waters.* The widespread detection of steroidal
estrogens and estrogenic activity in dairy-farm watersheds with different
effluent-management practices further indicates that management configu-
ration alone may not eliminate diffuse releases.™

Beyond aqueous runoff and groundwater leaching, atmospheric particu-
late deposition represents a plausible but still under-characterized non-point
pathway for steroidal hormones and other emerging organic contaminants.
Such contaminants can move among soil, atmospheric, and aquatic
compartments through interacting wind-driven and hydrological processes.*
Direct evidence of particle association was obtained from five commercial
beef cattle feedyards, where airborne particulate matter contained detectable
steroid growth promoters. The natural estrogens 17a-estradiol and estrone
were detected in more than 94% of samples at median concentrations of 20.6
and 10.8 ng/g, respectively, whereas melengestrol acetate and 17a-tren-
bolone were detected in 31% and 39% of samples, respectively.”™ These find-
ings demonstrate the atmospheric mobility of particle-bound steroids,
although they do not alone establish their deposition into aquatic environ-
ments.

Complementary evidence was obtained from 35 hydrologically discrete
playa wetlands located within 15 km of beef cattle feedyards. At least one
veterinary pharmaceutical was detected in every wetland, and most analytes
occurred at concentrations below 15 ng/g in sediments and below 70 ng/L in
water. Given the limited hydrological connectivity of these wetlands, the
observed distribution was consistent with aerial deposition of pharmaceutical-
laden particulate matter as an additional input pathway in feedlot-intensive
and semi-arid landscapes. Nevertheless, atmospheric deposition should
presently be regarded as a plausible contributing route rather than a quanti-
tatively established dominant source.”*’

Transport dynamics

Once released into aquatic systems, steroidal sex hormones partition
dynamically among the dissolved phase, colloids, suspended particles, soils,
sediments, and biota. Their distribution is influenced not only by hydropho-
bicity but also by molecular structure, ionization state, organic matter, mineral
composition, salinity, and particle properties. Androgens generally exhibit
moderate hydrophobicity, with reported log K, values ranging from 2.75 to
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Figure 1. Conceptual framework of the sources, transport pathways, biogeochemical t

4.40, although substantial differences exist among individual compounds.®
Free steroid hormones can sorb to suspended particulate matter, soil organic
matter, and benthic sediments, thereby reducing their dissolved-phase
mobility while increasing their retention and potential exposure to sediment-
associated organisms. In estuarine systems, organic carbon is an important
determinant of partitioning among water, suspended particles, and sedi-
ments. However, transfer to solid phases does not necessarily represent
permanent sequestration or a uniform increase in ecological risk.*

Inorganic mineral surfaces, including iron oxides, can provide additional
sorption sites, while changes in ionic strength and salinity may alter steroid
partitioning through particle aggregation and flocculation.”” The influence of
particle size is not uniform. Experiments using natural sediments showed
that steroid sorption capacity did not consistently increase with decreasing
particle size, indicating that mineralogy, organic-matter distribution, and
interactions among particle fractions must be considered together.”' In the
Pearl River Estuary, a multimedia survey found that steroid metabolites
predominated in the water phase, whereas parent steroids were more abun-
dant in suspended particulate matter and sediments. This site-specific distri-
bution suggests that relatively polar metabolites may have greater aqueous
mobility, while parent compounds are more readily retained in particulate and
sedimentary compartments.*”

Particulate- and sediment-associated steroids can enter aquatic food
webs through benthic organisms, but their subsequent trophic transfer is
strongly compound-, species-, and ecosystem-specific. Benthic inverte-
brates can take up particle-associated hormones and thereby connect sedi-
mentary contamination with consumers at higher trophic levels.”® Field
evidence from an estuarine food web further showed that metabolites consti-
tuted substantial proportions of the steroid burden in aquatic organisms and
that different synthetic steroids displayed contrasting trophic behaviors.
Within the investigated food web, 17a-methyltestosterone exhibited biomag-
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=
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ransformations, and environmental fate of steroidal hormones in aquatic systems.

nification, whereas 17B-boldenone underwent trophic dilution.** Studies in the
benthic fish Pleuronectes yokohamae also indicate that intestinal
glucuronidation of 17B-estradiol can promote metabolic transformation and
excretion, thereby helping to limit biomagnification.”® Food-web transport
should therefore be evaluated using compound-specific profiles of parent
compounds and metabolites rather than assumed to increase monotonically
with trophic level.

In agricultural landscapes, manure or slurry application introduces free and
conjugated estrogens into soils, where sorption, degradation, transformation,
and vertical transport occur simultaneously.” Free estrogens generally sorb
more strongly to surface soils, whereas their more polar conjugates can
exhibit greater leaching mobility. In soil-column experiments, estrone-3-
sulfate migrated more readily than E1 and underwent hydrolysis and abiotic
transformation to products including estradiol and estriol.”” These findings
identify conjugated steroids as potential mobile precursors of free estrogens,
although their transport into groundwater depends on soil properties, micro-
bial activity, hydrological conditions, and wastewater composition. Batch and
column experiments further showed that elevated total organic carbon and
the presence of nonylphenol polyethoxylate surfactants were associated with
reduced soil partitioning and earlier estrogen breakthrough.”

Steroid transport also involves a continuum of suspended particles,
colloids, and emerging anthropogenic carriers. In a river affected by feedlot
wastewater, 12.7%-14.2% of the measured estrogens occurred in the
colloidal phase, indicating that colloid-associated partitioning can influence
their mobility, environmental persistence, and biological availability.”
Microplastics can also adsorb free and conjugated estrogens under labora-
tory conditions and may therefore act as additional carriers. In specific poly-
mer systems, environmental aging and decreasing particle size can enhance
adsorption by modifying surface chemistry and increasing specific surface
area.””' However, the quantitative importance of microplastic-mediated
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transport relative to natural suspended particles in field environments
remains unresolved. Overall, the mobility of steroidal hormones reflects a
dynamic balance among sorption, desorption, transformation, and advective
transport across dissolved, colloidal, particulate, sedimentary, and biotic
compartments.

Transformation and persistence

The transformation and persistence of steroidal hormones result from
interactions among microbial metabolism, abiotic reactions, and environ-
mental conditions. Biotransformation is often a major attenuation mecha-
nism, but its rate and extent vary with molecular structure, temperature,
microbial community composition, electron-acceptor availability, and redox
state. Many natural steroids are transformed more rapidly in oxygenated
systems, whereas transformation is often slower under anoxic conditions.
Anoxic environments, however, are not metabolically inactive. Denitrifying
bacteria can degrade androgens through the oxygen-independent 2,3-seco
pathway. In anoxic sewage, Thauera spp. were implicated in androgen degra-
dation, and genes encoding the bifunctional enzyme 1-testosterone
hydratase/dehydrogenase, together with characteristic pathway metabolites,
were used as functional indicators of this process.”

The synthetic estrogen EE2 generally shows greater resistance to micro-
bial transformation than natural estrogens. In long-term anaerobic micro-
cosms established with lake sediment or anaerobic digester sludge, no
measurable loss of EE2 was observed at the tested initial concentration of 5
ma/L, even after 35—38 months.” This result demonstrates the potential for
prolonged EE2 persistence under specific anaerobic conditions but should
not be interpreted as a universal environmental half-life, particularly at trace
concentrations. Aerobic transformation is generally more rapid, although
reported rates vary substantially among microbial communities, treatment
systems, and environmental matrices.

Natural estrogens can undergo reversible and redox-dependent intercon-
version. Under nitrate- and sulfate-reducing conditions, both E2 isomers were
converted predominantly to E1, whereas E1 could be reduced back to E2, with
preferential formation of the more potent 173-E2 in the investigated sedi-
ments.” Moreover, 17a-E2 should not be considered solely an anaerobic
transformation product. It was detected in all six human urine samples
examined in one exploratory study and accounted for an average of 7.0% of
the twelve measured natural estrogens. Although 17a-E2 has relatively weak
estrogenic potency, it can be biotransformed into 17B3-E2 under aerobic
conditions.”® Such reversible reactions can sustain temporal variations in
estrogenic activity and demonstrate that the disappearance of an initial
parent compound does not necessarily indicate complete detoxification.”*"

A related transformation pathway has recently been demonstrated for
synthetic progestogens. Across 18 phylogenetically diverse freshwater and
marine phytoplankton species, norethindrone acetate was enzymatically
deacetylated to the more potent product norethindrone. Chemoproteomic
and functional analyses identified adenylosuccinate lyase as the enzyme
responsible for this conversion, while metagenomic and metatranscriptomic
analyses indicated that genes encoding this lyase are broadly distributed
among aquatic eukaryotes.”” These findings demonstrate that biotransfor-
mation can increase rather than reduce hormonal potency. However, the
rates and ecological consequences of this pathway under field conditions
remain to be quantified.

Deconjugation provides another pathway through which relatively polar
steroid conjugates can generate free hormones. Microbial enzymes such as
B-glucuronidase and arylsulfatase cleave glucuronide and sulfate moieties,
respectively.”**° Because conjugated steroids are generally more water-solu-
ble and often sorb less strongly than their corresponding free forms, they
may migrate through soils before undergoing hydrolysis. Nevertheless, their
persistence and mobility are strongly matrix-dependent. In batch experi-
ments using agricultural soils, dissolved E2-3-glucuronide persisted for 1-14
days depending on soil organic-matter content and was hydrolyzed to E2,
which could subsequently be oxidized to E1.% Field monitoring beneath land
receiving swine manure slurry found that glucuronide and sulfate conjugates
of E2 and E1 were the only target estrogens detected in tile drains, although
the overall detection frequency was only 5%. Both free and conjugated estro-
gens were detected in groundwater wells, with an overall detection frequency
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of 11%.°" These findings support the role of conjugates as mobile precursors
of free estrogens while also indicating that subsurface transport is episodic
and site-specific rather than a universal bypass of root-zone attenuation.

In sunlit surface waters, direct and indirect photolysis can provide addi-
tional attenuation pathways. Dissolved organic matter (DOM) can promote
indirect photolysis by generating reactive intermediates such as hydroxyl
radicals and singlet oxygen, but it can also inhibit degradation through light
screening and radical scavenging. Its net effect therefore depends on its
concentration, composition, and optical properties, as well as the structure of
the target hormone.”** Nitrate and ferric species may enhance photochemi-
cal transformation under some conditions, whereas bicarbonate and elevated
turbidity can suppress it through radical scavenging and photon
attenuation.” Photolytic rates measured in simplified solutions should there-
fore not be directly extrapolated to natural waters without accounting for
water depth, sunlight intensity, suspended particles, and dissolved
constituents.

Molecular structure also contributes to differences in persistence among
steroidal hormones. Natural hormones are often more susceptible to micro-
bial transformation, whereas the ethinyl substituent at the C17 position of
EE2 contributes to its resistance to enzymatic attack. Nevertheless, persis-
tence cannot be attributed to molecular architecture alone. Redox conditions,
sorption and desorption, microbial adaptation, hydraulic residence time, and
environmental matrix composition all influence transformation rates. Contin-
uous inputs, incomplete treatment removal, and reversible formation of
biologically active products can maintain steroidal hormones in aquatic
systems even when individual molecules are degradable. They may therefore
behave as pseudo-persistent contaminants in systems subject to sustained
anthropogenic discharge.

ECOLOGICAL AND HEALTH RISKS

Steroidal sex hormones are widely detected in aquatic matrices, and some
can elicit endocrine-mediated effects in sensitive organisms at environmen-
tally relevant trace concentrations. Assessing these risks requires moving
beyond isolated toxicological endpoints and single-compound tests to
consider mixture composition, exposure pathways, and biological responses
across multiple levels of organization. Figure 2 presents a conceptual frame-
work linking molecular and cellular responses to organismal, population, and
ecosystem-level effects, while distinguishing well-established ecological
evidence from potential human exposure pathways and health concerns.

Aquatic ecotoxicity and cascades

The ecotoxicological risk posed by steroidal sex hormones arises from
their capacity to perturb steroid-dependent developmental and reproductive
pathways, with estrogen-mediated effects in teleost fish providing the
strongest evidence base. In teleosts, activation of estrogen receptors consti-
tutes a molecular initiating event that can alter estrogen-responsive tran-
scription. Induction of vitellogenin (VTG), an egg-yolk precursor protein, in
males and juveniles is among the most sensitive and widely used biomark-
ers of estrogenic exposure. However, VTG induction indicates exposure and
biological activity and does not, by itself, demonstrate an adverse outcome. In
a fathead minnow gonadal recrudescence assay, EE2 significantly elevated
significantly plasma VTG significantly elevated plasma VT at 1 ng/L, whereas
pronounced reductions in male secondary sex characteristics occurred at
characteristics occurred higher exposure concentrations of 10-100 ng/L.”
Long-term exposure can nevertheless produce adverse effects at similarly
low concentrations: a two-year exposure of roach to a measured EE2
concentration of 1.3 ng/L feminized genetic males, shifted the genetic sex
ratio toward females, and accelerated ovarian development.”® Natural estro-
gens are also biologically active; E1 and E2 altered VTG concentrations and
reproductive endpoints in mature fathead minnows, although their relative
potency and effects depended on the compound, concentration, sex, and
endpoint examined.”” Molluscan VTG has also been proposed as a biomarker
of estrogen exposure, but its endocrine regulation is less well resolved than
that in teleosts and requires further species-specific validation.”

Within an adverse outcome pathway framework, estrogen-receptor activa-
tion should be distinguished from downstream key events such as altered
expression of vtg, cyp19aTa,and other genes associated with the hypothalamic
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Figure 2. Conceptual framework for the ecological effects, mixture-toxicity determinants, and potential human health concerns associated with steroidal sex hormones in
aquatic systems Molecular structures were drawn with reference to the Chemical Book database (https://www.chemicalbook.com/Productindex.aspx).

—pituitary—gonadal-liver axis, VTG protein induction, disruption of steroido-
genesis, and altered gonadal differentiation. These key events may progress
to intersex inter phenotypes, impaired gametogenesis, reduced fecundity or
fertilization, and skewed sex ratios, but this progression is not inevitable and
depends on exposure concentration, timing, duration, and species sensitivity.
Table 1 summarizes the resulting spectrum of molecular, physiological,
developmental, and reproductive responses across teleost models rather
than implying a universal linear cascade. For example, early-life exposure to
E1, E2, E3, or EE2 at nanogram-per-liter concentrations induced testis-ova or
altered phenotypic sex in Japanese medaka.” Many fish species are particu-
larly vulnerable during sexual differentiation because their comparatively
labile sex-determination systems allow exogenous steroids to modify or
override endogenous developmental cues.” Nevertheless, changes in gene
expression or VTG concentrations should not automatically be interpreted as
irreversible organism-level damage without supporting histological, repro-
ductive, or population-level evidence. Moreover, because most available
studies emphasize estrogenic responses, the effects of androgenic and
progestogenic hormones should be evaluated using pathway-appropriate
biomarkers rather than inferred directly from estrogen-responsive endpoints.
At the population level, ecological risk becomes particularly important when
chronic exposure overlaps sensitive developmental or reproductive windows
and impairs reproduction across successive cohorts. A study of a
freeze—thaw basin found that estrogen occurrence and estimated ecological
risk varied substantially among seasons, with runoff during thawing increasing
contaminant inputs during a period that overlapped with aquatic-organism
breeding. However, because the monitored compounds included both
steroidal hormones and non-steroidal estrogenic chemicals, these seasonal
effects cannot be attributed exclusively to steroidal sex hormones.”" Field
evidence also indicates that improvements in wastewater treatment have
reduced, but not eliminated, endocrine disruption. In a contemporary survey

of ten English river sites, intersex gonads were still detected at 60% of the
sites, while average male plasma VTG concentrations exceeded natural
baseline levels at 90% of the sites.”” For effect-based monitoring, JaroSova et
al. proposed bioassay-specific safe estrogenic equivalent values ranging
from 0.1 to 0.4 ng E2-EQ/L for municipal wastewater.” These values can
serve as screening or trigger benchmarks for identifying samples that require
further investigation, but they should not be treated as universal regulatory
thresholds because their interpretation depends on the bioassay, wastewater
dilution, mixture composition, and underlying compound-specific predicted
no-effect concentrations.

Effects beyond fish reproduction are emerging but should not be over-
stated. In slow sand filters, exposure to natural estrogens altered coliform-
grazing protozoan communities and impaired microbial pathogen-removal
functions, while bioaugmentation with estrogen-degrading bacteria miti-
gated these effects.” This finding demonstrates that estrogens can disrupt
microbial ecological functions in an engineered treatment ecosystem, but it
cannot be directly generalized to natural aquatic food webs. Environmental
estrogens may also affect microalgal growth, photosynthesis, oxidative
status, and toxin production, with responses varying among compounds,
concentrations, exposure durations, and algal species.” Although these inter-
actions could modify primary-producer dynamics, current evidence does not
establish steroidal hormones as general drivers of harmful algal blooms or
food-web collapse. Broader ecological cascades are therefore biologically
plausible but remain less firmly established than estrogen-mediated repro-
ductive effects in teleost fish and require further community-level and field-
based investigation.

Human endocrine disruption
While aquatic ecotoxicity is well documented, the human health implica-
tions of chronic, low-dose exposure to environmental steroid hormones
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Table 1. Endocrine-related biomarker responses and observed effects of steroidal sex hormones in teleost models.
. Test Exposure Route of Exposure . .
Model organism compound duration exposure concentration Key biomarker responses Observed effects Reference
P P /dose
Egrﬁﬁa:te%ﬁ-‘b: Testis-ova (moderate): induced
Gray mullet Oral 4-4000ng/g Gonadal zpb: a.t i gnd AT £.76
. EE2 28 days . body . Fibrosis and germ cell loss Ref.
(Mugil cephalus) (dietary) X upregulated; e
weight/day ) (severe): induced at 4000
Gonadal zpc5: na/a/da
downregulated g/g/day.
0-64 davs Reproductive: altered gonadal
(post- y Hepatic vtg: altered; differentiation. Immunological:
Zebrafish/(Danio ertiIization) Estrogen receptor retarded thymus development;
) EE2 95 davs " Waterborne 3 and 10 ng/L transcripts: altered; thymic alterations were Ref.”’
(I’ECO\),eI’ Thymocyte marker gene reversible in females but
eriod) y transcripts: reduced persisted in males after the
P recovery period.
. Population: 100% female sex
Western Altered t:ansdcrlpt; of ratio at 4300 ng/L. Morphology:
sl genes related to the Feminization of male anal fins
mosquitofish 119 days (full 25.4-4300 . L
(Gambusia E1 Freerel) Waterborne il HPGL axis and sex and skeletons. Histology: Ref.”
affinis) differentiation in both Inhibited spermatogenesis in
adults and embryos. males; increased oocyte
degeneration in females.
Transcriptome Analysis:
Parental (45 Revealed impairments Growth retardation: reduced
Marine medaka days) and controlled by the embryo heart rate and delayed
(Oryzias EE2 subsequent  Waterborne 85 ng/L estrogen receptor, eye plgmenta.tlon. T Ref.”
melastigma) embryonic affecting pathways and behavior: decreased
exDoSUre related to neuronal, hatching rate and impaired
P synaptic, and eye larval locomotion.
development.
4 weeks Metabolic: reduced Post-challenge outcome:
Largemouth followed by a hepatic glycogen levels.  higher survival following
bass . 10-day Waterborne  0-87 @nd 9.08 Transcriptomic: altered  pacterial infection at 9.08 ng/L, Ref ©
(Micropterus bacterial ng/L gene expression related  accompanied by altered '
salmoides) infection to immunometabolic hepatic and splenic
challenge processesinliverand  jmmunometabolic responses.
spleen.
Histopathology: delayed or
Molecular/omics: Sl g s .
. . . . development and accumulation
Fathead minnow 32 days increased vitellogenin . -
. 4,20, and 100 of proteinaceous material in 81
(Pimephales EE2 (embryo- Waterborne abundance and . . . f.
ng/L . . . the liver and kidney. Metabolic:
promelas) larval stage) disruption of visual- - f .
development pathways evn.dence of energy depletlon.
*  Apical: reduced body size at
100 ng/L.
Gene Expression: altered
transcripts of HPGL axis
and steroidogenesis
Adult female E2, E2: 50 na/L genes (e.g, Cyp19ala,  No significant
western testosterone, teétoste?oné' Star)_. Hormone Levels:  histopathological changes in
mosquitofish and their 91 days Waterborne 50 and 200 ovarian E; and ovaries or livers; no Ref.”
(Gambusia binary na/L testosterone masculinization of female anal
affinis) mixtures 9 concentrations fins observed.
decreased. Protein
Levels: vitellogenin
protein induced in ovaries
and livers.
European sea 8 days, Upregulation of key Growth: Reduced standard
bassplarvae followed by a 150 na/L and neuroendocrine genes,  length at the high dose.
; EE2 20-day Waterborne 9 including cyp719alb Behavior: Increased locomotor Ref.*
(Dicentrarchus 5 pg/L
. recovery H9 (brain aromatase), gnrh2, activity and anxiety-like
period. and kiss1. behaviors
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Table 1. (Continued)

Test Exposure Route of Exposure
Model organism poS concentration Key biomarker responses Observed effects Reference
compound duration exposure /dose
B TR B E4: no acute effects up to 100
up to 100 .
. mg/L and no behavioral
mg/L; EE2 at .
alterations at the tested
1-2 mg/L. ' . :
. concentrations. EE2: mortality
Estetrol (E4) Behavioral/pr _ .. . ) .
: . . E4: Minimal effects. EE2: and morphological
Zebrafish (Danio vs. EE2, also oteomic -
. . ) Downregulated abnormalities at 1-2 mg/L, 84
rerio) with 96—-120 hours Waterborne  assays: EE2 ) . - Ref.
. RNA/protein synthesis hypoactivity at 30 ng/L, and
embryos/larvae drospirenone at 0.3 and 30 : .
proteins at low conc. altered protein abundance at
(DRSP) ng/L and E4
0.3 ng/L. DRSP reduced several
up to 710 :
EE2-induced responses,
L zlems o suggesting an antagonistic
el intg?actior? ’
with DRSP. '
Histopathology: lesions in
Gene expression: altered testes, including suppressed
reproductive gene spermatogenesis and reduced
. . expression (vtg], sperm count at 1000 pg/kg.
f:r?;)aﬂSh (e EE2 6 weeks Oral (dietary) }géjog/kg/lfnd cyp19ala, etc.). Protein  Mortality: significantly Ref.®®
HIX " levels: increased increased at 1000 pg/kg.
vitellogenin. Biochemical: Morphology: reduced body
induced oxidative stress. weight and increased body
length.
Sex ratio: the proportion of
genetic males was significantly
reduced. Genetic males: 30%
developed feminized gonads,
Vitellogenin: plasma VTG and spermatogenesis was
Rogch (Rutilus EE2 2 years Waterborne 1.3 ng/L c_onc_e_ntratlons were |nh|b|tec_|. Females: sexual Ref ¢
rutilus) significantly elevated in  maturation was accelerated.
genetic males. Population comparison: no
significant difference in
sensitivity was detected
between populations with
contrasting exposure histories.
E4: minimal effects; did
not affect
) metamorphosis-related ) .
: . Up to 30 days E2E U pathways. EE2: Altered 2500 notaple changes '|n
Zebrafish (Danio 1,000 ng/L. - metamorphic traits. EE2: 86
. E4 vs. EE2 post- Waterborne ] genes in pathways for L Ref.
rerio) larvae - E4: up to - Significant developmental
fertilization macronutrient . .
320,000 ng/L . delays in metamorphosis
metabolism, estrogen
response, and drug
metabolism.
Hormones: Increased . et
Testicular E2, decreased il rgdyced )
_ _ 11-KT. Signaling: gonadosomatic index; .
Zepraflsh (Danio £l 49 days Waterborne 20, 200, and Increased iNOS sup_presse_d spermatogenesis; o ¢
rerio) 2000 ng/L testicular inflammation.

expression and nitrite
production; increased
IGF1R expression.

Functional: reduced sperm
production and quality.

remain less certain. Potential exposure may occur through contaminated
drinking water and the consumption of aquatic organisms in which these
compounds have accumulated, making this an emerging public health
concern within the One Health framework. Systematic evaluations of
hormonal residues in edible fish confirm that steroid hormones can occur in
multiple tissues and biological matrices, indicating the potential for dietary
exposure.”® Human consumers may therefore be exposed not only to individ-
ual parent hormones but also to co-accumulated mixtures of steroidal EDCs
and their bioactive transformation products. Field investigations show that
tissue-specific metabolism and accumulation in wild fish can govern food-
web transfer and facilitate dietary exposure to complex mixtures of steroid

]

hormones and their metabolites.”” Accordingly, cumulative dietary risk
assessment is needed because exposure to multiple compounds through
fish consumption may increase estimated health risks and, under some
exposure scenarios, approach or exceed acceptable daily intake
benchmarks.”' Because sex-steroid signaling is central to reproductive
physiology and hormone-dependent cancers, chronic exposure to exoge-
nous steroid hormones raises concerns about reproductive and neoplastic
outcomes. However, direct epidemiological evidence linking environmentally
relevant aquatic exposures to these diseases remains limited.”*

Evidence that endogenous sex-hormone dysregulation contributes to
cardiometabolic disease raises the possibility that exogenous steroidal
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signals may perturb the same pathways.”*** However, direct evidence linking
environmentally relevant exposure to steroidal EDCs with obesity, type 2
diabetes mellitus, and PCOS remains limited. PCOS is a common
endocrinopathy affecting up to 10% of reproductive-age women and is char-
acterized by follicular arrest, insulin resistance, and disturbances in the
enteroinsular axis and pancreatic B-cell function.””’ These features may
increase susceptibility to exogenous hormonal perturbation, although this
relationship requires further investigation. More broadly, chronic disruption of
endocrine signaling may alter disease susceptibility across the human lifes-
pan.' For instance, environmental estrogens upregulate inflammatory
cytokines—particularly tumor necrosis factor—triggering oocyte apoptosis,
destabilizing genomic integrity, and facilitating premature ovarian insuffi-
ciency Chronic disruption of hormonal feedback has also been associ-
ated with gynecological disorders such as endometriosis.'”

These potential vulnerabilities may be particularly important during early
life. Embryonic and fetal development represents a sensitive window during
which maternally transferred endocrine-active contaminants may alter
steroidogenesis and organogenesis, potentially increasing susceptibility to
adult-onset chronic diseases and impairing fetal lung maturation.'”"'®” The
established roles of sex steroids in hippocampal neuroplasticity and mood
regulation provide a mechanistic basis for concern that exogenous perturba-
tion of steroid signaling could affect cognitive and affective outcomes.'**'%*
Sex steroids also regulate cardiovascular signaling, immune responses, and
endogenous gasotransmitter pathways involving nitric oxide and hydrogen
sulfide.'™ """ Together, these physiological roles identify potential targets of
exogenous hormonal perturbation, although they do not by themselves
establish adverse effects at environmentally relevant exposure levels. Envi-
ronmental estrogens can also activate rapid non-genomic signaling through
the G protein-coupled estrogen receptor, providing a plausible mechanism for
biological responses to low-level exposure.'”'”

Real-world mixture toxicity

The traditional single-substance toxicological paradigm cannot fully
capture the risks posed by real-world aquatic mixtures, supporting a shift
toward mixture-based toxicological assessments.'” Organisms are chroni-
cally exposed not to isolated compounds, but to complex cocktails compris-
ing natural hormones, highly potent synthetic analogues, uncharacterized
transformation products, and other co-occurring EDCs. Field monitoring
further demonstrates the simultaneous occurrence of multiple steroid
classes. In some wastewater-impacted urban rivers, the summed concentra-
tions of androgens and progestogens can exceed those of estrogens,
although this pattern is source- and site-dependent.'"”'"" Despite their often
lower concentrations, EE2, E2, and E1 frequently emerge as major contribu-
tors to estrogenic activity and ecological risk because of their high relative
potencies.''*"'"* For similarly acting estrogen receptor agonists, the concen-
tration addition (CA) model predicts mixture effects by scaling individual
components to equieffective concentrations and summing their contribu-
tions. The related estrogenic equivalency (EEQ) approach converts measured
concentrations into E2-equivalent concentrations using compound-specific
relative potency factors. Thus, EEQ is a potency-normalized metric rather
than a separate mixture-toxicity model.

Within these mixtures, non-additive interactions can occur, producing devi-
ations from predictions based on standard reference models. CA and inde-
pendent action are commonly used for similarly and dissimilarly acting
chemicals, respectively. However, their predictions may converge, and CA can
provide a conservative approximation even for some mixtures containing
components with different modes of action.'"” For example, a seven-day
assay with Lemna minor found that EE2 and methotrexate produced syner-
gistic effects relative to CA predictions at concentrations in the low mg/L
range.''® Because these experimental concentrations exceed those typically
detected in aquatic environments, the findings demonstrate the potential for
chemical interactions rather than directly establishing field-level risk. Even
within steroid classes, complex interactions can arise. Full life-cycle expo-
sure to binary mixtures of E2 and testosterone produced feminizing
responses in male western mosquitofish, masculinizing responses in
females, and interactive, sex-specific transcriptional changes along the
hypothalamic-pituitary-gonadal axis.''” Emerging particulate contaminants,
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particularly nanoplastics and microplastics, can further modify mixture toxicity.
Co-exposure to nano-polystyrene and diethylstilbestrol, a nonsteroidal
synthetic estrogen, exacerbated gonadal damage and reproductive impair-
ment in zebrafish, while their combined inhibition of sex hormone and vitel-
logenin secretion was additive."® Similarly, co-exposure to polyethylene
microplastics and bisphenol A, another nonsteroidal EDC, produced more
pronounced changes than single exposures for several steroidogenic and
HPG-axis endpoints, with responses varying by sex and endpoint.'"® Although
diethylstilbestrol and bisphenol A are not steroid hormones, these findings
illustrate how co-occurring endocrine-active chemicals and particulate
contaminants can modify the effects of steroid-centered mixtures.

The complexity of environmental mixtures is further increased by in situ
biotransformation, which can generate bioactive or potentially hazardous
transformation products. During activated sludge treatment, some 19-
nortestosterone-derived progestogens can undergo ring-A aromatization and
form estrogen-like transformation products. For example, norethisterone
acetate can be transformed into the potent synthetic estrogen EE2, whereas
cyproterone acetate can yield 3a-hydroxy cyproterone acetate, a transforma-
tion product reported to be genotoxic.'”” To resolve complex mixtures
containing known, unknown, and transformed toxicants, researchers are
increasingly applying effect-directed analysis (EDA). Recent EDA of municipal
sewage sludge identified seven steroidal androgen-receptor agonists that
collectively explained 52%—87% of the observed androgenic activity in three
highly active sludge samples, demonstrating the utility of combining bioassay-
guided fractionation with suspect and non-target screening.'”' Consequently,
bridging the gap between current regulatory frameworks and actual ecological
threats requires the integration of predictive mixture-toxicity models with
comprehensive chemical and effect-directed profiling.

ANALYTICAL METHODOLOGIES

Quantifying steroidal sex hormones in complex environmental matrices,
including raw wastewater, activated sludge, sediments, and biological tissues,
is analytically challenging because these compounds often occur at trace or
ultra-trace concentrations and matrix effects can substantially influence
analytical signals. Reliable determination therefore requires a multistage
workflow integrating matrix-specific sample pretreatment, extraction and
enrichment, chromatographic separation, instrumental detection, and data
interpretation while balancing sensitivity, selectivity, accuracy, and through-
put. Figure 3 summarizes this framework, spanning targeted quantification,
non-targeted profiling, spatial imaging, and decentralized biosensing.

Extraction and enrichment

Direct instrumental analysis of environmental waters without preconcen-
tration is often impractical because steroid hormones occur at trace or ultra-
trace concentrations and coexisting matrix components can suppress or
enhance analytical signals. Solid-phase extraction (SPE) therefore remains
one of the most widely used approaches for concentrating target analytes
and reducing matrix interference.'” Careful sample pretreatment is critical to
the reliability of the subsequent analysis. Filter selection should be validated
for each analyte and study objective because filtration can reduce matrix
interference but may also remove particle-bound hormones. For dissolved-
phase measurements, glass-fiber filters have shown lower analyte losses
than nylon filters in some estrogen-analysis workflows.'”'?" When total
concentrations are of interest, both aqueous and particulate fractions should
be considered and the operationally defined fraction being measured should
be clearly reported. When dealing with complex biological matrices, effective
removal of lipid and protein interferences is often necessary, while excessive
cleanup should be avoided to minimize analyte loss.'” For food, tissue, and
other complex solid or semi-solid matrices, the QUEChERS (Quick, Easy,
Cheap, Effective, Rugged, and Safe) method offers a relatively rapid and
solvent-efficient sample-preparation strategy.'” Extraction procedures
should ultimately be tailored to the downstream analytical endpoint by
balancing cleanup efficiency, analyte recovery, and sample throughput.
Instrumental methods generally require more extensive purification, whereas
screening methods such as enzyme-linked immunosorbent assays prioritize
rapid and high-throughput processing.'*

Rather than replacing conventional SPE sorbents, advanced materials are
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Figure 3. Integrated analytical workflow for steroid hormone analysis across environmental and biological matrices (A) Environmental and biological input matrices; (B)
sample pretreatment and enrichment strategies; (C) targeted quantification and nontarget HRMS profiling; and (D) decentralized biosensing and spatial MS imaging. The
LC~MS/MS MRM chromatogram, HRMS feature-analysis plot, and MALDI/MALDI-2 MSI panels were adapted from refs.'”"'*, respectively. Materials from refs.'”*'* are licensed
under the creative commons attribution 4.0 international license, whereas material from ref.'” is licensed under the creative commons attribution 3.0 unported license. Modifica-

tions were made.

increasingly being developed to complement them by improving selectivity,
adsorption capacity, or ease of phase separation. Magnetic metal-organic
frameworks combine high surface areas, chemically tunable surfaces, and
rapid magnetic separation and have been explored for pharmaceutical
extraction from food, environmental, and biological matrices.”' As a steroid-
relevant example, imidazoline-linked cationic covalent triazine frameworks
prepared through the Debus-Radziszewski reaction can enrich environmen-
tal estrogens through the combined contributions of m-t interactions, hydro-
gen bonding, and electrostatic attraction.'”*'** Poly(ionic liquid)s provide
tunable polarity and multiple interaction mechanisms, expanding the range of
sorbent designs available for microextraction, although their performance
must be validated for individual steroid classes and sample matrices."™
Aligning with green analytical chemistry principles, engineered bio-based
sorbents are increasingly being investigated as potentially greener alterna-
tives to conventional synthetic polymers. However, their selectivity, reusabil-
ity, and batch-to-batch reproducibility should be evaluated alongside extrac-
tion recovery.'*'** Molecularly imprinted polymers provide template-defined
recognition sites that are complementary to target molecules in shape and
functional-group arrangement, thereby enhancing the selective extraction of
phenolic estrogens from complex matrices."’

Beyond material innovations, extraction formats are also evolving toward
miniaturization, reduced solvent consumption, and automated operation.
Sorptive microextraction techniques, including fiber-based and in-tube
formats, can provide effective enrichment from small sample volumes,
although their performance depends strongly on compatibility between the
analytes and extraction coating.'*® Stir-bar sorptive extraction uses a larger
volume of sorptive phase than conventional fiber-based SPME and can
provide efficient extraction of relatively hydrophobic analytes. More polar
steroids may, however, require derivatization or coatings with greater
polarity.”* A sol-gel-derived polydimethylsiloxane/B-cyclodextrin/divinylben-
zene coating has, for example, been applied to the stir-bar sorptive extraction
of estrogens from animal-derived food matrices.'”® Concurrently, magnetic

solid-phase extraction simplifies phase separation and can reduce or elimi-
nate the need for centrifugation."' Porous monolithic capillary columns used
for in-tube SPME can further facilitate automated online coupling with LC-
MS/MS and effective estrogen enrichment.'** Table 2 summarizes represen-
tative extraction and analytical methods for steroid hormones and related
endocrine-active compounds in complex matrices.

Ultra-trace instrumental analysis

Following extraction and enrichment, liquid chromatography coupled with
tandem mass spectrometry is one of the principal analytical platforms for the
sensitive and selective quantification of steroid hormones in environmental
matrices, with method-dependent detection limits extending into the sub-
ng/L range and, for some analytes, to tens of pg/L."** Although gas chro-
matography coupled with mass spectrometry remains valuable for volatile or
derivatized steroids, LC-MS/MS is particularly advantageous for polar and
nonvolatile analytes, including some estrogen conjugates, because it can
often avoid prior derivatization.'**'®

lonization conditions should be optimized for individual steroid classes. In
a comparative study, A* steroids generally showed greater sensitivity with
positive-mode heated electrospray ionization, whereas A° steroids and
sterols generally responded better to positive-mode atmospheric pressure
chemical ionization. However, exceptions occurred, and estrogens showed no
consistent preference. Atmospheric pressure chemical ionization also
produced artifactual 2n-Da losses, attributed mainly to the oxidation of
hydroxyl groups, that may obscure precursor ions and complicate structural
assignment.’®!

Beyond targeted quantification, high-resolution mass spectrometry
provides accurate-mass precursor- and product-ion data that support
suspect screening and non-target characterization. Accurate mass measure-
ments, isotope patterns, retention behavior, and diagnostic fragments can
support the annotation of previously uncharacterized steroid metabolites and
transformation products. However, confident identification still requires
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Table 2. Representative extraction and analytical methods for steroid hormones and related endocrine-active compounds in complex matrices.
Target contaminant Sample Method Results Reference
matrix/source
Estroaens and Porous polymer functionalized magnetic LODs: 0.0068-0.088 pg/L (water);
xenoegstro ens Water and milk composite used as an advanced adsorbent for LODs: 0.028-0.030 pg/L (milk); Ref.'*?
g MSPE Recoveries: 80.7%—-116%
Lake water and Cyano-functionalized ionic porous organic LODSE WSS DU (Ial_<e Yvater); 144
Estrogens milk olymer used as an adsorbent for SPE HOE D= Ol (g Ref.
poly Recoveries: 85.0%-119.0%
Estrogens and . ) . LOD: 0.33 pg/L; 145
TS TS Milk and yogurt MIP fiber array for SPME using E2 as the template Recoveries: 74.75%—119.41% Ref.
S, R A A porous capll_lary monollt_hlc_column prep_ared via | 0bs:53-96 ng/L; .
Estrogens thiol-alkyne click polymerization used for in-tube s < o Ref.
pond water SPME Recoveries: 80.3%—113%
Natural estrogens Source water and HODi 0558 me/ L (EoUee v
. 9 . S Development of a sensitive GC-MS analytical LODs: 0.3—4.6 ng/L (finished drinking 146
and bisphenol finished drinking . f . ) Ref.
analoglies water method, coupled with SPE for pre-concentration.  water); _
Recoveries: 36.8%—129.4%
An ultrasensitive plasmonic optical fiber biosensor
Estrogens and other based on a gold-coated tilted fiber bragg grating, LOD: 1.5 ng/L; 147
S Water > . PN o Ref.
endocrine disruptors using estrogen receptors as the recognition Recoveries: 91%-112%
element.
Glucocorticoid and e e A UI.-IPLC—HR'—MS method using a swpple liquid- LOD: 10-200 pg/ml: »
progestogen . . liquid extraction for sample preparation and ESI L oad o Ref.
. milk, and saliva : - e - Recoveries: 33%—114%
metabolites with polarity switching for detection.
Poultry meat and An analytical method combining ultrasonic- LODs: 0.6—2.2 ng/L (blood);
Natural estrogens y assisted extraction, SPE cleanup, and GC-MS for  LODs: 0.6—1.4 ng/g (meat); Ref.'*
blood A o
quantification. Recoveries: 86%—119%
E ST _ A novel B-cyclodextrin-functionalized covalent LODs: 0.9-3.4 pg/kg: -
. Milk and meat organic framework-based magnetic e < o Ref.
estrogen mimics : Recoveries: 89.0%—105.4%
nanocomposite used for MSPE.
A novel Zn/Au-Ag/Ag sandwich-structured
Natural estrogens Water substrate for surface-enhanced raman LOD: 10 ng/L Ref."'
spectroscopy detection.
A hybrid pre-concentration method combining . _ .
Estrogens Water MSPE using a novel multi-template MIP, followed HoloE? 0'.29. 11T pgrt Ref.'”
FF 7 ; ; ] Recoveries: 90.5%—-107.0%
by solidified floating organic drop microextraction
A highly sensitive immunochromatographic assay
2 Milk using novel ‘universal’ fluorescent nanoprobes LOD: 0.93 ng/ml; Ref 153
(based on quantum dot nanobeads and Protein Recoveries: 83.3%—104.5% ’
A/anti-1gG).
Estrogens and Water An analytical method based on SPE coupled with  LODs: 2.5-19.2 ng/L; Ref 1%
estrogen mimics LC-MS/MS. Recoveries: 80%—130% '
A novel magnetic graphene oxide adsorbent . _ .
Estrogens Milk modified with a carboxyl-based deep eutectic SOIDER 0'.20, D223 el Ref.'™
Recoveries: 90.3%—105.7%
solvent for MSPE.
A novel hybrid monolithic coating for SBSE,
Estrogens Water and human  consisting of a metal-organic framework (NH,- LODs: 0.015-0.58 pg/L; Ref. 156
9 urine MIL-101(Al)) covalently attached to a polymer Recoveries: 70%—95% ’
monolith.
A novel functionalized covalent organic ) _ )
Steroid hormones Pork framework/carbon nanotube composite used as O BIPTSEID | 013 Ref."*’

an adsorbent for online SPE.

Recoveries: 82.12%-116.49%

multiple lines of evidence and, where available, comparison with authentic
standards.'**'"?

However, the large and complex datasets generated by non-target HRMS
create substantial data-processing challenges and have stimulated the appli-
cation of artificial intelligence (Al) and machine learning (ML)."*'®> These
methods are increasingly being explored for feature prioritization and spec-
tral deconvolution, as well as for predicting retention times and fragmenta-
tion patterns and ranking candidate structures. Nevertheless, definitive identi-
fication of unknown steroidal metabolites continues to require analytical vali-
dation.

In parallel, digital twins are being developed as dynamic virtual representa-
tions of wastewater treatment systems to support process monitoring, fore-

casting, and control."®® Recent studies illustrate parallel progress in Al-
assisted mixture-risk assessment and intelligent water-pollutant manage-
ment, but these approaches have not yet established a validated digital-twin
framework for steroid-hormone mixtures.'*"'*® Integrating real-time chemi-
cal monitoring, Al-assisted risk assessment, and digital twins may eventually
improve the prediction of mixture effects and the optimization of treatment
under changing conditions, but this capability remains a prospective research
direction requiring validation with field-scale data.

Nontarget screening and comprehensive steroid profiling
A critical shift in environmental monitoring is the transition from targeted
quantification of selected parent compounds to comprehensive profiling of
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free steroids, conjugates, and transformation products. Early monitoring
studies based on predefined analyte lists provided essential occurrence data
but covered only a limited portion of the steroid chemical space.'® More
inclusive profiling is particularly important for estrogen conjugates, which can
undergo biodeconjugation during wastewater treatment and cause parent-
only mass balances to misrepresent removal performance.'® Recent modeling
and on-site evidence further suggest that enzyme-mediated deconjugation,
particularly of glucuronide conjugates, may coexist with reverse conjugation
in WWTPs, thereby contributing to the incomplete removal of conjugated
estrogens.'”

Characterizing this broader steroid profile requires integrated analytical
workflows that distinguish intact conjugates from free steroids and track their
transformation products. Where metabolically derived products are relevant,
these workflows should encompass Phase | functionalization and Phase I
conjugation products using chromatographic separation coupled with mass
spectrometry.'”" Two complementary strategies are commonly used for
conjugate analysis. Direct analysis preserves information on the identities
and concentrations of intact conjugates, but its coverage is constrained by
the limited availability of authentic standards, variable ionization efficiencies,
and matrix effects. Indirect analysis uses enzymatic hydrolysis or chemical
deconjugation to estimate the combined burden of free and hydrolyzable
conjugated steroids, but it does not retain information on individual conju-
gate species.

Acid-catalyzed solvolysis can be faster and less expensive than enzymatic
hydrolysis under optimized conditions, particularly for sulfate conjugates.
However, its efficiency depends on the conjugate class, and harsh acidic
conditions may degrade acid-labile analytes.'”” Enzymatic hydrolysis is
generally more selective but may require 15—24 h of incubation and can be
affected by enzyme specificity, matrix inhibition, and incomplete cleavage.
Therefore, neither approach should be considered universally quantitative.
Hydrolysis efficiency, analyte recovery, and potential artifact formation should
be validated for each analyte set and sample matrix.'

To expand analytical coverage beyond compounds for which authentic
standards are available, direct and indirect workflows can be combined with
HRMS-based suspect screening and nontarget analysis. Accurate-mass and
tandem mass spectral data can support the annotation of previously unchar-
acterized steroid metabolites and environmental transformation products.
However, identification confidence should be explicitly reported, and defini-
tive identification generally requires comparison with authentic
standards.'®'** Although HRMS provides broader chemical coverage, its
quantitative sensitivity may be lower for some trace analytes, and its
substantial data-processing requirements mean that it complements rather
than replaces targeted LC—MS/MS."™

Chemical occurrence data alone do not necessarily explain the integrated
biological activity of complex samples.'”” EDA addresses this limitation by
combining sample fractionation, bioassays, and chemical analysis to priori-
tize compounds responsible for observed effects. In surface waters, EDA has
been used to isolate and identify previously unknown drivers of antiandro-
genic activity, illustrating its value for resolving unexplained endocrine activ-
ity."”® Ina complementary human exposome study, detected target chemi-
cals explained less than 1% of the measured estrogenic and (anti)androgenic
activity in human amniotic fluid, demonstrating that substantial fractions of
endocrine activity can remain unresolved in complex biological matrices.'”’

Comprehensive chemical profiling should therefore be integrated with
effect-based biological tools. Transcriptomic and proteomic approaches can
identify molecular response pathways and candidate biomarkers of
endocrine disruption, although they do not independently identify the chemi-
cals responsible for these responses.'” Highly sensitive reporter gene
assays, such as the ER Isjaki assay, respond to E2, E1, and EE2 at sub-pico-
molar to low-picomolar concentrations and may strengthen effect-based
monitoring. Nevertheless, matrix effects and sample-preconcentration
requirements must still be evaluated when these assays are applied to envi-
ronmental water samples.'” Finally, new approach methodologies encom-
passing in silico, in vitro, and eleutheroembryo models can be organized
within adverse outcome pathway frameworks as part of a weight-of-
evidence assessment. These approaches support mechanism-informed
endocrine hazard evaluation while reducing reliance on conventional animal

testing.'® Together, targeted analysis, suspect screening, nontarget analysis,
EDA, and complementary biological assays provide a more defensible basis
for linking chemical occurrence with biological hazard.

Biosensors and in situ imaging

Beyond bulk extraction and tissue homogenization, mass spectrometry
imaging (MSI) enables the spatially resolved analysis of steroid distributions
directly within tissue sections. Conventional homogenization provides an
average tissue concentration but removes information on anatomical local-
ization. However, MSI analysis of steroid hormones remains challenging
because of their low endogenous concentrations, poor ionization efficiencies,
and spatially variable ion suppression. For carbonyl-containing androgens, on-
tissue derivatization with Girard T reagent has been used to charge-tag
testosterone and ba-dihydrotestosterone, enabling their spatial localization
and quantification in mouse testis and rat prostate tissues.'®' More recently,
electrochemically generated thianthrene radical cations were applied to the
on-tissue derivatization of estrogens, producing an approximately three-order-
of-magnitude enhancement in MSI sensitivity and enabling their visualization
in biological tissues.'® These studies demonstrate the potential of MSI to
investigate localized steroid metabolism and accumulation. Applications to
aquatic organisms could similarly help resolve tissue-specific uptake and
biotransformation, although matrix-specific validation remains necessary.
Quantitative MSI also requires careful control of derivatization uniformity,
tissue-dependent matrix effects, internal-standard normalization, and
comparison with validated bulk LC—MS/MS measurements.

At a different analytical scale, electrochemical, optical, and plasmonic
biosensors offer potential routes toward rapid and portable screening of
steroid hormones in environmental and food samples.'® Screen-printed elec-
trodes are particularly attractive because they can be mass-produced at rela-
tively low cost and used as disposable sensing platforms. Nevertheless,
many prototype sensors do not yet consistently match LC—MS/MS in selec-
tivity, quantitative accuracy, or the detection of estrogens at environmentally
relevant concentrations in complex water matrices.'® Functional materials
such as graphene, carbon nanotubes, metal-organic frameworks, and metallic
nanoparticles can increase the electroactive surface area, accelerate electron
transfer, and facilitate receptor immobilization, thereby improving analytical
response under controlled conditions.'” Molecular selectivity can be provided
by biological recognition elements, including antibodies, aptamers, and estro-
gen receptors, or by synthetic recognition layers such as molecularly
imprinted polymers. Although some laboratory platforms report nominal
detection limits in the femtomolar range, such values should not be inter-
preted as field-applicable quantification limits without validation of recovery,
selectivity, precision, and matrix effects in authentic samples.'®

A major obstacle to field deployment is maintaining reliable performance
during prolonged exposure to complex aquatic matrices. DOM, proteins,
suspended particles, and microbial biofilms can adsorb to sensor surfaces,
causing signal drift, reduced sensitivity, poor reproducibility, and shortened
operational lifetimes. Additional challenges include receptor cross-reactivity
and degradation, variability among electrode batches, and calibration drift.
Antifouling polymeric, zwitterionic, nanostructured, and hybrid coatings
provide promising strategies for reducing nonspecific adsorption. Protective
membranes, sample-conditioning or microfluidic components, and inte-
grated calibration and regeneration procedures may further improve sensor
robustness.'”"'®™ However, these approaches must be evaluated under
continuous exposure to authentic environmental waters rather than only in
buffered or spiked laboratory samples. Field validation should report
response time, analyte recovery, selectivity against relevant interferents,
signal drift, operational lifetime, maintenance requirements, and agreement
with reference LC—MS/MS measurements.

MSI, biosensors, bioassays, and conventional mass spectrometric meth-
ods answer different analytical questions and should therefore be viewed as
complementary. Biosensors could provide high-frequency screening and
event detection, whereas receptor-based bioassays measure integrated
hormonal activity. Targeted LC-MS/MS and HRMS provide compound-
specific confirmation and broader chemical characterization, while MSI
resolves tissue-level spatial distributions. A tiered monitoring framework
could use validated biosensor or bioassay thresholds to identify samples
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Figure 4. Current bottlenecks and emerging removal strategies for environmental steroid hormones The representative laccase structure was obtained from the RCSB Protein

Data Bank (PDB ID: 1GYC).

requiring confirmatory LC—MS/MS or LC—HRMS analysis, thereby improving
temporal coverage while limiting resource-intensive measurements. Never-
theless, fully autonomous sensor networks and automated triggering of
confirmatory analyses remain prospective concepts that require field-scale
validation. Bioassays can reveal aggregate receptor-mediated activity and
mixture effects that are not explained by known target analytes, but they
cannot independently identify the chemicals or transformation products
responsible for those effects. Integrating biosensing and effect-based
measurements with targeted and nontarget chemical analysis therefore
provides a more defensible strategy for linking rapid surveillance with
compound-specific identification and biological relevance.'®

REMOVAL TECHNOLOGIES

Conventional municipal WWTPs rely primarily on secondary biological
processes such as activated sludge. Because these systems were not
specifically designed to remove steroidal micropollutants, their performance
is variable, and residual hormones and estrogenic activity can persist in final
effluents. Primary clarification generally provides limited removal because
many steroidal hormones remain in the dissolved or colloidal phases, making
secondary biological treatment the principal attenuation stage.'®® Within
secondary treatment, activated-sludge biotransformation, including
processes associated with nitrifying microbial communities, can substan-
tially reduce estrogenic loads, although performance depends on compound
identity, redox conditions, temperature, hydraulic retention time, and sludge
retention time. Field measurements at two tertiary WWTPs showed that most
target estrogenic compounds declined primarily during secondary treatment
and that natural estrogens were generally removed more efficiently than EE2
and the industrial xenoestrogens examined.””’ Treatment can also alter
chemical speciation. In one full-scale anaerobic/anoxic/oxic (A/A/0) WWTP,
advanced flocculation promoted the conversion of residual estrogen conju-
gates to free estrogens, after which filtration further reduced natural estro-
gens but did not measurably remove EE2."” Thus, decreases in parent-
compound concentrations should be interpreted together with the occur-
rence of conjugates, transformation products, and residual biological activity.

Hormone elimination rates vary significantly across treatment plants.

Biotransformation is often the dominant removal pathway, whereas sorption
to sludge can also contribute and should not be assumed to be uniformly
minor because its relative importance varies among compounds and treat-
ment processes.'” Redox-dependent behavior is likewise compound-
specific. In one full-scale A/A/O plant, many of the measured glucocorticoids,
androgens, and progestogens were removed mainly in the anaerobic tank,
whereas estrogens were degraded predominantly in the aerobic tank. Appar-
ent mass increases of 21a-hydroxyprogesterone and 6a-methylhydroxypro-
gesterone in anaerobic or anoxic units were attributed to deconjugation.’*
Across 12 municipal WWTPs, four steroidal estrogens, namely 17B-E2, EE2,
E1, and ES3, accounted for 79.92%+8.43% of the measured estrogenic activity
in influent, secondary-effluent, and final-effluent samples. The secondary
stage accounted for 88.59%+8.12% of the removal achieved across the
secondary and tertiary treatment segments, and the A/A/O-MBR process
showed the strongest performance among the surveyed secondary
processes. Removal efficiency was also positively associated with sludge
retention time.'” These findings support process optimization and adequate
biomass retention but do not imply uniform removal across treatment plants,
compounds, or seasons.

Robust treatment strategies should combine complementary physical,
chemical, and biological processes to reduce parent hormones, transforma-
tion products, and residual endocrine activity while accounting for cost,
energy consumption, and byproduct formation.*'"" No single technology
can be assumed to achieve absolute elimination under all wastewater condi-
tions. Electrochemical advanced oxidation processes can degrade recalci-
trant estrogens through direct electron transfer and/or electrogenerated
oxidants, including hydroxyl radicals, whereas electrocoagulation primarily
removes contaminants through coagulation, adsorption, and phase separa-
tion rather than complete mineralization.'” Their performance should there-
fore be evaluated using not only parent-compound removal but also mineral-
ization, transformation-product profiles, residual estrogenic activity, energy
demand, and the management of resulting sludge or concentrate. Conse-
quently, effective mitigation is best pursued through fit-for-purpose treat-
ment trains that integrate physical separation, chemical transformation, and
biological degradation, as summarized in Figure 4.

J2)O/\\ UolIPAOUU| 3Y |

[I J—

The Innovation Water 1(1): 100015, September 16, 2026 97




www.the-innovation.org/the-innovation-water

{23 Water Environmental Science

Table 3. Performance of advanced adsorbents and membrane processes for steroidal hormone removal.

Target

. Method Results Reference
Contaminant
. . _ . Adsorption capacity: 26.315 mg/g (E1);
E1,E2, E3 Q:I?‘Ttpslf;ﬁf_i?}\zﬁL?cf):;:roscale e AT Lo S e i) o Adsorption capacity: 27.778 mg/g (E2); Ref.?*®
’ Adsorption capacity: 25.779 mg/g (E3)
- . Aol Adsorption capacity: 21.358 mg/g (E1);
E1 E2, E3 \;\gaslgrgesnrlell derived biochar used as a high-performance Adsorption capacity: 17.737 mg/g (E2): Ref 2%
’ Adsorption capacity: 25.069 mg/g (E3)
_ . . » Adsorption capacity: 2.560 mg/g (ET);
E1,E2,E3 Qolot\;ve::itl,jﬁ:stamable biosorbent: in natura (unprocessed) Adsorption capacity: 1.978 ma/g (E2): Ref 207
Y ' Adsorption capacity: 0.835 mg/g (E3)
E2 EE2 A novel magnetic mesoporous molecularly imprinted polymer, Adsorption capacity: 372.7 mg/g (E2); Ref 208
' using E, as the template, for selective adsorption. Adsorption capacity: 291.4 mg/g (EE2) '
A novel magnesium-aluminum layered double . o .
E1,E2 hydroxide/molybdenum disulfide nanocomposite used as a high- Adsorpt!on capac!ty: 265.60 mg/g (E1); Ref.?%
Adsorption capacity: 229.79 mg/g (E2)
performance adsorbent.
EE2 A Iow-cos't biosorbent 'made from rice husk powder coated with Adsorption capacity: 7.76 mg/g Ref 210
copper oxide nanoparticles.
aA:gblotlcs Comparative analysis of four commercial nanofiltration and reverse Rejection efficiency ranked: XLE (94%—100%) = NF90 Ref 0%
TS osmosis membranes (XLE, NF90, NF270, DL). (88%—100%) > NF270 (25%—85%) > DL (16%—75%) ’

Physical separation processes

Physical separation processes remove steroidal hormones by transferring
them from the aqueous phase to solid sorbents or by retaining them at
membrane barriers, without necessarily destroying their molecular structures.
Granular activated carbon and powdered activated carbon remain conven-
tional benchmarks for adsorption-based wastewater polishing because of
their large specific surface areas, developed pore structures, and affinity for
hydrophobic steroidal molecules. Adsorption can involve pore filling,
hydrophobic partitioning, T-Tt interactions, and hydrogen bonding, depending
on the properties of the carbon surface and target compound. In complex
wastewater matrices, however, background DOM can compete for adsorp-
tion sites and block accessible pores, thereby reducing adsorption capacity
and shortening carbon service life. The magnitude of this interference
depends on the characteristics of the DOM and activated carbon, as well as
carbon dosage, contact time, and regeneration status. Activated-carbon
adsorption should therefore not be regarded as intrinsically unsuitable for
continuous polishing, but its performance requires matrix-specific optimiza-
tion and appropriate regeneration or replacement strategies.'*

Engineered sorbents, including carbon nanotubes, metal-organic frame-
works, molecularly imprinted polymers, and layered double hydroxide
composites, are being investigated to increase accessible surface area, intro-
duce selective binding sites, and facilitate sorbent recovery.””*" As summa-
rized in Table 3, reported adsorption capacities vary widely among material
classes. Unprocessed soybean hulls, for example, exhibit maximum capaci-
ties of approximately 0.8—2.6 mg/g for natural estrogens, whereas some
molecularly imprinted polymers and layered double hydroxide composites
have shown capacities exceeding 200 mg/g under controlled laboratory
conditions. However, these values should not be interpreted as a universal
performance ranking because the studies differ substantially in initial
contaminant concentrations, pH, sorbent dosage, water composition, equilib-
rium models, and experimental duration. High adsorption capacities
measured in simplified solutions also do not demonstrate that a material can
overcome competition from DOM or maintain comparable performance at
environmentally relevant concentrations in real wastewater. Bio-based
sorbents, including hydrogels, modified biomass, and biochars, may provide
lower-impact alternatives to conventional synthetic materials. Although
adsorption capacities of up to 233 mg/g for EE2 have been reported for
specific biochars, these values were obtained under particular experimental
conditions and require validation in authentic wastewater.””” Regeneration
efficiency, contaminant desorption, material leaching, life-cycle impacts, and
performance under continuous-flow conditions should therefore be evalu-
ated before large-scale implementation.

Pressure-driven membrane processes provide another important physical

separation route. Under controlled experimental conditions, the reverse
osmosis membrane XLE and tight nanofiltration membrane NF90 achieved
rejection efficiencies exceeding 95% for the tested estrogenic compounds,
whereas the looser NF270 and DL membranes showed lower and more vari-
able rejection. These results indicate that rejection performance is governed
by membrane pore size and surface charge, together with the molecular size
and ionization state of the target compounds and solution pH.”” For neutral
and hydrophobic estrogens, size exclusion and solute—membrane hydropho-
bic interactions are generally important, while electrostatic interactions
become more relevant when either the membrane surface or target
compound is ionized. Membrane adsorption may also contribute to apparent
removal during the initial filtration period but can lead to subsequent break-
through as adsorption sites become saturated. Water-matrix effects are like-
wise membrane- and compound-specific. In the presence of humic acid,
estrogen rejection decreased by 8%—16% for NF270 and 5%—14% for NF90,
primarily because of weakened size exclusion. Subsequent addition of Ca*
produced inconsistent changes in estrogen rejection because of competing
effects on size exclusion, hydrophobic interactions, and membrane fouling,
rather than causing a uniform decline.”* Performance measured in ultrapure
or simplified test solutions should therefore not be directly extrapolated to
real wastewater.

Membranes can provide high rejection but do not constitute absolute barri-
ers or destroy the retained contaminants. Instead, they generate retentate,
membrane-cleaning residuals, or other concentrated waste streams that
require further treatment or controlled disposal. Adsorption similarly transfers
contaminants to spent sorbents, which must be regenerated, treated, or
disposed of safely. For engineered nanosorbents, additional uncertainties
include particle recovery, material leaching, potential ecotoxicity, synthesis
and regeneration costs, and long-term stability under continuous-flow condi-
tions. Physical separation remains valuable for wastewater polishing and
contaminant concentration, but its effectiveness should be evaluated using
complete mass balances that include both aqueous and solid phases. Where
destruction of steroidal contaminants and their biological activity is required,
adsorption or membrane separation can be integrated with downstream
oxidative or biological treatment processes to reduce contaminant transfer
and residual environmental risks.

Chemical oxidation processes

Chemical oxidation processes transform steroidal hormones through direct
reactions with oxidants or electrode surfaces, or through indirect reactions
mediated by reactive species. Representative technologies include ozonation,
UV/H,0,, photocatalysis, Fenton and Fenton-like processes, electrochemical
oxidation, and ionizing radiation. As summarized in Table 4, many studies
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Table 4. Performance of oxidation-based and hybrid processes for steroidal hormone removal.
Target . Method Results Reference
Contaminant
Ozonation as an advanced oxidation process for " aF " 218
EE2 L Estrogenic activity reduction by >200-fold Ref.
drinking water or wastewater treatment.
Natural_and Comparison of five disinfection processes (Cl,, ClO,, Os, Removal efficiency ranked: UV/Cl, > Cl, > 03 > C'IO2 > UV. .
synthetic . Natural progesterones were removed more easily than Ref.
UV, and UV/Cl,) for hospital wastewater. .
progesterones synthetic ones.
A novel anode-electrodialysis system, where the feed
E2 solution first passes through the anode chamber for in- Removal efficiency: 100% Ref.?*
situ electrochemical oxidation.
A novel visible-light active photocatalyst: a
E1, E2, E3, EE2 ZnO/graphene oxide p-n heterostructure supported on  Removal efficiency: 100% Ref.?!
clay, with a carbon interlayer from biomass.
A hybrid system combining UV photolysis as a pre- - 222
. L 2% Ref.
E1,E2 B3, EE2 treatment with a GAC sandwich biofiltration system. FeaevE] i =2le.2 €
A novel visible-light active photocatalyst: a clay-Fe,03-
E1, E2, E3, EE2 graphene oxide composite with a carbon interlayer Removal efficiency >80% Ref.?%*
derived from biomass.
Removal efficiency: 99.5% (Diethylstilbestrol);
. . . L ici : % ;
Diethylstilbestrol, A novel 0.1% gold nanoparticles supported on titanium AT eff!c!ency. 1000 (EDj 224
E1, E2, E3, EE2 dioxide photocatalyst RENOVEY Gty s 1005 ()5 Ref.
T P yst Removal efficiency: 97.2% (E3);
Removal efficiency: 100% (EE2)
Activated carbon/titanium dioxide composite . o
% Ref.
FE2 photocatalysts, prepared by a hydrothermal method. el iy -
. o . . ici :99.8% ;
Activated carbon/titanium dioxide composite AR eff!c!ency. - 8°° (E1)j
E1, E2, EE2, and . . N - Removal efficiency: 99.8% (E2); 226
photocatalyst, with synthesis and application optimized . ) o . Ref.
levonorgestrel using response surface methodolo Removal efficiency: 99.0% (EE2);
gresp vy Removal efficiency: 92.1% (levonorgestrel)
A novel visible-light active photocatalytic
E2 nanocomposite consisting of gold nanoparticles, TiO,  Removal efficiency: 100% Ref.?*’
nanotubes, and graphene.
A dual-function material of reduced graphene oxide-
aE2 based iron nanoparticles, acting via a combined Removal efficiency: 99.9% Ref.??¢
mechanism of adsorption and Fenton oxidation.
Silver nanoparticles biosynthesized using orange
E1, E2 extract, which act as a catalyst to activate persulfate in  Removal efficiency: 100% Ref.”*
a Fenton-like oxidation process.
Removal efficiency: 92% (photocatalysis, EE2);
EE2 and : : . Removal efficiency: 97% (photocatalysis, levonorgestrel); 230
UVC Photol d UVC/TiO, Photocatal . . . Ref.
levonorgestrel C Photolysis an C/TI0; Bhotocatalysis Removal efficiency: 60% (photolysis, EE2); €

Removal efficiency: 94% (photolysis, levonorgestrel)

report rapid removal of parent steroidal hormones, sometimes exceeding
90% under controlled experimental conditions. However, these removal effi-
ciencies cannot be directly compared across studies because initial contami-
nant concentrations, water matrices, oxidant and catalyst doses, pH, irradia-
tion intensity or absorbed dose, and reaction times differ substantially.
Furthermore, disappearance of the parent compound does not necessarily
indicate complete mineralization or detoxification. Ozonation can rapidly
transform electron-rich estrogenic structures, whereas visible-light photo-
catalysis may utilize a broader fraction of the solar spectrum. Heterogeneous
Fenton-like catalysts can facilitate catalyst recovery and reduce dissolved
iron residues relative to homogeneous Fenton systems, but they generally
still require consumable oxidants such as H,0, or persulfate and may be
constrained by catalyst leaching, surface inactivation, radical scavenging, and
mass-transfer limitations in complex matrices.”’'”'” lonizing radiation repre-
sents another emerging option. Electron-beam irradiation induces water radi-
olysis and generates reactive species, including hydroxyl radicals, hydrated
electrons, and hydrogen atoms, allowing both oxidative and reductive trans-
formation pathways. Its ability to degrade the androgen androstenedione in
agueous solution has been demonstrated, although treatment performance,
energy requirements, transformation-product toxicity, and applicability to
complex wastewater require further evaluation.””

Reactive species generated during oxidation can attack electron-rich

regions of steroid molecules, including the phenolic A-ring of estrogens,
unsaturated bonds, and carbonyl-containing substituents. These reactions
may initiate hydroxylation, dealkylation, bond cleavage, ring opening, and
subsequent molecular fragmentation. Under sufficiently intensive treatment
conditions, further oxidation can ultimately convert organic carbon into
carbon dioxide, water, and inorganic ions. In practice, however, parent-
compound degradation generally occurs more rapidly than total organic
carbon removal, and complete mineralization is rarely demonstrated. Oxida-
tion can substantially reduce estrogen receptor-mediated activity, but the
extent of detoxification depends on the identity and persistence of the result-
ing transformation products. Partial oxidation may generate intermediates
with reduced, residual, or occasionally altered toxicity. For example, ozona-
tion of EE2 produces multiple hydroxylated and ring-opened products whose
predicted bioaccumulation, developmental toxicity, and mutagenic potential
vary among transformation pathways.”'* Consequently, the performance of
chemical oxidation should be evaluated using multiple endpoints, including
parent-compound removal, total organic carbon or dissolved organic carbon
reduction, transformation-product profiles, residual estrogenic activity, and
organism-level or cell-based toxicity, rather than relying solely on the disap-
pearance of the target compound.””®

The appropriate role of chemical oxidation depends on wastewater
composition, treatment objectives, and process economics. Standalone
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Table 5. Performance of representative biological and enzyme-based systems for steroidal hormone removal.

Target

. Method Results Reference

Contaminant

E2 A blo-qanocomp03|te based on reduced graphene oxide immobilizing the Removal efficiency: 99.76% Ref 242
degrading strain Ochrobactrum sp. FJ1.

E2 EE2 Immobilization of the enzyme laccase onto a custom 3D printed polylactide Removal efficiency > 30% (E2); Ref 2

’ scaffold. Removal efficiency > 40% (EE2) ’

Immobilized functional bacteria (Rhodococcus sp., Citrobacter sp.) in a bacterial Removal efficiency: 99.3%

Progesterone, .. . X . - 244
gel containing bagasse-derived carbon aerogel, operated in a bacterial gels (progesterone); Ref.

norgestrel L ) o
reactor. Removal efficiency: 97.1% (norgestrel)

2 pultlvatlon Qf the thermophilic cyanobacterium Thermosynechococcus sp. CL-1 e e GG Ref 245
in a photobioreactor.

E1 E2, E3, EE2 An in-situ enhanced_denltrlflcatlon biofilter by adding slow-release nano calcium Removal efficiency > 95% Ref 246
peroxide to the top filter layer.

E2, EE2 A hybrlq system t_hat |nt|matel}/ couples qv |rrad|§t|on yvlth immobilized estrogen- Removal efficiency: 94.6%—100% Ref 7
degrading bacteria (Sphingobium estronivorans) in a single column reactor.

E2 Cultivation of the thermophilic cyanobacterium Thermosynechococcus sp. CL-1. Removal efficiency: 69.4% Ref.?*¢

EE2 An anaerobic electrochemical membrane bioreactor with an electric field Removal efficiency: 83.1% Ref.?*

£2 EE2 The enzyme laccase immobilized via covalent binding onto electrospun Removal efficiency: 92% (E2); Ref 250

' polyacrylonitrile/polyethersulfone fibers, using a polydopamine linker. Removal efficiency: 100% (EE2) ’
E2 EE2 The enzyme laccase from Trametes versicolor, both in its free form and Removal efficiency: 99.2% (E2); Ref 25!

immobilized within calcium-alginate beads for use in a fluid-bed reactor.

Removal efficiency: 98.5% (EE2)

oxidation may be suitable for polishing relatively clean effluents with low
concentrations of radical-scavenging organic matter. In more complex matri-
ces, however, high oxidant or energy demand, competition from background
constituents, catalyst deactivation, and transformation-product formation
can limit its efficiency. Integrating partial oxidation with downstream biologi-
cal treatment provides a promising alternative because oxidation can convert
recalcitrant contaminants into more biodegradable intermediates, while
biological processes can subsequently remove residual organic carbon and
oxidation products. Nevertheless, oxidation conditions must be optimized
because insufficient treatment may leave biologically active products,
whereas excessive oxidation can increase energy and chemical consump-
tion without providing a proportional improvement in biodegradability. A
continuous bench-scale study showed that UV/peracetic acid pretreatment
followed by biological activated carbon filtration reduced organic micropollu-
tants, estrogenic load, and several toxicity endpoints, although operational
costs remained an important consideration.”'® Similar combinations of
ozonation and biological filtration have also been investigated to balance
rapid chemical transformation with subsequent biodegradation.”’” Chemical
oxidation should therefore be implemented as part of a treatment train
selected according to matrix characteristics, required risk reduction, resource
consumption, and the fate of transformation products, rather than being
universally prescribed as either a standalone treatment or a pretreatment
step.

Biological degradation processes

Advanced biological processes can improve steroid-hormone attenuation
by retaining high biomass concentrations and creating operating conditions
that favor acclimated microbial communities. Membrane bioreactors (MBRs)
offer an important operational advantage by decoupling hydraulic retention
time from solids retention time, thereby allowing high biomass concentra-
tions and extended solids retention. Longer solids retention times can favor
slow-growing nitrifiers and other specialized degraders, although their effects
are compound-specific. In bench-scale aerobic MBRs, E2 and E1 were effec-
tively attenuated at a solids retention time of 8 days, whereas EE2 attenua-
tion increased when the solids retention time was extended from 20 to 80
days and was partly associated with nitrification.”' These findings indicate
that extended biomass retention and nitrifying activity can promote EE2
transformation, but they do not guarantee complete removal, mineralization,
or elimination of estrogenic activity.”*

Aerobic granular sludge (AGS) provides another biological treatment
configuration by combining high biomass retention with a compact, extracel-
lular-polymeric-substance-rich granular matrix. In a long-term AGS study

conducted at an influent concentration of 10 pg/L, 93.5% of E2 and 84.8% of
EE2 were removed. Batch experiments indicated that biodegradation was the
dominant mechanism for E2 removal, whereas the more biorefractory EE2
was removed mainly through adsorption to the granules.”” Thus, decreases
in aqueous concentrations within AGS systems should be interpreted using
mass balances that distinguish biodegradation from temporary phase trans-
fer. More broadly, steroid transformation in engineered biological systems
may involve both growth-linked metabolism and cometabolic reactions
performed by phylogenetically diverse microbial communities.”

Strain-level studies provide mechanistic insights into microbial estrogen
degradation, although their performance cannot be directly extrapolated to
full-scale wastewater treatment. Members of genera such as Novosphingob-
ium and Rhodococcus have been reported to transform natural steroidal
estrogens, but degradation rates, transformation products, and loss of estro-
genic activity are strain- and condition-specific.” In Rhodococcus equi
DSSKP-R-001, the hsd17b714-encoded dehydrogenase transformed E2 into
E1, whereas the flavin-binding monooxygenase encoded by At1g12200
converted E1 into 4-hydroxyestrone. The catA and hsaC genes were associ-
ated with subsequent transformation and C—C bond cleavage at the C4 posi-
tion of the estrogen A-ring.”” Low-temperature activity has also been
demonstrated for Rhodococcus sp. RCBS9Y, which achieved 71.61% E2
degradation at 10°C under the reported experimental conditions, although its
performance in authentic wastewater and continuous-flow systems remains
to be established.””” Environmental organic matter can further modify
biodegradation. Autochthonous, water-derived DOM promoted more exten-
sive EE2 degradation by Rhodobacter blasticus than sediment-derived DOM,
whereas humic acid produced the smallest stimulatory effect among the
tested materials.”*

Cell-free enzymatic biocatalysis provides a complementary approach for
transforming estrogenic compounds under relatively mild reaction conditions.
Oxidoreductases, particularly laccases and peroxidases, can transform natu-
ral and synthetic estrogens without requiring the maintenance of viable
microbial cultures and may reduce biomass production compared with whole-
cell treatment. Laboratory studies have reported substantial removal of
parent estrogens and reductions in estrogenic activity, but enzymatic conver-
sion does not necessarily imply complete mineralization, and products such
as dimers and oligomers may be formed.”*** Free enzymes are susceptible
to denaturation, proteolytic degradation, washout, and inhibition by waste-
water-matrix constituents. Immobilization can improve enzyme recovery,
stability, and reuse, although support costs and mass-transfer limitations
must also be considered.””' Redox mediators such as 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) and 1-hydroxybenzotriazole can expand
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substrate accessibility in some laccase systems, but their necessity is
system-specific, and their cost, potential toxicity, persistence, and recovery
require evaluation before large-scale application. Representative biological
and enzyme-based treatment systems and their reported performances are
summarized in Table 5.

No biological treatment configuration can be considered universally opti-
mal. MBRs, AGS systems, bioaugmentation, functional bacterial carriers, and
immobilized enzymes each present distinct advantages and limitations
related to wastewater composition, temperature, contaminant loading,
biomass retention, operational stability, and cost. Targeted oxidation before
biological treatment may improve the biodegradability of recalcitrant
compounds such as EE2 in some treatment trains, but such coupling is not
universally required and must be optimized to avoid inhibitory transformation
products and disproportionate chemical or energy consumption. Integrated
treatment systems should therefore be evaluated using parent-compound
removal, mineralization, transformation-product profiles, residual endocrine
activity, toxicity, resource consumption, and management of sludge or immo-
bilization materials. The appropriate objective is robust and verifiable risk
reduction rather than an assumed absolute elimination of steroidal contami-
nants.

Integrated processes and nature-based solutions

No single treatment process can reliably remove parent steroidal
hormones, their conjugates, transformation products, and residual endocrine
activity across all wastewater matrices. Hybrid treatment trains therefore
combine processes with complementary functions, although their benefits
depend on process sequence, operating conditions, and compatibility
between chemical and biological stages. Visible-light-driven intimately
coupled photocatalysis and biodegradation provides a representative exam-
ple. In a system using N-doped TiO,, 97.8%+0.4% of 17B-estradiol 3-sulfate
was removed from synthetic wastewater, compared with 84.0%%2.2% by
photocatalysis alone and 71.4%+1.8% by biodegradation alone. Photocataly-
sis promoted deconjugation, whereas biofilm co-metabolism contributed to
subsequent transformation and mineralization.””* These findings demon-
strate process complementarity under controlled conditions but should not
be extrapolated directly to full-scale wastewater treatment. Biofilm over-
growth may reduce light penetration or cover photocatalytic surfaces, while
catalyst stability, mass transfer, microbial resilience, and transformation-
product control require long-term evaluation.

Bioelectrochemical systems provide another integrated platform by
coupling microbial metabolism with electrode-mediated electron transfer.
Depending on reactor configuration, BESs may support estrogen transforma-
tion while generating electrical current or enabling other forms of resource
recovery. Nevertheless, much of the available evidence remains laboratory-
based, and contaminant removal should not automatically be equated with
detoxification or net energy recovery. Low current density, limited extracellular
electron transfer, electrode and membrane costs, fouling, and long-term
operational stability remain important barriers to scale-up.””

Nature-based solutions, including constructed wetlands and microalgal or
microalgal—bacterial photobioreactors, combine sorption, plant or algal
uptake, photochemical transformation, and microbial degradation. The rela-
tive contributions of these processes vary with the organisms and substrates
employed, hydraulic retention time, irradiance, temperature, nutrient availabil-
ity, and wastewater composition. Laboratory studies reviewed by Sun et al.
reported that microalgal removal efficiencies for environmental estrogens
were mostly above 80% over treatment periods of approximately one week.
However, interactions between microalgae and coexisting bacteria can be
either synergistic or antagonistic and therefore require system-specific eval-
uation.”" In an outdoor study of constructed wetlands treating raw domestic
sewage, the removal efficiencies of nine target steroid hormones ranged from
14.7%+3.04% to 100%, with artificial aeration and serial wetland configura-
tions generally improving performance. Mass-balance analysis indicated that
biodegradation was the dominant removal mechanism, whereas substrate
sorption and plant uptake played smaller roles.” In another laboratory-scale
study, a gravel-based constructed wetland planted with Ludwigia octovalvis
achieved 94.5%%2.47% removal of E2 under the tested conditions.”® These
study-specific efficiencies should not be generalized without considering
influent concentrations, hydraulic loading, retention time, climate, substrate
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properties, and the distinction between degradation and phase transfer.

Microalgal biomass may provide opportunities for recovery as feedstock
for bioenergy or other bioproducts, potentially linking wastewater treatment
with resource valorization.””” However, the net benefit depends on harvesting
and dewatering requirements, contaminant burdens in the recovered
biomass, the safety of downstream applications, and overall life-cycle and
economic performance. More generally, nature-based systems may reduce
chemical and energy inputs relative to intensive treatment technologies, but
they can require longer retention times and larger land areas and may be
sensitive to seasonal changes in temperature and irradiance. The fate of
hormones retained in wetland substrates, plant tissues, or algal biomass
therefore requires explicit mass-balance assessment. Without evidence of
degradation or mineralization, apparent aqueous-phase removal may repre-
sent contaminant transfer to a solid compartment that subsequently requires
appropriate management.

Accordingly, these technologies should be selected and combined on a fit-
for-purpose basis rather than assigned a universal hierarchy. Advanced
oxidation and high-rate biological processes may be appropriate for concen-
trated point-source discharges, whereas constructed wetlands and algal
systems may provide polishing, buffering, or interception functions where
land, climate, and hydraulic conditions are suitable. The effectiveness and
sustainability of a tiered, multi-barrier strategy should be evaluated using
parent hormones, conjugates, transformation products, residual endocrine
activity and toxicity, complete aqueous—solid mass balances, energy and
chemical demand, greenhouse-gas emissions, cost, and long-term opera-
tional resilience. Such site-specific integration can improve overall risk reduc-
tion, but no fixed sequence of engineered and nature-based processes can
be assumed to be optimal for all wastewater and agricultural-runoff scenarios.

PERSPECTIVES AND CONCLUSIONS

Mitigating the pervasive threat of steroidal hormones requires transcend-
ing incremental technological improvements. No single technological inter-
vention cannot successfully safeguard global aquatic ecosystems from
systemic endocrine disruption. To address current bottlenecks and align with
global sustainability goals, the field must transition toward systemic, interdis-
ciplinary paradigms.

Operationalizing the one health framework in future management

The One Health concept should function as an operational framework
rather than merely as a general statement about the interconnectedness of
different health systems. In environmental monitoring, this requires moving
beyond the conventional measurement of a limited number of parent
compounds in the water column. Coordinated surveillance should encom-
pass municipal wastewater influents and effluents, livestock wastewater and
manure, agricultural runoff, receiving waters, sediments, and sentinel aquatic
organisms. Chemical monitoring should combine targeted quantification of
priority steroid hormones with the analysis of conjugated compounds and
transformation products, suspect and non-target screening, and effect-based
methods. Repeated sampling under different hydrological and seasonal
conditions is also necessary to distinguish persistent exposure patterns from
transient emission events.

In risk assessment, the evolutionary conservation of many endocrine-
signaling pathways among vertebrates provides a mechanistic basis for
comparing biological responses across species. Nevertheless, reproductive
impairment in fish should not be interpreted as direct evidence of human
disease. Adverse outcome pathways can organize evidence from molecular
initiating events to organism- and population-level outcomes, but cross-
species extrapolation must account for differences in exposure routes, toxi-
cokinetics, receptor sensitivity, metabolism, life stage, and physiological
background. Human health assessments should likewise distinguish mecha-
nistic plausibility from demonstrated environmental exposure and epidemio-
logical evidence, particularly at environmentally relevant concentrations.
From a management perspective, operationalizing One Health requires coor-
dination among health-care systems, pharmaceutical manufacturers, live-
stock producers, agricultural authorities, wastewater utilities, and environ-
mental agencies. Upstream measures may include pharmaceutical steward-
ship and appropriate disposal, control of manufacturing discharges, improved
manure storage and treatment, optimized timing and rates of land applica-
tion, and vegetated buffer zones that reduce surface runoff. Green-by-design
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Figure 5. A one health-driven strategic roadmap for the sustainable mitigation of steroidal EDCs.

principles may also be explored for new pharmaceuticals, provided that ther-
apeutic efficacy, patient safety, manufacturability, and life-cycle performance
are not compromised. Because natural hormone excretion, existing pharma-
ceutical use, and diffuse agricultural emissions cannot be eliminated entirely
through source control, upstream interventions should complement rather
than replace wastewater treatment.

Al-driven innovations and digital twins in steroidal research

Al and machine learning can support multiple stages of steroid analysis,
but they should be regarded as decision-support tools rather than substi-
tutes for analytical confirmation. Within HRMS workflows, ML models can
assist feature detection, spectral deconvolution, retention-time and fragmen-
tation prediction, candidate-structure prioritization, and pattern recognition in
large non-target datasets. Graph-based and deep-learning models may be
particularly valuable for prioritizing previously uncharacterized transforma-
tion products and Phase Il conjugates. Nevertheless, computational annota-
tions should remain tentative until supported by authentic standards, diag-
nostic fragmentation evidence, or complementary structural techniques. Al-
aided risk models may also help fill ecotoxicity data gaps and identify poten-
tial mixture-risk drivers, but they cannot automatically predict synergistic or
antagonistic interactions or replace concentration-addition models, indepen-
dent-action models, effect-based bioassays, or experimental toxicity testing.
When combined with new approach methodologies, including reporter-gene
assays, in vitro systems, fish-embryo models, and computational toxicology,
Al may help prioritize chemicals and mixtures for further investigation and
reduce unnecessary animal testing.

Digital twins provide an additional opportunity to integrate monitoring data
with mechanistic and data-driven models. In wastewater treatment, these
systems can combine sensor measurements, hydraulic information, process
kinetics, and operational feedback to represent the evolving state of treat-
ment plants or sewer networks. Extending digital twins to steroidal hormones
would require validated descriptions of sorption, deconjugation, biodegrada-
tion, transformation-product formation, and residual biological activity. Such
platforms could eventually compare operating scenarios, identify periods of
elevated discharge, guide confirmatory sampling, and support treatment opti-

mization. However, existing digital twins have not been sufficiently validated
to reproduce the complete environmental fate or interactive toxicity of
complex steroid mixtures. Their practical deployment is also constrained by
limited standardized datasets, methodological heterogeneity, censored or
missing exposure data, incomplete transformation-product libraries, model
domain shifts, and insufficient external validation. Progress will therefore
require interoperable and quality-controlled databases, traceable data prove-
nance, common benchmark datasets, prospective validation, and inter-
pretable models that report both predictions and their associated uncertain-
ties.

Priority actions and concluding remarks

Steroidal sex hormones should be regarded as continuously introduced,
biologically active environmental contaminants whose risks are shaped by
chemical speciation, environmental transformation, mixture composition, and
exposure context. Evidence supports ecological concern for sensitive aquatic
species, whereas the magnitude of human health risks arising specifically
from environmental exposure remains less directly characterized. The following
priority actions, summarized in Figure 5, would provide a more defensible
basis for future monitoring and management:

Standardize comprehensive profiling. Develop tiered monitoring strate-
gies that combine targeted quantification with suspect and non-target HRMS
screening and effect-based methods. Priority parent hormones, major conju-
gates, and relevant transformation products should be included where suit-
able standards and validated methods are available. Harmonized quality
assurance, reporting criteria, reference materials, and interlaboratory
comparisons are needed to improve comparability among studies.

Implement mixture-based risk assessment. Supplement single-
substance benchmarks with approaches that account for realistic co-expo-
sure. Concentration-addition and independent-action models can provide
initial baselines, while deviations from these predictions should be investi-
gated experimentally where exposure or mechanistic evidence indicates
possible interactions. Adverse outcome pathways can support mechanistic
integration, but uncertainty in exposure, potency, and cross-species extrapo-
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lation should be explicitly reported.

Strengthen upstream source control. Reduce avoidable emissions
through pharmaceutical stewardship, control of manufacturing discharges,
improved livestock-waste treatment, responsible manure application, and
runoff-interception measures. Green pharmaceutical design should be
encouraged where it can reduce environmental persistence without compro-
mising clinical performance. Agricultural circularity should also be evaluated
carefully to ensure that the reuse of manure or wastewater does not recircu-
late steroidal contaminants.

Deploy fit-for-purpose, multi-barrier mitigation. Combine optimized
conventional treatment, advanced physicochemical or biological processes,
and nature-based solutions according to source strength, wastewater
composition, climate, land availability, and treatment objectives. Technology
selection should consider transformation products, residual endocrine activity
and toxicity, contaminant transfer to sludge or biomass, energy and chemical
requirements, greenhouse-gas emissions, and life-cycle costs rather than
relying solely on parent-compound removal.

Achieving these priorities will require sustained collaboration among envi-
ronmental chemists, analytical scientists, mechanistic toxicologists, engi-
neers, data scientists, health researchers, and policymakers. The objective
should not be framed as the guaranteed or absolute elimination of all
steroidal contaminants, but as a measurable reduction in exposure and
biological activity without creating unacceptable contaminant transfers or
resource burdens. A One Health-based strategy connecting comprehensive
profiling, mixture-aware assessment, upstream source control, and context-
specific mitigation provides a practical pathway for protecting aquatic
ecosystems while supporting the long-term sustainability of water resources.

DECLARATION OF GENERATIVE Al AND AI-ASSISTED TECHNOLO-
GIESIN THE WRITING PROCESS

During the preparation of this work, the authors used ChatGPT 5.6 to
improve the readability and language of the manuscript. After using these Al-
assisted tools, the authors carefully checked and revised the content as
needed and take full responsibility for the accuracy, integrity, and final
presentation of the published work.

REFERENCES
1. Amory J. K, Page S. T. and Bremner W. J. (2006). Drug insight: Recent advances in
male hormonal contraception. Nat. Clin. Pract. Endoc. 2:32-41. DOI:10.1038/
ncpendmet0069
2. Adeel M., Song X, Wang Y., et al. (2017). Environmental impact of estrogens on
human, animal and plant life: A critical review. Environ. Int. 99:107-119. DOI:10.1016
/j.envint.2016.12.010
3. Waniek J. J., Osterholz H. and Frazdo H. C. (2025). A global inventory of natural and
synthetic estrogens in aquatic systems. Annu. Rev. Mar. Science 17:511-536.
DOI:10.1146/annurev-marine-032123-025855
4. Mattison D. R, Karyakina N, Goodman M., et al. (2014). Pharmaco- and
toxicokinetics of selected exogenous and endogenous estrogens: A review of the
data and identification of knowledge gaps. Crit. Rev. Toxicol. 44.696-724. DOI:10.
3109/10408444.2014.930813
5. Diamanti-Kandarakis E., Bourguignon J.-P., Giudice L. C., et al. (2009). Endocrine-
disrupting chemicals: An endocrine society scientific statement. Endocr. Rev.
30:293-342. DOI:10.1210/er.2009-0002
6. D'Onofrio V. and Sékaly R. P. (2024). The immune—endocrine interplay in sex
differential responses to viral infection and COVID-19. Trends Immunol.
45:943-958. DOI:10.1016/j.it.2024.10.004
7. Soto A. M. and Sonnenschein C. (2010). Environmental causes of cancer: Endocrine
disruptors as carcinogens. Nat. Rev. Endocrinol. 6:363-370. DOI:10.1038/nrendo.
2010.87
8. Leroux N., Baekelandt S. and Kestemont P. (2025). Teleost fish metamorphosis
under the influence of estrogenic hormones: Targeting the thyroid axis — a literature
review. Environ. Int. 201:109570. DOI:10.1016/j.envint.2025.109570
9. Cotton S, Clayton C. A. and Tropini C. (2023). Microbial endocrinology: The
mechanisms by which the microbiota influences host sex steroids. Trends
Microbiol. 31:1131-1142. DOI:10.1016/}.tim.2023.03.010
10. Chighizola C. and Meroni P. L. (2012). The role of environmental estrogens and
autoimmunity. Autoimmun. Rev. 11:A493-A501. DOI:10.1016/j.autrev.2011.11.027
11. Pironti C., Ricciardi M., Proto A,, et al. (2021). Endocrine-disrupting compounds: An
overview on their occurrence in the aquatic environment and human exposure.
Water 13:1347. DOI:10.3390/w13101347
12. Hamid N., Junaid M. and Pei D.-S. (2021). Combined toxicity of endocrine-disrupting

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Lopez de Alda M,

. Fent K. (2015)

Water Environmental Science a3}

chemicals: A review. Ecotox. and Environ. Safe 215:112136. DOI:10.1016/j.ecoenv.
2021.112136

Diaz-Cruz S, Petrovic M, et al. (2003). Liquid
chromatography—(tandem) mass spectrometry of selected emerging pollutants
(steroid sex hormones, drugs and alkylphenolic surfactants) in the aquatic
environment. J. Chromatogr. A1000:503-526. DOI:10.1016/S0021-9673(03)00509-0

. Simon E,, Duffek A, Stahl C., et al. (2022). Biological effect and chemical monitoring

of watch list substances in European surface waters: Steroidal estrogens and
diclofenac — Effect-based methods for monitoring frameworks. Environ. Int.
159:107033. DOI:10.1016/j.envint.2021.107033

. LiuZ, Lu G, Yin H, et al. (2015). Removal of natural estrogens and their conjugates

in municipal wastewater treatment plants: A critical review. Environ. Sci. Technol.
49:5288-5300. DOI:10.1021/acs.est.5b00399

. Griffith D. R., Kido Soule M. C., Matsufuji H., et al. (2014). Measuring free, conjugated,

and halogenated estrogens in secondary treated wastewater effluent. Environ. Sci.
Technol. 48:2569-2578. DOI:10.1021/es402809u

. Sacdal R., Madriaga J. and Espino M. P. (2020). Overview of the analysis, occurrence

and ecological effects of hormones in lake waters in Asia. Environ. Res. 182:109091.
DOI:10.1016/j.envres.2019.109091

Progestins as endocrine disrupters in aquatic ecosystems:
Concentrations, effects and risk assessment. Environ. Int. 84:115-130. DOI:10.1016/
j.envint.2015.06.012

. Chen Y, Yang J, Yao B, et al. (2022). Endocrine disrupting chemicals in the

environment: Environmental sources, biological effects, remediation techniques, and
perspective. Environ. Pollut. 310:119918. DOI:10.1016/j.envpol.2022.119918

Priya A. K, Gnanasekaran L., Rajendran S,, et al. (2022). Occurrences and removal of
pharmaceutical and personal care products from aquatic systems using advanced
treatment- A review. Environ. Res. 204:112298. DOI:10.1016/j.envres.2021.112298
Cheng D., Ngo H. H., Guo W, et al. (2020). A critical review on antibiotics and
hormones in swine wastewater: Water pollution problems and control approaches.
J. Hazard. Mater. 387:121682. DOI:10.1016/j jhazmat.2019.121682

Lange I. G., Daxenberger A, Schiffer B, et al. (2002). Sex hormones originating from
different livestock production systems: Fate and potential disrupting activity in the
environment. Anal. Chim. Acta 473:27-37. DOI:10.1016/S0003-2670(02)00748-1
Baird D. T. and Glasier A. F. (1993). Hormonal contraception. N. Engl. J. Med.
328:1543-1549. DOI:10.1056/NEJM199305273282108

Wise A, O'Brien K. and Woodruff T. (2011). Are oral contraceptives a significant
contributor to the estrogenicity of drinking water. Environ. Sci. Technol. 45:51-60.
DOI:10.1021/es1014482

Hanselman T. A, Graetz D. A. and Wilkie A. C. (2003). Manure-borne estrogens as
potential environmental contaminants: A review. Environ. Sci. Technol.
37:5471-5478. DOI:10.1021/es034410+

Liu Z,, Kanjo Y. and Mizutani S. (2009). Urinary excretion rates of natural estrogens
and androgens from humans, and their occurrence and fate in the environment: A
review. Sci. Total Environ. 407:4975-4985. DOI:10.1016/j.scitotenv.2009.06.001
Zhang H., Shi J,, Liu X, et al. (2014). Occurrence and removal of free estrogens,
conjugated estrogens, and bisphenol A in manure treatment facilities in East China.
Water Res. 58:248-257. DOI:10.1016/j.watres.2014.03.074

Zhang J.-N., Chen J., Yang L, et al. (2021). Occurrence and fate of androgens,
progestogens and glucocorticoids in two swine farms with integrated wastewater
treatment systems. Water Res. 192:116836. DOI:10.1016/j.watres.2021.116836

Sun Y., Huang H., Sun Y, et al. (2074). Occurrence of estrogenic endocrine
disrupting chemicals concern in sewage plant effluent. Front. Environ. Sci. Eng.
8:18-26. D0OI:10.1007/s11783-013-0573-5

Yao B, Li R, Yan S, et al. (2018). Occurrence and estrogenic activity of steroid
hormones in Chinese streams: A nationwide study based on a combination of
chemical and biological tools. Environ. Int. 118:1-8. DOI:10.1016/j.envint.2018.05.
026

Paterakis N., Chiu T. Y., Koh Y. K. K, et al. (2012). The effectiveness of anaerobic
digestion in removing estrogens and nonylphenol ethoxylates. J. Hazard. Mater. 199-
200:88-95. DOI:10.1016/j.jhazmat.2011.10.075

Hutchins S. R, White M. V., Hudson F. M., et al. (2007). Analysis of lagoon samples
from different concentrated animal feeding operations for estrogens and estrogen
conjugates. Environ. Sci. Technol. 41:738-744. DOI:10.1021/es062234+

Rechsteiner D., Wettstein F. E, Warren B. P, et al. (2020). Natural estrogens in
surface waters of a catchment with intensive livestock farming in Switzerland.
Environ. Sci. Processes Impacts 22:2244-2255. DOI:10.1039/DOEM00317D
Tremblay L. A, Gadd J. B. and Northcott G. L. (2018). Steroid estrogens and
estrogenic activity are ubiquitous in dairy farm watersheds regardless of effluent
management practices. Agric. Ecosyst. Environ. 253:48-54. DOI:10.1016/j.agee
2017.10.012

Masinga P., Simbanegavi T. T., Makuvara Z, et al. (2024). Emerging organic
contaminants in the soil—plant-receptor continuum: Transport, fate, health risks,
and removal mechanisms. Environ. Monit. Assess. 196:367. DOI:10.1007/s10661-
023-12282-7

Blackwell B. R, Wooten K. J, Buser M. D, et al. (2015). Occurrence and
characterization of steroid growth promoters associated with particulate matter
originating from beef cattle feedyards. Environ. Sci. Technol. 49:8796-8803. DOI:10

J2)O/\\ UolIPAOUU| 3Y |

[I J—

The Innovation Water 1(1): 100015, September 16, 2026 103



https://doi.org/10.1038/ncpendmet0069
https://doi.org/10.1038/ncpendmet0069
https://doi.org/10.1016/j.envint.2016.12.010
https://doi.org/10.1016/j.envint.2016.12.010
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.1146/annurev-marine-032123-025855
https://doi.org/10.3109/10408444.2014.930813
https://doi.org/10.3109/10408444.2014.930813
https://doi.org/10.1210/er.2009-0002
https://doi.org/10.1210/er.2009-0002
https://doi.org/10.1210/er.2009-0002
https://doi.org/10.1016/j.it.2024.10.004
https://doi.org/10.1038/nrendo.2010.87
https://doi.org/10.1038/nrendo.2010.87
https://doi.org/10.1016/j.envint.2025.109570
https://doi.org/10.1016/j.tim.2023.03.010
https://doi.org/10.1016/j.autrev.2011.11.027
https://doi.org/10.3390/w13101347
https://doi.org/10.1016/j.ecoenv.2021.112136
https://doi.org/10.1016/j.ecoenv.2021.112136
https://doi.org/10.1016/S0021-9673(03)00509-0
https://doi.org/10.1016/S0021-9673(03)00509-0
https://doi.org/10.1016/S0021-9673(03)00509-0
https://doi.org/10.1016/S0021-9673(03)00509-0
https://doi.org/10.1016/S0021-9673(03)00509-0
https://doi.org/10.1016/j.envint.2021.107033
https://doi.org/10.1021/acs.est.5b00399
https://doi.org/10.1021/es402809u
https://doi.org/10.1016/j.envres.2019.109091
https://doi.org/10.1016/j.envint.2015.06.012
https://doi.org/10.1016/j.envint.2015.06.012
https://doi.org/10.1016/j.envpol.2022.119918
https://doi.org/10.1016/j.envres.2021.112298
https://doi.org/10.1016/j.jhazmat.2019.121682
https://doi.org/10.1016/S0003-2670(02)00748-1
https://doi.org/10.1016/S0003-2670(02)00748-1
https://doi.org/10.1016/S0003-2670(02)00748-1
https://doi.org/10.1016/S0003-2670(02)00748-1
https://doi.org/10.1016/S0003-2670(02)00748-1
https://doi.org/10.1056/NEJM199305273282108
https://doi.org/10.1021/es1014482
https://doi.org/10.1021/es034410+
https://doi.org/10.1016/j.scitotenv.2009.06.001
https://doi.org/10.1016/j.watres.2014.03.074
https://doi.org/10.1016/j.watres.2021.116836
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1007/s11783-013-0573-5
https://doi.org/10.1016/j.envint.2018.05.026
https://doi.org/10.1016/j.envint.2018.05.026
https://doi.org/10.1016/j.jhazmat.2011.10.075
https://doi.org/10.1021/es062234+
https://doi.org/10.1039/D0EM00317D
https://doi.org/10.1016/j.agee.2017.10.012
https://doi.org/10.1016/j.agee.2017.10.012
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1007/s10661-023-12282-7
https://doi.org/10.1021/acs.est.5b01881

www.the-innovation.org/the-innovation-water

{27138 Water Environmental Science

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

1021/acs.est.5b01881

Sandoz M. A, Wooten K. J., Clendening S. L, et al. (2018). Transport mechanisms
for veterinary pharmaceuticals from beef cattle feedyards to wetlands: Is aerial
deposition a contributing source. Agric. Ecosyst. Environ. 252:14-21. DOI:10.1016/j.
agee.2017.09.016

Huanyu T., Jianghong S., Wei G,, et al. (2022). Environmental fate and toxicity of
androgens: A critical review. Environ. Res. 214:113849. DOI:10.1016/j.envres.2022.
113849

Nie M., Yan C., Dong W., et al. (2015). Occurrence, distribution and risk assessment
of estrogens in surface water, suspended particulate matter, and sediments of the
Yangtze Estuary. Chemosphere 127:109-116. DOI:10.1016/j.chemosphere.2015.01.
021

Lai K. M., Johnson K. L., Scrimshaw M. D., et al. (2000). Binding of waterborne
steroid estrogens to solid phases in river and estuarine systems. Environ. Sci.
Technol. 34:3890-3894. DOI:10.1021/es9912729

Sangster J. L, Oke H., Zhang Y., et al. (2015). The effect of particle size on sorption
of estrogens, androgens and progestagens in aquatic sediment. J. Hazard. Mater.
299:112-121. DOI:10.1016/j jhazmat.2015.05.046

Xu R, Liu S, Pan Y.-F,, et al. (2024). Steroid metabolites as overlooked emerging
contaminants: Insights from multimedia partitioning and source—sink simulation in
an estuarine environment. J. Hazard. Mater. 461:132673. DOI:10.1016/j.jhazmat.
2023.132673

Dussault E. B., Balakrishnan V. K., Borgmann U, et al. (2009). Bioaccumulation of the
synthetic hormone 17a-ethinylestradiol in the benthic invertebrates Chironomus
tentans and Hyalella azteca. Ecotox. Environ. Safe 72:1635-1641. DOI:10.1016/j.
ecoenv.2009.04.019

Liu S, Xu R, Pan Y.-F,, et al. (2023). Free and conjugated forms of metabolites are
indispensable components of steroids: The first evidence from an estuarine food
web. Water Res. 235:119913. DOI:10.1016/j.watres.2023.119913

Nurulnadia M. Y., Koyama J., Uno S,, et al. (2016). Biomagnification of endocrine
disrupting chemicals (EDCs) by Pleuronectes yokohamae: Does P. yokohamae
accumulate dietary EDCs? Chemosphere 144:185-192. DOI:10.1016/j.chemosphere.
2015.08.059

Yang S., Yu W, Yang L., et al. (2021). Occurrence and fate of steroid estrogens in a
chinese typical concentrated dairy farm and slurry irrigated soil. J. Agric. Food.
Chem. 69:67-77. DOI:10.1021/acs.jafc.0c05068

Du B, Yu W, Yang L, et al. (2022). Migration and abiotic transformation of estrone
(ET) and estrone-3-sulfate (E1-3S) during soil column transport. Environ. Geochem.
Health 44:911-924. DOI:10.1007/s10653-021-00968-1

Stanford B. D., Amoozegar A. and Weinberg H. S. (2010). The impact of co-
contaminants and septic system effluent quality on the transport of estrogens and
nonylphenols through soil. Water Res. 44:1598-1606. DOI:10.1016/j.watres.2009.11.
011

Yang K.-H., Hung H.-S., Huang W.-H., et al. (2024). Multiphase partitioning of
estrogens in a river impacted by feedlot wastewater discharge. Toxics 12:671.
DOI:10.3390/toxics 12090671

Xing Z., Zhang S., Li Y., et al. (2025). How do polyhydroxyalkanoates aged by aerobic
compost interact with steroidal estrogens to alter their adsorption and transport
characteristics. Kinetics, isotherms, and influencing factors. J. Hazard. Mater.
484:136733. DOI:10.1016/j.jhazmat.2024.136733

Li Y., Song X, Zhang Z, et al. (2025). Interfacial sorption of 17B-E2 on nano-
microplastics: Effects of particle size, functional groups and hydrochemical
conditions. Environ. Res. 270:120977. DOI:10.1016/j.envres.2025.120977

Yang F.-C., Chen Y.-L,, Tang S.-L, et al. (2016). Integrated multi-omics analyses
reveal the biochemical mechanisms and phylogenetic relevance of anaerobic
androgen biodegradation in the environment. /SME J10:1967-1983. DOI:10.1038/
ismej.2015.255

Czajka C. P. and Londry K. L. (2006). Anaerobic biotransformation of estrogens. Sci.
Total Environ. 367:932-941. DOI:10.1076/j.scitotenv.2006.01.021

Mashtare M. L, Lee L. S, Nies L. F,, et al. (2013). Transformation of 17a-estradiol,
17B-estradiol, and estrone in sediments under nitrate- and sulfate-reducing
conditions. Environ. Sci. Technol. 47:7178-7185. DOI:10.1021/es4008382

Tang Z, Liu Z-h, Wang H,, et al. (2022). 17a-Estradiol, an ignored endogenous
natural estrogen in human: Updated estrogen metabolism pathways and its
environmental risk analysis. Sci. Total Environ. 829:154693. DOI:10.1016/j.scitotenv.
2022.154693

Zhao X. and Lung W.-S. (2021). Modeling temporal variation of estrogen levels due
to interconversion. Water Air Soil Pollut. 232:279. DOI:10.1007/s11270-021-05201-4
Qi X, Ruan C., Zhu L., et al. (2026). Chemoproteomics reveals global occurrence of a
phytoplankton lyase capable of reconverting progestogens. Nat. Water DOI:10.1038/
544221-026-00646-5

Flores R, Shi J., Fuhrman B, et al. (2012). Fecal microbial determinants of fecal and
systemic estrogens and estrogen metabolites: a cross-sectional study. J. Transl.
Med. 10:253. DOI:10.1186/1479-5876-10-253

Goeppert N, Dror I. and Berkowitz B. (2015). Fate and transport of free and
conjugated estrogens during soil passage. Environ. Pollut. 206:80-87. DOI:10.1016/j.
envpol.2015.06.024

Shrestha S. L, Casey F. X. M., Hakk H., et al. (2012). Fate and transformation of an

61.

63.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74,

75.

76.

.

78.

79.

80.

81.

82.

83.

estrogen conjugate and its metabolites in agricultural soils. Environ. Sci. Technol.
46:11047-11053. DOI:10.1021/es3021765

Casey F. X. M., Hakk H. and DeSutter T. M. (2020). Free and conjugated estrogens
detections in drainage tiles and wells beneath fields receiving swine manure slurry.
Environ. Pollut. 256:113384. DOI:10.1016/j.envpol.2019.113384

. Ma L. and Yates S. R. (2018). Dissolved organic matter and estrogen interactions

regulate estrogen removal in the aqueous environment: A review. Sci. Total Environ.
640-641:529-542. DOI:10.1016/j.scitotenv.2018.05.301.

Leech D. M., Snyder M. T. and Wetzel R. G. (2009). Natural organic matter and
sunlight accelerate the degradation of 17R-estradiol in water. Sci. Total Environ.
407:2087-2092. DOI:10.1016/j.scitotenv.2008.11.018

Chowdhury R. R., Charpentier P. A. and Ray M. B. (2011). Photodegradation of 173-
estradiol in aquatic solution under solar irradiation: Kinetics and influencing water
parameters. J. Photochem. Photobiol, A 219:67-75. DOI:10.1016/j,jphotochem.
2011.01.019

Pawlowski S., van Aerle R., Tyler C. R., et al. (2004). Effects of 17a-ethinylestradiol in
a fathead minnow (Pimephales promelas) gonadal recrudescence assay. Ecotox.
Environ. Safe 57:330-345. DOI:10.1016/j.ecoenv.2003.07.019

Hamilton P. B., Baynes A, Nicol E., et al. (2022). Feminizing effects of ethinylestradiol
in roach (Rutilus rutilus) populations with different estrogenic pollution exposure
histories. Aquat. Toxicol. 249:106229. DOI:10.1016/j.aquatox.2022.106229
Dammann A. A, Shappell N. W,, Bartell S. E,, et al. (2011). Comparing biological
effects and potencies of estrone and 17B-estradiol in mature fathead minnows,
Pimephales promelas. Aquat. Toxicol. 105:559-568. DOI:10.1016/j.aquatox.2011.08.
01

Tran T. K. A, Yu R. M. K, Islam R, et al. (2019). The utility of vitellogenin as a
biomarker of estrogenic endocrine disrupting chemicals in molluscs. Environ. Pollut.
248:1067-1078. DOI:10.1016/j.envpol.2019.02.056

Metcalfe C. D., Metcalfe T. L., Kiparissis Y., et al. (2001). Estrogenic potency of
chemicals detected in sewage treatment plant effluents as determined by in vivo
assays with Japanese medaka (Oryzias latipes). Environ. Toxicol. Chem.
20:297-308. DOI:10.1002/etc.5620200210

Devlin R. H. and Nagahama Y. (2002). Sex determination and sex differentiation in
fish: An overview of genetic, physiological, and environmental influences.
Aquaculture 208:191-364. DOI:10.1016/S0044-8486(02)00057-1

Wang J., Li T, Ouyang W., et al. (2025). Seasonal dynamics, sources, and ecological
risk of estrogens in a freeze-thaw basin: Implications for aquatic ecosystems.
Ecotox.Environ. Safe292:117975. DOI:10.1016/j.ecoenv.2025.117975

Baynes A, Lange A, Beresford N,, et al. (2023). Endocrine disruption is reduced but
still widespread in wild roach (Rutilus rutilus) living in English Rivers. Environ. Sci.
Technol. 57:12632-12641. DOI:10.1021/acs.est.3c02854

Jarosova B, Blaha L., Giesy J. P, et al. (2014). What level of estrogenic activity
determined by in vitro assays in municipal waste waters can be considered as safe.
Environ. Int. 64:98-109. DOI:10.1016/j.envint.2013.12.009

Haig S.-J., Gauchotte-Lindsay C., Collins G., et al. (2016). Bioaugmentation mitigates
the impact of estrogen on coliform-grazing protozoa in slow sand filters. Environ.
Sci. Technol. 50:3101-3110. DOI:10.1021/acs.est.5b05027

Ma Y., Shen W,, Tang T,, et al. (2022). Environmental estrogens in surface water and
their interaction with microalgae: A review. Sci. Total Environ. 807:150637. DOI:10.
1016/j.scitotenv.2021.150637

Mushirobira Y., Kamegai K., Amagai T., et al. (2021). Expression profiles of hepatic
vitellogenin and gonadal zona pellucida subtypes in gray mullet (Mugil cephalus)
with 17a-ethinylestradiol-induced gonadal abnormality. Aquat. Toxicol. 237:105863.
DOI:10.1016/j.aquatox.2021.105863

Kernen L., Phan A, Bo J, et al. (2022). Estrogens as immunotoxicants: 17a-
ethinylestradiol exposure retards thymus development in zebrafish (Danio rerio).
Aquat. Toxicol. 242:106025. DOI:10.1016/j.aquatox.2021.106025

Lei D.-Q,, Huang G.-Y, Qiu S.-Q., et al. (2023). Exposure to estrone disrupts the
endocrine system of western mosquitofish (Gambusia affinis). Aquat. Toxicol.
257:106457. DOI:10.1016/j.aquatox.2023.106457

Qin X, Lin H,, Cao Y., et al. (2023). Embryo developmental toxicity in marine medaka
(Oryzias melastigma) due to parental and embryonic 17a-ethinylestradiol exposure.
Sci. Total Environ. 861:160594. DOI:10.1016/j.scitotenv.2022.160594

Leet J. K, Greer J. B, Richter C. A, et al. (2022). Exposure to 17a-Ethinylestradiol
Results in Differential Susceptibility of Largemouth Bass (Micropterus salmoides) to
Bacterial Infection. Environ. Sci. Technol. 56:14375-14386. DOI:10.1021/acs.est.
2c02250

Alcaraz A. J. G, Potésil D., Mikuldsek K., et al. (2021). Development of a
Comprehensive Toxicity Pathway Model for 17a-Ethinylestradiol in Early Life Stage
Fathead Minnows (Pimephales promelas). Environ. Sci. Technol. 55:5024-5036.
DOI:10.1021/acs.est.0c05942

Fang G.-Z, Huang G.-Y., Ying G.-G,, et al. (2021). Endocrine disrupting effects of
binary mixtures of 17B-estradiol and testosterone in adult female western
mosaquitofish (Gambusia affinis). Ecotox.Environ. Safe 208:111566. DOI:10.1016/j.
ecoenv.2020.111566

Soloperto S., Olivier S., Poret A, et al. (2023). Effects of 17a-ethinylestradiol on the
neuroendocrine gonadotropic system and behavior of European sea bass larvae
(Dicentrarchus labrax). J. Toxicol. Environ. Health A 86:198-215. DOI:10.1080/

104

The Innovation Water1(1): 100015, September 16, 2026

www.the-innovation.org/the-innovation-water


https://doi.org/10.1021/acs.est.5b01881
https://doi.org/10.1016/j.agee.2017.09.016
https://doi.org/10.1016/j.agee.2017.09.016
https://doi.org/10.1016/j.envres.2022.113849
https://doi.org/10.1016/j.envres.2022.113849
https://doi.org/10.1016/j.chemosphere.2015.01.021
https://doi.org/10.1016/j.chemosphere.2015.01.021
https://doi.org/10.1021/es9912729
https://doi.org/10.1016/j.jhazmat.2015.05.046
https://doi.org/10.1016/j.jhazmat.2023.132673
https://doi.org/10.1016/j.jhazmat.2023.132673
https://doi.org/10.1016/j.ecoenv.2009.04.019
https://doi.org/10.1016/j.ecoenv.2009.04.019
https://doi.org/10.1016/j.watres.2023.119913
https://doi.org/10.1016/j.chemosphere.2015.08.059
https://doi.org/10.1016/j.chemosphere.2015.08.059
https://doi.org/10.1021/acs.jafc.0c05068
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1007/s10653-021-00968-1
https://doi.org/10.1016/j.watres.2009.11.011
https://doi.org/10.1016/j.watres.2009.11.011
https://doi.org/10.3390/toxics12090671
https://doi.org/10.1016/j.jhazmat.2024.136733
https://doi.org/10.1016/j.envres.2025.120977
https://doi.org/10.1038/ismej.2015.255
https://doi.org/10.1038/ismej.2015.255
https://doi.org/10.1016/j.scitotenv.2006.01.021
https://doi.org/10.1021/es4008382
https://doi.org/10.1016/j.scitotenv.2022.154693
https://doi.org/10.1016/j.scitotenv.2022.154693
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1007/s11270-021-05201-4
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1038/s44221-026-00646-5
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1016/j.envpol.2015.06.024
https://doi.org/10.1016/j.envpol.2015.06.024
https://doi.org/10.1021/es3021765
https://doi.org/10.1016/j.envpol.2019.113384
https://doi.org/10.1016/j.scitotenv.2018.05.301
https://doi.org/10.1016/j.scitotenv.2008.11.018
https://doi.org/10.1016/j.jphotochem.2011.01.019
https://doi.org/10.1016/j.jphotochem.2011.01.019
https://doi.org/10.1016/j.ecoenv.2003.07.019
https://doi.org/10.1016/j.aquatox.2022.106229
https://doi.org/10.1016/j.aquatox.2011.08.011
https://doi.org/10.1016/j.aquatox.2011.08.011
https://doi.org/10.1016/j.envpol.2019.02.056
https://doi.org/10.1002/etc.5620200210
https://doi.org/10.1016/S0044-8486(02)00057-1
https://doi.org/10.1016/S0044-8486(02)00057-1
https://doi.org/10.1016/S0044-8486(02)00057-1
https://doi.org/10.1016/S0044-8486(02)00057-1
https://doi.org/10.1016/S0044-8486(02)00057-1
https://doi.org/10.1016/j.ecoenv.2025.117975
https://doi.org/10.1021/acs.est.3c02854
https://doi.org/10.1016/j.envint.2013.12.009
https://doi.org/10.1021/acs.est.5b05027
https://doi.org/10.1016/j.scitotenv.2021.150637
https://doi.org/10.1016/j.scitotenv.2021.150637
https://doi.org/10.1016/j.aquatox.2021.105863
https://doi.org/10.1016/j.aquatox.2021.106025
https://doi.org/10.1016/j.aquatox.2023.106457
https://doi.org/10.1016/j.scitotenv.2022.160594
https://doi.org/10.1021/acs.est.2c02250
https://doi.org/10.1021/acs.est.2c02250
https://doi.org/10.1021/acs.est.0c05942
https://doi.org/10.1016/j.ecoenv.2020.111566
https://doi.org/10.1016/j.ecoenv.2020.111566
https://doi.org/10.1080/15287394.2023.2177781
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

107.

102.

103.

104.

105.

106.

107.

108.

156287394.2023.2177781

Baekelandt S., Leroux N., Lambert J., et al. (2024). Evaluating the toxicity of estetrol,
17a-ethinylestradiol, and their combination with drospirenone on zebrafish larvae: A
behavioural and proteomic study. Aquat. Toxicol. 271:106941. DOI:10.1016/j.
aquatox.2024.106941

Hollerova A., Peskova N., Weiserova Z, et al. (2025). Dietary exposure to 17a-
ethinylestradiol negatively affects reproduction and health parameters of zebrafish
(Danio rerio). J. Fish Biol. 106:1831-1844. DOI:10.1111/jfb.16065

Leroux N., Baekelandt S., Robert J.-B., et al. (2025). Assessment of the effects of
estetrol and 17a-ethinylestradiol on zebrafish (Danio rerio) metamorphosis: A
morphological and transcriptomic approach. Environ. Pollut. 376:126423. DOI:10.
1016/j.envpol.2025.126423

Ribeiro Y. M., Moreira D. P., Weber A. A, et al. (2023). Chronic estrone exposure
affects spermatogenesis and sperm quality in zebrafish (Danio rerio). Environ.
Toxicol. Pharmacol. 98:104058. DOI:10.1016/j.etap.2022.104058

Azizi-Lalabadi M. and Pirsaheb M. (2021). Investigation of steroid hormone residues
in fish: A systematic review. Process Saf. Environ. Protect. 162:14-24. DOI:10.1016/j.
psep.2021.05.020

Lv Y.-Z, Yao L, Wang L, et al. (2019). Bioaccumulation, metabolism, and risk
assessment of phenolic endocrine disrupting chemicals in specific tissues of wild
fish. Chemosphere 226:607-615. DOI:10.1016/j.chemosphere.2019.03.187

Liao Z, Jian Y., Lu J,, et al. (2024). Distribution, migration patterns, and food chain
human health risks of endocrine-disrupting chemicals in water, sediments, and fish
in the Xiangjiang River. Sci. Total Environ. 930:172484. DOI:10.1016/j.scitotenv.2024.
172484

Zhou X, Yang Z, Luo Z, et al. (2019). Endocrine disrupting chemicals in wild
freshwater fishes: Species, tissues, sizes and human health risks. Environ. Pollut.
244:462-468. DOI:10.1016/j.envpol.2018.10.026

Stuchbery R., McCoy P. J., Hovens C. M, et al. (2017). Androgen synthesis in
prostate cancer: do all roads lead to Rome. Nat. Rev. Urol. 14:49-58. DOI:10.1038/
nrurol.2016.221

Labrie F. (2011). Blockade of testicular and adrenal androgens in prostate cancer
treatment. Nat. Rev. Urol. 8:73-80. DOI:10.1038/nrurol.2010.231

Faulkner J. L. and Belin de Chantemele E. J. (2019). Sex hormones, aging and
cardiometabolic syndrome. Biol. Sex Differ. 10:30. DOI:10.1186/s13293-019-0246-6
Kautzky-Willer A., Harreiter J. and Pacini G. (2016). Sex and gender differences in
risk, pathophysiology and complications of type 2 diabetes mellitus. Endocr. Rev.
37:278-316.DOI:10.1210/er.2015-1137

Handgraaf S. and Philippe J. (2019). The role of sexual hormones on the
enteroinsular axis. Endocr. Rev. 40:1152-1162. DOI:10.1210/er.2019-00004
Goodarzi M. 0., Dumesic D. A, Chazenbalk G., et al. (2011). Polycystic ovary
syndrome:Eetiology, pathogenesis and diagnosis. Nat. Rev. Endocrinol. 7:219-231.
DOI:10.1038/nrendo.2010.217

Zhang F.-L., Kong L., Zhao A.-H., et al. (2021). Inflammatory cytokines as key players
of apoptosis induced by environmental estrogens in the ovary. Environ. Res.
198:111225. DOI:10.1016/j.envres.2021.111225

Zheng R., Zhang Y., Cheng S,, et al. (2023). Environmental estrogens shape disease
susceptibility. Int. J. Hyg. Environ. Health 249:114125. DOI:10.1016/j.ijheh.2023.
114125

Caserta D., Maranghi L., Mantovani A, et al. (2007). Impact of endocrine disruptor
chemicals in gynaecology. Hum. Reprod. Update 14:59-72. DOI:10.1093/humupd/
dmmO025

Hamlin H. J. and Guillette Jr. L. J. (2011). Embryos as targets of endocrine
disrupting contaminants in wildlife. Birth Defects Res. € 93:19-33. DOI:10.1002/bdrc.
20202

Seaborn T, Simard M., Provost P. R, et al. (2010). Sex hormone metabolism in lung
development and maturation. Trends Endocrin. Met. 21:729-738. DOI:10.1016/j.tem.
2010.09.001

Galea L. A. M., Wainwright S. R, Roes M. M,, et al. (2013). Sex, hormones and
neurogenesis in the hippocampus: Hormonal modulation of neurogenesis and
potential functional implications. J. Neuroendocrinol. 25:1039-1061. DOI:10.1111/
jne.12070

Georgakis M. K., Thomopoulos T. P., Diamantaras A.-A, et al. (2016). Association of
age at menopause and duration of reproductive period with depression after
menopause: A systematic review and meta-analysis. JAMA Psychiat. 73:139-149.
DOI:10.1001/jamapsychiatry.2015.2653

Regitz-Zagrosek V. and Kararigas G. (2017). Mechanistic pathways of sex
differences in cardiovascular disease. Physiol. Rev. 97:1-37. DOI:10.1152/physrev.
00021.2015

Bouman A., Heineman M. J. and Faas M. M. (2005). Sex hormones and the immune
response in humans. Hum. Reprod. Update 11:411-423. DOI:10.1093/humupd/
dmi008

Teoh J, Li X, Simoncini T, et al. (2020). Estrogen-mediated gaseous signaling
molecules in cardiovascular disease. Trends Endocrin. Met. 31:773-784. DOI:10.
1016/j.tem.2020.06.001

You H. H. and Song G. (2021). Review of endocrine disruptors on male and female
reproductive systems. Comp. Biochem. Physiol. C: Toxicol. Pharmacol. 244:109002.
DOI:10.1016/j.cbpc.2021.109002

109.

110.

1T

112

113.

114.

115.

176.

1.

118.

119.

120.

121

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Water Environmental Science a3}

Qie Y., Qin W.,, Zhao K, et al. (2021). Environmental estrogens and their biological
effects through GPER mediated signal pathways. Environ. Pollut. 278:116826.
DOI:10.1016/j.envpol.2021.116826

Chang H., Wan Y. and Hu J. (2009). Determination and source apportionment of five
classes of steroid hormones in urban rivers. Environ. Sci. Technol. 43:7691-7698.
DOI:10.1021/es803653]

Zhong R., Zou H., Gao J, et al. (2021). A critical review on the distribution and
ecological risk assessment of steroid hormones in the environment in China. Sci.
Total Environ. 786:147452. DOI:10.1016/j.scitotenv.2021.147452

Ting Y. F, Praveena S. M., Aris A. Z,, et al. (2017). Mathematical modeling for
estrogenic activity prediction of 178-estradiol and 17a-ethynylestradiol mixtures in
wastewater treatment plants effluent. Ecotoxicology 26:1327-1335. DOI:10.1007/
s10646-017-1857-5

Thorpe K., Gross-Sorokin M., Johnson 1, et al. (2006). An assessment of the model
of concentration addition for predicting the estrogenic activity of chemical mixtures
in wastewater treatment works effluents. Environ. Health Perspect. 114:90-97.
DOI:10.1289/ehp.8059

Sun Y., Huang H., Sun Y, et al. (2013). Ecological risk of estrogenic endocrine
disrupting chemicals in sewage plant effluent and reclaimed water. Environ. Pollut.
180:339-344. DOI:10.1016/j.envpol.2013.05.006

Biatk-Bielinska A., Grabarczyk t., Mulkiewicz E., et al. (2022). Mixture toxicity of six
pharmaceuticals towards Aliivibrio fischeri, Daphnia magna, and Lemna minor.
Environ. Sci. Pollut. Res. 29:26977-26991. DOI:10.1007/s11356-021-17928-y
Markovic M., Neale P. A, Nidumolu B, et al. (2021). Combined toxicity of therapeutic
pharmaceuticals to duckweed, Lemna minor. Ecotox. Environ. Safe 208:111428.
DOI:10.1016/j.ecoenv.2020.111428

Wang C.-S.,, Fang G.-Z,, Li X.-P., et al. (2024). Combined effects of binary mixtures of
17B-estradiol and testosterone in western mosquitofish (Gambusia affinis) after full
life-cycle exposure. Comp. Biochem. Physiol. C: Toxicol. Pharmacol. 280:109887.
DOI:10.1016/j.cbpc.2024.109887

Lin X, Wang Y., Yang X, et al. (2023). Endocrine disrupting effect and reproductive
toxicity of the separate exposure and co-exposure of nano-polystyrene and
diethylstilbestrol to zebrafish. Sci. Total Environ. 865:161100. DOI:10.1016/j.
scitotenv.2022.161100

Ye T, Yang R, He S, et al. (2025). Synergistic endocrine disruption and cellular
toxicity of polyethylene microplastics and bisphenol A in MLTC-1 cells and
zebrafish. Sci. Rep. 16:10752. DOI:10.1038/s41598-025-94902-5

Weizel A, Schlusener M. P, Dierkes G, et al. (2021). Fate and behavior of
progestogens in activated sludge treatment: Kinetics and transformation products.
Water Res. 188:116515. DOI:10.1016/j.watres.2020.116515

Xiang T, Shi C., Guo Y. et al. (2024). Effect-directed analysis of androgenic
compounds from sewage sludges in China. Water Res. 256:121652. DOI:10.1016/j.
watres.2024.121652

Speltini A, Merlo F., Maraschi F., et al. (2023). Multiclass ultrasound-assisted
extraction, clean-up and high performance liquid chromatography-tandem mass
spectrometry quantification of steroid hormone residues in compost. J.
Chromatogr. A1694:463900. DOI:10.1016/j.chroma.2023.463900

Grasse N, Massei R, Seiwert B, et al. (2024). Impact of biotransformation on
internal concentrations and specificity classification of organic chemicals in the
zebrafish embryo (Danio rerio). Environ. Sci. Technol. 58:17898-17907. DOI:10.
1021/acs.est.4c04156

Mackay C. L. L., Soltwisch J., Heijs B, et al. (2021). Spatial distribution of isobaric
androgens in target tissues using chemical derivatization and MALDI-2 on a trapped
ion mobility quadrupole time-of-flight instrument. RSC Adv. 11:33916-33925.
DOI:10.1039/d1ra06086d

Pacékova V., Loukotkova L., Bosakové Z, et al. (2009). Analysis for estrogens as
environmental pollutants — A review. J. Sep. Sci. 32:867-882. DOI:10.1002/jssc.
200800673

Li C, Wei Y., Zhang S, et al. (2020). Advanced methods to analyze steroid estrogens
in environmental samples. Environ. Chem. Lett. 18:543-559. DOI:10.1007/s10311-
019-00961-2

LaFleur A. D. and Schug K. A. (2011). A review of separation methods for the
determination of estrogens and plastics-derived estrogen mimics from aqueous
systems. Anal. Chim. Acta 696:6-26. DOI:10.1016/j.aca.2011.03.054

Adamusova H., Bosakova Z., Coufal P, et al. (2014). Analysis of estrogens and
estrogen mimics in edible matrices—A review. J. Sep. Sci. 37:885-905. DOI:10.1002
/jss¢.201301234

Gunatilake S. R, Munasinghe V. K, Ranaweera R., et al. (2016). Recent
advancements in analytical methods for the determination of steroidal estrogen
residues in environmental and food matrices. Anal. Methods 8:5556-5568. DOI:10.
1039/C6AY01422D

Fang T. Y., Praveena S. M., deBurbure C,, et al. (2016). Analytical techniques for
steroid estrogens in water samples - A review. Chemosphere 165:358-368. DOI:10.
1016/j.chemosphere.2016.09.051

Duo H., Yue J., Zhang X, et al. (2024). Magnetic solid phase extraction based on
metal organic framework for pharmaceutical analysis from food, environmental and
biological media. Microchem. J. 196:109557. DOI:10.1016/j.microc.2023.109557
Sun M., Han S, Feng J,, et al. (2021). Recent advances of triazine-based materials

J2)O/\\ UolIPAOUU| 3Y |

[I nnouToN

The Innovation Water 1(1): 100015, September 16, 2026 105



https://doi.org/10.1080/15287394.2023.2177781
https://doi.org/10.1016/j.aquatox.2024.106941
https://doi.org/10.1016/j.aquatox.2024.106941
https://doi.org/10.1111/jfb.16065
https://doi.org/10.1016/j.envpol.2025.126423
https://doi.org/10.1016/j.envpol.2025.126423
https://doi.org/10.1016/j.etap.2022.104058
https://doi.org/10.1016/j.psep.2021.05.020
https://doi.org/10.1016/j.psep.2021.05.020
https://doi.org/10.1016/j.chemosphere.2019.03.187
https://doi.org/10.1016/j.scitotenv.2024.172484
https://doi.org/10.1016/j.scitotenv.2024.172484
https://doi.org/10.1016/j.envpol.2018.10.026
https://doi.org/10.1038/nrurol.2016.221
https://doi.org/10.1038/nrurol.2016.221
https://doi.org/10.1038/nrurol.2010.231
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1186/s13293-019-0246-6
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1210/er.2015-1137
https://doi.org/10.1210/er.2019-00004
https://doi.org/10.1210/er.2019-00004
https://doi.org/10.1210/er.2019-00004
https://doi.org/10.1038/nrendo.2010.217
https://doi.org/10.1016/j.envres.2021.111225
https://doi.org/10.1016/j.ijheh.2023.114125
https://doi.org/10.1016/j.ijheh.2023.114125
https://doi.org/10.1093/humupd/dmm025
https://doi.org/10.1093/humupd/dmm025
https://doi.org/10.1002/bdrc.20202
https://doi.org/10.1002/bdrc.20202
https://doi.org/10.1016/j.tem.2010.09.001
https://doi.org/10.1016/j.tem.2010.09.001
https://doi.org/10.1111/jne.12070
https://doi.org/10.1111/jne.12070
https://doi.org/10.1001/jamapsychiatry.2015.2653
https://doi.org/10.1152/physrev.00021.2015
https://doi.org/10.1152/physrev.00021.2015
https://doi.org/10.1093/humupd/dmi008
https://doi.org/10.1093/humupd/dmi008
https://doi.org/10.1016/j.tem.2020.06.001
https://doi.org/10.1016/j.tem.2020.06.001
https://doi.org/10.1016/j.cbpc.2021.109002
https://doi.org/10.1016/j.envpol.2021.116826
https://doi.org/10.1021/es803653j
https://doi.org/10.1016/j.scitotenv.2021.147452
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1007/s10646-017-1857-5
https://doi.org/10.1289/ehp.8059
https://doi.org/10.1016/j.envpol.2013.05.006
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1007/s11356-021-17928-y
https://doi.org/10.1016/j.ecoenv.2020.111428
https://doi.org/10.1016/j.cbpc.2024.109887
https://doi.org/10.1016/j.scitotenv.2022.161100
https://doi.org/10.1016/j.scitotenv.2022.161100
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1038/s41598-025-94902-5
https://doi.org/10.1016/j.watres.2020.116515
https://doi.org/10.1016/j.watres.2024.121652
https://doi.org/10.1016/j.watres.2024.121652
https://doi.org/10.1016/j.chroma.2023.463900
https://doi.org/10.1021/acs.est.4c04156
https://doi.org/10.1021/acs.est.4c04156
https://doi.org/10.1039/d1ra06086d
https://doi.org/10.1002/jssc.200800673
https://doi.org/10.1002/jssc.200800673
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1007/s10311-019-00961-2
https://doi.org/10.1016/j.aca.2011.03.054
https://doi.org/10.1002/jssc.201301234
https://doi.org/10.1002/jssc.201301234
https://doi.org/10.1039/C6AY01422D
https://doi.org/10.1039/C6AY01422D
https://doi.org/10.1016/j.chemosphere.2016.09.051
https://doi.org/10.1016/j.chemosphere.2016.09.051
https://doi.org/10.1016/j.microc.2023.109557

www.the-innovation.org/the-innovation-water

{27138 Water Environmental Science

133.

134.

135.

136.

137.

138.

139.

140.

147

142.

143.

144.

145.

146.

147.

148.

149.

150.

1571

152.

153.

154.

for adsorbent based extraction techniques. Top. Curr. Chem. 379:24. DOI:10.1007/
s41061-021-00336-8

Cai Z, Zhao B, Hao L., et al. (2024). Fabrication of imidazoline-linked cationic
covalent triazine framework for enrichment of environmental estrogens. Talanta
272:125750. DOI:10.1016/j.talanta.2024.125750

Mei M., Huang X. and Chen L. (2019). Recent development and applications of poly
(ionic liquid)s in  microextraction techniques. TrAC-Trends Anal. Chem.
112:123-134. DOI:10.1016/j.trac.2019.01.003

Merlo F., Antico E, Merli R, et al. (2024). Biochar-based polymeric film as
sustainable and efficient sorptive phase for preconcentration of steroid hormones in
environmental waters and wastewaters. Anal. Chim. Acta 1308:342658. DOI:10.1016
/j.aca.2024.342658

Ptotka-Wasylka J., Chabowska A, Pantanit S., et al. (2024). Natural/bio-based
sorbents as greener extractive materials for endocrine disrupting compounds in
samples of different matrix composition. TrAC-Trends Anal. Chem. 176:117773.
DOI:10.1016/j.trac.2024.117773

Xie X, Bu Y. and Wang S. (2016). Molecularly imprinting: A tool of modern chemistry
for analysis and monitoring of phenolic environmental estrogens. Rev. Anal. Chem
35:87-97. DOI:10.1515/revac-2016-0005

Cruz-Vera M., Lucena R., Cérdenas S, et al. (2009). Sorptive microextraction for
liquid-chromatographic determination of drugs in urine. TrAC-Trends Anal. Chem.
28:1164-1173.DOI:10.1016/j.trac.2009.07.010

Prieto A, Basauri O., Rodil R, et al. (2010). Stir-bar sorptive extraction: A view on
method optimisation, novel applications, limitations and potential solutions. J.
Chromatogr. A1217:2642-2666. DOI:10.1016/j.chroma.2009.12.051

Hu C., He M., Chen B, et al. (2012). Determination of estrogens in pork and chicken
samples by stir bar sorptive extraction combined with high-performance liquid
chromatography—ultraviolet detection. J. Agric. Food. Chem. 60:10494-10500.
DOI:10.1021/jf303269c¢

Majd M., Yazdanpanah M., Bayatloo M. R, et al. (2021). Recent advances and
applications of cyclodextrins in magnetic solid phase extraction. Talanta
229:122296. DOI:10.1016/j.talanta.2021.122296

Yang Y., Huang Y., Wu Z,, et al. (2022). Porous capillary monolithic column coupled
with ultrahigh performance liquid chromatography-tandem mass spectrometry for
fast and effective separation and determination of estrogens. Anal. Chim. Acta
1227:340270. DOI:10.1016/j.aca.2022.340270

Wei F., Wang J., Luo Q, et al. (2025). Rational design and facile preparation of
porous polymer functionalized magnetic composite for high performance capture of
selected estrogens. J. Hazard. Mater. 495:139111. DOI:10.1016/jjhazmat.2025.
139111

Cai Z, Zhou X, Yang Y., et al. (2023). Cyano-functionalized ionic porous polymer: A
novel adsorbent for effectively enriching trace estrogens in water and milk. Chem.
Eng. J. 466:143315. DOI:10.1016/j.ce}.2023.143315

Zhou Q., Duan Y., Xu Z,, et al. (2023). A molecularly imprinted fiber array solid-phase
microextraction strategy for simultaneous detection of multiple estrogens. J. Mater.
Chem. B11:4991-4999. DOI:10.1039/D3TB00555K

Tang Z., Liu Z, Wang H., et al. (2023). Twelve natural estrogens and ten bisphenol
analogues in eight drinking water treatment plants: Analytical method, their
occurrence and risk evaluation. Water Res. 243:120310. DOI:10.1016/j.watres.2023.
120310

Liu L, Zhang X, Zhu Q,, et al. (2021). Ultrasensitive detection of endocrine disruptors
via superfine plasmonic spectral combs. Light Sci. Appl. 10:181. DOI:10.1038/
s41377-021-00618-2

Rehm K., Hankele A.-K., Ulbrich S. E,, et al. (2024). Quantification of glucocorticoid
and progestogen metabolites in bovine plasma, skimmed milk and saliva by UHPLC-
HR-MS with polarity switching. Anal. Chim. Acta 1287:342118. DOI:10.1016/j.aca.
2023.342118

Lin C,, Liu Z,, Luo D,, et al. (2025). Simultaneous detection of 12 estrogens in poultry
meat and blood via ultrasonic extraction and GC—MS: Implications for emerging
hormone exposure and health risk assessment. Food Chem. 487:144815. DOI:10.
1016/j.foodchem.2025.144815

Liu J, Li G. and Wang P. (2022). Thiol-ene click synthesis of B-cyclodextrin-
functionalized covalent organic framework-based magnetic nanocomposites
(Fe;0,@COF@B-CD) for solid-phase extraction and determination of estrogens and
estrogen mimics. Microchem. J. 174:106987. DOI:10.1016/j.microc.2021.106987
Wang Z., Wang J. J,, Lai Y., et al. (2021). Rapid detection of estrogen compounds
using surface-enhanced Raman spectroscopy with a Zn/Au-Ag/Ag sandwich-
structured substrate. Opt. Mater. 112:110759. DOI:10.1016/j.0ptmat.2020.110759
Xie D., Wu Y., Wang Z,, et al. (2025). Detection of trace estrogens in environmental
water by multi-template molecularly imprinted polymers based magnetic solid
phase extraction coupled solidified floating organic drop microextraction and HPLC.
Microchem. J. 213:113875. DOI:10.1016/j.microc.2025.113875

Lu X, Ji J, Li M, et al. (2022). Universal fluorescence nanoprobes to enhance the
sensitivity of immunochromatographic assay for detection of 173-estradiol in milk.
Food Chem. 370:131027. DOI:10.1016/j.foodchem.2021.131027

Li Y, Yang L., Zhen H, et al. (2021). Determination of estrogens and estrogen
mimics by solid-phase extraction with liquid chromatography-tandem mass
spectrometry. J. Chromatogr. B1168:122559. DOI:10.1016/j.jchromb.2021.122559

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171,

172.

173.

174

175.

176.

Hao Y. Zhou W., Wang X, et al. (2023). Carboxyl-based deep eutectic solvent
modified magnetic graphene oxide as a novel adsorbent for fast enrichment and
extraction of estrogens in milk prior to HPLC-UV analysis. Microchem. J.
193:109050. DOI:10.1016/j.microc.2023.109050

Zatrochovd S, Martinez-Pérez-Cejuela H. Catald-lcardo M, et al. (2022).
Development of hybrid monoliths incorporating metal—organic frameworks for stir
bar sorptive extraction coupled with liquid chromatography for determination of
estrogen endocrine disruptors in water and human urine samples. Microchim. Acta
189:92. DOI:10.1007/s00604-022-05208-6

Shi P, Wang Y., Wu W, et al. (2022). A novel functionalized covalent organic
framework/carbon nanotube composite as an effective online solid-phase
extraction sorbent for simultaneous detection of 33 steroid hormones in pork. Food
Chem. 379:132111. DOI:10.1016/j.foodchem.2022.132111

Goeury K., Vo Duy S., Munoz G, et al. (2022). Assessment of automated off-line
solid-phase extraction LC-MS/MS to monitor EPA priority endocrine disruptors in
tap water, surface water, and wastewater. Talanta 241:123216. DOI:10.1016/j.
talanta.2022.123216

Kozlowska-Tylingo K. Namiesnik J. and Gérecki T. (2010). Determination of
estrogenic  endocrine disruptors in environmental samples—A review of
chromatographic methods. Crit. Rev. Anal. Chem. 40:194-201. DOI:10.1080/
10408347.2010.490488

Vitku J., Horackova L., Kolatorova L., et al. (2023). Derivatized versus non-derivatized
LC-MS/MS techniques for the analysis of estrogens and estrogen-like endocrine
disruptors in human plasma. Ecotox. Environ. Safe 260:115083. DOI:10.1016/j.
ecoenv.2023.115083

McCarty K. D. and Guengerich F. P. (2025). Mass spectral analysis of sterols and
other steroids in different ionization modes: Sensitivity and oxidation artifacts. J.
Am. Soc. Mass Spectrom. DOI:10.1021/jasms.5¢00099.

Zheng Y., Zhao H., Zhu L, et al. (2019). Comprehensive identification of steroid
hormones in human urine based on liquid chromatography-high resolution mass
spectrometry. Anal. Chim. Acta 1089:100-107. DOI:10.1016/j.aca.2019.09.058

Zhao H. N, Tian Z, Kim K. E, et al. (2021). Biotransformation of current-use
progestin dienogest and drospirenone in laboratory-scale activated sludge systems
forms high-yield products with altered endocrine activity. Environ. Sci. Technol.
55:13869-13880. DOI:10.1021/acs.est.1c03805

Liu J., Xiang T., Song X.-C., et al. (2024). High-efficiency effect-directed analysis
leveraging five high level advancements: A critical review. Environ. Sci. Technol.
58:9925-9944. DOI:10.1021/acs.est.3c10996

Canchola A, Tran L. N, Woo W.,, et al. (2025). Advancing non-target analysis of
emerging environmental contaminants with machine learning: Current status and
future implications. Environ. Int. 198:109404. DOI:10.1016/j.envint.2025.109404
Wang A-J, Li H, He Z, et al. (2024). Digital twins for wastewater treatment: A
technical review. Engineering 36:21-35. DOI:10.1016/j.eng.2024.04.012

Weichert F. G., Inostroza P. A, Ahlheim J., et al. (2025). Al-aided chronic mixture risk
assessment along a small European river reveals multiple sites at risk and
pharmaceuticals being the main risk drivers. Environ. Int. 197:109370. DOI:10.1016/j.
envint.2025.109370

Yaghoobian S., An J., Jeong D.-W.,, et al. (2026). Towards smart PFAS management:
Integrating artificial intelligence in water and wastewater systems. J. Hazard. Mater.
502:140934. DOI:10.1016/j.jhazmat.2025.140934

Kuster M., Lopez de Alda M. J., Hernando M. D, et al. (2008). Analysis and
occurrence of pharmaceuticals, estrogens, progestogens and polar pesticides in
sewage treatment plant effluents, river water and drinking water in the Llobregat
river basin (Barcelona, Spain). J. Hydrol. 358:112-123. DOI:10.1016/j.jhydrol.2008.05.
030

Zhang J., Liu Z,, Wu J,, et al. (2024). Deconjugation potentials of natural estrogen
conjugates in sewage and wastewater treatment plant: New insights from model
prediction and on-site investigations. Sci. Total Environ. 926:172071. DOI:10.1016/j.
scitotenv.2024.172071

Ri¢anyovéa J., Gadzata-Kopciuch R., Reiffova K, et al. (2009). Estrogens and their
analytics by hyphenated separation techniques. Crit. Rev. Anal. Chem. 39:13-31.
DOI:10.1080/10408340802569506

LiuZ, Lu G, Yin H, et al. (2015). Sample-preparation methods for direct and indirect
analysis of natural estrogens. TrAC-Trends Anal. Chem. 64:149-164. DOI:10.1016/j.
trac.2014.09.003

Miege C., Bados P., Brosse C., et al. (2009). Method validation for the analysis of
estrogens (including conjugated compounds) in aqueous matrices. TrAC, Trends
Anal. Chem. 28:237-244. DOI:10.1016/j.trac.2008.11.005

Flasch M., Koellensperger G. and Warth B. (2023). Comparing the sensitivity of a low-
and a high-resolution mass spectrometry approach for xenobiotic trace analysis: An
exposome-type case study. Anal. Chim. Acta 1279:341740. DOI:10.1016/j.aca.2023.
341740

Simon E., Lamoree M. H., Hamers T, et al. (2015). Challenges in effect-directed
analysis with a focus on biological samples. TrAC-Trends Anal. Chem. 67:179-191.
DOI:10.1016/j.trac.2015.01.006

Muschket M., Di Paolo C., Tindall A. J., et al. (2018). Identification of unknown
antiandrogenic compounds in surface waters by effect-directed analysis (EDA)
using a parallel fractionation approach. Environ. Sci. Technol. 52:288-297. DOI:10.

106

The Innovation Water1(1): 100015, September 16, 2026

www.the-innovation.org/the-innovation-water


https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1007/s41061-021-00336-8
https://doi.org/10.1016/j.talanta.2024.125750
https://doi.org/10.1016/j.trac.2019.01.003
https://doi.org/10.1016/j.aca.2024.342658
https://doi.org/10.1016/j.aca.2024.342658
https://doi.org/10.1016/j.trac.2024.117773
https://doi.org/10.1515/revac-2016-0005
https://doi.org/10.1515/revac-2016-0005
https://doi.org/10.1515/revac-2016-0005
https://doi.org/10.1515/revac-2016-0005
https://doi.org/10.1515/revac-2016-0005
https://doi.org/10.1016/j.trac.2009.07.010
https://doi.org/10.1016/j.chroma.2009.12.051
https://doi.org/10.1021/jf303269c
https://doi.org/10.1016/j.talanta.2021.122296
https://doi.org/10.1016/j.aca.2022.340270
https://doi.org/10.1016/j.jhazmat.2025.139111
https://doi.org/10.1016/j.jhazmat.2025.139111
https://doi.org/10.1016/j.cej.2023.143315
https://doi.org/10.1039/D3TB00555K
https://doi.org/10.1016/j.watres.2023.120310
https://doi.org/10.1016/j.watres.2023.120310
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1038/s41377-021-00618-2
https://doi.org/10.1016/j.aca.2023.342118
https://doi.org/10.1016/j.aca.2023.342118
https://doi.org/10.1016/j.foodchem.2025.144815
https://doi.org/10.1016/j.foodchem.2025.144815
https://doi.org/10.1016/j.microc.2021.106987
https://doi.org/10.1016/j.optmat.2020.110759
https://doi.org/10.1016/j.microc.2025.113875
https://doi.org/10.1016/j.foodchem.2021.131027
https://doi.org/10.1016/j.jchromb.2021.122559
https://doi.org/10.1016/j.microc.2023.109050
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1007/s00604-022-05208-6
https://doi.org/10.1016/j.foodchem.2022.132111
https://doi.org/10.1016/j.talanta.2022.123216
https://doi.org/10.1016/j.talanta.2022.123216
https://doi.org/10.1080/10408347.2010.490488
https://doi.org/10.1080/10408347.2010.490488
https://doi.org/10.1016/j.ecoenv.2023.115083
https://doi.org/10.1016/j.ecoenv.2023.115083
https://doi.org/10.1021/jasms.5c00099
https://doi.org/10.1016/j.aca.2019.09.058
https://doi.org/10.1021/acs.est.1c03805
https://doi.org/10.1021/acs.est.3c10996
https://doi.org/10.1016/j.envint.2025.109404
https://doi.org/10.1016/j.eng.2024.04.012
https://doi.org/10.1016/j.envint.2025.109370
https://doi.org/10.1016/j.envint.2025.109370
https://doi.org/10.1016/j.jhazmat.2025.140934
https://doi.org/10.1016/j.jhydrol.2008.05.030
https://doi.org/10.1016/j.jhydrol.2008.05.030
https://doi.org/10.1016/j.scitotenv.2024.172071
https://doi.org/10.1016/j.scitotenv.2024.172071
https://doi.org/10.1080/10408340802569506
https://doi.org/10.1016/j.trac.2014.09.003
https://doi.org/10.1016/j.trac.2014.09.003
https://doi.org/10.1016/j.trac.2008.11.005
https://doi.org/10.1016/j.aca.2023.341740
https://doi.org/10.1016/j.aca.2023.341740
https://doi.org/10.1016/j.trac.2015.01.006
https://doi.org/10.1021/acs.est.7b04994
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water

177

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

1021/acs.est.7b04994

Dusza H. M., Manz K. E., Pennell K. D, et al. (2022). Identification of known and novel
nonpolar endocrine disruptors in human amniotic fluid. Environ. Int. 158:106904.
DOI:10.1016/j.envint.2021.106904

Rotchell J. and Ostrander G. (2003). Molecular markers of endocrine disruption in
aquatic organisms. J. Toxicol. Env. Health B 6:453-496. DOI:10.1080/
10937400306476

Colonnello Montero A, Mandava G., Oskarsson A, et al. (2025). Development of a
highly sensitive reporter gene cell line for detecting estrogenic activity (the ER Isjaki
assay). Environ. Int. 202:109635. DOI:10.1016/j.envint.2025.109635

Mitchell C. A, Burden N., Bonnell M., et al. (2023). New approach methodologies for
the endocrine activity toolbox: Environmental assessment for fish and amphibians.
Environ. Toxicol. Chem. 42:757-777. DOI:10.1002/etc.5584

Cobice D. F., Livingstone D. E. W., Mackay C. L., et al. (2016). Spatial localization and
quantitation of androgens in mouse testis by mass spectrometry imaging. Anal.
Chem. 88:10362-10367. DOI:10.1021/acs.analchem.6b02242

Liu VY., Bai J, Dong X, et al. (2024). Online charge-generation derivatization by
electrochemical radical cations of thianthrene: Mass spectrometry imaging of
estrogens in biological tissues. Anal. Chem. 96:12473-12481. DOI:10.1021/acs.
analchem.4c02086

Lu X, Sun J. and Sun X. (2020). Recent advances in biosensors for the detection of
estrogens in the environment and food. TrAC-Trends Anal. Chem. 127:115882.
DOI:10.1016/j.trac.2020.115882

Musa A. M, Kiely J,, Luxton R., et al. (2021). Recent progress in screen-printed
electrochemical sensors and biosensors for the detection of estrogens. TrAC-
Trends Anal. Chem. 139:116254. DOI:10.1016/j.trac.2021.116254

Azzouz A, Kailasa S. K., Kumar P., et al. (2019). Advances in functional nanomaterial-
based electrochemical techniques for screening of endocrine disrupting chemicals
in various sample matrices. TrAC-Trends Anal. Chem. 113:2566-279. DOI:10.1016/j.
trac.2019.02.017

Wathudura P. D., Kavinda T. and Gunatilake S. R. (2019). Determination of steroidal
estrogens in food matrices: Current status and future perspectives. Curr. Opin. Food
Sci. 28:104-113. DOI:10.1016/j.cofs.2019.11.001

Rossi F., Trakoolwilaiwan T, Gigli V., et al. (2024). Progress in nanoparticle-based
electrochemical biosensors for hormone detection. Nanoscale 16:18134-18164.
DOI:10.1039/D4NR02075H

Dhaffouli A. (2026). Next-generation antifouling electrochemical sensors: From
surface design to practical applications. Microchem. J. 220:116637. DOI:10.1016/j.
microc.2025.116637

Lalik A, Szreder J., Grymel M., et al. (2025). Estrogens and progestogens in
environmental waters: Analytical chemistry and biosensing perspectives on
methods, challenges, and trends. Anal. Chem. 97:8654-8683. DOI:10.1021/acs.
analchem.4c06796

Limpiyakorn T., Homklin S. and Ong S. K. (2011). Fate of estrogens and estrogenic
potentials in sewerage systems. Crit. Rev. Env. Sci. Tec. 41:1231-1270. DOI:10.1080
/10643380903488680

Islam R., Yu R. M. K., Andrew-Priestley M., et al. (2021). Secondary treatment phase
of tertiary wastewater treatment works significantly reduces estrogenic load. Water
Res. 200:117257. DOI:10.1016/j.watres.2021.117257

Zhou' Y., Zha J. and Wang Z. (2012). Occurrence and fate of steroid estrogens in the
largest wastewater treatment plant in Beijing, China. Environ. Monit. Assess.
184:6799-6813. DOI:10.1007/s10661-011-2459-y

Combalbert S. and Hernandez-Raquet G. (2010). Occurrence, fate, and
biodegradation of estrogens in sewage and manure. Appl. Microbiol. Biotechnol.
86:1671-1692. DOI:10.1007/s00253-010-2547-x

Fan Z., Wu S., Chang H,, et al. (2011). Behaviors of glucocorticoids, androgens and
progestogens in a municipal sewage treatment plant: Comparison to estrogens.
Environ. Sci. Technol. 45:2725-2733. DOI:10.1021/es103429¢

Zhou J., He X., Zhang Z,, et al. (2024). Chemical-toxicological insights and process
comparison for estrogenic activity mitigation in municipal wastewater treatment
plants. Water Res. 263:121304. DOI:10.1016/j.watres.2024.121304

Bilal M., Rizwan K., Adeel M., et al. (2022). Robust strategies to eliminate endocrine
disruptive estrogens in water resources. Environ. Pollut. 306:119373. DOI:10.1016/j.
envpol.2022.119373

Silva C. P, Otero M. and Esteves V. (2012). Processes for the elimination of
estrogenic steroid hormones from water: A review. Environ. Pollut. 165:38-58.
DOI:10.1016/j.envpol.2012.02.002

Torres N. H., Santos G. d. O. S,, Romanholo Ferreira L. F., et al. (2021). Environmental
aspects of hormones estriol, 17B-estradiol and 17a-ethinylestradiol:
Electrochemical processes as next-generation technologies for their removal in
water matrices. Chemosphere 267:128888. DOI:10.1016/j.chemosphere.2020.
128888

Khanal S. K, Xie B, Thompson M. L, et al. (2006). Fate, transport, and
biodegradation of natural estrogens in the environment and engineered systems.
Environ. Sci. Technol. 40:6537-6546. DOI:10.1021/es0607739

Sukatis F. F.,, Looi L. J, Lim H. N, et al. (2025). Adsorption behavior of 17a-
ethinylestradiol onto mesostructured calcium-based metal—organic frameworks
adsorbent from water. Int. J. Environ. Sci. Technol. 22:14383-14402. DOI:10.1007/

201.

202.

203.

204.

2065.

206.

207.

208.

209.

210.

211.

212.

213.

214.

216.

216.

217.

218.

219.

220.

221.

222.

223.

Water Environmental Science a3}
s13762-025-06564-5

Aziz K., Raza N., Kanwal N., et al. (2025). Recent advances in nanomaterial-based
adsorbents for removal of pharmaceutical pollutants from wastewater. Mater. Horiz.
12:6043-6068. DOI:10.1039/D5MH00627A

Bell T, Tavares J. R. and Dumont M.-J. (2025). A review of adsorbents engineered
from biological materials developed to remediate estrogen pollution in the
environment. J. Environ. Chem. Eng. 13:115274. DOI:10.1016/j jece.2024.115274
Yang L., Xia C., Jiang J., et al. (2024). Removal of antibiotics and estrogens by
nanofiltration and reverse osmosis membranes. J. Hazard. Mater. 461:132628.
DOI:10.1076/j.jhazmat.2023.132628

YuQ, Yang L, Li Y, etal (2025). Effect of water matrix on the removal of antibiotics
and estrogens by nanofiltration membranes. Sep. Purif. Technol. 364:132376.
DOI:10.1016/j.seppur.2025.132376

Han'Y., Xu H., Wang G., et al. (2023). Enhanced removal of estrogens from simulated
wastewater by biochar supported nanoscale zero-valent iron: Performance and
mechanism. Biochar 5:67. DOI:10.1007/s42773-023-00264-4

Xu H., Han Y, Wang G, et al. (2022). Walnut shell biochar based sorptive
remediation of estrogens polluted simulated wastewater: Characterization,
adsorption mechanism and degradation by persistent free radicals. Environ.
Technol. Innovation 28:102870. DOI:10.1016/}.eti.2022.102870

Honorio J. F., Veit M. T,, Suzaki P. Y. R, et al. (2022). Single and multi-component
removal of natural hormones from aqueous solutions using soybean hull. J. Environ.
Chem. Eng. 10:107995. DOI:10.1016/j jece.2022.107995

de Oliveira H. L., Pires B. C,, Silva C. F, et al. (2022). Experimental and theoretical
studies of a magnetic mesoporous molecularly imprinted polymer for selective
adsorption of estrogens from aqueous solutions. J. Mol. Struct. 1264:133221.
DOI:10.1016/j.molstruc.2022.133221

Sadeghi M. and Moradi M. (2025). Mg—Al LDH@MoS, nanocomposite as promising
recyclable nanosorbent for high-efficient removal of endocrine disrupting chemicals
from aqueous environment. Colloids Surf, A 710:136247. DOI:10.1016/j.colsurfa.
2025.136247

Alhares H. S, Ali Q. A, Shaban M. A. A, et al. (2023). Rice husk coated with copper
oxide nanoparticles for 17a-ethinylestradiol removal from an aqueous solution:
Adsorption mechanisms and kinetics. Environ. Monit. Assess. 195:1078. DOI:10.
1007/s10661-023-11689-6

Canle M. Ferndndez Pérez M. I. and Santaballa J. A. (2017). Photocatalyzed
degradation/abatement of endocrine disruptors. Curr. Opin. Green Sustainable
Chem. 6:101-138. DOI:10.1076/j.cogsc.2017.06.008

Scaria J.,, Gopinath A. and Nidheesh P. V. (2021). A versatile strategy to eliminate
emerging contaminants from the aqueous environment: Heterogeneous Fenton
process. J. Cleaner Prod. 278:124014. DOI:10.1016/j.jclepro.2020.124014

Yang A, Chu L., Wang J., et al. (2024). Radiation-induced degradation of a steroid
hormone androstenedione (AD) in aqueous solution. Sep. Purif. Technol.
345:127375. DOI:10.1016/j.seppur.2024.127375

Dong X, Yu S, Yang W., et al. (2024). Homogeneous oxidation of EE2 by ozone:
Influencing factors, degradation pathway, and toxicity assessment. J. Environ.
Chem. Eng.12:112360. DOI:10.1016/j.jece.2024.112360

Sornalingam K., McDonagh A. and Zhou J. L. (2016). Photodegradation of
estrogenic endocrine disrupting steroidal hormones in aqueous systems: Progress
and future challenges. Sci. Total Environ. 550:209-224. DOI:10.1016/j.scitotenv.
2016.01.086

Ajaz S., Radke M., Hassan A. A, et al. (2025). Integrated assessment of biological
activated carbon filters with UV/peracetic acid pretreatment for the mitigation of
organic micropollutants and toxicity. J. Water Process Eng. 78:108774. DOI:10.1016
/jjwpe.2025.108774

Wu C, Zhou Y. Sun X, et al. (2018). The recent development of advanced
wastewater treatment by ozone and biological aerated filter. Environ. Sci. Pollut.
Res. 25:8315-8329. DOI:10.1007/s11356-018-1393-8

Huber M. M., Ternes T. A. and von Gunten U. (2004). Removal of estrogenic activity
and formation of oxidation products during ozonation of 17a-ethinylestradiol.
Environ. Sci. Technol. 38:5177-5186. DOI:10.1021/es035205x

Liang J., Luo Y, Li B, et al. (2022). Removal efficiencies of natural and synthetic
progesterones in hospital wastewater treated by different disinfection processes.
Front. Environ. Sci. Eng. 16:126. DOI:10.1007/s11783-022-1558-z

Cui W.,, Meng J., Wang S., et al. (2024). 17-estradiol (E2) removal in anode-
electrodialysis (anode-ED) during nutrient recovery from pig manure digestate. J.
Hazard. Mater. 462:132754. DOI:10.1016/j.jhazmat.2023.132754

Bayode A. A, Vieira E. M, Moodley R, et al. (2021). Tuning ZnO/GO p-n
heterostructure with carbon interlayer supported on clay for visible-light catalysis:
Removal of steroid estrogens from water. Chem. Eng. J. 420:127668. DOI:10.1016/j.
€ej.2020.127668

Huang F, Tang J., Xu L, et al. (2024). Deciphering the synergistic effects of
photolysis and biofiltration to actuate elimination of estrogens in natural water
matrix. Water Res. 249:120976. DOI:10.1016/j.watres.2023.120976

Bayode A. A, dos Santos D. M., Omorogie M. O, et al. (2021). Carbon-mediated
visible-light clay-Fe,0;—graphene oxide catalytic nanocomposites for the removal
of steroid estrogens from water. J. Water Process Eng. 40:101865. DOI:10.1016/j.
jwpe.2020.101865

J2)O/\\ UolIPAOUU| 3Y |

[I nnouToN

The Innovation Water 1(1): 100015, September 16, 2026 107



https://doi.org/10.1021/acs.est.7b04994
https://doi.org/10.1016/j.envint.2021.106904
https://doi.org/10.1080/10937400306476
https://doi.org/10.1080/10937400306476
https://doi.org/10.1016/j.envint.2025.109635
https://doi.org/10.1002/etc.5584
https://doi.org/10.1021/acs.analchem.6b02242
https://doi.org/10.1021/acs.analchem.4c02086
https://doi.org/10.1021/acs.analchem.4c02086
https://doi.org/10.1016/j.trac.2020.115882
https://doi.org/10.1016/j.trac.2021.116254
https://doi.org/10.1016/j.trac.2019.02.017
https://doi.org/10.1016/j.trac.2019.02.017
https://doi.org/10.1016/j.cofs.2019.11.001
https://doi.org/10.1039/D4NR02075H
https://doi.org/10.1016/j.microc.2025.116637
https://doi.org/10.1016/j.microc.2025.116637
https://doi.org/10.1021/acs.analchem.4c06796
https://doi.org/10.1021/acs.analchem.4c06796
https://doi.org/10.1080/10643380903488680
https://doi.org/10.1080/10643380903488680
https://doi.org/10.1016/j.watres.2021.117257
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s10661-011-2459-y
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1007/s00253-010-2547-x
https://doi.org/10.1021/es103429c
https://doi.org/10.1016/j.watres.2024.121304
https://doi.org/10.1016/j.envpol.2022.119373
https://doi.org/10.1016/j.envpol.2022.119373
https://doi.org/10.1016/j.envpol.2012.02.002
https://doi.org/10.1016/j.chemosphere.2020.128888
https://doi.org/10.1016/j.chemosphere.2020.128888
https://doi.org/10.1021/es0607739
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1007/s13762-025-06564-5
https://doi.org/10.1039/D5MH00627A
https://doi.org/10.1016/j.jece.2024.115274
https://doi.org/10.1016/j.jhazmat.2023.132628
https://doi.org/10.1016/j.seppur.2025.132376
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1007/s42773-023-00264-4
https://doi.org/10.1016/j.eti.2022.102870
https://doi.org/10.1016/j.jece.2022.107995
https://doi.org/10.1016/j.molstruc.2022.133221
https://doi.org/10.1016/j.colsurfa.2025.136247
https://doi.org/10.1016/j.colsurfa.2025.136247
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1007/s10661-023-11689-6
https://doi.org/10.1016/j.cogsc.2017.06.008
https://doi.org/10.1016/j.jclepro.2020.124014
https://doi.org/10.1016/j.seppur.2024.127375
https://doi.org/10.1016/j.jece.2024.112360
https://doi.org/10.1016/j.scitotenv.2016.01.086
https://doi.org/10.1016/j.scitotenv.2016.01.086
https://doi.org/10.1016/j.jwpe.2025.108774
https://doi.org/10.1016/j.jwpe.2025.108774
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1007/s11356-018-1393-8
https://doi.org/10.1021/es035205x
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1007/s11783-022-1558-z
https://doi.org/10.1016/j.jhazmat.2023.132754
https://doi.org/10.1016/j.cej.2020.127668
https://doi.org/10.1016/j.cej.2020.127668
https://doi.org/10.1016/j.watres.2023.120976
https://doi.org/10.1016/j.jwpe.2020.101865
https://doi.org/10.1016/j.jwpe.2020.101865

{27138 Water Environmental Science

Q 224. Al-Hajji L. A, Ismail A. A, Bumajdad A, et al. (2021). Photodegradation of powerful 2022.138896
g five estrogens collected from waste water treatment plant over visible-light-driven ~ 247. Qin D., Kiki C., Ma C., et al. (2023). Coupling UV-radiation with immobilized bacteria
= Au/TiO, photocatalyst. Environ. Technol. Innovation 24:101958. DOI:10.1016/j.eti. for the removal of 17B-estradiol and 17a-ethynylestradiol. J. Water Process Eng.
.g 2021.101958 56:104451. DOI:10.1016/j.jwpe.2023.104451
© 225. Song J, Shi M, Xia L, et al. (2023). The comparative study on inhibitory effect of 248, Chang J.-Y., Narindri Rara Winayu B., Hsueh H.-T,, et al. (2021). Nitrogen and 17p-
2 natural organic matters on the TiO, and activated carbon/TiO, composites for the estradiol level regulate Thermosynechococcus sp. CL-1 carbon dioxide fixation,
£ removal of 17a-ethinylestradiol. ~Chemosphere 333:138930. DOI:10.1016/j. monosaccharide production, and estrogen degradation. Bioresour. Technol.
2 chemosphere.2023.138930 336:125313. DOI:10.1016/j.biortech.2021.125313
g_‘ 226. Pastre M. M. G,, Coutinho R., Renno M, et al. (2024). Simultaneous removal of E1, 249, Lei 7, Zheng J., Luo H. et al. (2025). Anaerobic electrochemical membrane
5 E2, EE2 and levonorgestrel from water using TiO, catalyst anchored on activated bioreactors strengthen steroid estrogen removal: The pivotal role of planktonic
5 carbon: Processes optimization, materials characterization, and assessment of the sludge. Environ. Sci. Technol. 59:14518-14527. DOI:10.1021/acs est.5¢01995
= estrogenicity reduction. Environ. Res. 263:120173. DOI:10.1016/j.envres.2024. 750 7darta J., Jankowska K., Strybel U, et al. (2022). Bioremoval of estrogens by laccase
3 120173 ) ) ) ) immobilized onto polyacrylonitrile/polyethersulfone material: Effect of inhibitors and
£ 227. Cosma D-V,, Rosu M.-C., Socaci C, et al. (2024). Adsorption-catalysis synergy in mediators, process characterization and catalytic pathways determination. J.
'g the vwsble—hght-dnyen removal of 77B-estradiol by (Au)Tle nanotubes-graphene Hazard, Mater. 432:128688. DOI:10.1016/jjhazmat.2022.128688
= cpmposwtes. J. Environ. Chem. Eng. 12:112885. DOI10.1016/] jece.2024.112885 251. Sun K, Hong D., Liu J.,, et al. (2021). Trametes versicolor laccase-assisted oxidative
§228' Liu L, Wang Q. Lin J, et _a\. (2022). Enhanced 17a-estradiol removal by coupling of estrogens: Conversion kinetics, linking mechanisms, and practical
H b\osynthe5|zed rGO@Fe NPs using a response surface methodology. Process Saf. applications in water purification. Sci. Total Environ. 782:146917. DOI:10.1016/j.
Environ. Protect. 159:563-60. DOI:10.1016/j.psep.2021.12.054 scitoteny.2021.146917

229. Yang K, Liu M,, Weng X, et al. (2022). Fenton-like oxidation for the simultaneous 252 Ding X Yu Q. Ren H. et al . . .

) : . . . g X, Yu Q. Ren H, et al. (2024). Degradation of conjugated estrogen in visible
removal pf estrone anq B-estradiol from wastewater using biosynthesized silver light-driven intimately coupled photocatalysis and biodegradation system.
nanoparticles. Sep. Purif. Technol. 285:120304. DOH0.1016/J.se_ppur.2021.120304 Bioresour. Technol, 406:131045. DOI10.1016/} biortech 2024.131045

230. Nasuhoglu D., Berk D. and Yargeau V. (2012). Photocatalytic removal of 17a- ) : )
ethinylestradiol (EE2) and levonorgestrel (LNG) from contraceptive pill 253 Syeq 2. Sogani M, Dpngre A, et al (2021)'. Bloelectrochemical systems for
manufacturing plant wastewater under UVC radiation. Chem. Eng. J. 185- enw‘ronmental remediation of est‘rog‘ens: A review and way forward. Sci. Total
186:52—60. DOI:10.1016/j.c€j.2012.01.012 Environ. 780:146544. DOH 0.1016/j.scitotenv.2021.146544
231. Maeng S. K, Choi B. G, Lee K. T, et al. (2013). Influences of solid retention time, 254. Sun X.-L,, Wang Y., ><|ong H.-Q, et al. (2023}. Removal of envqunmental estrogens
nitrification and microbial activity on the attenuation of pharmaceuticals and from wastewater by microalgae under the influence of bacteria. J. Cleaner Prod
estrogens in membrane bioreactors. Water Res. 47:3151-3162. DOI:10.1016/j. 414:137635' DOI10.1016/j.jclepro.2023.137635 o
watres.2013.03.014 255. Chen J, Liu S-S, Wang Y.-J, et al. (2021). Optimized constructed wetlands
232. Racz L. and Goel R. K. (2010). Fate and removal of estrogens in municipal enhance the removal and reduce the risks of steroid hormones in domestic
wastewater. J. Environ. Monit. 12:58-70. DOI:10.1039/8917298J wastewater. Sci. Total Environ. 757:143773. DOI:10.1016/j.scitotenv.2020.143773
233. Zheng J., Hu M. and Zhu L. (2021). Removal behaviors of aerobic granular sludge on 256. Cobarrubias-Escamilla D. L., Saldarriaga-Norefia H. A., Vergara-Sanchez J., et al.
estrogens: Adsorption kinetics and removal mechanism. J. Water Process Eng. (2025). Removal of ibuprofen, naproxen and 17-B-estradiol in water using L.
44:102410. DOI:10.1016/j.jwpe.2021.102410 octovalvis constructed wetlands. Int. J. Phytorem. 2T7:74-83. DOI:10.1080/
234. Yu C.-P, Deeb R. A. and Chu K.-H. (2013). Microbial degradation of steroidal 15226514.2024.2400619
estrogens. Chemosphere 91:1225-1236. DOI:10.1016/j.chemosphere.2013.01.112  257. de Jesus Oliveira Santos M, Oliveira de Souza C. and Marcelino H. R. (2023). Blue
235. Zhang C, Li Y., Wang C. et al. (2016). Occurrence of endocrine disrupting technology for a sustainable pharmaceutical industry: Microalgae  for
compounds in aqueous environment and their bacterial degradation: A review. bioremediation and pharmaceutical production. Algal Res. 69:102931. DOI:10.1016/j.
Critical Reviews in Environmental Science and Technology 46:1-59. DOI:10.1080/ algal 2022.102931
10643389.2015.1061881
236. Tian K, Meng Q. Li S., et al. (2022). Mechanism of 17B-estradiol degradation by  FUNDING AND ACKNOWLEDGMENTS
;h ; ?ggggﬁusD g&u[/),;/‘[?] g/]fe:'v\rg;?gzg,?t; [\)/(V)a% and its key genes. Environ. Pollut The a.uthors acknowle('jge the suppor't provided by vario.us funding sources, including
237. Hao P, Lv Z, Pan H, et al. (2024). Characterization and low-temperature the National Natural Science Foundation of Hubei Province Youth A (2025AFAQ70),
biodegradation  mechanism  of  17p-estradiol-degrading ~ bacterial  strain  National Natural Science Foundation of China (No. 32201384;42307336), the project of
Rhodococcus sp. RCBS9. Environ. Res. 240:117513. DOI10.1016/j.envres.2023.  cross-disciplinary research team of State Key Laboratory of Breeding Biotechnology and
117513- ) ) Sustainable Aquaculture (2024BBSAQ09). The funders had no role in study design, data
238. BaiL, Zhang Q, Wang C. ‘et al. (2019)' Effects of qatural d|s.so|‘ved organic matler o yjection and analysis, decision to publish, or preparation of the manuscript.
on the complexation and biodegradation of 17a-ethinylestradiol in freshwater lakes.
Environ. Pollut. 246:782-789. DOI:10.1016/j.envpol.2018.12.098
239. Zdarta J., Nguyen L. N., Jankowska K., et al. (2022). A contemporary review of AUTHOR CONTRIBUTIONS
enzymatic applications in the remediation of emerging estrogenic compounds. Crit. H.Y.: Conceptualization, literature collection and analysis, writing — original draft, visu-
Rev. Env. Sci. Tec. 52:2661-2690. DOI:10.1080/10643389.2021.1889283 alization. Q.F.: Literature collection, data curation, writing — review and editing. Y.T.: Liter-
240 Cajthaml T., Kresinova Z, Svobodova K., et al. (2009). Microbial transformation of gy re collection, data curation, writing — review and editing. LW.: Conceptualization,
synthetic estrogen 17a-ethinylestradiol. Environ. Pollut. 157:3325-3335. DOI:10. - " . - . ) " )
1016/}.envpol 2009.06.027 s‘url)erV|S|o.r?, writing f review anldl editing. S.X.: ertlng fArewew al’]d.e.dltlng ZW.: Tsluper—
241, Budeli P, Ekwanzala M. D, Unuofin J. O. et al. (2021). Endocrine disruptive vision, writing — review and editing. M.Q.: Writing — review and editing. B.W.: Writing —
estrogens in wastewater: Revisiting bacterial degradation and zymoremediation. ~ review and editing. Y.Z.: Conceptualization, supervision, funding acquisition, writing —
Environ. Technol. Innovation 21:101248. DOI:10.1016/.€ti.2020.101248 review and editing. All authors contributed to the manuscript and approved the final
242. Wu R, Zhang Q. Xue C,, et al. (2023). Mechanism for removing 17beta-estradiol by yersion.
bio-nanocomposite  FJT@rGO based on integration of adsorption and
biodegradation. Chem. Eng. J. 473:145317. DOI:10.1016/j.ce}.2023.145317
243. Rybarczyk A, Smutek W. Grzywaczyk A, et al. (2023). 3D printed polylactide DECLARATION OF INTERESTS
scaffolding for laccase immobilization to improve enzyme stability and estrogen The authors declare no competing interests.
removal from wastewater. Bioresour. Technol. 381:129144. DOI:10.1016/j.biortech.
2023.129144 ( ) . DECLARATION OF GENERATIVE Al AND AI-ASSISTED TECHNOLOGIES
244, Hu X, Geng J., Xu K, et al. (2025). Biodegradation of progesterone and norgestrel in
wastewater by functional bacterial gels: Perspectives from simultaneous reduction IN THE WRITING PROCESS )
of transformation products and endocrine disrupting effects. Bioresour. Technol. During the preparation of this work, the authors used ChatGPT 5.6 to improve the
435:132911. DOI:10.1016/j.biortech.2025.132911 readability and language of the manuscript. After using these Al-assisted tools, the
245, Narindri Rara Winayu B, Chang Y.-L, Hsueh H.-T,, et al. (2022). Simultaneous 178~ authors carefully checked and revised the content as needed and take full responsibility
estradiol degradation, carbon dioxide fixation, and carotenoid accumulation by  forthe accuracy, integrity, and final presentation of the published work.
Thermosynechococcus sp. CL-1. Bioresour. Technol. 354:127197. DOI:10.1016/j.
biortech.2022.127197
246. Hu J, Li T, Zhao V., et al. (2023). A novel in-situ enhancement strategy of LEAD CONTACT WEBSITE
denitrification biofilter for simultaneous removal of steroid estrogens and total Yi Zhang: http://www.ihb.ac.cn/sourcedb/cn/gb/yjy1/ssswdyxysx/202403/t202403
nitrogen from low C/N wastewater. Chem. Eng. J. 4562:138896. DOI:10.1016/j.cej. ~ 01_7008789.html
108 The Innovation Water1(1): 100015, September 16, 2026 www.the-innovation.org/the-innovation-water


https://doi.org/10.1016/j.eti.2021.101958
https://doi.org/10.1016/j.eti.2021.101958
https://doi.org/10.1016/j.chemosphere.2023.138930
https://doi.org/10.1016/j.chemosphere.2023.138930
https://doi.org/10.1016/j.envres.2024.120173
https://doi.org/10.1016/j.envres.2024.120173
https://doi.org/10.1016/j.jece.2024.112885
https://doi.org/10.1016/j.psep.2021.12.054
https://doi.org/10.1016/j.seppur.2021.120304
https://doi.org/10.1016/j.cej.2012.01.012
https://doi.org/10.1016/j.watres.2013.03.014
https://doi.org/10.1016/j.watres.2013.03.014
https://doi.org/10.1039/B917298J
https://doi.org/10.1016/j.jwpe.2021.102410
https://doi.org/10.1016/j.chemosphere.2013.01.112
https://doi.org/10.1080/10643389.2015.1061881
https://doi.org/10.1080/10643389.2015.1061881
https://doi.org/10.1016/j.envpol.2022.120021
https://doi.org/10.1016/j.envres.2023.117513
https://doi.org/10.1016/j.envres.2023.117513
https://doi.org/10.1016/j.envpol.2018.12.098
https://doi.org/10.1080/10643389.2021.1889283
https://doi.org/10.1016/j.envpol.2009.06.027
https://doi.org/10.1016/j.envpol.2009.06.027
https://doi.org/10.1016/j.eti.2020.101248
https://doi.org/10.1016/j.cej.2023.145317
https://doi.org/10.1016/j.biortech.2023.129144
https://doi.org/10.1016/j.biortech.2023.129144
https://doi.org/10.1016/j.biortech.2025.132911
https://doi.org/10.1016/j.biortech.2022.127197
https://doi.org/10.1016/j.biortech.2022.127197
https://doi.org/10.1016/j.cej.2022.138896
https://doi.org/10.1016/j.cej.2022.138896
https://doi.org/10.1016/j.jwpe.2023.104451
https://doi.org/10.1016/j.biortech.2021.125313
https://doi.org/10.1021/acs.est.5c01995
https://doi.org/10.1016/j.jhazmat.2022.128688
https://doi.org/10.1016/j.scitotenv.2021.146917
https://doi.org/10.1016/j.scitotenv.2021.146917
https://doi.org/10.1016/j.biortech.2024.131045
https://doi.org/10.1016/j.scitotenv.2021.146544
https://doi.org/10.1016/j.jclepro.2023.137635
https://doi.org/10.1016/j.scitotenv.2020.143773
https://doi.org/10.1080/15226514.2024.2400619
https://doi.org/10.1080/15226514.2024.2400619
https://doi.org/10.1016/j.algal.2022.102931
https://doi.org/10.1016/j.algal.2022.102931
http://www.ihb.ac.cn/sourcedb/cn/gb/yjy1/ssswdyxysx/202403/t20240301_7008789.html
http://www.ihb.ac.cn/sourcedb/cn/gb/yjy1/ssswdyxysx/202403/t20240301_7008789.html
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water
https://www.the-innovation.org/the-innovation-water

	INTRODUCTION
	SOURCES AND ENVIRONMENTAL FATE
	Anthropogenic emissions
	Transport dynamics
	Transformation and persistence

	ECOLOGICAL AND HEALTH RISKS
	Aquatic ecotoxicity and cascades
	Human endocrine disruption
	Real-world mixture toxicity

	ANALYTICAL METHODOLOGIES
	Extraction and enrichment
	Ultra-trace instrumental analysis
	Nontarget screening and comprehensive steroid profiling
	Biosensors and in situ imaging

	REMOVAL TECHNOLOGIES
	Physical separation processes
	Chemical oxidation processes
	Biological degradation processes
	Integrated processes and nature-based solutions

	PERSPECTIVES AND CONCLUSIONS
	Operationalizing the one health framework in future management
	AI-driven innovations and digital twins in steroidal research
	Priority actions and concluding remarks
	Standardize comprehensive profiling
	Implement mixture-based risk assessment
	Strengthen upstream source control
	Deploy fit-for-purpose, multi-barrier mitigation


	DECLARATION OF GENERATIVE AI AND AI-ASSISTED TECHNOLOGIESIN THE WRITING PROCESS
	REFERENCES
	FUNDING AND ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	DECLARATION OF INTERESTS
	DECLARATION OF GENERATIVE AI AND AI-ASSISTED TECHNOLOGIES IN THE WRITING PROCESS
	LEAD CONTACT WEBSITE

