
Environmental Science
Advances

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
ap

ri
l 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

.2
.2

02
6.

 1
7.

47
.4

3.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A brief review on
aKey Laboratory of Integrated Regulation

Lakes of Ministry of Education, College of

210098, PR China
bSchool of Geographical Sciences, Jiangsu

China
cToxicology Centre, University of Saskatchew

brinkmann@usask.ca
dSchool of Environment and Sustainability,

Canada
eGlobal Institute for Water Security, Univers
fCentre for Hydrology, University of Saskatc
gDivision of Environmental Pediatrics, Depa

Medicine, New York University, New York, N

Cite this: Environ. Sci.: Adv., 2024, 3,
661

Received 22nd January 2024
Accepted 13th March 2024

DOI: 10.1039/d4va00014e

rsc.li/esadvances

© 2024 The Author(s). Published by
the assessment of potential joint
effects of complex mixtures of contaminants in the
environment

Yu Cheng,a Jue Ding,b Catherine Estefany Davila Arenas,c Markus Brinkmann *cdef

and Xiaowen Ji deg

Organisms and humans are exposed to a “cocktail” of contaminants in the environment, but methods for

mixture assessment, untargeted analysis, and source identification (fingerprinting) are still lagging, which is

critically reviewed in this article. Firstly, this paper briefly summarized both the direct and indirect effects of

chemical contaminants at multiple levels on the biological responses of wild organisms. Secondly, the

choice of a predictive model for chemical mixture assessment can greatly influence the outcome.

Therefore, this review emphasizes the limitation of the main methodologies of risk assessments for

chemical mixtures. Thirdly, since current environmental toxicology approaches face barriers to realizing

the true potential of advances in analytical chemistry for human health or ecology risk assessment,

bioanalytical methods, to screen toxic chemicals or identify unknown chemicals at environmentally

relevant levels are reviewed. Lastly, Recently developed machine learning models, incorporating non-

targeted screening analysis for the suspect and unknown chemicals and machine learning methods,

can be trained on complex datasets to better predict interactions among identified chemicals with

random combinations, quantification of similar structural chemicals without the presence of analytical

standards, and transfer of chemicals based on their physicochemical properties in human tissues. To

perform risk assessments for a variety of chemicals, we propose employing a framework that makes

use of a range of methods from the toolbox summarized in this review.
Environmental signicance

Anthropogenic contaminants are ubiquitous and are normally present in the environment as complex mixtures, where wildlife and humans can be exposed to
these chemicals. Many contaminants may have long-term effects with chronic exposures of organisms at low concentrations. However, current approaches for
evaluating the toxicity of chemical mixtures can be questionable and fail to adequately consider synergistic or interactive effects. New approaches for identifying
the effects of chemical mixture samples have been developed, e.g., nontarget screening analysis using high-resolution mass spectrometry and machine learning
models for predicting the toxicity of chemicals using previous toxicity data. Developing these new methods can help quickly identify the potential toxicity of
highly complex mixtures without the initial consideration of known chemicals.
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1. Introduction

Chemical pollution is a serious global problem that poses a threat
to organisms and human health. There are currently over 350 000
registered chemicals being produced and used worldwide.1 The
extensive use and production of these chemicals result in contin-
uous exposure to chemical pollutants for wildlife, humans, and
ecological systems. As a result, these chemicals can enter the
bodies of wildlife and humans through various routes of exposure,
such as ingestion or inhalation, leading to harmful effects on both
wildlife and human health.2,3 Despite the occurrence of obvious
events, such as widespread wildlife mortality, which may indicate
the consequences of chemical spills, chemical pollutants can also
have more subtle yet signicant adverse effects on ecosystems.2

Additionally, most environmental pollutants have long-term
Environ. Sci.: Adv., 2024, 3, 661–675 | 661
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effects when organisms are exposed to low concentrations over an
extended period, which can be just as harmful as acute effects of
short-term exposures.4 However, conventional methods used to
assess the toxicity of chemical contaminants typically involve
laboratory experiments that focus on the effects of a single
pollutant on a single species under controlled conditions.5,6

Although it is important to understand the effects of a single
pollutant on individual organisms, it is crucial to recognize that
communities of organisms in real environments are typically
exposed to multiple pollutants. For instance, when examining
water, soil, air, and precipitation in aquatic and terrestrial envi-
ronments, researchers have discovered complex mixtures of
pesticides, such as atrazine, diazinon, and metolachlor, oen at
relatively low concentrations (<1 mg L−1).7–9 However, chemical
analysis provides only limited insight into the complexity of these
mixtures, which are expected to contain over 1000 compounds.10

Due to their negative impact on the environment and human
health, regulatory authorities have established maximum concen-
tration levels (MCLs) for various contaminants. For example, MCLs
of ∼3534 pesticides in drinking water have been regulated by 130
international jurisdictions11 and the World Health Organization.12

Furthermore, the Nationwide Urban Runoff Program (U.S. Envi-
ronmental Protection Agency) released MCLs of numerous
contaminants in soils and groundwater.13 While these concentra-
tion limitsmay be effective and safe for individual contaminants at
very low levels, the accumulation of multiple pollutants in the
environment poses a major problem, particularly in ecosystems
that contain human consumers. A previous study revealed that
mixtures of different contaminants were discovered in ground-
water used for public supply, and at worryingly high concentra-
tions.14 However, there is currently limited knowledge regarding
the effects of more diverse mixtures of contaminants on
individuals15–17 or communities in many environmental
situations.18,19

Two methodologies have been widely used for assessing the
combined effects of chemical mixtures. The rst is whether
toxic chemicals act via common pathways such as cells oxidized
and oxidative stress.20 The second approach uses the toxicity of
chemical mixtures with the side effects resulting from chemical
and biochemical interactions that can lead to diverse toxic
effects on tissues and cells.21 Although these methodologies are
being developed and applied in some cases and for specic
users, such as the WHO/IPCS framework,22 there is currently no
systematic and integrated method for hazard evaluation.

Evaluating the harmful effects of chemical mixtures on the
ecosystem and human health, for example in relation to food, is
a major concern for policymakers and regulators.23–27 Previous
efforts have aimed to link specic harmful impacts, such as
mortality and pathology, to the toxicity of individual components
within mixtures.28 However, these attempts have been only some-
what successful, and the hypothesis that the toxicity of a complex
mixture is simply the sum of the toxicity of its constituents is now
seen as questionable, especially when considering potential
synergistic or interactive impacts.29,30 For instance, numerous
mixtures of medicines used for treatments have shown signicant
synergistic interactions.25,31 Additionally, there is evidence of
emergent effects in the estrogen-like activity of mixed
662 | Environ. Sci.: Adv., 2024, 3, 661–675
contaminants,32,33 and in the synergistic interactive effects of
sucrose polyester (a harmless food additive) and anthracene,
a polycyclic aromatic hydrocarbon (PAH).34 In complex mixtures,
where confounding factors are present and contaminants are oen
associated with particle surfaces or lipid-rich coatings, catalytic
reactions can occur, leading to the formation of new compounds.35

This is particularly true in a two-dimensional environment, such as
on surfaces, where highly concentrated compounds are located
and reactions, such as oxidation, can easily take place. For
instance, debris such as microplastics can encounter a wide range
of different pollutants with varying degrees of toxicity. To further
complicate matters, the surface properties of plastics can be
signicantly altered by interactions with co-contaminants, which
can in turn be exposed to organisms.36,37 Several additives used in
plastic manufacturing processes have been found to produce
synergistic,38–40 antagonistic,41 or additive effects when combined
with other environmental pollutants, such as pesticides, pharma-
ceuticals, and PAHs.

There are thousands of chemical substances that may have
a toxic effect on human in the environment. Current advances
in high-resolution mass spectrometry (HRMS)-based non-target
screening have the potential to identify hundreds of chemicals
in a single batch of experiments.42 This means that the eld of
analytical chemistry is shiing from targeted individual chem-
ical analysis to non-targeted exposome-wide analysis. Where
there is still limited information on the toxicity of most chem-
ical contaminants, a new strategy for toxicity screening using
biological receptors has been developed.43,44 Additionally,
machine learning techniques have been utilized to predict the
interactions and assess the risks associated with mixture
exposure and chemical ngerprinting. This review summarizes
studies on the adverse effects of exposure to contaminant
mixtures and current methodologies for risk assessment of
chemical mixtures. It also focuses on non-target screening and
machine learning methods to screen hazardous contaminants
and predict the fate and toxicity of environmental mixtures.
2. Review method

The electronic databases, e.g., Web of Knowledge, ScienceDir-
ect, and ACS Publications, were searched from 2000 to 2023,
using the search terms: emerging contaminants, non-targeted
analysis, NTA, chemical mixtures, toxicity, assessment, and
machine learning. We only chose the recently relevant refer-
ences concerning the effects/toxicity of mixture chemicals,
assessment models of mixture chemicals, non-targeted
screening analysis, and machine learning of emerging
contaminants. We classied the chapters according to different
research areas of the current assessment of known and
unknown chemical mixtures in the environment.
3. Toxicity of mixture of
contaminants to organisms

The proliferation of new chemicals in recent years has surged,
evidenced by a staggering 37 million increase in the Chemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Abstract Service Registry within the past three years alone.45 Yet,
our capacity to evaluate the associated risks remains con-
strained. Table 1 provides a broad overview of mixture
contaminants' toxicity to organisms. For instance, only 11% of
single chemicals registered in Europe and the United States
have available empirical data on their toxicity to aquatic
biota.46–48 Moreover, the dynamic environmental landscape,
characterized by diverse pollutants like contaminated water,
sediment, and soil, poses substantial threats to local ora and
fauna. In light of these challenges, concerted efforts are needed
to enhance our understanding and management of chemical
risks in ecosystems.

Exposure to pollutants triggers a cascade of effects that affect
various reactions controlled by specic mechanisms. In addi-
tion to direct effects on growth, survival, and reproduction,
exposure to chemicals can also alter the behavior of organisms.
In the real world, organisms encounter combinations of
chemicals rather than individual compounds. For instance,
a study conducted in Lombardy waters, Italy, examined the
potential synergistic effects of mixtures of herbicides and
insecticides that exceeded the legal limit in surface water.49 This
study used the alga Chlamydomonas reinhardtii and found that
the presence of palmelloids (phenotypic plasticity in algae as
a response to environmental stress through the generation of
reversible colonies) induced stress in the algae.49 Other exam-
ples for round gobies (Neogobius melanostomus) sampled from
intensely polluted industrial sites50 and lab-exposed to munic-
ipal sewage effluent51 revealed the same reduction of aggression
behavior despite the pollutant mixtures being signicantly
different.

Combined endocrine disruptors can have signicant effects,
particularly causing reproductive issues, even at low doses that
do not individually produce observable effects.52 This
phenomenon also applies to other environmental contami-
nants. For instance, the simultaneous application of insecti-
cides and herbicides led to a staggering 99 percent mortality
rate among amphibian larvae.7 Additionally, estrogen
compounds present in discharged wastewater can disrupt the
induction of vitellogenin protein in sh, consequently exerting
varying degrees of inuence on their reproductive behavior.53 To
study some of the underlying mixture phenomena, the effects of
binary mixtures of estrogenic compounds on juvenile rainbow
trout (Oncorhynchus mykiss) were studied by Thorpe, et al.54 The
same holds for mutagenicity, where mixture tests conducted in
surface water revealed a strong synergism between aromatic
amines, not only with norharman but also with carboline and 5-
carboline, strongly suggesting that surface water mutagenicity
is highly complex and driven by synergistic mechanisms of
a complex compound mixture.55 In 2014, the United States
Geological Survey conducted a study in South Carolina Pied-
mont and found 475 unique organic compounds, indicating
widespread instream exposure to extensive contaminant
mixtures and providing multiple lines of evidence for adverse
effects on aquatic communities, including estrogenicity and
mutagenicity.56 These examples underscore the profound
impact of integrated environmental contaminants on aquatic
ecosystems and emphasize the importance of considering
664 | Environ. Sci.: Adv., 2024, 3, 661–675
mixed effects for effective environmental management and
protection.

These ndings are similar to the results of toxicity experi-
ments conducted in the laboratory using neat chemicals. For
example, the epibenthic amphipod Hyalella azteca was exposed
to multiple stressors (i.e., water temperature and salinity) in the
presence of mixed contaminants. This exposure resulted in
negative synergistic effects on invertebrate survival, behavior,
and gene response aer 96 hours.57 The effects of a binary
mixture of estradiol and 4-nonylphenol varied based on
concentration levels. Additionally, a combination of estradiol
and 17a-ethinylestradiol also had concentration additive
effects.54 Furthermore, a larger group of chemicals (estradiol,
17a-ethinylestradiol, bisphenol A, 4-nonylphenol, and 4-tert-
octyphenol) were studied to determine the concentration–
response relationships of vitellogenin induction in fathead
minnows (Pimephales promelas). The data collected from these
studies were then used to predict the responses to a mixture of
all ve chemicals, and the results showed that the observed
effects were consistent with the expected increase in
concentrations.58

Different tests have been used to determine the toxic effects
of chemical mixtures on plants and primary producers. In one
study, a relative root elongation (RRE) test was conducted to
examine the individual and combined effects of ciprooxacin,
noroxacin, and tetracycline on pakchoi. The analysis of toxic
units (TU) and synergistic ratios (SR) indicated that lower EC50

values were observed in combinations with lower antibiotic
concentrations, and greater EC50 values in combinations with
greater antibiotic concentrations, suggesting a low-dose syner-
gistic effect and a high-dose antagonistic effect.59 In another
experiment, the combined toxicity of spiramycin and amoxi-
cillin was tested on Microcystis aeruginosa. The EC50 values
expressed in TU values were 1.25 and 1.83 for spiramycin and
amoxicillin, respectively, whenmixed in rations of 1 : 7 and 1 : 1.
These results suggest an antagonistic interaction at the median
effect level.60 Furthermore, it was found that a mixture of the
two target antibiotics with a low proportion of spiramycin
(<50%) would increase the harm that M. aeruginosa itself can
cause to aquatic environments by stimulating its growth and
production and release of the algal biotoxin microcystin-LR at
environmentally-relevant contamination levels.60 In another
study, the expression of estrogen target genes in the brain of
developing zebrash embryos demonstrated that the over-
expression of B-subtype aromatase was induced by the
combined presence of bisphenol A and triclocarban.61

Mixture effects were also described in considerable detail
using sh cellular and early-life stage models. For example,
Atlantic salmon primary hepatocytes were used to examine the
interaction effects of a broad variety of contaminants. In this
study, the results showed that pesticides caused the strongest
responses, although they had less impact on cell viability
compared to PAHs. PAH-exposed hepatocytes, on the other
hand, only exhibited weak molecular responses. The ndings
indicated that the interaction effects between the contaminants
could mostly be explained as an additive effect. However, at
high concentrations, the contaminants acted synergistically.62
© 2024 The Author(s). Published by the Royal Society of Chemistry
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In other in vitro toxicity tests, signicant emergent syner-
gistic interactions were observed in the lysosomal membrane
stability of hemocytes from marine mussels when exposed to
environmentally relevant chemicals (i.e., polycyclic aromatic
hydrocarbons, pesticides, biocides, and a surfactant).10 Syner-
gistic interactions among components were observed in
mixtures compared to the response of human cells to exposure
to individual chemicals. The authors speculated that this was
mainly due to the simultaneous induction of oxidative DNA
damage and a decrease in repair capacity, contributing to the
synergistic toxic effect of these chemical mixtures.63 Mixture of
organic contaminants, e.g., hexachlorobenzene, biphenyl, three
polychlorinated biphenyls, and PAHs, can decrease relative
abundance of sensitive taxa such as Paraplectonema and
increase the abundance of resistant nematodes.64 Furthermore,
other studies also showed that mixtures of these contaminants
could have signicant effects on microbenthic organisms,65

alkaline phosphatase activation,66 gene expressions, and
cellular activities.67 All these studies indicate that the additive or
synergistic mechanisms of combined contaminants posed
disturbances to multiple organelles.
4. Current toxicity evaluation system
of chemicals
4.1 Current individual chemical toxicity testing strategies

Currently, the most recognized approach for estimating the
toxicity of chemicals is through whole-organism in vivo bioas-
says. However, this approach has limitations in terms of low
throughput and high costs, which makes it impractical for
testing a large number of chemicals. As a solution, in vitro, high-
throughput screening (HTS) assays (Fig. 1a) have been recom-
mended as a relatively low-cost method compared to in vivo
bioassays. This allows for the screening of a large number of
compounds for their potential toxicity.68 HTS assays can be
Fig. 1 Illustration of processes for (a) in vitro high-throughput screening
the APNA approach. This figure is modified from Gong, et al.102

© 2024 The Author(s). Published by the Royal Society of Chemistry
conducted using 96-, 384-, or 1536-well plates, which allow for
the screening of numerous samples in one batch.69 Over the
years, various in vitro bioassays, such as those involving nuclear
receptors (NRs) including the aryl hydrocarbon receptor (AhR),
as well as nuclear factor-erythroid 2 related factor 2 (Nrf2), have
been developed and deployed.43,69–71

Although these assays have been used in many studies, there
are still three main disadvantages to this “bottom-up”
approach, where each chemical is individually tested. Speci-
cally, (1) no single bioassay can test all toxicity mechanisms.
Despite there being over 700 bioassays used in the US Envi-
ronmental Protection Agency's Toxicity Forecaster (ToxCast
program),72 it can only cover a small fraction of the toxicity
routes mediated by around 20 000 human proteins. (2) This
approach is also very time-consuming and expensive. With
a large number of chemicals (>350 000) and bioassays (>700),
conducting over 245 million tests would be necessary for each
chemical and endpoint. However, as of 2014, only around 4500
chemicals have been tested by the ToxCast program (https://
www.epa.gov/chemical-research/toxcast-chemicals). (3) In
addition, certied reference standards are not available for
most chemicals, especially unknown metabolites that are
formed during various environmental or biological
processes.73 These metabolites might even be more toxic than
their original substances.74,75 In light of these limitations of
the “bottom-up” strategy, it is important to establish
a complementary assay for toxicity screening that considers
the seemingly limitless scale of the exposome.

Another toxicity-driven approach to screen and identify
chemicals in mixtures is effect-directed analysis (EDA) (Fig. 1b).
EDA combines toxicity tests, fractionation of multi-component
samples, and chemical analysis. It is considered a powerful
tool for screening toxic chemicals in complex environmental
samples.76,77 However, the process of iterative fractionation in
EDA is highly time-consuming and labor-intensive. This can
(HTS) assays, (b) effect-directed analysis (EDA), and basic workflow of

Environ. Sci.: Adv., 2024, 3, 661–675 | 665
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potentially introduce artifacts or cause the loss of important
toxic components. Additionally, the co-elution of numerous
chemicals in the same fraction can lead to high false positive
rates. As a result, the successful application of the EDA
approach for identifying new toxic chemicals in environmental
samples is limited to a small number of highly qualied labo-
ratories.78,79 A recent example of a new chemical being identied
using EDA approaches is N-(1,3-dimethyl butyl)-N0-phenyl-p-
phenylenediamine-quinone (6PPD-quinone), an oxidation
product of the tire antioxidant 6PPD, which was found to acute
mortality to coho salmon (Oncorhynchus kisutch) at threshold
concentrations of ∼1 mg L−1.78
4.2 Current assessment models of mixture chemicals

4.2.1 Functions of assessment models. Some mathemat-
ical models are employed to evaluate the toxicological impacts
of chemicals. These models are based on either the individual
chemical behavior through different modes of action (inde-
pendent action, IA) or through a similar mode of action
(concentration addition, CA).80–82 Considering real-world envi-
ronmental conditions, Escher, et al.83 utilized a combined CA/IA
model to evaluate the low-effect concentration and response
curves for over 200 mixtures of water samples, consisting of 17
chemicals. They found that 86% of the samples fell within the
effective ranges calculated by the CA/IA model, which supports
the CA hypothesis that toxic effects can be aggregated. However,
these joint models can only be applied to samples with low
effect levels and cannot fully explain the effects of complex
mixtures with chemical interactions. However, when interac-
tions occur within a mixture, synergistic and antagonistic
effects may only be observed with a few specic compounds at
high concentrations, among thousands of compounds present
at low concentrations in an environmental sample.23

Other models were also utilized to determine if and when
a combined risk assessment is necessary. These tools can help
identify the individual contribution of chemicals among the
total toxicity of known chemicals in the mixture. Although these
tools were not specically designed to predict the risk of
a mixture, they offer an approach for investigating data on the
cumulative risk assessment of mixture chemicals to human or
ecological receptors. One example is the maximum cumulative
ratio (MCR), which is the ratio between the toxicity of a mixture
and the toxicity of the most signicant contributing chemical in
the mixture. The MCR can determine whether the toxicity to
a receptor is due to a single chemical or multiple chemicals in
combined exposure.84 Before calculating MCR, it may be
necessary to establish a screening level for mixture risk
assessment to predict the combined effects that may be asso-
ciated with adverse effects caused by the most contributing
compounds. To address this concern, the MCR method has
been proven to be a valuable tool as part of a tiered approach to
prioritize and identify acute toxicity from a small subset of
mixtures.85 This is particularly useful when the potentially
adverse effect may be overlooked through individual chemical
assessments. Similarly, the threshold of toxicological concern
(TTC) approach can be used as a ranking assessment tool for
666 | Environ. Sci.: Adv., 2024, 3, 661–675
chemical exposures, especially when there is a lack of available
chemical data. For instance, Meek, et al.22 conducted a risk
assessment by applying the TTC approach to ten chemicals
detected in water. This was done for chemicals that did not have
any existing health-based guidance or chronic health standards.

Current assessment models require toxicological data for
each known chemical in a mixture. The toxicity of environ-
mental mixtures is typically determined by using one of two
methods: (1) testing the entire mixture using a simple in vivo or
in vitro system, or (2) using toxicological data for individual
chemicals along with their analytical concentrations. The
second method can be used to create a mathematical model
that predicts the overall toxicity of the mixture. The whole
mixture test is oen used for environmental mixtures, allowing
for the prediction of the toxicity of unknown compositions in
the mixture, even if the specic toxicity of the compounds is
unknown. The component-based method is more commonly
used, but it requires more information on compound identi-
cation, concentration, and toxicity for the individual chemicals.

4.2.2 Issues of assessment models. Some methodological
issues frequently arise during the process of risk assessment for
chemical mixtures. The data sources used for risk assessment
can be diverse and somewhat incomplete, which directly
impacts the accuracy and associated uncertainties of the
assessments. Furthermore, there is a signicant limitation in
data availability to validate the estimated results. Cumulative
risk assessments oen fail to account for the combined adverse
effects of multiple stressors, including chemical or biological
agents, and environmental conditions, as the simplifying
assumptions made by these risk assessment tools are not
applicable in such cases. Exposure data are typically derived
from biomonitoring or published data from exposure experi-
ments. The reliability of exposure data depends on the bio-
monitoring procedure used.86,87 However, assessing exposure to
lipophilic and bioaccumulating compounds poses additional
challenges. This is because it requires considering the kinetics
of these compounds and accounting for the body burden as
a starting point for risk assessment, instead of relying solely on
daily intake and exposure history. This is necessary because
exposure patterns can vary over time. Similarly, toxicological
data are largely obtained from published databases, with
missing data sometimes being lled in using a variety of
methods. The gaps in data relating to exposure and toxicity for
various chemicals, such as pesticides and
pharmaceuticals,80,88–90 can be quite signicant. This means that
there is a high level of uncertainty when it comes to assessing
risks using extrapolation methods. To illustrate this point,
models have been developed to assess the cumulative exposure
of consumers to personal care products.91 However, there is still
a lack of detailed data regarding the frequency of use of those
products,92 which hampers the accuracy of risk assessment.

Except for the required exposure and toxicological data, the
risk assessment of chemical mixtures also relies heavily on
assumptions, which greatly impact the outcome.89,93 This
pattern is similar to that of a single chemical assessment, but it
becomes particularly important in the assessment of chemical
mixtures because the uncertainties from individual chemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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assessments accumulate when assessing combined risks. It is
important to exercise caution when interpreting the results in
cases where different models are combined and applied to the
same risk assessment, such as the differences between dietary
and non-dietary exposure models. Furthermore, when assessing
the combined effects of chemicals, it is necessary to consider
reference values for the specic effect on common effects or
common modes of action. However, toxicity values oen
dominate the assessment of single chemicals, which means
that using the lowest reference values in the risk estimationmay
lead to an overestimation of the combined effects. In the case of
a mixture sample containing unknown chemicals with domi-
nant toxicity, the assessment models become ineffective
without existing toxicology data and knowledge of the
compound structure.
5. New approaches to assess
environmental mixtures
5.1 Non-target screening analysis

With the development of HRMS, screening analysis has been
applied for expected suspect chemicals based on the database
or for the determination of unknown chemicals using the
examination of HRMS.94,95 For example, non-target screening
with LC/GC quadrupole time-of-ight (Q/TOF) conrmed 271
chemicals, 163 of which can be conducted for unambiguous
identication by in silico fragmentation from 38 dust samples.96

This study found that a large number of emerging contami-
nants (e.g., organouorine/polyuorinated compounds) have
been underestimated in the dust that can potentially affect
humans. To avoid extensive machine-running time for non-
target screening, some interesting studies conducted a pool-
ing samples strategy to run a minimal number of samples for
a wide range of chemicals. In a recent study, sixteen pooled
human serum samples were randomly selected from 25 indi-
vidual samples for GC-Q/TOF suspect screening analysis, where
5444 unique compounds were tentatively identied with data-
based spectral matching. A similar study was conducted for
prenatal exposure by non-target screening analysis of maternal
and cord blood samples, which annotated 98 compounds as
endogenous and exogenous sources, e.g., endogenous fatty
acids (interaction between PFAS and fatty acids) in both
maternal and cord samples. These non-target screening works
can help with the demonstration of the presence of exposure
sources among different chemicals relevant to human health.

In environmental samples, Peng, et al.97 developed
a screening method using HRMS to identify unknown natural
and synthetic organo-bromine compounds (NSOBCs) in lake
sediment samples. This method resulted in the identication of
1593 new NSOBCs. Additionally, NSOBC peak abundances in
sediment core samples can be analyzed using hierarchical
cluster analysis, revealing temporal trends in peak abundance
that are inuenced by anthropogenic activities.98 Similar
untargeted methods can also be used to compare characteristic
fragments between different samples. For instance, iodinated
organic compounds can be identied in both freshwater and
© 2024 The Author(s). Published by the Royal Society of Chemistry
marine sediments.99 Furthermore, an enhanced nontarget
screening algorithm using the Toxic Substance Control Act
(TSCA) database has been employed to screen indoor pollut-
ants, leading to the annotation of 18 previously unrecognized
chlorinated azo dyes as chlorinated analogs derived from
Diperse Violet 93 and Diperse Blue 373.100 However, caution
should be exercised when using large databases in non-targeted
methods, as they might decrease sensitivity, considering
different chemical responses in mass spectrum with several
orders of magnitude for very similar compounds.

Recently, a new method called “Affinity Purication with
Non-target screening (APNA)” has been developed for the “top-
down” screening of toxic substances from environmental
complexes.101,102 This method follows the principles of
biochemistry, using a tagged protein (e.g., NR) as a bait to
isolate bioactive pollutants directly from extracts of environ-
mental samples containing thousands of compounds. Fig. 1c
outlines the general APNA workow. In summary, environ-
mental cocktail samples are extracted using a suitable method
(Procedure I), and then the extracts are incubated with Escher-
ichia coli lysates that overexpress a polyhistidine-tagged protein
of interest. Bioactive ligands bound to the polyhistidine-tagged
protein are then isolated using a two-step approach: affinity
purication (Procedure II) and nondenaturing elution (Proce-
dure III). Finally, the structures of the isolated ligands are
identied using HRMS-based non-target screening, combined
with nuclear magnetic resonance (NMR) spectroscopy and X-ray
crystallography for identication of the general structure, and
ion mobility spectrometry for positional isomers and cis–trans
isomers if needed (Procedure IV).

The APNA method has been used to screen for major contrib-
utors to peroxisome proliferator-activated receptor g (PPARg)
activity in oil sands process-affected water (OSPW). Although the
toxic effects of OSPW exposure have been reported,103 little was
known about the specic toxic chemicals causing adverse effects
due to the complexity of OSPW.104 By applying the APNA method,
hydroxylated carboxylic and sulfonic acids were identied asmajor
drivers of the PPARg-mediated effects of OSPW (Fig. 2a).101 In
aqueous lm-forming foam (AFFF) products and AFFF-
contaminated surface waters, 31 unknown polyuoroalkyl
ligands of human liver fatty acid binding protein (hL-FABP) were
identied (Fig. 2b).105 While most of these ligands do not have
standard substances, tentative identities were determined based
on extract mass, secondary mass spectra, and retention time. The
APNA method could explain the unknown toxicity of known
contaminants. For instance, the liver X receptor a (LXRa) antago-
nist activity of triphenyl phosphate (TPHP) (Fig. 2c) was found in
vivo by promoting the development of atherosclerotic lesions in
ApoE-/- model mice, independently validating the APNA method.
This method was also applied to other chemicals.106,107 Another
example is the potent antibacterial compound 6-OH-BDE-47 (6-
hydroxy-2,20,4,40-tetrabromodiphenyl ether), which acts by inhib-
iting enoyl-acyl carrier protein reductase (FabI) (Fig. 2d) as deter-
mined by APNA combined with chemical proteomics.
Furthermore, 6-OH-BDE-47 was found to function as a chemical
defense molecule in marine sponges by selectively killing the
sponge microbiome carrying FabI.108
Environ. Sci.: Adv., 2024, 3, 661–675 | 667
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Fig. 2 Examples of the application of the APNA method: (a) unknown hydroxylated carboxylic and sulfonic acids were identified as the major
drivers for the PPARg activity from complex OSPW samples; (b) identification of hL-FABP ligands in AFFF with the absence of standard
substances; (c) toxicological mechanism of TPHP in LXRa antagonism; (d) 6-OH-BDE47 was found to be an inhibitor of FabI. This graph is
modified from previous publications.101,102,105,107,108
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5.2 Machine-learning approaches

Nowadays, machine learning has been used in spheres of
prediction of the risk of chemical mixture, qualication of
suspect compounds in the absence of analytical standards, and
chemical behavior for human health (Fig. 3).

The small molecules, e.g., emerging contaminants and their
metabolites, have been largely elucidated by HRMS-based suspect
and non-targeted screening analysis, whereas the condence
depended on the HRMS identication may not always be possible
for different substances, which causes a not accurate semi-
quantication for these suspects. Traditionally, analytical
668 | Environ. Sci.: Adv., 2024, 3, 661–675
standards are used to quantify different chemicals in LC-HRMS as
compensation for a broad range of ionization efficiency (IE). IE can
be quite variable among the similar structures of chemicals such
as polychlorinated biphenyls.109 Therefore, even if some
compounds can be quantied based on their homologs, the signal
of the homolog can be signicantly higher than the estimated
compound under the same conditions of themachine.109Recently,
machine learning models combining molecular and eluent
descriptors showed the potential to predict IE.110 Lauria, et al.110

used a gradient-boosted tree-based model to train the absolute
response factors in negative mode for prediction of IE with the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The general workflow of machine learning approaches for the toxicity assessment of.
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validation of 33 per- and polyuoroalkyl substances (PFAS). This
method was rst applied to the liver of marine mammals (pilot
whales and white-beaked dolphins) to estimate the concentrations
of unidentied suspect PFAS. Another articial neural network
also used physicochemical descriptors of database-matched
chemicals to predict the transplacental transfer of PFAS as
a function based on their physicochemical properties.111

Furthermore, another machine learning method has
recently been developed for diagnostic purposes in chemical
forensic analyses using non-target chemical data.112–114 The
underlying hypothesis in chemical forensic analysis is that the
chemical composition of a sample, at least to some extent,
contains information about its source or the environmental
conditions it was exposed to.115 This selection process for
a subset of chemical features is oen referred to as “chemical
ngerprints.” However, choosing a subset of diagnostic chem-
ical features from a pool of thousands of potential features can
be challenging. Dávila-Santiago, et al.112 proposed a forensic
workow to overcome this obstacle. The critical thresholds in
this workow are data-dependent and serve the needs of the
investigation. Dávila-Santiago, et al.112 suggested two general
rules: (1) the initial tuning should achieve a balanced accuracy
of >50%.; (2) when using only the diagnostic features, the
balanced accuracy should increase when using the top n
© 2024 The Author(s). Published by the Royal Society of Chemistry
diagnostic features compared to using all the features. This
workow enables the simultaneous quantication of processes
occurring among thousands of organic molecules within
a single sample, such as dissolved organic contaminants in
a water sample. It provides diagnostic chemical signatures for
each process, allowing for better detection of pollution sources
at trace levels in the environment. However, non-targeted
screening methods still rely on the different large chemical
databases and putative structures; and the high-throughput
data from non-targeted screening methods cannot be quanti-
ed by off-the-shelf detectors, wherein the machine learning
may not fully consider their transformation, which might show
a quite different toxicity compared to their parent compounds.

A framework was to create a robust machine learning model
that can accurately predict the risk of algal toxicity caused by
mixtures of contaminants.116 This model examines the
nonlinear relationship between the effect sizes of contaminant
number, temperature, water quality parameters, and land use
metrics on the ecological functions of algae, invertebrates, and
sh. The tests were carried out under various lab conditions and
eld sites, totaling more than 900 locations worldwide. The
results of this study conrmed that machine learning methods
can serve as excellent and exible tools for toxicologists and
policy-makers. A smaller scale of machine learning was
Environ. Sci.: Adv., 2024, 3, 661–675 | 669
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developed to discriminate mixtures of EDCs using capacitance
spectra obtained by a two-dimensional molybdenum disulde
(MoS2)-based impedimetric electronic tongue (e-tongue).117

Threemodels, namely themultilayer perceptron (MLP), random
forest, and extreme gradient boosting (XGBoost), were
employed for multi-targeted regression to predict the levels of
individual compounds and their mixtures. The study found that
XGBoost outperformed random forest and neural networks,
largely due to its basis in Gradient Boosting Machines (GBMs),
which boost weak learners through optimizations and algo-
rithmic enhancements.118 In a similar study, articial neural
networks, and random forest models were used to predict
temporal changes in the bioavailability and toxicity of complex
chemical mixtures in soils contaminated with petroleum
hydrocarbons and metal(loid)s.119 The models were trained
using empirical data such as soil type, bioavailable concentra-
tion, and time. However, it should be noted that this model may
not accurately predict toxicity beyond 180 days due to limita-
tions in the dataset and other input variables. To overcome this
limitation, the use of more contaminant toxicity datasets or
additional empirical data is recommended when applying
machine learning methods to predict toxicity.

6. Conclusion and future directions

Due to the highly complex mixtures of emerging contaminants
in the environment, either individually or through their inter-
actions, make it challenging to establish model specications,
exposure levels, and toxic reference values. The current lack of
analytical standards for different compounds makes the diffi-
cult to determine the chemical groups and sources. Although
the current studies in recent years have been focused on
different methods of non-target screen analysis for identica-
tion, semi-quantication of similar structure chemicals, and
machine learning of chemical behavior, it is still essential to
carefully interpret the results without adequate information on
chemicals. Exposure to toxic chemicals can cause health prob-
lems by interacting with biomolecules, known as molecular
initiating events, which can disrupt various downstream phys-
iological processes.120 Although small molecular chemicals,
such as PAHs121 and aromatic amines,122 attack nucleotides, and
others, e.g., halogenated benzene,123 target cell membranes,
proteins also play a role in mediating adverse effects of
contaminants.124 However, the current non-target screening
method still focuses on PFAS-relevant compounds while the
interactions between emerging chemicals and proteins are still
not clear by the current methods. Besides, current assessment
methods and frameworks for mixture chemicals need to further
consider incorporating unknown or suspect chemicals into
machine learning algorithms for predicting the fate and
behavior in environmental and biological samples.
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From Individual to Population Level Effects of Toxicants
in the Tubicid Branchiura sowerbyi Using Threshold
Effect Models in a Bayesian Framework, Environ. Sci.
Technol., 2010, 44(9), 3566–3571.

6 J. Klaminder, G. Hellström, J. Fahlman, M. Jonsson, J. Fick,
A. Lagesson, E. Bergman and T. Brodin, Drug-Induced
Behavioral Changes: Using Laboratory Observations to
Predict Field Observations, Front. Environ. Sci., 2016, 4, 81.

7 R. A. Relyea, A cocktail of contaminants: how mixtures of
pesticides at low concentrations affect aquatic
communities, Oecologia, 2009, 159(2), 363–376.

8 G. L. Daly, Y. D. Lei, C. Teixeira, D. C. G. Muir, L. E. Castillo
and F. Wania, Accumulation of Current-Use Pesticides in
Neotropical Montane Forests, Environ. Sci. Technol., 2007,
41(4), 1118–1123.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00014e


Critical Review Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
ap

ri
l 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

.2
.2

02
6.

 1
7.

47
.4

3.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
9 K. J. Hageman, S. L. Simonich, D. H. Campbell, G. R. Wilson
and D. H. Landers, Atmospheric Deposition of Current-Use
and Historic-Use Pesticides in Snow at National Parks in the
Western United States, Environ. Sci. Technol., 2006, 40(10),
3174–3180.

10 M. N. Moore, R. J. Wedderburn, K. R. Clarke,
I. R. B. McFadzen, D. M. Lowe and J. W. Readman,
Emergent synergistic lysosomal toxicity of chemical
mixtures in molluscan blood cells (hemocytes), Environ.
Pollut., 2018, 235, 1006–1014.

11 Z. Li and A. Jennings, Worldwide Regulations of Standard
Values of Pesticides for Human Health Risk Control: A
Review, Int. J. Environ. Res. Public Health, 2017, 14(7), 826.

12 World Health O., Guidelines for Drinking-Water Quality,
World Health Organization, 2004, vol. 1.

13 United States. Environmental Protection Agency, Water
Planning, D., Results of the Nationwide Urban Runoff
Program, Water Planning Division, US Environmental
Protection Agency, 1982, vol. 1.

14 P. L. Toccalino, J. E. Norman and J. C. Scott, Chemical
mixtures in untreated water from public-supply wells in
the U.S. — Occurrence, composition, and potential
toxicity, Sci. Total Environ., 2012, 431, 262–270.

15 M.-S. Christin, A. D. Gendron, P. Brousseau, L. Ménard,
D. J. Marcogliese, D. Cyr, S. Ruby and M. Fournier, Effects
of agricultural pesticides on the immune system of Rana
pipiens and on its resistance to parasitic infection,
Environ. Toxicol. Chem., 2003, 22(5), 1127–1133.

16 M. S. Christin, L. Ménard, A. D. Gendron, S. Ruby, D. Cyr,
D. J. Marcogliese, L. Rollins-Smith and M. Fournier,
Effects of agricultural pesticides on the immune system of
Xenopus laevis and Rana pipiens, Aquat. Toxicol., 2004,
67(1), 33–43.

17 B. Hayes Tyrone, P. Case, S. Chui, D. Chung, C. Haeffele,
K. Haston, M. Lee, P. Mai Vien, Y. Marjuoa, J. Parker and
M. Tsui, Pesticide Mixtures, Endocrine Disruption, and
Amphibian Declines: Are We Underestimating the
Impact?, Environ. Health Perspect., 2006, 114(suppl 1), 40–
50.

18 R. P. A. van Wijngaarden, J. G. M. Cuppen, G. H. P. Arts,
S. J. H. Crum, M. W. van den Hoorn, P. J. van den Brink
and T. C. M. Brock, Aquatic risk assessment of a realistic
exposure to pesticides used in bulb crops: A microcosm
study, Environ. Toxicol. Chem., 2004, 23(6), 1479–1498.

19 L. Wendt-Rasch, P. J. Van den Brink, S. J. H. Crum and
P. Woin, The effects of a pesticide mixture on aquatic
ecosystems differing in trophic status: responses of the
macrophyte Myriophyllum spicatum and the periphytic
algal community, Ecotoxicol. Environ. Saf., 2004, 57(3),
383–398.

20 L. Gross, Diverse Toxic Chemicals Disrupt Cell Function
through a Common Path, PLoS Biol., 2007, 5(2), e41.

21 A. Lahiani, E. Yavin and P. Lazarovici, The Molecular Basis
of Toxins’ Interactions with Intracellular Signaling via
Discrete Portals, Toxins, 2017, 9(3), 107.

22 M. E. Meek, A. R. Boobis, K. M. Croon, G. Heinemeyer,
M. Van Raaij and C. Vickers, Risk assessment of
© 2024 The Author(s). Published by the Royal Society of Chemistry
combined exposure to multiple chemicals: A WHO/IPCS
framework, Regul. Toxicol. Pharmacol., 2011, 60(2), S1–S14.

23 N. Cedergreen, Quantifying Synergy: A Systematic Review of
Mixture Toxicity Studies within Environmental Toxicology,
PLoS One, 2014, 9(5), e96580.

24 A. Kienzler, S. K. Bopp, S. van der Linden, E. Berggren and
A. Worth, Regulatory assessment of chemical mixtures:
Requirements, current approaches and future
perspectives, Regul. Toxicol. Pharmacol., 2016, 80, 321–334.

25 R. J. Tallarida, Revisiting the Isobole and Related
Quantitative Methods for Assessing Drug Synergism, J.
Pharmacol. Exp. Ther., 2012, 342(1), 2.

26 R. J. Tallarida, Drug Combinations: Tests and Analysis with
Isoboles, Curr. Protoc. Pharmacol., 2016, 72(1), 9.19.1–
9.19.19.

27 J. Y. M. Tang, F. Busetti, J. W. A. Charrois and B. I. Escher,
Which chemicals drive biological effects in wastewater and
recycled water?, Water Res., 2014, 60, 289–299.

28 A. LeBlanc Gerald and W. Olmstead Allen, Evaluating the
Toxicity of Chemical Mixtures, Environ. Health Perspect.,
2004, 112(13), A729–A730.

29 K. A. Heys, R. F. Shore, M. G. Pereira, K. C. Jones and
F. L. Martin, Risk assessment of environmental mixture
effects, RSC Adv., 2016, 6(53), 47844–47857.

30 R. Altenburger, M. Nendza and G. Schüürmann, Mixture
toxicity and its modeling by quantitative structure-activity
relationships, Environ. Toxicol. Chem., 2003, 22(8), 1900–
1915.

31 M. Prins, P. J. Veugelers and for the European Seroconverter
Study the Tricontinental Seroconverter S., Comparison of
progression and non-progression in injecting drug users
and homosexual men with documented dates of HIV-1
seroconversion, AIDS, 1997, 11(5), 621–631.

32 L. Song, W. Xia, Z. Zhou, Y. Li, Y. Lin, J. Wei, Z. Wei, B. Xu,
J. Shen, W. Li and S. Xu, Low-level phenolic estrogen
pollutants impair islet morphology and b-cell function in
isolated rat islets, J. Endocrinol., 2012, 215(2), 303–311.

33 L. Filby Amy, T. Neuparth, L. Thorpe Karen, R. Owen,
S. Galloway Tamara and R. Tyler Charles, Health Impacts
of Estrogens in the Environment, Considering Complex
Mixture Effects, Environ. Health Perspect., 2007, 115(12),
1704–1710.

34 M. N. Moore, D. M. Lowe, C. Soverchia, S. D. Haigh and
S. G. Hales, Uptake of a non-caloric, edible sucrose
polyester oil and olive oil by marine mussels and their
inuence on uptake and effects of anthracene, Aquat.
Toxicol., 1997, 39(3), 307–320.

35 H. Li, J. Xiao, Q. Fu and X. Bao, Conned catalysis under
two-dimensional materials, Proc. Natl. Acad. Sci. U. S. A.,
2017, 114(23), 5930–5934.

36 Z.-l. Zhu, S.-c. Wang, F.-f. Zhao, S.-g. Wang, F.-f. Liu and
G.-z. Liu, Joint toxicity of microplastics with triclosan to
marine microalgae Skeletonema costatum, Environ.
Pollut., 2019, 246, 509–517.

37 B. Huang, Z.-B. Wei, L.-Y. Yang, K. Pan and A.-J. Miao,
Combined Toxicity of Silver Nanoparticles with Hematite
Environ. Sci.: Adv., 2024, 3, 661–675 | 671

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00014e


Environmental Science: Advances Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
ap

ri
l 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

.2
.2

02
6.

 1
7.

47
.4

3.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
or Plastic Nanoparticles toward Two Freshwater Algae,
Environ. Sci. Technol., 2019, 53(7), 3871–3879.

38 Y. Zhou, X. Liu and J. Wang, Ecotoxicological effects of
microplastics and cadmium on the earthworm Eisenia
foetida, J. Hazard. Mater., 2020, 392, 122273.

39 R. Qiao, K. Lu, Y. Deng, H. Ren and Y. Zhang, Combined
effects of polystyrene microplastics and natural organic
matter on the accumulation and toxicity of copper in
zebrash, Sci. Total Environ., 2019, 682, 128–137.

40 W. S. Lee, H.-J. Cho, E. Kim, Y. H. Huh, H.-J. Kim, B. Kim,
T. Kang, J.-S. Lee and J. Jeong, Bioaccumulation of
polystyrene nanoplastics and their effect on the toxicity of
Au ions in zebrash embryos, Nanoscale, 2019, 11(7),
3173–3185.

41 M. Oliveira, A. Ribeiro, K. Hylland and L. Guilhermino,
Single and combined effects of microplastics and pyrene
on juveniles (0+ group) of the common goby
Pomatoschistus microps (Teleostei, Gobiidae), Ecol. Indic.,
2013, 34, 641–647.

42 E. L. Schymanski, J. Jeon, R. Gulde, K. Fenner, M. Ruff,
H. P. Singer and J. Hollender, Identifying Small Molecules
via High Resolution Mass Spectrometry: Communicating
Condence, Environ. Sci. Technol., 2014, 48(4), 2097–2098.

43 S. Wang, H. Zhang, W. Zheng, X. Wang, M. E. Andersen,
J. Pi, G. He and W. Qu, Organic Extract Contaminants
from Drinking Water Activate Nrf2-Mediated Antioxidant
Response in a Human Cell Line, Environ. Sci. Technol.,
2013, 47(9), 4768–4777.

44 M. Ema, N. Ohe, M. Suzuki, J. Mimura, K. Sogawa, S. Ikawa
and Y. Fujii-Kuriyama, Dioxin binding activities of
polymorphic forms of mouse and human arylhydrocarbon
receptors, J. Biol. Chem., 1994, 269(44), 27337–27343.

45 S. Sauban Ghani, A comprehensive review of database
resources in chemistry, Ecletica Quim., 2020, 45(3), 57–68.

46 P. P. Egeghy, R. Judson, S. Gangwal, S. Mosher, D. Smith,
J. Vail and E. A. Cohen Hubal, The exposure data
landscape for manufactured chemicals, Sci. Total Environ.,
2012, 414, 159–166.

47 A. C. Johnson, X. Jin, N. Nakada and J. P. Sumpter, Learning
from the past and considering the future of chemicals in
the environment, Science, 2020, 367(6476), 384–387.

48 S. Strempel, M. Scheringer, C. A. Ng and K. Hungerbühler,
Screening for PBT Chemicals among the “Existing” and
“New” Chemicals of the EU, Environ. Sci. Technol., 2012,
46(11), 5680–5687.

49 C. A. M. La Porta, M. R. Fumagalli, S. Gomarasca,
M. C. Lionetti, S. Zapperi and S. Bocchi, Synergistic
effects of contaminants in Lombardy waters, Sci. Rep.,
2021, 11(1), 13888.

50 N. M. Sopinka, J. R. Marentette and S. Balshine, Impact of
contaminant exposure on resource contests in an invasive
sh, Behavioral Ecology and Sociobiology, 2010, 64(12),
1947–1958.

51 E. S. McCallum, E. Krutzelmann, T. Brodin, J. Fick,
A. Sundelin and S. Balshine, Exposure to wastewater
effluent affects sh behaviour and tissue-specic uptake
672 | Environ. Sci.: Adv., 2024, 3, 661–675
of pharmaceuticals, Sci. Total Environ., 2017, 605–606,
578–588.

52 A. Kortenkamp, Ten Years of Mixing Cocktails: A Review of
Combination Effects of Endocrine-Disrupting Chemicals,
Environ. Health Perspect., 2007, 115(suppl 1), 98–105.

53 J. M. Leese, J. McMahon and J. C. Colosi, Effects of
Wastewater Treatment Plant Effluent in a Receiving
Stream on Reproductive Behavior of Fathead Minnows
(Pimephales promelas), Fishes, 2021, 6(2), 14.

54 K. L. Thorpe, R. I. Cummings, T. H. Hutchinson,
M. Scholze, G. Brighty, J. P. Sumpter and C. R. Tyler,
Relative Potencies and Combination Effects of Steroidal
Estrogens in Fish, Environ. Sci. Technol., 2003, 37(6),
1142–1149.

55 M. Muz, M. Krauss, S. Kutsarova, T. Schulze and W. Brack,
Mutagenicity in Surface Waters: Synergistic Effects of
Carboline Alkaloids and Aromatic Amines, Environ. Sci.
Technol., 2017, 51(3), 1830–1839.

56 P. M. Bradley, C. A. Journey, J. P. Berninger, D. T. Button,
J. M. Clark, S. R. Corsi, L. A. DeCicco, K. G. Hopkins,
B. J. Huffman, N. Nakagaki, J. E. Norman, L. H. Nowell,
S. L. Qi, P. C. VanMetre and I. R. Waite, Mixed-chemical
exposure and predicted effects potential in wadeable
southeastern USA streams, Sci. Total Environ., 2019, 655,
70–83.

57 S. Hasenbein, H. Poynton and R. E. Connon, Contaminant
exposure effects in a changing climate: how multiple
stressors can multiply exposure effects in the amphipod
Hyalella azteca, Ecotoxicology, 2018, 27(7), 845–859.

58 V. Brian Jayne, A. Harris Catherine, M. Scholze,
T. Backhaus, P. Booy, M. Lamoree, G. Pojana, N. Jonkers,
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