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We propose novel chemometers — passive equilibrium samplers of, e.g., silicone — as an integrative tool
for the assessment of hydrophobic organic compounds in multimedia environments. The traditional way
of assessing levels of organic pollutants across different environmental compartments is to compare the
chemical concentration normalized to the major sorptive phase in two or more media. These sorptive
phases for hydrophobic organic compounds differ between compartments, e.g., lipids in biota and
organic carbon in sediments. Hence, comparability across media can suffer due to differences in sorptive
capacities, but also extraction protocols and bioavailability. Chemometers overcome these drawbacks;
they are a common, universal and well-defined polymer reference phase for sampling of a large range
of nonpolar organic pollutants in different matrices like biota, sediment and water. When bringing the
chemometer into direct contact with the sample, the chemicals partition between the sample and the
polymer until thermodynamic equilibrium partitioning is established. At equilibrium, the chemical
concentrations in the chemometers can be determined and directly compared between media, e.g., between
organisms of different trophic levels or inhabiting different areas, between organs within an organism or
between biotic and abiotic compartments, amongst others. Chemometers hence allow expressing the data
on a common basis, as the equilibrium partitioning concentrations in the polymer, circumventing
Received 17th December 2022, normalizations. The approach is based on chemical activity rather than total concentrations, and as such,
Accepted 8th February 2023 gives a measure of the “effective concentration” of a compound or a mixture. Furthermore, chemical activity
DOI: 10.1039/d2cc06882f is the main driver for partitioning, biouptake and toxicity. As an additional benefit, the extracts of the
chemometers only require limited cleanup efforts, avoiding introduction of a bias between chemicals of
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Introduction

Thermodynamic gradients are a major driver of numerous
processes in and between environmental media, including
the partitioning and fate of organic pollutants. They help to
identify the direction of diffusion of chemicals and to quantify
the potential for spontaneous physicochemical processes, such
as sorption and partitioning’ as well as bioaccumulation.
Thermodynamic gradients can be characterized as gradients
in, e.g., chemical activity, but also in fugacity or freely dissolved
concentrations. These metrics all have in common that they
allow for understanding and predicting environmental pro-
cesses. In this article, we use the chemical activity concept.

To determine the chemical activity of an environmental
contaminant in a medium, equilibrium sampling devices can
be used, a special format of which are polymeric passive
equilibrium samplers, referred to here as ‘“chemometers”.
Chemometers consist of polymers, such as, e.g., silicone rubber
for neutral, nonpolar hydrophobic organic compounds (HOCs),
in diverse formats, tailor-made for their specific purpose. The
HOCs studied with silicone chemometers usually span a wide
range of hydrophobicities, with typical log Kow ranges from
2.5 to 9.0, where Kow is the compound-specific octanol/water
partition coefficient.

For passive equilibrium sampling, the chemometer is brought
in contact with the medium to be studied. The chemicals then
partition between the sample and the chemometer until a
thermodynamic equilibrium between the two phases is reached.
At equilibrium, chemicals still move between the two phases, but
the concentrations remain constant. The same applies for the
chemical activity which can be described as follows (eqn (1)):

a = Ysilicone X Csilicone (1)

“

where “a” is the chemical activity, 7Ygjicone 1S the activity
coefficient of a compound in the silicone and Cgjjicone is the
concentration of the compound in the silicone.

Mayer et al.”> introduced an analogy between equilibrium
sampling devices, such as chemometers, and thermometers:
like thermometers, which are deployed in direct contact with
the sample until they reach thermal equilibrium with their
surroundings, chemometers are brought into thermodynamic
equilibrium with the medium they are immersed in. Thermo-
meters then allow us to read the temperature, whereas
chemometers give an indication of the chemical activity of a
compound in the medium of interest. As has been stated above,
chemical activity is the main driver of the free concentrations of
pollutants (Cge.) available for processes such as biouptake and
partitioning as well as toxicity. Chemometers applied to single
or multiple environmental media allow for comparison
between (i) organisms of different trophic levels or inhabiting
different areas, (ii) organs within an organism or, (iii) biotic
and abiotic compartments, amongst others. Their deployment
in different media circumvents normalization of the chemical
concentration to the relevant sorptive phases common in
traditional approaches. Hence, chemometers imply a lower risk
of introducing bias.

3194 | Chem. Commun., 2023, 59, 3193-3205

View Article Online

ChemComm

Instead of single chemicals, chemometers take up complex
mixtures of pollutants with widely varying physicochemical
properties from a broad range of media. Furthermore, they
allow for the assessment of the chemical activity gradient
between media, approached by the ratio of concentrations of
a chemical in the chemometers equilibrated with different
media, samples or compartments. Silicone has proven useful
for this purpose because it enriches HOCs in a similar way as
biota lipids, and even complex sample types have been shown
not to alter the sorptive capacity of the silicone.?

Once in direct contact with the sample, at first the uptake
curve of chemicals into the chemometer is steep and linear, as
aresult of the strong gradient in chemical activity between both
phases (Fig. 1(A)). It then flattens, showing a curvilinear
intermediate phase, until it reaches a plateau when equilibrium
is approached. Following the sampling, the chemometer is
retrieved from the sample, its surface is thoroughly cleaned,
and the chemicals from the chemometer are extracted using a
suitable solvent or mixture(s) of solvents. Depending on the
medium that was sampled and the analytical requirements,
a non-destructive® or destructive cleanup® can be used to
remove matrix constituents and enhance the analytical result.
However, in general, chemometer extracts require less cleanup
compared to traditional exhaustive solvent extraction methods
due to lower amounts of co-extracted matrix, such as lipids,
which is one of the benefits of this approach. Following
cleanup, the extracts of chemometers equilibrated with
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Fig. 1 (A) Uptake kinetics of a chemical into the chemometer, with the
concentration in the chemometer (Cchemometer) Plotted vs. time. (B) Multi-
media environment sampled with chemometers (red circles), covering
abiotic media (sediment, water, air) and diverse biota, including humans.
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multimedia environments (Fig. 1(B)) can be submitted to
chemical profiling and/or bioanalytical characterization.

Several prerequisites apply for successfully using chemo-
meters, as summarized by Mayer et al:* (i) the chemometer
must be applied under negligible depletion conditions, i.e., not
more than 5% of the chemical mass present/available in the
sample must be transferred into the sampler in order not
to alter the equilibrium concentration (i.e., not to perturb
chemical activity); (ii) the response time of the chemometer
must be sufficiently short to correctly mirror fluctuations in
environmental levels, which can be ensured by a suitable
design, including maximizing its surface area-to-volume ratio;
and (iii) the sorptive properties of the chemometer must not be
altered by immersion in complex matrices.’

The same working principle, but in reversed mode, is known
as passive dosing, where a polymer is pre-loaded with a mixture
of HOCs (resembling environmental or artificial mixtures) and
used for dosing those compounds into air or aqueous media.
Thanks to passive dosing, stable exposure concentrations can
be maintained over time, even for HOCs, as required amongst
others for bioaccumulation assessment and (eco)toxicological
studies.®™"

In recent years, we have teamed up in a group of scientists
to jointly work towards widely establishing the chemometer
concept in the multimedia environment (Fig. 1(B)) within the
project CHEMO-RISK.

CHEMO-RISK covered four major applications (Fig. 2):
(i) thermodynamics-based bioaccumulation assessment, by
deploying chemometers in abiotic and biotic media of different
trophic levels in a Swedish background lake combined with
chemical profiling; (ii) internal exposure and effects, by apply-
ing chemometers in diverse tissues of marine mammals from
the North and Baltic Seas and submitting them to chemical and
bioanalytical profiling, subsequently linked in an iceberg mod-
eling approach; (iii) developing chemometers for non-invasive
human exposure assessment, applied, amongst others, on the
study participants’ skin; and (iv) in a final step, applying
chemometers to investigate patterns of known and unknown
chemicals across samples and media, in order to identify,

Bioaccumulation
assessment

Internal exposure
assessment

o’

Non-invasive Patterns of

exposure assessment unknown compounds

i n = ‘ N ‘.
M N R ° 0 °
[ o ®
(1] (1) L ]e]
Fig. 2 Four applications of chemometers (red circles) in the project

CHEMO-RISK, of which "Patterns of unknown compounds” is being
developed.

Silicone
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e.g., bioaccumulative chemicals from comparison of peak
areas, without the need of knowing their identity a priori.
The latter approach may provide useful for prioritization of
unknown peaks that are interesting to identify, e.g, if a peak
shows explicit biomagnification in a trophic network or can be
linked to adverse effects, e.g., via effect-directed analysis.

According to the underlying concept, the chemometer con-
stitutes of a common polymeric reference phase - in our case
silicone - which is equilibrated with diverse sample types and
media, allowing for direct comparison of the concentrations of
a chemical in the silicone equilibrated with the multimedia
environment. Since the enrichment of potentially hazardous
environmental chemicals in lipids of biota, including humans,
often is a major concern, we may then translate the concen-
tration in the silicone, Cgjicone, to the concentration in
model lipids, Cjipiq, using lipid/silicone partition coefficients,
Kiipid/silicone (ref. 12-19) according to eqn (2):

Clipid = Csiticone X Kiipid/silicone- (2)

Instead of model (storage) lipids, Cgijicone might be translated
into concentrations in other relevant biological phases (e.g.,
proteins), depending on the target chemicals, provided that
partition coefficients are available or can be modeled.

In general, equilibrium partitioning concentrations in sili-
cone at equilibrium with environmental media converted to a
lipid basis are considered more comprehensible for scientists,
regulators, and the general public.” In this regard, the chem-
ometer approach with the derived equilibrium partitioning
concentrations in lipids has similarity to the equilibrium lipid
partitioning concentrations introduced by Webster et al.>* The
major advancement is that we combine the unique features of
chemometers in quantifying freely dissolved concentrations
and chemical activity and make use of directly comparing
chemical concentrations in the silicone, whereas Webster
et al. worked with data from all kinds of studies, mostly based
on traditional exhaustive solvent (ie., total) extractions.
As such, the pioneering approach by Webster et al. considered
total chemical loads, not taking into account that strong
sorption to organic phases may reduce bioavailability in many
multimedia systems.

Current environmental risk assessment usually compares
the total concentrations of a single chemical in the main
surrounding compartment relevant for the exposure of the
organism to the highest concentration that did not show
adverse effects in standard test species (e.g., the no observed
effect level/concentration, NOEL/NOEC). This approach entails
a number of major shortcomings, such as that (a) exposure and
effect are evaluated separately in standard settings, hence
ignoring site-specific factors; (b) the bioavailability of the
chemical is not taken into account; (c) application of different
methods hampers comparability across studies; (d) evaluation
of single chemicals precludes taking into account mixture
effects; and (e) ecosystem health assessments are not directly
transferrable to human health.

Chemometers represent a major advancement in this con-
text because they (a) are used in site-specific assessments to

Chem. Commun., 2023, 59, 3193-3205 | 3195
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integrate exposure and effect assessment by allowing to submit
extracts from identical chemometers to both chemical profiling
and bioanalytical characterization; (b) represent the fraction of
the total concentration of the chemical that is bioavailable;
(c) provide a standardized approach applicable to diverse
environmental media for enhanced comparability; (d) cover a
broad chemical universe; and (e) can be applied for environ-
mental biota and humans, allowing for direct comparability of
the outcomes.***?

State-of-the-art in multimedia passive
sampling

In recent years, a range of peer-reviewed scientific publications
regarding the use of chemometers in one or more environ-
mental compartments has been published, and Table 1 com-
piles a related literature overview. The criteria for inclusion, in
addition to applying polymeric passive samplers in environ-
mental compartments to determine concentrations and/or
characterize effects, included a restriction to studies that
focused on nonpolar HOCs (amenable to gas chromatographic
(GC) separation coupled to mass spectrometric (MS) detection).
Table 1 summarizes a synopsis of these studies, aiming to
provide a general impression of the application of chemo-
meters in environmental studies of HOCs until now, but it
does not claim to be an exhaustive review of all the studies
published up to date. In the table it can be observed that the
main polymers used in this regard are silicone and polyethy-
lene (PE), together with polyurethane foam (PUF). What also
becomes obvious is an increase of studies in recent years,
which partly is a result of the advantages that this approach
brings to environmental assessments.

Soils and sediments were the first compartments to be equili-
brated with chemometers,”** using ex situ setups, which can be
performed in a non-depletive mode due to the high sorptive capacity
of such samples for HOCs. Furthermore, equilibration times of
several weeks are facilitated by adding agents such as sodium azide
to stabilize the samples. Suspended particulate matter (SPM) from
aquatic environments has been studied likewise.>*>°

More recently, biota have been sampled with chemo-
meters,*®”%° and nowadays, methods are established even
for lean tissues, based on frequent mixing of the samples to
avoid local depletion, that make it feasible to reach equilibrium
within a reasonable time frame, i.e., before the tissue starts to
decay. The methods were originally developed for fish muscle
tissue and whole fish,”®%® but have recently been adapted to
include different organs and tissues of marine mammals’> and
humans.*® Regarding the study of human exposure, as a result
of ethical limitations, non-invasive formats such as silicone
wristbands or similar devices have usually been applied.®*
Those devices comprise the disadvantage that they measure
not only the release of chemicals from the human body via the
skin, but also, at least partially, the environmental exposure
through air. An exception are few studies such as Baumer
et al.*® using in tissue sampling in body donors post-mortem.
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Contrarily, in water it is still challenging to achieve equili-
brium partitioning of HOCs, especially for the more hydro-
phobic compounds. According to the literature,® the uptake
of certain HOCs (up to a log Kow of 5.5) from water into
chemometers may take as long as 4 months until equilibrium
is reached even under agitated conditions. However, for com-
pounds with a log Kow >5.5 it remains challenging to reach
equilibrium within a reasonable time frame, and for some
compounds it will not even be reached after 6 months. Hence,
chemometers have mainly been used in kinetic mode in water,
sampling in the linear uptake phase (Fig. 1(A)). The results are
then usually extrapolated to concentrations in equilibrium
conditions based on the dissipation of performance reference
compounds (PRCs) that had been loaded into the polymer prior
to their exposure to water.’”

The same approach is commonly used for atmospheric
sampling.”” In air, the most commonly used polymer is
PUF, together with PE (more precisely low-density PE,
LDPE).44’55'56’62'64'65’67'79’84'87’88 Some Studies44,84 haVe aimed
to deploy chemometers for sampling the air over several
seasons and years, allowing to establish temporal trends, and
thus to evaluate, e.g., the effectiveness of control measures of
POPs on a global scale.

Summarizing, chemometers have recently been used suc-
cessfully in diverse environmental compartments (Table 1),
but there remains an enormous potential for development
and extension. In the next sections we will focus on novel
approaches and ongoing advancements regarding the use of
chemometers in multimedia environments and the next steps
to be addressed.

Major advancements

Within our project CHEMO-RISK, we have achieved major
improvements towards establishing chemometers as powerful
and solid tools for environmental and human health assess-
ment in three application areas: thermodynamics-based
bioaccumulation, internal exposure and effect assessment
and non-invasive human exposure assessment (Fig. 2).

Thermodynamics-based
bioaccumulation

Bioaccumulation of environmental chemicals in aquatic biota
is of concern for the involved species and related ecosystem
health, but also for human exposure in case of consumption.
In this, “bioaccumulation” includes both uptake from the
organism’s abiotic environment (bioconcentration) and from
its diet (i.e., blomagnification across trophic levels). Opposed to
bioconcentration, which is expected to yield equal chemical
activity, biomagnification is supposed to be accompanied by an
increase in chemical activity from one trophic level to the next
one,”® but this assumption has to date not been experimentally
confirmed.

This journal is © The Royal Society of Chemistry 2023
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Table1 Overview of studies applying chemometers to nonpolar HOCs in environmental compartments, including targeted chemical(s), polymer used,
the studied compartments and the applied analysis technique. Abbreviations: POM (polyoxymethylene), PUF (polyurethane foam), PE (polyethylene),
PMMA (poly(methyl methacrylate)), PCBs (polychlorinated biphenyls), PAHs (polycyclic aromatic hydrocarbons), PYRs (pyrethroids), OCPs (organo-
chlorine pesticides), PBDEs (polybrominated diphenyl ethers), CHCs (chlorinated hydrocarbons), HCB (hexachlorobenzene), PCPPs (personal care
products and pharmaceuticals), PCDD/Fs (polychlorinated-p-dibenzodioxins/furans), NHFRs (novel halogenated flame retardants), and OPEs (organo-

phosphate esters)

Environmental compartment Evaluation
Sediment Env. Chemical
Ref. Chemicals of concern  Polymer(s) Atmosphere Water /SPM biota Humans analysis Bioassays
Alkon et al. (2022)” Pesticides, PYRs Silicone X X
(wristbands)
Allan et al. (2013)*® PAHs, PCBs, OCPs and ~ Silicone X X
CHCs
Allan et al. (2021)*° PAHSs, PCBs, OCPs and  Silicone x
CHCs
Arcury et al. (2021)*° Pesticides Silicone X X
(wristbands)
Baumer et al. (2020)*" PCBs, OCPs and CHCs  Silicone x x
Baumer et al. (2021a)*? PAHs, PCBs, OCPs, Silicone X X
PBDEs and CHCs
Baumer et al. (2021b)**  PAHs, PCBs, pesticides, Silicone X X X
PBDESs, CHCs, OFRs
and musks
Beckingham et al. PCBs, OCPs and CHCs POM X X
(2013)**
Bergmann et al. (2017)*>  PCBs, pesticides, PAHs, Silicone X x
and PCPPs (wristbands)
Booij et al. (2016)°° Review Silicone
Chen et al. (2020)*” PCBs Silicone X X
Chen et al. (2022)** PCBs Silicone X X
Claessens et al. (2015)*>  PAHs, PCBs, pesticides Silicone x X
and farmaceuticals
Cornelissen et al. (2008)*° PCDD/Fs and PCBs POM x
Dixon et al. (2018)* PAHs Silicone X X
(wristbands)
Figueiredo et al. (2017)*> PCBs Silicone and PE X X
Fuchte et al. (2020)* PAHs Silicone x
Global atmospheric POPs, e.g., PCBs, OCPs PUF
passive sampling (GAPS)
network™*
Harley et al. (2019)* Pesticides Silicone x X
(wristbands)
Hendryx et al. (2020)*° PAHSs Silicone X X
(wristbands)
Jahnke et al. (2009)*” PCBs Silicone x x
Jahnke et al. (2011)** PCBs Silicone x x
Jahnke et al. (2012)* PCBs Silicone X x
Jahnke et al. (2014a)° HCB and PCBs Silicone x x x
Jahnke et al. (2014b)*" HCB and PCBs Silicone X X
Jahnke et al. (2018)** — Silicone x X
Jin et al. (2015)> PCBs, PBDEs and Silicone X x
PCDDs
Jonker et al. (2018)** PAHs and PCBs PE, silicone x x
and polyacrylate
Khairy et al. (2015)>° PCBs PE x
Khairy and Lohmann PBDEs PE X X
(2017)°¢
Kile et al. (2016)*” PBDEs Silicone x x
(wristbands)
Lang et al. (2018)°® PCBs Silicone x x
Lao et al. (2016)*° PAHs, PCBs, PBDEs, PMMA X X
OCPs and musks
Li et al. (2013)*° — Silicone X
Li et al. (2014)"* PBDEs Silicone x x
Lohmann et al. (2012)*'  PCBs and OCPs PE x
Lohmann et al. (2013)*>  PBDEs PE x
Mienpii et al. (2011)>>  PCBs Silicone x x
Mienpéd et al. (2015b)**  PCBs Silicone X X
McDonough et al. PBDEs and NHFRs PE X

(2016)**

This journal is © The Royal Society of Chemistry 2023
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Table 1 (continued)
Environmental compartment Evaluation
Sediment Env. Chemical
Ref. Chemicals of concern  Polymer(s) Atmosphere Water /SPM biota Humans analysis Bioassays
Meierdierks et al. (2021)®> PAHs PE X x
Meierdierks et al. (2022)°° PAHs PE X x x
Meire et al. (2016)%” OCPs PE X X
Mustajirvi et al. (2017)°® — Silicone X
Muz et al. (2020)%° PAHSs, PCBs, PBDEs, Silicone X X X
CHCs, PYRs, OCPs, UV
filters and musks
Nguyen et al. (2020)”° Flame retardants Silicone (incl. x x
wristbands)
Niu et al. (2020)"" PAHs, PCBs, PBDEs, Silicone X X
CHCs, PYRs, OCPs, UV
filters and musks
Niu et al. (2021)*® PAHs, PCBs, PBDEs, Silicone X X X
CHCs, PYRs, OCPs, UV
filters and musks
Pintado-Herrera et al. PAHs, PCBs, pesticides, Silicone X
(2020)? OPFRs, UV filters and
musks
Reche et al. (2020)” PAHs Silicone x x
(wristbands)
Reddam et al. (2020)"* OPEs Silicone X X
(wristbands)
Reichenberg et al. PAHs Silicone X X
(2008)**
Reiter et al. (2022)7° — Silicone x x
Rohlman et al. (2019)’°  PAHs Silicone X X
(wristbands)
Rojo-Nieto and Perales PAHs Silicone X X
(2015)”7
Rojo-Nieto et al. (2019)”® PAHs, PCBs and OCPs  Silicone x X
Ruge et al. (2015)7° PAHs and PBDEs PE X X
Rusina et al. (2017)%° PCBs, OCPs and CHCs  Silicone X x
Sacks and Lohmann PBDEs PE X X
(2012)%"
Samon et al. (2022)** Review Silicone X X
(wristbands)
Schifer et al. (2015)% PCBs Silicone X X
Schuster et al. (2021)**  POPs, e.g., PCBs, OCPs PUF X
Smedes et al. (2013)* PCBs and PAHs Silicone X X
Smedes et al. (2020)%° PCBs, PBDEs, OCPs and  Silicone X X
CHCs
Strandberg et al. (2022)*” PAHs PUF X
Smith and Jeong (2021)° — Silicone X
Tuduri et al. (2005)%® PCBs PUF x
Travis et al. (2020)* PCBs, flame retardants Silicone X X
and pesticides (wristbands)
Vrana et al. (2018)° PAHs, PCBs and CHCs ~ Silicone and PE x
Vrana et al. (2019)”* PAHSs, PCBs, PBDEs, Silicone X
OCPs and CHCs
Wang et al. (2020)°* Flame retardants Silicone x x
(PBDEs and NBFRs) (wristbands)
Wernicke et al.(2022a)>*  PAHS, PCBs and OCPs  Silicone x x
Wernicke et al. (2022b)*® PAHS, PCBs and OCPs  Silicone X X
Wise et al. (2022)” PBDEs, NBFRs and Silicone X X
OPEs (wristbands)
Xie et al. (2021)** OPEs Silicone X X
(wristbands)
Young et al. (2021)”® PCBs, PBDESs, BFRs, Silicone X
OPEs, pesticides and (wristbands)

To characterize bioaccumulation, diverse metrics have been
proposed derived from the ratio of total concentrations of a
pollutant in the organism, normalized to its lipid fraction in
the case of HOCs, over its concentrations in the main exposure

PAHs

3198 | Chem. Commun., 2023, 59, 3193-3205

medium normalized to the major sorptive phase, e.g., organic
carbon in sediment. Examples include: bioconcentration factors
(BCF = Chiota/Cwater) for uptake from the abiotic environment,
(b) biomagnification factors (BMF = Cpredator/Cpr

o) for uptake via
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food, (c) biota/sediment accumulation factors (BSAF = Cpiow/
Csediment); (d) trophic magnification factors (TMF) and (e) fugacity
or activity ratios.

To date, activity ratios have mainly been calculated from
traditional monitoring data, ie., from sorption phase-
normalized concentrations.’® Drawbacks of this normalization
approach include differences in sorptive capacities, e.g., for
“lipids” (in many cases operationally defined as extractable
organic matter) between storage lipids and membrane lipids,
opposed to other sorptive phases such as proteins of relevance
in lean tissues”®'°°"'%? or for “organic carbon” relative to black
carbon in different fractions as a function of site-specific
conditions, hence limiting comparability. The overall goal
regarding activity ratios is to express the data on a common
basis to enable direct comparison, circumventing normalizations,
which becomes feasible when directly comparing Cchemometer
across samples.

Novel chemometers have been developed in the CHEMO-
RISK project to extend their applicability domain, previously
restricted to samples rich in transporter agents, such as lipids
or organic carbon, to enable equilibration with biota of
different lipid contents”®'%® and sediment for application in a
well-defined model ecosystem, the Swedish Lake Angen. The
concentrations of the sampled pollutants in the chemometer
can then be directly compared across the different compart-
ments and trophic levels to provide insights into the thermo-
dynamic factors affecting bioaccumulation. However, it has to
be kept in mind that a larger amount of sample is necessary in
this application compared to exhaustive extraction, to ensure
working in non-depletive mode.

The results from this project have proven that chemometers
are a promising tool to evaluate chemical pollutants in biota,
allowing to determine metrics such as the TMF directly using
the concentrations determined in the chemometers, hence
avoiding the need of normalization to the major sorptive
phases.'®® The results further corroborate the general assump-
tion that biomagnification is accompanied by an increase in
chemical activity. Taking into account eqn (1), if biomagnifica-
tion is accompanied by an increase in the concentrations in the
chemometers, it implies an increase of chemical activity in the
higher trophic level opposed to the lower trophic level, which
was observed in our study.'®® Within this work it has thus been
experimentally confirmed that biomagnification across the
food web implies an increase in the concentrations of the
chemometers equilibrated with species from higher trophic
levels, equivalent to an increase in chemical activity.

Furthermore, the use of chemometers in different biotic and
abiotic compartments has extended their application to deter-
mine activity ratios between biota and their surrounding
abiotic compartments (e.g., sediments), using eqn (3):

abiota/asediment = Csi]icone = biota/Csi]icone =sed (3)

where Cgjlicone—biota 1S the concentration of the chemometer
equilibrated with biota and Cgjjicone == sea iS the concentration in
the same type of chemometer, but equilibrated with the abiotic
compartment (in this case with sediment, and potentially in the
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future equilibrated with water). Using a similar approach, other
studies like the one from Smedes et al,*® have compared
chemometer-based concentrations in water and fish from
different trophic levels, in this case applying PRCs to extra-
polate concentrations obtained with kinetic sampling in water
to equilibrium using the dissipation of PRCs. In other publica-
tions, like Wernicke et al.>® and Allan et al.'®* the activity ratios
were approximated using chemometers in the abiotic compart-
ment (water and/or suspended particulate matter) in combi-
nation with exhaustive extraction in fish, followed by their
translation into lipid-based concentrations, assuming model
lipids at equilibrium with the abiotic compartment.

Chen et al?”*® recently developed another interesting
approach to study the thermodynamics of biomagnification
through the application of chemometers in food before and
after passing the gastrointestinal tract (feces) of different
zoo-based predator species.’’*® Regarding bioaccumulation
studies, Allan et al.,'°® Adolfsson-Erici'®® et al. and O’Connell
et al.'” have explored the feasibility of in vivo sampling
following implantation of chemometers for studying HOCs
through the insertion of a silicone sampler into trout. Other
researchers such as Narviez Valderrama et al'%® follow this
research line.

Considering the sampling in air as another abiotic compart-
ment and the potential comparison with biota samples, in the
CHEMO-RISK project we studied human exposure in the indoor
environment by means of thin silicone films attached to the
kitchen windows of the study participants for non-invasive
human exposure assessment (see Fig. 2). No PRCs were used
in this case to avoid elevated exposure. The results are still
under evaluation, but the setup might represent an interesting
approach to compare concentrations in chemometers of
the identical polymer deployed in different human-related
compartments, further addressing the characterization of the
human exposome.

Internal exposure and effect
assessment

Internal exposure to a chemical at the target site is known to be
best suited to explain observed effects.'” However, in many
cases only external exposure data are accessible, which implies
a limited degree of correlation between exposure and effects.
For total concentrations in either exposure medium (water or
sediment) or biota tissues, normalization-related challenges
apply: tissues have different compositions including diverse
fractions of storage lipids vs. membrane lipids, and in lean tissues
other sorptive phases such as proteins gain importance.'®
Chemometers open up for characterizing chemical activity
in target tissues following in tissue equilibration of the polymer,
avoiding the need for normalization. The simultaneous uptake
of very diverse compounds into the polymer moreover allows
for investigation of chemical exposure and mixture toxicity
across different organs: chemometers have the inherent advan-
tage of transferring mixtures of nonpolar HOCs into the extract
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either submitted to analytical determination or dosed into,
e.g., bioassays without changing the chemical composition of
the mixture.>*>”® As an additional benefit, chemometers trans-
fer less disturbing matrix constituents such as lipids into the
extracts; hence non-destructive cleanup procedures are often
sufficient, limiting alterations of the mixture composition.

In our project, chemometers have been developed to study
mixtures of chemicals from in tissue sampling of different
organs, ie., blubber, liver, kidney and brain tissues of stranded
marine mammals.*>”> The related hypothesis was that HOCs
mainly accumulate in storage lipids and that the chemical
activity hence would be the highest in blubber tissues.
However, the results of the bioanalytical profiling (oxidative
stress response and activation of xenobiotic metabolism)
showed only minor differences for the oxidative stress response
(AREc32), while blubber extracts did not activate the aryl
hydrocarbon receptor (AhR-CALUX) up to concentrations where
cytotoxicity occurred.**”®> Only the peroxisome proliferator-
activated receptor gamma (PPARy-bla) indicated an elevated
chemical activity in chemometers equilibrated with liver,
followed by kidney, brain, and blubber tissues.”®

Subsequent chemical profiling of a wide range of legacy and
emerging pollutants in the extracts was performed but did not
show clear tissue-specific patterns.’'® The reason may be that
those chemicals that are known to activate PPARy-bla were not
specifically targeted in the chemical analysis,® which is strong
support to complementarily work with chemical screening and
bioanalytical profiling to capture the whole exposome of
an organism. In combination with chemical profiling, the
observed effects can then be related to the measured chemicals
in an approach called “iceberg modeling””*'! to determine to
which extent the known chemicals contribute to the observed
effects. Our recent study indicated that for highly contaminated
individuals and assays such as AhR-CALUX in which legacy
HOC:s elicit strong effects, a large fraction of both the specific
effect and the observed cytotoxicity can be explained by the
measured chemicals.''® Contrarily, the fraction explained in
the other assays was well below 1% as far as specific effects
are concerned, whereas regarding cytotoxicity, the explained
fractions were between 0.1 and 10%.

Non-invasive human exposure
assessment

The fate and effects of environmental chemicals in humans is
of major concern, but very challenging to assess due to ethical
issues and the related limited availability of study material.
Regarding chemometers, in the last decade, silicone wristbands
have been proposed as a non-invasive chemical assessment tool
and have been used in multiple studies to characterize personal
exposure in a variety of populations such as in Samon et al®
However, with this approach it is challenging to reach equilibrium
with the chemicals sequestered from the human skin within a
reasonable time frame due to the thickness of the wristband and
limited contact with the skin. Furthermore, as is exposed not only
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to the human skin but also to the surrounding air, clothes, etc., the
origin of the sampled chemicals is poorly defined and may be
heavily impacted, e.g., by particles deposited on the wristbands or
personal care products used by the study participant. This may
be the reason why many studies apply the wristbands with a
perspective on passive air sampling. In addition, being in direct
contact with the skin, some of the procedures that are commonly
used to extrapolate concentrations in chemometers applied in the
kinetic uptake phase to equilibrium partitioning concentrations
(such as, e.g, the use of PRCs) are not suitable in this setup.

In order to overcome those drawbacks, in our project new
chemometers have been designed as non-invasive alternatives
for human exposure assessment''* with a perspective to sub-
sequent comparison to patterns and levels in human blood.
We have assessed different sampler formats, including thin
silicone skin patches that offer a larger contact area between
the chemometer and the human skin, applied to the upper
thigh of the study participants'*® and compared the obtained
results to the performance of the commonly used silicone
wristbands. In a pre-study, we assessed the uptake kinetics
for 1d, 3d, or 5d of exposure. Furthermore, different combina-
tions of isolation layers, consisting of medical gauze and a
weaved activated carbon fabric, have been tested to isolate
uptake from either the skin or the surrounding air. In addition,
silicone films attached to the study participants’ kitchen
windows have been tested to investigate the external exposure
of the study participants from indoor air.

Comparison of the results for the different isolation layers
indicated that the activated carbon fabric was not suitable in
our setting because not only did it isolate the silicone skin
patches from airborne chemicals, it also depleted the silicone
of the sampled compounds.''” The gauze, however, proved
suitable to prevent deposition of contaminants onto the sili-
cone chemometer. Comparison of the sampled contaminant
patterns and burdens showed that the wristbands had
enhanced sensitivity as they sampled substantially higher levels
in the silicone, despite their thickness and limited, poorly
controlled contact to the skin, due to airborne deposition being
the major uptake pathway. However, the extracts of the wrist-
bands contained much more disturbing matrix so that certain
time windows of the chromatograms were hardly quantifiable
if at all. Overall, as in the case of the silicone wristbands,
drawbacks of the silicone skin patches such as limited uptake
rates, etc. imply that these chemometers do not reach steady
state with the human body either. Some preliminary results'*?
showed that, even if certain benefits of the skin patches were
observed relative to the wristbands, including cleaner chroma-
tograms, improvements in the design are still necessary to be
able to successfully apply them in large-scale monitoring or
cohort studies.

Another interesting approach regarding the study of the
human exposome using chemometers was described in
Baumer et al.,*® where post-mortem samples of different tissues
from body donors were equilibrated with chemometers and
submitted to both chemical analysis and bioassays. This
research opens up a new pathway for investigating the human
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lifelong exposure to mixtures of chemicals. Further chemo-
meter approaches to study the human exposome have been
explored for human biomonitoring, such as silicone breast
implants, which equilibrate in the body over time and provide
a measure of the overall body burden.'*”'**

Next steps

To fully establish chemometers as powerful and solid tools in
environmental and human health assessment, further steps to
be taken include the following four aspects: (i) fostering the
development and use of identical polymers for all environmental
and human compartments or translation into concentrations
in the same polymer; (ii) achieving equilibrium partitioning
for chemometers in water; (iii) overcoming challenges in stu-
dies of the human exposome; and (iv) identifying patterns of
known, suspected and unknown chemicals across multimedia
compartments.

Identical polymers or conversion into
the same polymeric phase

For each polymeric chemometer, irrespective of whether it is
silicone, PE or any other polymer, there is a large variety of
materials available. These distinct polymers have slightly dif-
ferent sorptive characteristics for chemicals. Unless the iden-
tical polymer is used for chemometers applied in every
environmental compartment, allowing for direct and unbiased
comparison, the equilibrium partitioning concentration in
the polymers require translation into the same material to be
comparable.

For this conversion, polymer/polymer partition coefficients
are needed, which are only partly available in the literature for a
subset of the polymers and a range of nonpolar HOCs.'*>*'®
As a consequence, efforts have to be taken in order to
(i) establish a solid and wide set of highly precise polymer/
polymer partition coefficients that allow for those translations;
(ii) further develop the chemometers applied in certain envir-
onmental compartments to be applicable also in the other
compartments. Although some steps have already been taken
in that direction, such us using silicone sheets (normally used
for biota and water) for sediments or using coated jars (normally
used for soil/sediments/SPM) for biota,””** in most of the cases
different chemometers are still used for sampling of nonpolar
HOCs in the different environmental compartments within a
study which then have to be translated for direct comparability.

Achieving equilibrium partitioning in
water

As mentioned above, achieving equilibrium partitioning
between a chemometer and water is very challenging within a
reasonable time frame for many of the nonpolar, highly hydro-
phobic HOCs. Due to the very high polymer/water partition

coefficients for HOCs, equilibrating the samplers with
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negligible depletion of the sample requires huge volumes of
water, rendering ex situ equilibration in the laboratory, e.g.,
under agitation, impossible. Thus, the sampling with chemo-
meters has to be done on the field.

The usual procedure is to measure the concentrations in the
kinetic uptake phase (Fig. 1(A)) and extrapolate them to con-
centrations at equilibrium (i) either by using field dissipation
data of a set of PRCs covering the range of physicochemical
properties of the analytes for calculating the sampling rates in
the field deployment or (ii) using sampling rates derived under
laboratory conditions, which are challenging to extrapolate to
field conditions. According to the guideline by Smedes and
Booij,""” for using PCRs: the retained PRC fraction f can be
calculated for each PRC by the ratio of the amount left in the
field sampler N, upon retrieval from the field and the measured
original amount as derived from the laboratory controls (average)
N, according to eqn (4):

Bxt
_ M — e KowxM®¥xm (4)

where B is a constant depending on the hydrodynamic condition
around the deployed sampler, ¢ is the deployment duration, Kp, is
the compound-specific polymer/water partition coefficient for the
sampler, M is the molar mass and m is the mass of the sampler.

Then, the sampling rate Ry for each compound can be
calculated as follows in eqn (5):

Rs = BIM*, (5)

Despite this approach working reasonably well for chemical
analysis (with larger uncertainties when the degree of equili-
bration is low),?® it cannot be applied when the extracts are to
be submitted to bioanalytical profiling because of the differ-
ences in degree of equilibration of the unknown chemicals and
the potential effects elicited by the PRCs, which is one of the
drawbacks of this approach. Having an equilibrium chemo-
meter for the water phase would open up not only for broad use
of bioassays, but also for routine applications, e.g., within
regular water quality monitoring. Additional benefits of equili-
brium chemometers for water include more accurate data and
redundancy of sampling rates, rendering calculations using
polymer/water partition coefficients straightforward (Cyater =
Csiticone X Kwaterssilicone)- Du€ to the potentially broad applic-
ability, using chemometers in equilibrium mode in water
would represent the “gold standard” for this compartment.
Some progress has been made in this direction, aiming to
reduce the water boundary layer to increase uptake rates into
the chemometer, as well as towards minimizing the thickness
of the chemometers to maximize the surface area in contact
with the sample relative to the sampler volume. Examples include
(i) a device referred to as dynamic passive sampler,”>" (i) the
pre-equilibration of the chemometers with another medium,
e.g. sediment, from the study site, prior to exposure to water in
order to start from a chemical activity close to equilibrium to
allow faster attainment of equilibrium partitioning with water,”*
or (iii) the use of silicone-coated jars under a continuous move-
ment of water which appeared to be promising for moderately
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hydrophobic contaminants.'®® Despite those advancements,
equilibrium partitioning between chemometers and water
remains to date unsolved in a practical way.

Overcoming challenges in human
studies

To date, most of the studies regarding humans have focused on
non-invasive human exposure assessment through external
devices, such as silicone wristbands. As stated above, those
approaches do not reach equilibrium with the human body via
the skin, but rather (also) sample other compartments such as
the surrounding air. In order to comprehensively study the
human exposome, further approaches need to be explored,
such as the ones proposed by Abel et al. (in prep.),"'* applying
different formats of external chemometers, or by Baumer
et al.>® equilibrating the chemometers post-mortem with differ-
ent human tissues, but these approaches are still of limited
scope and/or restricted to post-mortem investigations. In order
to broaden the scope of human biomonitoring with chem-
ometers despite very restrictive ethics, one interesting approach
may be to use samples that are taken during regular surgeries
collected as by-products. These leftovers could provide a valu-
able set of samples, in particular if complemented by detailed
medical information about the study participants.

Chemical patterns across multimedia
compartments

One of the major advantages of applying chemometers to study
the environmental fate and bioaccumulation of pollutants is
the direct comparability between chemometers equilibrated
with different multimedia environmental compartments.
As such, chemometers help overcoming substantial bias related
to the multitude of methods and approaches applied to date
which all reduce comparability. The use of activity ratios
(section “Thermodynamics-based bioaccumulation” and eqn (3))
is one possibility to compare between compartments when targeted
analysis yields quantifiable concentrations of a chemical in each
chemometer. This approach has been applied successfully in
Rojo-Nieto et al. (in prep.)'® for sediments and aquatic biota from
different trophic levels.

Beyond that targeted application, chemometer extracts are
also ideally suited for suspect screening and nontargeted
analysis. By exploring the extracts in a nontargeted way, peak
patterns across different sample types can be studied without
knowing the identity of the underlying compounds. In our
project, we have explored chemometer-based pattern analysis
for chemical profiling to identify increasing or decreasing
peaks in biota from one location covering diverse trophic
levels,"*® in which increasing peak areas up the food web
indicate biomagnification and decreasing peak areas may point
at chemicals that are biotransformed (Fig. 3). Until now,
suspect screening and nontarget analysis have been applied
to chemometer extracts exposed to abiotic compartments,
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Fig. 3 Pattern analysis of known, suspected and unknown peaks based on
chemometer extracts.

mainly to water for less hydrophobic compounds,'***** but
not yet to biota.

Another approach has focused on chemical patterns between
different organs and tissues of marine mammals'*? (i.e., blubber,
liver, kidney and brain) to characterize the chemical mixture and
potentially identify yet unrecognized chemicals that strongly
biomagnify or are biotransformed as a result of enzymatic action,
for example. The underlying hypothesis is that identical chem-
ometers equilibrated with different tissues within one organism
or across individuals from the same environment allow for an
initial screening based on comparing chromatograms, allowing
for peaks with interesting patterns to be selected for potential
identification. In this context, chemicals known to strongly bio-
magnify (e.g., hexachlorinated PCBs) or to be subject to biotrans-
formation (e.g., certain PAHs) can help to establish the related
workflows. If successful within different biota and/or tissues,
future applications may address the additional challenge of
comparing abiotic to biotic compartments.

Abandoned research lines

In our efforts to design versatile, robust and reliable multi-
media chemometers, the following approaches could not be
successfully established and were hence abandoned: (i)
silicone-coated glass wool for equilibration in the water phase;
(ii) silicone nets produced by electrospinning for equilibration
in the water phase; (iii) chemometers made of different poly-
mers for the water phase, as a chemical proxy for the exposome
of diverse tissues of aquatic biota; (iv) identical cleanup
methods for chemical analysis and bioanalytical profiling.
The ideas behind were: (i) and (ii) to maximize the surface area
in contact with the water while allowing high water flow to
reduce the water boundary layer and increase uptake kinetics;
(iii) to mimic different tissues using diverse polymers that
enrich less hydrophobic compounds than the HOCs targeted
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Pattern assessments

Fig. 4 Chemometers to characterize the exposome in top predators such
as terrestrial and marine mammals as well as humans.
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with silicone; (iv) to use the identical clean-up for all
chemometer-based studies which proved impossible in our
work so far due to reduced instrument lifetime of samples
submitted to the cleanup used for biotesting on the one hand
and blank issues of the cleanup used for chemical analysis in
bioanalytical assessment on the other hand."*°

Besides those abandoned research lines, some challenges
have been addressed and partially overcome: (i) the impact of
co-dosed lipids in cell-based bioassays and (ii) background
contamination of silicone mono- and oligomers in the chem-
ometer extracts. Those obstacles have been overcome as fol-
lows: (i) the effect of the co-dosed lipids has been quantified
and modeled in the bioassays,'>* and environmental concen-
trations can now be corrected for co-extracted lipids; (ii) the co-
extraction of silicone mono- and oligomers has been evaluated
and discussed in Muz et al* and it can partially be solved
applying the non-destructive cleanup protocol. In addition,
using different solvents for extracting the chemicals from
the chemometers could minimize the co-extraction of any
polymeric matrix.

Conclusions

Chemometers have proven to be promising tools for environ-
mental and human health assessment of a broad chemical
universe of nonpolar HOCs in multimedia environments.
As such, they give highly valuable additional information to
traditional exhaustive extraction methods, making chemo-
meters in certain cases the superior approach. The unique
concept allows for direct comparison of chemical profiles and
levels across abiotic and biotic environmental media, across
organisms or between organs, over time and space (for tem-
poral and geographical trends) and is expected to generate
novel insights into the environmental fate and effects of multi-
ple pollutants. Furthermore, pattern analysis may help to find
relevant candidates for the identification of important, yet
unknown pollutants. The approach has also proven promising
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for human health assessment and is being tested within
suspect and nontargeted screening. Finally, whereas the focus
of CHEMO-RISK was on method development, validation and
proof-of-concept of multimedia passive sampling with chem-
ometers, the follow-up project EXPOSO-METER will apply the
established chemometers to give a comprehensive overview
of the exposome of humans, terrestrial mammals and marine
mammals (Fig. 4).
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