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Abstract

Approaches to characterising human exposure to hazardous environmental pollutants
generally fall into two broad categories: external exposure monitoring vs internal
exposure monitoring (human biomonitoring). Time-lags exist between the first use of
chemicals, their initial occurrence in the abiotic environment, their emergence in human
diet, and their eventual manifestation in human bodies. We submit that the optimum
time to become aware of potentially problematic chemical exposures is at the earliest
possible opportunity. Therefore, we propose an indoor monitoring programme as a
complementary strategy to existing dietary exposure monitoring and human
biomonitoring efforts. Indoor monitoring combining targeted analysis and non-target
screening of vacuum cleaner dust, silicone wristbands, and passive air samplers,
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facilitates timely detection of emerging contaminants and assessment of human health
risks, which is cost-effective and ethically advantageous. This indoor monitoring

framework effectively leverages citizen science, enabling proactive interventions and

improved public health outcomes.

Keywords: External exposure, biomonitoring, indoor dust, silicone wristbands, passive

samplers, citizen science.

Shifting foci on human exposure pathways of environmental pollutants

Substantial research effort has been expended investigating adverse health effects on
humans of various hazardous environmental pollutants, from legacy contaminants like
polychlorinated dibenzo-p-dioxins/polychlorinated dibenzofurans (PCDDs/PCDFs) and
polychlorinated biphenyls (PCBs), to emerging pollutants such as novel brominated
flame retardants (NBFRs) and per- and polyfluoroalkyl substances (PFAS).
Chronologically, researchers’ attention has shifted from dietary exposure as the main
exposure pathway of PCDDs/PCDFs 2], to a realisation that a more comprehensive
combination of pathways contribute meaningfully to human exposure to a variety of
pollutants >4, Notwithstanding this realisation, despite the diverse and ever-growing
number of environmental pollutants under scrutiny, researchers have identified three
principal pathways of human exposure to hazardous chemicals, i.e., inhalation of
polluted air, oral intake of contaminated matrices (e.g. dust, food, water), and dermal

contact with chemical-containing media/items (e.g. dust, portable devices, furniture)*4,

Previous studies demonstrate variations in the relative significance of these exposure
pathways for different chemicals. For example, oral intake of diet and/or indoor dust
generally contributes most to human exposure to hydrophobic pollutants possessing
high Kow (n-octanol/water partition coefficient) values, such as PCDDs/PCDFs, PCBs,
and BFRs [!- 3 3]; while the contribution of inhalation is elevated considerably for more

volatile chemicals like organophosphate esters (OPEs) and some neutral PFAS >4, By
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comparison with oral exposures, understanding of dermal exposure is limited but recent

evidence suggests that skin uptake is an important, potentially even dominant, pathway

of human exposure to hazardous chemicals such as lower Kow PFAS, BFRs, and OPEs

[6-8]

Approaches to characterising chemical exposure essentially fall into one of two broad
categories. The first is external exposure monitoring — in which concentrations of
hazardous chemicals in environmental media (both indoors and outdoors), human diet,
and commercial products with which humans have contact, are multiplied by exposure
factors (e.g. mass of a given foodstuff consumed per day as the approach to monitoring
dietary exposure), and moderated by additional factors such as the percentage of
chemical ingested that is absorbed by the body. The other broad approach is internal
exposure monitoring also known as human biomonitoring in which chemicals and/or
their metabolites are measured in human tissues (e.g. blood, adipose tissue) or
excretions (e.g. urine), or secretions (e.g. breast milk). The best-known example of this
approach is the US NHANES (National Health and Nutrition Examination Survey)
program, while in Europe major efforts are being made to develop and implement
population-level biomonitoring via the HBM4EU (Human Biomonitoring for Europe)
project. There are advantages and disadvantages to both approaches. For instance,
human biomonitoring reflects exposure integrated from all pathways over time and is
ideal for assessing relationships between exposure and health outcomes, but usually
fails to pinpoint how such exposure has occurred. In contrast, while external exposure
monitoring usually provides only a snapshot in time of exposure from one or more
pathways and does not account for the efficiency of contaminant absorption by the body,
it permits characterisation of the relative importance of different exposure pathways (e.g.
diet, dust ingestion, inhalation), and thereby complements human biomonitoring efforts
(%1, We thus contend that the ideal approach to monitoring population-level exposure to
chemical contaminants would incorporate both external and internal exposure

monitoring. As argued previously [?], time-lags exist between the first use of chemicals,
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their initial appearance in the indoor or outdoor abiotic environment, their emergence
(for bioaccumulative chemicals) in our diet, and their eventual manifestation in our
bodies, with accompanying potential for health risks [Figure. 1]. We submit that the
optimum time to become aware of potentially problematic chemical exposures is at the
earliest possible opportunity. By definition, human biomonitoring approaches reveal
exposures at a point when potential harm may already be occurring [* 1% 111 At the other
end of the timeline, data on production of chemicals as a surrogate for data on exposure
is in our view insufficiently nuanced (e.g. with respect to how a chemical is used) to
facilitate identification of those chemicals likely to pose potential human exposure risks.
Logically therefore, we argue here for a programme that monitors indoor chemical
contamination as the point in the transmission chain where many consumer chemicals

make their first unrestrained appearance in the environment and where there is potential

for human exposure.
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Figure 1. Illustrative diagram of hazardous chemical (HC) migration from products to
indoor/outdoor environmental media, biota/human diet, and human body. This diagram
is extracted and modified from Ma 2, Note that HC enrichment in the diet and the

human body generally lags behind HC migration to indoor environments (2!,

The growing need for indoor exposure monitoring
People typically spend ~90% of their time indoors ['?], and thus indoor environments

present critical arenas for human exposure to various chemicals. Moreover, these indoor
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environments contain numerous consumer items like electronics and furniture. These
items often contain a range of chemicals (e.g. flame retardants, plasticisers, stain- and
grease-proofing agents, UV stabilisers) which can migrate from products to indoor dust
and air through processes like abrasion, direct material-to-dust transfer, and
volatilisation 3], making indoor environments a reservoir for potentially hazardous
chemicals, compounded by the low air volumes into which chemical emissions occur
indoors. As a result, concentrations of such chemicals in indoor air and dust generally
far exceed those in outdoor air and soil, leading to substantial human exposure to some

[14-16

chemicals in indoor environments 1, that may in some instances constitute the main

pathway of exposure [16 171,

We therefore argue that the implementation of an indoor monitoring programme would
serve as an early-warning sentinel approach that would complement dietary exposure
monitoring programmes such as: the GEMS/Food (Global Environment Monitoring
System - Food Contamination Monitoring and Assessment Programme) run by the
WHO, and the TDS (Total Diet Study) programmes administered by the FSA (Food
Standards Agency) in England and Wales, and the FDA (Food and Drug Administration)
in the USA. While dietary monitoring is clearly the best approach to monitoring
exposure to contaminants directly introduced as food additives (e.g. trans fats,
preservatives), via cooking processes (e.g. acrolein, polycyclic aromatic hydrocarbons
(PAHs)), or via migration during packaging/storage (e.g. plasticisers, PFAS); current
knowledge suggests that for bioaccumulative chemicals, the pathway from commercial
products to human diet involves prolonged environmental migration via
bioconcentration, bioaccumulation, and biomagnification [!% '), This process may span
months to decades, creating a considerable lag between contaminant release into the
environment and detection by traditional food monitoring approaches for
bioaccumulative chemicals. This lag time not only delays regulatory actions to mitigate
environmental and health risks but also increases the complexity and cost of

remediation. In contrast, the migration of hazardous chemicals from products to indoor
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environments happens far more rapidly [Figure. 1]. By integrating indoor monitoring
with existing dietary monitoring programmes, we can achieve earlier detection of
bioaccumulative contaminants, thereby facilitating earlier preventive interventions.
Such a dual approach would address both direct foodborne contaminants (via diet

monitoring) and indirect bioaccumulative threats (via indoor monitoring), ultimately

strengthening holistic chemical management.

As well as providing a pathway of direct human exposure via contact with indoor air
and dust, indoor environments for many chemicals provide an indirect indicator of
exposure via dermal contact with treated consumer goods (e.g. flame retarded furniture),
and future exposure via the diet following ventilation to outdoor air and subsequent
uptake into food chains 2. While invaluable in its provision of unequivocal evidence of
human exposure, human biomonitoring presents substantial hurdles with respect to
ethical approval and sample collection (requiring trained medical professionals).
Moreover, biomonitoring of toddlers and infants, two of the most vulnerable population
sectors that are likely disproportionately exposed to indoor contamination ['7], presents
substantial ethical and practical issues. By comparison, citizen science could be a viable
way of indoor sample collection (especially for dust), and presents fewer ethical
challenges, making indoor monitoring a viable option to complement existing human
biomonitoring programmes and provide an early warning of emerging chemical

exposure threats, especially to toddlers and infants.

Key components of a proposed indoor monitoring programme

Figure. 2 demonstrates key components of a viable indoor monitoring programme.
Indoor dust is a complex but readily available matrix, facilitating investigation of indoor
contamination by a wide spectrum of chemicals, including semi-volatile organic
compounds (SVOCs), persistent organic pollutants (POPs), heavy metals, etc. Vacuum
cleaner bags are low-cost, commonly used, and easy to collect, thereby constituting an

efficient and economical approach to indoor dust sampling that is well-suited to citizen
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science. Although there could be uncertainties regarding the duration, coverage, and
technique of sampling, vacuum cleaner bags can provide a time-weighted integrated
sample over a period (from days to months) which can be used for laboratory analysis
of chemicals of interest. Once obtained, indoor dust samples can be analysed
individually to provide the range of contamination within the population sampled, but if

resources are scarce, could also be pooled to provide an indicator of contaminant

exposure on a whole population scale.
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Figure 2. Key components of a viable indoor monitoring programme.

Indoor dust samples (whether from individual donors or pooled) can be analysed in two
ways. Specifically, for a list of target chemicals of concern, indoor dust can be analysed
to facilitate assessment of direct exposures to such chemicals via contact with indoor
dust (i.e., dust ingestion and dermal uptake), and in conjunction with mathematical
modelling approaches to estimate dietary exposure. Additionally (or alternatively),
non-target chromatographic mass spectrometric screening approaches can be deployed
to identify and provide semi-quantitative data on the presence of emerging chemicals in

indoor environments. Data from the latter approach can identify new chemical
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exposures at either the individual or population-level — indeed, recent analysis of a
composite European house dust sample by several different laboratories identified
~1,200 anthropogenic chemicals all of which by inference have human exposure
potential via one or more pathways [2°. Such non-target screening approaches
complement available production and use information and help focus risk assessment on
those chemicals to which the population is most exposed, as well as identifying
emerging exposure threats. The scientific literature as well as regulatory data for those

chemicals identified could then be used to consider risk and “catch” potentially

problematic chemicals before extensive, prolonged exposure occurs.

In addition to vacuum cleaner dust, which is particularly effective in capturing less
volatile contaminants, personal wearable articles can be used as complementary
approaches to environmental pollutant monitoring and human exposure assessment for
contaminants with higher vapour pressures as well as inhalation exposure to
semi-volatile contaminants. Silicone wristbands are an affordable, non-invasive, and
user-friendly tool which can be easily deployed on a large scale without requiring
specialised training or equipment. This accessibility makes silicone wristbands
particularly suitable for vulnerable populations like children, thereby complementing
current human biomonitoring practices. That wristbands have direct skin contact means
that they can integrate inhalation and dermal exposures to a wide range of SVOCs and
POPs simultaneously 2. Moreover, they may also be used as a tool for non-target
screening of the presence of emerging chemicals that have skin contact and respiratory

exposure potential.

With respect to VOCs (e.g. formaldehyde, benzene, toluene), commercial organic
vapour passive (diffusive) samplers or “badges” are an economical alternative to active
samplers used to monitor inhalation exposure. VOCs are simply sorbed from the
atmosphere into passive samplers at a fixed rate, and can be easily desorbed with

solvents or thermally for laboratory analysis via GC-MS. Like silicone wristbands, the
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“badges” are affordable and non-invasive, and can be easily deployed across a large
population, including vulnerable groups. Further, these passive samplers may easily be
deployed in indoor environments without too much effort, such as daycare centres,

classrooms, and hospitals, so that a map of VOC contamination can be drawn at a

relatively low cost.

Overall, our proposed indoor monitoring programme integrates pragmatic and
multi-dimensional sampling and analytical techniques to establish a systematic
framework for assessing human exposure risks, with sufficient flexibility to allow
regulators to design a programme suited to the available resources. Target screening of
vacuum cleaner dust, complemented with silicone wristbands and passive samplers,
enhances public health protection by prioritising risk assessment for vulnerable
populations and high-exposure chemicals. Meanwhile, non-target screening approaches
can provide an invaluable early-warning of exposure to emerging pollutants and
empower regulators to take early action to limit exposure and consequent harm. We
contend that this holistic approach lays a scientific foundation for proactive
environmental health risk management, ensuring safer indoor spaces and informed

policy decisions.
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