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In an analysis of the major scientific themes appearing in
Environmental Science & Technology (ES&T) over its first 60

years, the exposome did not exactly stand out.1 To be fair, the
term has only existed since 20052 and did not even appear in
ES&T until 2011 when, then Editor-in-Chief, Jerold Schnoor
enthusiastically embraced the topic and welcomed submis-
sions.3 Noting that the exposome was a measure of all exposures
that an individual accrues in a lifetime, including to many
environmental pollutants that had long been a focus of the
journal, he warned that it will be “exceedingly difficult to
measure due to extreme variability in space and time of a single
individual’s exposure”. Notwithstanding his optimism that the
scale of discoveries in exposomics could dramatically improve
health, he was right that this was going to be hard.
Today, ES&T is a primary target journal for research on the

exposome, and a special issue on The Exposome and Human
Health was recently compiled.4 As new innovative approaches,
tools, and resources emerge, it is hard not to be optimistic that

this field will transform the health sciences: I am. Nevertheless,
exposomics remains a young field that is still dominated bymany
forward-looking expert opinions and editorials setting out the
ambitions, scope, definitions, and frameworks for future studies.
In contrast, recent headlines suggest that exposome research has
come of age,5 implying a level of maturity that is ready to be
unleashed, and international discussions for a Human Exposome
Project involving millions of participants are now being
amplified in popular media.6 Expectations are sky-high that
such an endeavor will complement the wealth of information
already gained from the Human Genome Project and
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postgenomic era, finally leading us to healthier populations and
more precise medical treatments for sick patients. This is a grand
challenge from which we cannot afford to back down, but like a
team of climbers preparing for an uncharted summit, trust-
worthy equipment, coordinated teamwork, and timing of the
ascent will be critical.
As one of a handful of researchers striving to develop sensitive,

comprehensive, reproducible, and high-throughput methods to
measure the chemical component of the exposome (chemical
exposomics), I wonder how soon we can realistically be ready for
a Human Exposome Project. When the timing is right�politics
aside, the funding is not yet in place�I would not want
imperfect methods to hold the project back. Here I reflect on the
necessity of chemical exposomics in large-scale exposome
research, its origins, the progress to date, and remaining
challenges.
Environmental and health scientists are now forming research

synergies to identify the major drivers of disease, motivated by a
common understanding that an individual’s environmental
exposures are as important as genetics in determining one’s risk
of chronic disease and premature mortality.7,8 From my view,
the missing piece in health research is no longer just
“environment” in the abstract and hand-wavy sense; it is the
chemical exposome, the complex mix of chemicals and particle-
associated stressors that seep into our body’s cells daily through
air, water, food, the microbiome, and commercial products.
Scientific links between environmental chemical exposures and
cancer are already 250 years old,9 and I can only surmise that
Christopher Wild’s own research on aflatoxin or nitrosamine
exposure10 and genotoxicity11,12 influenced his initial articu-
lation of the exposome concept.2 Air pollution causes millions of
premature deaths globally every year, and the already staggering
burden of disease from chemical pollution remains under-
estimated due to data gaps for thousands of chemicals in global
commerce.13,14 Links between environmental exposures and
disease continue to pile up; e.g., PFAS and immune
dysfunction,15 air pollution and dementia,16 and bisphenols
and neurodevelopmental deficits.17 However, the pace of
discoveries lags far behind ramping chemical production and
the release of new pollutants to the environment.18 While I
certainly acknowledge the importance of physical and
psychosocial determinants of health, these nonchemical
stressors may also be shown to be propagated by chemical
signals that impact health through biomolecular interactions; as
with chronic stress triggering cortisol production.19 In short, a
human exposome project without chemical exposomics would
be like mapping the night sky while ignoring the stars.
Chemical exposomics is powered by a set of emerging

technologies, workflows, and data science tools that together
allow for the complex chemical component of the exposome to
be detected and characterized. When applied to blood, tissues,
or urine, the same tools can simultaneously profile endogenous
metabolite patterns, opening great opportunities to detect an
associated biological response.20 Largely propelled by advances
in high-resolution mass spectrometry (HRMS), current
methods for small molecule profiling were only a vision a
decade ago. We can now screen quantitatively for hundreds of
priority target analytes and metabolites in a few drops of blood
from one individual, while simultaneously scanning tens of
thousands of nontarget signals to discover novel or unantici-
pated exposures.21 Ten years ago, to analyze the few hundred
priority substances monitored by the U.S. Centers for Disease
Control and Prevention in one person’s blood sample, one

would have needed to send separate aliquots to dozens of
specialized laboratories, and that would have required 250−300
mL of plasma.22 Not only was molecular discovery not
integrated with routine biomonitoring, the needed blood
volumes and high costs meant that comprehensive target
analysis was reserved for pooled samples or that each chemical
class was analyzed in blood of different individuals.
Through chemical exposomics, exposure science is now

“personal”. Only fractions of a milliliter of blood are needed for
multiclass target analysis, and combined nontarget/target
methods allow for interindividual variability and longitudinal
dynamics to be revealed for thousands of chemical signals.23−27

Molecular discoveries and chemical identifications are aided by
increasingly large and public spectral databases and chemical
libraries.28,29 Machine learning is already helping to flag
hazardous chemicals among the unidentified nontarget
features.30,31 Wearable samplers can track personal airborne
exposures,24 including in passive devices that absorb chemicals
like tiny sponges.32 Archived newborn blood spots can reveal
complex prenatal exposures years later,33 and personal micro-
samplers allow research subjects to safely and painlessly draw
their own blood samples at any place and any time.34 What
would surely have sounded like science fiction a decade ago,
mapping and recording the complexity and dynamics of an
individual’s lifetime chemical fingerprint, is now technically
feasible. We know that each person’s exposure cannot be
adequately represented by a population average and chemicals
do not politely take turns affecting biology one at a time, so
advances in chemical exposomics are a game changer.
Truthfully though, chemical exposomics is not yet plug and

play. With some effort and (admittedly) expensive infra-
structure, partial chemical exposomes have been measured by
nontarget methods at the cohort scale for hundreds of
participants using either GC- or LC-HRMS, but so far not by
both for the same individuals. Throughput and method
harmonization remain barriers to larger studies. Moreover, no
individual’s chemical exposome has been recorded for more
than two years, and at intervals of only 3−6 months.23

Measuring the chemical exposome of any one individual over
the course of a life remains a distant ambition. Among the tens of
thousands of chemical signals that can be detected in human and
environmental samples, most remain unidentified, and debates
are ongoing about the significance of this “molecular dark
matter”.35 Without clear chemical identities, health intervention
and regulation must wait. Reproducibility is another hurdle.
Different laboratories, instruments, and pipelines can yield
different molecular profiles for the same samples. Stand-
ardization efforts are underway, but the field is still far from
the crisp comparability that genomics eventually achieved. Then
there are the obvious statistical and computational challenges for
large studies, and even small studies will require advanced
bioinformatics or machine learning and artificial intelligence.
The high likelihood of false positives looms large in high-
dimensional chemical exposome data sets.
For chemical exposomics to eventually complement ge-

nomics, it needs to aim for similar levels of reliability,
throughput, and cost. The evolution of genomic technologies
is therefore useful context, and that story began with a 25-year
head start. Scientists launched the Human Genome Project in
1990 despite extremely high costs and low throughput by the
best available technologies, largely Sanger sequencing. Com-
pleted by 2003 through intense international cooperation,36 it
was propelled by steadily improving technologies and major
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investments in organized infrastructures. It was not until the first
draft of the human genome sequence was imminent for
publication that genomics was said to have “come of age”, and
that was only after exponentially increased rates of sequencing
and public data deposition were being recorded.37 With a final
price tag in the range of $1−3 billion to sequence a reference
human genome, it was clear that full genomic sequencing was
still not applicable to individuals. Precision medicine therefore
awaited further investment and innovation, culminating in next-
generation high-throughput sequencing technologies by the
mid-2000s.38 Today, a human genome can be sequenced in days
to weeks for less than $1000,39 enabling routine applications in
precision health and medicine.
While a philosophical, methodological, and technological

revolution is ongoing in chemical exposomics, with genomics as
context the methods have had just too little time and investment
to reach anything equivalent to maturity or next-generation
status. Realistically, chemical exposomics is still in its “Sanger
sequencing” era, battling low throughput, high costs, and the
lack of off-the-shelf commercial kits and still building the
national infrastructures that will be needed to handle the
demands of any Human Exposome Project. However, just as in
the Human Genome Project, we will not have the luxury to wait
for the perfect technologies and methods before embarking on
large-scale international studies, and any technologies will be
certain to evolve by leaps and bounds throughout any future
study’s lifetime. Instead of a focus on when specific methods or
technologies will be ready to go, the focus should be on data
quality and data transparency, with the aim of ensuring future
data comparability from a range of evolving methods. Interna-
tional dialogue toward the adoption of common data quality and
reporting standards and the development of reference solutions
and standard reference materials should be high priorities in the
short term.
The trajectory for collaborative action looks excellent as

national chemical exposomics infrastructures are coming online
across Europe and the United States, increasingly intercon-
nected by coordinating bodies (e.g., NEXUS and EIRENE).40,41

For chemical exposomics specifically, an international effort
involving 20 laboratories is now underway to generate an online
atlas of the chemical exposome in human biofluids.42 New
international scientific constellations have developed,43 and the
Washington Declaration now gives the field a road map to
establish the foundations of a Human Exposome Initiative.44

Such an initiative was recently proposed to the European
Parliament that would involve 10 million participants;45

therefore, time is of the essence, and the need to work
collaboratively is obvious.
Chemical exposomics is not a silver bullet and will not

untangle every environmental cause of disease; however, it is a
measurement technology we have long lacked, and measure-
ment can change everything. Once the field emerges from its
necessary but disjointed phase of early innovation, I expect the
trajectory to look like that of genomics, with consolidation,
method maturation, and strong commercial partnerships to
follow. If the field can resist hype, invest in rigor, and stay
grounded in accurately revealing exposure, chemical exposomics
stands to fundamentally reshape exposure science, public health,
and even medicine.46

In closing this Viewpoint in honor of ES&T at 60, I hope and
fully expect the journal to play a leading role in communicating
new science on the exposome for years to come. An academically
diverse range of editors, editorial board members, and reviewers

must continue to be engaged to maximize quality and impact in
this burgeoning transdisciplinary field.
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