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A B S T R A C T   

The holistic characterisation of the human internal chemical exposome using high-resolution mass spectrometry 
(HRMS) would be a step forward to investigate the environmental ætiology of chronic diseases with an un
precedented precision. HRMS-based methods are currently operational to reproducibly profile thousands of 
endogenous metabolites as well as externally-derived chemicals and their biotransformation products in a large 
number of biological samples from human cohorts. These approaches provide a solid ground for the discovery of 
unrecognised biomarkers of exposure and metabolic effects associated with many chronic diseases. Nevertheless, 
some limitations remain and have to be overcome so that chemical exposomics can provide unbiased detection of 
chemical exposures affecting disease susceptibility in epidemiological studies. Some of these limitations include 
(i) the lack of versatility of analytical techniques to capture the wide diversity of chemicals; (ii) the lack of 
analytical sensitivity that prevents the detection of exogenous (and endogenous) chemicals occurring at (ultra) 
trace levels from restricted sample amounts, and (iii) the lack of automation of the annotation/identification 
process. In this article, we discuss a number of technological and methodological limitations hindering appli
cations of HRMS-based methods and propose initial steps to push towards a more comprehensive characteri
sation of the internal chemical exposome. We also discuss other challenges including the need for harmonisation 
and the difficulty inherent in assessing the dynamic nature of the internal chemical exposome, as well as the need 
for establishing a strong international collaboration, high level networking, and sustainable research infra
structure. A great amount of research, technological development and innovative bio-informatics tools are still 
needed to profile and characterise the “invisible” (not profiled), “hidden” (not detected) and “dark” (not an
notated) components of the internal chemical exposome and concerted efforts across numerous research fields 
are paramount.   

1. Introduction 

In 2003, the Human Genome Project (HGP) was declared complete. 
Thirteen years, ~4 billons euros, and a solid international collaboration 
effort was necessary to sequence the ~3 billion base pairs and estimate 
that humans have between 20,000 and 25,000 genes (Consortium, 

2004). The prospects of the HGP were an enormous step forward to 
understand “at the chemical level, the role of genetic factors in a multitude of 
diseases, such as cancer, Alzheimer’s disease, and schizophrenia, that 
diminish the individual lives of so many millions of people” (Watson, 1990). 
Sequencing of the human genome and the development of more 
affordable high-throughput technologies paved the way for the 
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implementation of genome-wide association studies (GWAS) aiming to 
use genetic mapping techniques to identify distinct genes affecting dis
ease susceptibility (Bodmer and Bonilla, 2008). GWAS were first 
implemented to identify common variants (with frequencies ≥5%) 
influencing the incidence of common multifactorial diseases without 
prior assumptions and have uncovered previously unknown poly
morphic variants associated with a variety of common chronic diseases 
(Bodmer and Bonilla, 2008). However, most of the variants identified so 
far in GWAS are associated with low odd ratios (i.e., 1.2–1.5) (Bodmer 
and Bonilla, 2008). Hence, practical applications of GWAS in terms of 
understanding the ætiology of a disease and in targeted prevention have 
been quite limited so far. The search for rare variants having frequencies 
between 0.1 and 1% in very large GWAS is anticipated to provide a 
substantial contribution to the study of multifactorial inheritance of 
common chronic diseases in the near future (Bodmer and Bonilla, 2008; 
Visscher et al., 2017). However, it has now become evident that the risk 
for an individual to develop chronic disease also depends on known and 
unknown environmental factors (Wray et al., 2007). 

Environmental exposures, and their interactions with genetic factors, 
play an important role in many common chronic diseases. For instance, 
the health impact of environmental risk factors highlighted by the 
Global Burden of Disease project estimated the disease burden of 84 
metabolic, environmental, occupational, and behavioural risk factors in 
195 countries and territories, and found that these modifiable risks 
contribute to approximatively 60% of deaths worldwide (Gakidou et al., 
2017; Vermeulen et al., 2020). Yet, compared to genetic factors, the 
accurate assessment of many environmental exposures in chronic dis
ease epidemiology is underdeveloped (Wild, 2005). To address this, in 
2005, C. Wild proposed the exposome as a complement to the genome. 
Defined as all life-course environmental exposures (non-genetic factors 

including lifestyle factors), from the prenatal period onwards (Wild, 
2005), the exposome concept sought to draw attention to the need for 
methodological and technological developments in exposure assessment 
(Wild, 2005). Developing tools to reliably measure exposure history is a 
challenge because the exposome is highly variable and dynamic (Stin
gone et al., 2017). Like the HGP beforehand, tackling this challenge will 
require strong international collaboration. 

High-resolution mass spectrometry (HRMS) chemical profiling 
methods have often been proposed as one of the most promising and 
operational approaches to tackle the complexity of chemical exposure 
assessment. These approaches enable the broad measurement of small 
molecules (generally 50–1200 Da) present in human biospecimen, 
encompassing endogenous metabolites as well as exogenous chemicals 
and their transformation products. Therefore, HRMS-based chemical 
profiling conceptually offers the possibility to identify both biomarkers 
of exposure (see Definition Box) and biomarkers of effect during the 
same set of analyses. This enables the identification of exposure signa
tures associated with disease susceptibility, and at the same time study 
of the underlying biological mechanisms involved in the development of 
chronic diseases (Bar et al., 2020; David et al., 2017; Orešič et al., 2020). 
Hence, the holistic characterisation of exogenous chemicals present as 
mixtures in human biological samples using HRMS platforms would be a 
step forward to investigate the environmental ætiology of chronic dis
eases with an unprecedented precision (Rappaport, 2011; Vermeulen 
et al., 2020; Wild, 2012). 

Many proof of concept studies employing HRMS-based profiling to 
identify exogenous chemicals and their metabolic signatures in human 
biospecimen have been reported (Bonvallot et al., 2018; Haddad et al., 
2019; Huhn et al., 2021; Jones, 2016; Niedzwiecki et al., 2019; Orešič 
et al., 2020; Uppal et al., 2016; Vineis et al., 2020). These studies 

Definition Box 
Definition and nomenclature box (in the context of this article) 

GWAS: Genome-wide association studies; EWAS: Exposome-wide association studies 

HRMS: High-resolution mass spectrometry; ESI: Electrospray ionisation; EIþ: electron [impact] ionisation; LC: Liquid chromatography; GC: 
Gas chromatography; IC: Ion chromatography; CE: capillary electrophoresis. 

Metabolite: substance involved in metabolic process [of an entity] (Price et al., 2021). 

Metabolome: totality of metabolites [of an entity] (Price et al., 2021). 

Metabolomics: the systematic and comprehensive study of metabolites (Price et al., 2021). 

Exogenous chemicals: includes all chemical substances (naturally occurring or xenobiotics) from exogenous sources (e.g., food, air, water, 
soils) that accumulated in humans from intentional or unintentional exposure. 

Internal chemical exposome: the totality of internal contact between exogenous chemicals including transformation products and an entity 
(Price et al., 2021). 

Invisible internal chemical exposome/metabolome: components of the internal chemical exposome/metabolome not profiled using a given 
analytical setup. 

Hidden internal chemical exposome/metabolome: components of the internal chemical exposome/metabolome not detected using a given 
analytical setup because of sensitivity issue. 

Dark internal chemical exposome/metabolome: components of the internal chemical exposome/metabolome detected using a given 
methodological setup but that remain uncharacterised (Da Silva et al., 2015). 

Internal chemical exposomics: the systematic and comprehensive study of the internal chemical exposome (Price et al., 2021). 

Exposome: All life-course environmental exposures (including lifestyle factors), from the prenatal period onwards (Wild, 2005). 

Annotation: assigning a putative identity to m/z x Rt feature from HRMS datasets (Uppal et al., 2016). Different levels of confidence can be 
provided to an annotation. The highest level leading to the identification. 

[Metabolic/Chemical] Biomarkers of exposure: exogenous chemical present as parent compounds or transformation products in human 
biological matrices. 

[Metabolic] Biomarkers of effect: measurable change in metabolite profiles in an organism that, depending on the magnitude, can be rec
ognised as associated with an established or possible health impairment.  
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supported the applicability of HRMS-based exposome-wide association 
studies (EWAS) and their potential to identify chemical risk factors 
associated with disease susceptibility in epidemiological and/or clinical 
studies. Now that we have evidence of the merits of HRMS-based 
methods to identify environmental chemical risk factors, it is critical 
to refine and further develop HRMS-based methodologies to identify, 
unbiasedly, the relevant clusters of chemical factors affecting disease 
susceptibility (see Box 1)). 

In this article, we emphasise technical and methodological issues 
that are hindering HRMS-based chemical profiling and propose initial 
steps to push towards a more comprehensive characterisation of the 
human internal chemical exposome. After providing a brief set of defi
nitions for the terms we will use in the context of this article, we discuss 
(1) the need to combine complementary technologies to capture the 
large diversity of chemicals; (2) the need to enhance sensitivity in order 
to detect the low abundant species constituting the internal chemical 
exposome, even from limited amount of sample available for analysis; 

(3) the need to improve HRMS data annotation procedures as it is still 
one of the main bottlenecks of HRMS-based methods. We also discuss 
other challenges including the need for harmonisation and the difficulty 
to assess the dynamic aspect of the internal chemical exposome, as well 
as the need for establishing a strong international collaboration, 
networking, and sustainable research infrastructure in this field to tackle 
these different challenges. 

2. A brief set of definitions 

Recently, it has been proposed to reattribute the ‘exposome’ to the 
totality of environmental exposures (i.e. the totality of contact between 
external non-genetic factors and an individual) (Price et al., 2021). The 
clear distinction between exposure and response allows for a better 
separation (and to avoid confusion) between measures of the endoge
nous metabolites and measures of exogenously-derived chemicals plus 
their biotransformation products when profiling biospecimen (Fig. 1). 

Box 1 
Chemical exposomics and EWAS: where do we stand? 

Context: Multifactorial diseases triggered by a combination of genetic and environmental factors are leading causes of mortality and morbidity 
worldwide. Exposure to chemical agents is a prevalent environmental factor. The comprehensive assessment of exposure, including chemical 
exposure is challenging and compared to genetic factors, the influence of environmental factors on health is understudied. 

A step change in exposure assessment: Application of HRMS-based chemical exposomics in EWAS holds great promise to complement GWAS 
and identify without a priori unrecognised clusters of environmental chemical risk factors associated with multifactorial diseases. 

Where do we stand: Hyphenated HRMS configurations can reproducibly profile thousands of endogenous metabolites and hundreds of 
exogenous chemicals plus their transformation products in human biological samples. Hence HRMS-based chemical profiling provides a solid 
ground for the discovery of new biomarkers of exposure and metabolic effects associated with many chronic diseases. 

Current limitations: Among the hundreds of thousands of exogenous chemicals present on the market, only a small subset can currently be 
profiled, detected or identified using current HRMS-based methods, introducing a bias for the identification of relevant clusters of environ
mental chemical factors. Current limitations involve: 

The lack of versatility of HRMS technologies limiting the diversity of chemicals which can be analysed. 

The lack of analytical sensitivity which hinders the detection of low-abundant exogenous chemicals (and metabolites). 

The lack of ease for accurate annotation meaning that the vast majority of information collected by HRMS-based methods remains, to date, “dark 
matter”. 

The lack of harmonisation of QA/QC, reporting procedures etc. that hinders concerted large-scale research efforts. 

The lack of methodologies capable to assess the dynamic aspect of chemical exposure that limits the detection of non-persistent chemical 
agents and association with latent effects.  

Fig 1. High-resolution mass spectrometry (HRMS) 
can theoretically profile during the same analysis 
all small molecules (50–1200 Da) present in human 
biofluids and tissues, encompassing endogenous 
metabolites, gut microbial metabolites as well as 
exogenous chemicals and their transformation 
products. The clear distinction between exposure 
and response allows for a better separation (and to 
avoid confusion) between measures of the endoge
nous metabolites and measures of exogenously- 
derived chemicals plus their biotransformation 
products.   
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Accordingly, the term internal chemical exposomics will be used 
here to refer to the systematic and comprehensive study of the internal 
chemical exposome, i.e. characterising contact between 
environmentally-derived chemicals plus their transformation products 
(50–1200 Da) and a cell, tissue, organ or organism. Metabolomics will 
refer to the study of the complete set of endogenous metabolites 
(50–1200 Da) that can be detected in cell, tissue, organ or organism. In 
this context, chemical exposomics include the different strategies that 
are currently used for exposure assessment, embracing conventional 
targeted methods and the increasingly emerging suspect and non- 
targeted screening approaches (Pourchet et al., 2020). From the strict 
instrumental point of view, the term HRMS-based chemical analysis/ 
profiling will be used to refer to application of HRMS to both metab
olomics and [internal] chemical exposomics, although a number of 
contextual, scientific and other technical elements distinguish those two 
domains. 

To date, there are no comprehensive characterisations of the 
metabolome or the internal chemical exposome available for any model 
organism, tissue or cell (Viant et al., 2017). Therefore, many of the 
limitations we will discuss are applicable for both chemical exposomics 
and metabolomics. Nevertheless, providing separate terms will allow to 
better accommodate the need related to either exposure (e.g. need for 
acute analytical sensitivity, specific database) or response (e.g., use of 
biological pathway correlation for metabolite annotation) assessments. 

3. The invisible, the hidden and the dark internal chemical 
exposome components 

Great efforts are currently being made to improve the annotation/ 
identification step (which continues to be a bottleneck of HRMS-based 
methods) as well as to advance the treatment of data generated to 
obtain exposure/response information. However, other steps in the 
general workflow, such as the generation of the chemical fingerprints, 
which includes many analytical steps (e.g., sample preparation, chro
matographic separation, HRMS profiling), have yet not received the 
same attention (Chetwynd and David, 2018; David et al., 2014; David 
and Rostkowski, 2020). This is detrimental for chemical exposomics as it 
means that most of the exogenous chemicals, known to be present at 
trace levels (e.g., sub ng/ml in plasma/serum) compared to many 
endogenous metabolites (Rappaport et al., 2014), remain undetected 
with current methods. A great amount of research, technological 
development and innovative bio-informatics tools are therefore still 
needed to profile and characterise the “invisible” (not profiled), “hid
den” (not detected) and “dark” (not annotated) components of the in
ternal chemical exposome and concerted efforts across numerous 

research fields (analytical chemistry, bioinformatics, chemometrics) are 
paramount. 

3.1. Capturing the large diversity of chemicals 

It has been estimated that >100,000 chemicals are currently in use in 
the human population while only about 5,000 are estimated to be 
dispersed in the environment widely enough to pose a global threat to 
the human population (even though local specificities have to be 
accounted for) (Di Renzo et al., 2015; Vermeulen et al., 2020). 
Furthermore, the production of chemicals is predicted to increase by 
3.4%/year until 2030 (Di Renzo et al., 2015) meaning that the realm of 
possibilities in terms of exogenous mixtures accumulating in human will 
also extend in the future. 

These chemicals present in the environment have very diverse 
physical and chemical properties, for instance from high (e.g., glypho
sate) to low (e.g., polychlorinated biphenyls) polarity. This high chem
ical diversity combined with the lack of versatility of the available 
technologies means that currently only a small fraction of the internal 
chemical exposome (and the metabolome) can be captured during a 
single analysis (Fig. 2). Hence, as opposed to genomics or tran
scriptomics that can rely on sequencing platforms to obtain compre
hensive datasets, a combination of complementary analytical techniques 
for the sample preparation and HRMS platforms are needed to decipher 
the depth of the internal chemical exposome (Fig. 2). 

This is challenging considering that application of chemical expo
somics to epidemiological studies requires consecutive analysis of very 
large numbers of samples (up to several thousands) to achieve sufficient 
power to discover statistically significant associations at the population 
scale. To date, high-throughput HRMS-based methods using minimal 
sample preparation and/or very short chromatographic runs (or direct 
infusion) are often favoured so that a maximum number of samples can 
be analysed in a very short time (Chekmeneva et al., 2017; Gray et al., 
2016; Nemkov et al., 2017). In addition to shortening the time of 
analysis, minimal sample preparation and short LC runs also contribute 
to reducing the costs. This strategy can be successful to study endoge
nous metabolites such as amino acids, specific lipid classes or other 
metabolites or exogenous chemicals present at sufficiently high con
centrations. However, this strategy does not always fit well with 
chemical exposomics which aims to detect exogenous chemicals often 
present at trace levels in complex biological samples (Rappaport et al., 
2014) and that would usually require more selective analytical strate
gies (e.g., solid phase extraction followed by MS/MS analyses) to be 
detected (Vorkamp et al., 2021). The challenge is therefore to use stra
tegies that allow a sufficient decomplexification of samples prior 

Fig. 2. Conceptual visualisation showing that only a 
small fraction of the internal exposome/metabolome 
can currently be profiled when a single LC-ESI-HRMS 
method is used. All the steps of the analytical work
flow will impact on the final composition of the 
chemical exposome/metabolome. Specificities and 
overlaps of the different HRMS platforms are sche
matically represented. Log Kow = octanol/water 
partition coefficient; GC = gas chromatography; LC 
= liquid chromatography; IC = ion chromatography, 
CE = capillary electrophoresis, ESI = Electrospray 
ionisation.   
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(sample preparation) or during (chromatographic separation) HRMS 
profiling. Some examples of technological advances or analytical stra
tegies with potential to improve the coverage of the internal chemical 
exposome are given below. 

3.1.1. Sample preparation 
Sample preparation has often been overlooked for HRMS-based 

methods as it has often been argued that an ideal sample preparation 
method has to be simple, fast, and non-selective to ensure adequate 
depth of chemical coverage (David and Rostkowski, 2020; Vuckovic, 
2012). However, it becomes more and more obvious that introduction of 
sample preparations with minimal level of selectivity such as solid-phase 
extraction (SPE) and/or protein removal and delipidation plates are 
beneficial to properly remove matrix components such as residual pro
teins and salts (David et al., 2014), and therefore reduce analytical in
terferences such as ion suppression and improve column 
reproducibility/prolongation (David et al., 2014; Michopoulos et al., 
2009; Vuckovic, 2012). The implementation of minimally selective, e.g., 
online or offline SPE (David et al., 2014; David et al., 2017; Zhang et al., 
2016), ultrafiltration or delipidation using commercially available lipid 
depletion plate (David et al., 2014; Tulipani et al., 2013), solid-phase 
microextraction (Bessonneau et al., 2017) or sequential sample prepa
ration (Yang et al., 2013) to fractionate complex biological samples have 
already be used to improve the coverage the internal chemical expo
some/metabolome. 

Other sample preparation methods promising for higher sample 
throughput without compromising chemical coverage have been 
recently reviewed by Miggiels et al. (2019) for metabolomics applica
tions. These methods include dispersive and non-dispersive liquid
–liquid micro extraction (LLME) (Alexovič et al., 2017) which enable the 
fractionation of hydrophilic and hydrophobic chemicals, as well as 
electro-driven extractions (EE) which targets polar, charged analytes. EE 
is directly applicable for capillary electrophoresis (CE) but also now for 
hyphenation to LC, GC or direct injection thanks to recent developments 
increasing the versatility of EE (Miggiels et al., 2019; Oedit et al., 2016). 

Most of the sample preparation methods mentioned here include 
miniaturisation and automation potential for high-throughput imple
mentation, can improve pre-concentration factors and extract enrich
ment, and reduce extraction time while reducing reagent consumption 
(David et al., 2014; He et al., 2021; Miggiels et al., 2019). Notably, the 
notion that increasing selectivity of sample preparation such as SPE 
reduces the coverage due to greater compound losses is not necessarily 
true because lower recoveries can be compensated by the concentration 
of extracts or the removal of ion suppressing components (David et al., 
2014). The miniaturization of the sample preparation process (i.e. use of 
limited amount of sorbent) is also beneficial when only limited amounts 
of precious biological samples are available. 

Other strategies relying on the use of isotope labelling of urinary 
biomarkers with common functional groups (phenolic hydroxyl/ 
carboxyl/primary amine) combined with a specific computational 
pipeline method for qualification and quantification have been proposed 
to improve the characterization of the urine chemical exposome (Jia 
et al., 2019). 

It is nevertheless important to consider that any sample preparation 
selected for a specific study will impact the recoveries of the various 
component of the internal exposome. Hence, we discuss in the section 
Harmonisation issues the qualitative and quantitative parameters that 
could be considered to document the perimeter of the internal chemical 
exposome profiled and potentially validate a sample preparation 
method. 

3.1.2. Chromatographic separation and ion mobility 
Concurrently or alternatively, the use of dual or two dimensional 

(2D) chromatographic systems could be used to improve the coverage of 
the internal chemical exposome. In his review, Jones (2016) describes 
the use of dual chromatography setup in which one LC column is washed 

and re-equilibrated while the mass spectrometer is used to analyse a 
sample on another column. With this approach, the authors were able to 
use two types of columns to increase detection to more than 4000 
chemical features (Soltow et al., 2013), and this was further increased to 
>10,000 by acquisition of an LTQ-Velos Orbitrap and dedicating use to 
HRMS (Jones, 2016). 

The incorporation of ion mobility spectrometry (IMS) into current 
HRMS-based analytical methods is gaining more and more attention to 
improve the coverage, dynamic range and throughput of measurements 
(Metz et al., 2017). Many different IMS-based technologies have been 
developed so far and all have their specificities. Overall, the main 
advantage of IMS is to resolve isomers or isobars (which depends on the 
resolution of the technology used) that are difficult to distinguish using 
LC-MS alone. This can be extremely useful considering that many small 
molecules such as endogenous and exogenous chemicals have the same 
molecular formula and similar molecular structures but play very 
different roles in biological systems (Metz et al., 2017). LC-IMS-HRMS 
technologies produce higher volume of data that are more difficult to 
interpret, but the addition of another physico-chemical parameter (i.e. 
the collisional cross section) is also definitely something very valuable 
for the annotation process (Plante et al., 2019; Zheng et al., 2017). 

3.1.3. Multi HRMS platform approaches 
Concurrently, integration of multiple HRMS platform approaches is 

necessary to circumvent limitation related to the lack of versatility of a 
given technology. At present, the predominant HRMS-based platforms 
are liquid-chromatography equipped with an electrospray ionisation 
source and coupled with time-of-flight or Orbitrap HRMS analysers (LC- 
ESI-HRMS) (David and Rostkowski, 2020). These platforms have 
numerous advantages compared to others as they provide a soft ion
isation process and a high dynamic range and versatility. LC-ESI-HRMS 
have the possibility to analyse efficiently mainly non-volatile com
pounds and their metabolites (as well as phase I biotransformation 
products from volatile chemicals). Different chromatographic set-ups 
(from reverse phases, HILIC or normal phases) are needed to capture 
the wide range of endogenous and exogenous chemicals detectable with 
LC-ESI-HRMS. 

The use of gas chromatography (GC) coupled to HRMS is becoming 
increasingly more popular to profile human biological matrices in 
environmental health studies (Xin et al., 2020). In particular, GC-HRMS 
is very efficient to detect semi-volatile compounds such as persistent 
organic pollutants (POPs) (Valvi et al., 2020), many of which are rec
ognised as carcinogens or endocrine disruptors and are not accessible 
with LC-HRMS. While these compounds are historic contaminants, 
sometimes restricted or banned for many years (e.g., organochlorine 
insecticides such as DDT), they still linger in the environment and are 
still present in our body because of their long half-lives. GC-HRMS does 
not suffer from the same degree of matrix effects as LC-ESI-HRMS. 
However, large spectral libraries are needed for the annotation pro
cess as the predominant ionisation process usually does not allow 
detection of the molecular ion (Stein, 2012). Derivatization of polar 
compounds (to reduce their polarity and improve thermal stability and 
volatility) can be done during sample preparation for GC-HRMS based 
methods to extend the versatility of the technique (David and Rost
kowski, 2020) and many developments are currently being made to 
advance data treatment of GC–MS (Aksenov et al., 2020). 

Another set of both endogenous and exogenous chemicals still re
mains, most of the time, out of our reach during HRMS-based profiling, 
even with the combination of GC-HRMS and LC-ESI-HRMS. The very 
polar chemicals (e.g. glyphosate and its metabolites) are usually difficult 
to analyse and usually require specific techniques to analyse them 
individually (e.g., derivatization techniques or ion pairing agents). The 
use of normal phase or HILIC columns with LC-ESI-HRMS platforms can 
help to detect these compounds but are sometimes difficult to implement 
in routine and are still more rarely utilised than reversed phase methods. 

To improve the detection of highly polar components of the internal 
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chemical exposome and metabolome, CE-HRMS offers great promises as 
it provides efficient separation for highly charged and polar metabolites 
(Zhang and Ramautar, 2021). CE-HRMS has been growing in promi
nence in metabolomics in the past decade with the advent of sheathless 
platforms for improved sensitivity in addition to enhanced thermal 
regulation and improved capillary manufacturing allowing for highly 
reproducible migration times and peak areas (Drouin et al., 2020; Zhang 
and Ramautar, 2021). Due to the low flow rates employed of around 20 
nL/min CE-HRMS benefits from the associated increases in ionisation 
efficiency and lack of chromatographic dilution allowing for highly 
sensitive analysis. The technique is particularly well suited for volume 
restricted samples (<5 µL) such as biopsies, cerebrospinal fluid or infant 
blood due to the small sample injection volumes required of a few nL per 
injection (Zhang et al., 2019). When higher sensitivity is required, 
sample pre-concentration can be applied by switching from hydrody
namic injections to variations on electrokinetic injections such as tran
sient isotachophoresis or field amplified sample injection which have 
been extensively reviewed previously (Zhang and Ramautar, 2021). 
Combined, this makes CE-HRMS a valuable addition to the analytical 
toolkit moving forwards in the field of chemical exposomics, even 
though stability issues still prevent large-scale adaptation (Miggiels 
et al., 2019). Similarly, ion exchange chromatography (IC) coupled to 
HRMS has great, and yet unexplored, potential to profile the polar 
fraction of the chemical exposome since it has the ability to separate 
small charged non-volatile inorganic and organic compounds in diluted 
aqueous samples/extracts (Gallidabino et al., 2018). Direct injections of 
diluted samples such as urine make the entire procedure more rapid and 
straightforward (Gallidabino et al., 2018). Routine implementation of 
methods using IC or CE coupled to HRMS could definitely help to in
crease the coverage of polar components of the internal chemical 
exposome and the metabolome. 

In the future, running samples on multiple HRMS platform ap
proaches (using appropriate sample preparation methods depending on 
the technique used) will definitively contribute to enhance the coverage 
of the human chemical exposome by improving the overall separation 
selectivity of HRMS-based methods. However, it is also crucial to bear in 
mind that the coverage of the chemical space is also dependent on the 
analytical sensitivity of the technique so that low-abundant exogenous 
chemicals can also be detected. Presentation of HRMS systems that 
provide improved analytical sensitivity is covered in the sensitivity issue 

section. 

3.1.4. Towards the implementation of international research infrastructures 
To study human exposure to chemical factors for application in 

EWAS, we need to be prepared for a limitless combination of possibil
ities of mixtures of exogenous chemicals potentially involved in the 
diseases of interest due to personal history, local specificities, etc. To this 
aim, the development of large MS facilities (e.g., Hercules Exposome 
Research Center, Emory University, US, MRC-NIHR National Phenome 
Centre, UK) equipped with a wide range of HRMS-based instruments 
have the potential to reduce this bias. We also need to rely on the 
innovation potentials from smaller labs that are able to develop and 
propose new techniques allowing to profile specific families of endog
enous/exogenous chemicals (e.g. polar chemicals) and their trans
formation product that stay, at present, invisible to us. Establishing a 
distributed European Research Infrastructure supporting a strong 
collaboration and harmonisation of relevant laboratories/analytical fa
cilities in and outside Europe could offer a range of techniques and 
provide a sufficient capacity to profile as much as possible of the 
chemical exposome. In order to share biological samples (sometimes 
available in very low volumes) within the network, we need to develop 
complex workflows for sample preparation and use miniaturized 
analytical methods in order to reduce the volume/amount of samples 
needed for each technique. 

3.2. A sensitivity issue 

In addition to the invisible fraction of the internal chemical expo
some, a large part of the internal chemical exposome remain hidden 
because of sensitivity issues. The poor detection of the components of 
the internal chemical exposome with current HRMS-based methods can 
be explained by the low concentrations of exogenous chemicals in 
human (e.g., sub ng/ml in plasma/serum) (Rappaport et al., 2014), poor 
ionization efficiency of ESI sources partially due to ion suppression or 
analytical interferences with highly abundant components of biological 
matrices. We discuss here the ion suppression phenomenon, which is 
one of the main issues of LC-ESI-HRMS (the most commonly used HRMS 
platform at present for chemical exposomics) and present some solutions 
that could be already implemented to improve the detection of the low- 
abundant components of the internal chemical exposome. 

FRACTION PROFILED by LC-ESI-HRMS

Upper LODLower LOD

Grey area Detectable  exogenous / endogenous chemicalsHidden fraction

Fig. 3. Blood (plasma and serum) concentrations 
of different classes of endogenous and exogenous 
chemicals analysed using targeted MSMS 
methods and found in databases or from the sci
entific literature. Detection limits (lower and 
upper limits) measured for 30 exogenous chem
icals (molecular weight from 133.15 to 424.53; 
logP from 0.07 to 5) spiked in either plasma or 
serum (from 0.01 to 50 ng/ml) and analysed in 
full scan using a method based on UHPLC-ESI- 
QTOF (X500R Sciex) are represented. Pollutants 
include insecticides, fungicides, herbicides and 
biocides.   
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3.2.1. Ion suppression and ionisation efficiency of LC-ESI-HRMS 
Ion suppression is one of the main factors that affects analytical 

performance, and detection limits for HRMS profiling based on LC-ESI- 
HRMS (Annesley, 2003; Antignac et al., 2005). The mechanisms of ion 
suppression in the case of LC-ESI-MS have been already extensively 
described in several reviews, e.g. (Annesley, 2003; Antignac et al., 2005; 
Trufelli et al., 2011). Briefly, the main cause of ion suppression is a 
change in the spray droplet solution properties (i.e., increase in viscosity 
and surface tension) caused by the presence of nonvolatile or less vol
atile solutes (Annesley, 2003; Antignac et al., 2005; Trufelli et al., 2011). 
These interfering or co-eluting non-volatile chemicals decrease the 
evaporation efficiency and therefore decrease the number of charged 
ions in the gas phase that ultimately reaches the detector (Annesley, 
2003; Antignac et al., 2005). Furthermore, competition between ana
lytes regarding the maximal ionization efficiency of the technique is 
another mechanism that could explain ion suppression (Antignac et al., 
2005). This is especially true when low abundant exogenous chemicals 
are co-eluting with highly abundant metabolites (David et al., 2014). 
Consequences of ion suppression is a decrease of the analyte signal (or 
total suppression), or even a loss of mass accuracy which in turn can lead 
to the non-detection of many exogenous and endogenous chemicals 
present at low concentrations. 

To illustrate to what extent current full scan HRMS-based methods 
are impacted by the sensitivity issue, we compiled concentrations in 
blood (plasma and serum) from a wide range of endogenous and exog
enous chemicals mainly measured using targeted MS/MS methods and 
found in databases such as the Human Metabolome DataBase (HMDB) 
(Wishart et al., 2018) or from the scientific literature (Fig. 3). We 
focused mainly on chemicals detectable using LC-ESI-MS methods. We 
then experimentally measured limits of detection (LODs) for a mixture 
of 30 exogenous chemicals with a wide range of physical and chemical 
properties (molecular weight from 133.15 to 424.53; logP from 0.07 to 
5) spiked at different concentrations (from 0.01 to 50 ng/ml) in either 
plasma or serum (prepared using methanolic protein precipitation). 
Samples were analysed in full scan mode using one of the latest gener
ation of UHPLC-ESI-QTOF (X500R Sciex) with a one-hour long LC 
chromatographic separation using a reversed phase column (Waters 
Acquity UHPLC HSS-T3 column, 1.0 mm × 150 mm × 1.8 μm) and a 
flow rate of 100 µL/min to decrease co-elution at the maximum. The 
LODs were chemical-dependent and ranged from 0.1 to 40 ng/ml and 
can be seen in Fig. 3. 

The results obtained here with the compilation of endogenous and 
exogenous chemicals are consistent with those previously reported on 
the blood chemical exposome (Rappaport et al., 2014). Of note is that 
mass concentrations were used to generate this figure (as opposed to 
molar concentrations for Rappaport et al. (2014)) and that we filtered 
for LC-ESI-MS detectability which eliminated a large share of com
pounds reported in Rappaport et al. (2014). We observed a dynamic 
range of mass concentrations (from 10− 2 to 106 ng/ml) through eight 
orders of magnitude. We observed that compared to concentrations of 
endogenous metabolites (median, first and third quartile concentrations 
of 170 [13; 1300] ng/ml), pharmaceuticals (100 [10;1000] ng/ml) and, 
to some extent, food chemicals (for which a large variability was 
observed, median, first and third quartile concentrations of 15 [4; 4400] 
ng/ml) were similar, while concentrations of exogenous chemicals such 
as pesticides and plasticizers were generally 400-700 times lower 
(concentrations of 0.23 [0.07; 0.82] ng/ml). 

By superposing LODs on the ranges of concentrations compiled for 
classes of endogenous and exogenous chemicals, we highlight that (1) 
HRMS-based methods are still not sensitive enough to detect important 
exogenous chemicals accumulated in blood with known toxicity po
tential, (2) fractionation of complex biological samples might be 
necessary to account for the dynamic ranges of concentrations observed 
(the dynamic range of most detectors is ~6 orders of magnitude), and 
(3) the lack of sensitivity is also very relevant for some metabolites 
involved in important signalling pathways, such as steroids and 

eicosanoids (Funk, 2001; Harizi et al., 2008). The need for an improved 
analytical sensitivity therefore appears mandatory for the more 
comprehensive detection of exogenous chemicals in complex biological 
matrices. This future technical progress toward better sensitivity will 
also benefit scientists working in the field of metabolomics (Gallart- 
Ayala et al., 2020). 

3.2.2. Increasing analytical sensitivity using micro or nanoflow-nanoESI- 
HRMS 

While the performance and the capacity to deal with matrix effects of 
HRMS technologies have considerably improved, additional progress 
could be made to lower detection limits of HRMS-based methods. One of 
the most obvious would be the implementation of nanoflow (or micro
flow) LC- nano ESI platforms (Chetwynd and David, 2018; Chetwynd 
et al., 2014; David et al., 2014; David et al., 2017), using flow rates on 
the nL/min scale (10–1000 nL/min) with ESI emitters’ internal di
ameters (i.d.) ranging between 10 and 50 µm (Chervet et al., 1996; 
Wickremsinhe et al., 2006). The increased sensitivity of the nLC-nESI 
can be attributed to the use of nESI emitters producing droplets that 
are 100–1000 fold smaller than the typical droplets emitted from con
ventional ESI emitters (Wilm and Mann, 1996). The generation of 
significantly smaller plume droplets with lower volumes considerably 
increases the rate of desolvation, resulting in up to 500 times more ions 
being formed and entering the mass analyser (Karas et al., 2000; Mar
ginean et al., 2008; Marginean et al., 2014; Wilm and Mann, 1996). In 
proteomics, the use of nanoflow (or microflow) is widespread and plays 
an important role to ensure a comprehensive coverage of the proteome. 
Automated nanoflow two-dimensional reversed-phase LC system has 
even been implemented to enable a wider coverage of the proteome and 
phosphopeptides (Dou et al., 2019). However, the uptake of 
nanoflowLC-nanoESI for small molecules analyses is still very slow, 
which this could be explained by the following technical limitations: (1) 
sample preparation requires extra care to reduce clogging and extend 
the column and emitter lifetimes and (2) these methods have longer 
chromatographic run times and are therefore less compatible with high 
throughput and large scale analysis than conventional LC-ESI platforms 
(Chetwynd and David, 2018; David et al., 2014). Hence, the imple
mentation of microflow (e.g., using 0.3 mm i.d. columns, ESI emitters i. 
d. of 50 µm and flow rates ranging from 1 to 50 µL/min) could be an 
attractive alternative to keep the benefits of low flow without signifi
cantly having all the above-mentioned analytical limitations (Geller 
et al., 2021). Furthermore, it can be highlighted that, similarly to CE- 
HRMS, micro or nanoflow-nanoESI platforms required lower injection 
volumes (usually below 1 µL) which is advantageous for volume 
restricted samples. 

3.2.3. Ultra-fractionation of complex biological samples 
To date, it is not known how far (sensitivity-wise) and how wide we 

need to go in order to profile the entire “chemical space” characterising 
complex biological samples. This in-depth examination could be done by 
performing an ultra-fractionation of biological samples using a combi
nation of different SPEs/semi-preparative HPLC systems and HRMS 
platforms, finally leading to complementary profiles of each analysed 
sample. Effect direct analyses (EDA) (Brack, 2003) using a range of 
various bioassays (e.g., in vitro cell lines) with different endpoints (e.g., 
estrogenicity, anti-androgenicity…) could be also used in order to guide 
HRMS profiling and isolate fractions showing presence of relevant bio
logically active chemicals still missing. This would involve a high level 
of networking and could help to close the gap between environmental 
and human health communities, which are often relying on similar tools 
to identify environmental contaminants. Providing quantitative data 
alongside non-targeted investigations would allow to provide layers of 
concentrations (from sub ng/ml(g) to hundreds of µg/ml(g) up to mg/ml 
(g)) for the different exposures encountered and indicate which 
analytical techniques would be the most appropriate in the future to 
monitor the different chemical exposures. 
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3.2.4. Finding a balance between high-throughput and analytical sensitivity 
Interestingly, most of the strategies previously described to improve 

the coverage of the internal chemical exposome will be also relevant to 
improve the sensitivity issue. These two lines of work are interconnected 
and should be developed concomitantly to feed each other. Some solu
tions are already available but are usually not considered because most 
of them are deemed too time consuming compared to conventional 
HRMS methods. Scaling-up EWAS is fundamental but a compromise has 
to be found in order to go deeper into the “sequencing” of the internal 
chemical exposome. Improving analytical sensitivity will also help to 
ensure that bioinformatics tools designed to process LC-HRMS data can 
disentangle the less abundant chemicals’ signals from the noise and 
therefore help reducing the rates of false negative that can be observed 
during the peak picking process (Chaker et al., 2021). 

3.3. The annotation issue 

Despite the fact that current HRMS-based methods cannot profile 
and detect the vast expanse of the metabolome and the internal chemical 
exposome, these methods are already operational to produce very large 
datasets including >10,000 features (represented as a Rt × m/z together 
with its abundance measured as area/intensity). These complex HRMS 
datasets are a gold mine of information and it is therefore important to 
develop automated workflows to improve the annotation of these 
features. 

3.3.1. A tedious and incomplete process 
Identification of features is a tedious process involving a final step to 

confirm the structure of the putative feature by matching exact mass, 
retention time (Rt), isotopic pattern and MS/MS spectra with those from 
a reference standard (Schymanski et al., 2014). It is usually admitted 
that only a small percentage (usually below 10%) of all features 
generated in HRMS can be identified. This percentage is varying from 
one experiment to another and depends on the time invested, but in the 
end, it is a known fact that the vast majority of features remain, for now, 
unannotated or unknown. This means that the vast majority of infor
mation collected by HRMS-based methods remains, to date, “dark 
matter,” i.e. chemical features/signatures that remain unannotated (da 
Silva et al., 2015) (Fig. 4). 

Annotation is even more complex for exogenous chemicals consid
ering that online libraries such as HMDB (Wishart et al., 2018) or KEGG 
(Kanehisa, 2002) were initially designed for the annotation of the 
metabolome (Wishart et al., 2007). Several databases such as CompTox 
Chemicals Dashboard (Williams et al., 2017), which include 

environmentally and toxicologically-relevant compounds, or the Blood 
Exposome Database (Barupal and Fiehn, 2019), which includes >60,000 
chemicals, are now available for exposomics research and many large 
databases such as PubChem include information relevant for the anno
tation of the internal chemical exposome. An extended and open access 
database dedicated to exposure markers has been also developed within 
the European Human Biomonitoring for Europe (HBM4EU) initiative, 
that encompass more than 70,000 parent substances and more than 
300,000 known or modelled metabolites (Meijer et al., 2021). Devel
oping tools to automatise the annotation of complex HRMS datasets is 
another priority to move the field of chemical exposomics forward. 

3.3.2. Developing MS/MS libraries and in silico fragmentation software 
The m/z of a supposed molecular ion generated in HRMS with an 

accuracy of 5 ppm can still produce 1000 of candidates when searching 
large databases such as KEGG or PubChem (Kind and Fiehn, 2006). It is 
therefore necessary to connect additional predictors such as the exper
imental MS/MS data of the candidate with those of chemical structures 
found in public MS databases such as HMDB (Wishart et al., 2018) or 
Metlin (Guijas et al., 2018; Xue et al., 2020) in order to narrow down the 
search to a limited numbers of serious candidates. But this approach is 
hampered by the fact that MS/MS data are available for only a very 
limited number of chemicals and have been created largely with 
commercially available compounds (Dührkop et al., 2020). For instance, 
there are about 100 million molecules in PubChem, but only hundreds of 
thousands of MS/MS spectra representing about <50,000 molecules that 
are accessible for non-targeted experiments (da Silva et al., 2015). More 
recently, Oberacher et al. (2020) explored representative percent 
coverage of measured MS/MS spectra in selected major environmental 
suspect databases of interest in the context of human biomonitoring, and 
confirmed the current very large gap between the number of potential 
substances of interest (up to hundreds of thousands) and measured 
spectra (0.57–3.6% of the total chemicals have spectral information 
available). In this line of work, great efforts are being made within the 
HBM4EU initiative to provide harmonization guidelines for the acqui
sition and processing of MS/MS data (Oberacher et al., 2020). 

Besides acquisition of experimental MS/MS data, there is no doubt 
that computational methods such as machine learning and molecular 
network approaches will play a pivotal role to help automate this 
annotation process. In that respect, tools such as CSI (compound struc
ture identification):FingerID (Dührkop et al., 2015) are among the most 
promising approaches to aid in the annotation of chemical features. CSI: 
FingerID uses fragmentation trees that best explains the fragmentation 
spectrum of an unknown molecule. Then the fragmentation tree is used 

Fig. 4. Example of the conceptual visualisation of 
the visible fraction of the internal chemical 
exposome / metabolome when biofluids or tissues 
are analysed only using a LC-ESI-HRMS method. It 
is widely acknowledged that only a small portion 
of the 5000–50,000 features generated using 
HRMS-based methods can be annotated. An un
known share is not detected because of sensitivity 
issue (hidden fraction) while other chemicals are 
not detected using th LC-ESI-HRMS platforms 
(invisible fraction) because of their physical and 
chemical properties.   
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to predict the molecular structure fingerprint of the unknown compound 
using machine learning (Dührkop et al., 2015). Other in silico frag
mentation software based on fragmentation trees (e.g. MetFrag (Rutt
kies et al., 2016) or MAGMa (Ridder et al., 2012)) are now commonly 
utilised for computer assisted annotation of unknown features. How
ever, manual curation (e.g., match with Rt and MS/MS from a standard, 
orthogonal method, additional information regarding the use/biological 
function of the metabolite or exogenous chemicals) is still needed to 
confirm identification or to increase the level of confidence for an 
annotation (Schymanski et al., 2014). 

3.3.3. Challenges related to the acquisition of reliable and informative MS/ 
MS data 

The development MS/MS libraries (and in silico predicted MS/MS 
spectra) is a prerequisite to advance the efficiency (as well as the 
automation) of the annotation process. However, the choice of the 
acquisition strategies used to provide MS/MS data for a large numbers of 
samples is crucial to ensure that reproducible MS/MS patterns are ob
tained but also to ensure that MS/MS acquisition method is triggered for 
low-abundant components of the chemical exposome. 

In recent years, advances in data multi-event acquisition offered 
different solutions for MS/MS acquisition such as methods data- 
dependent (DDA) and data-independent acquisition (DIA) (Fenaille 
et al., 2017). In DDA, an MS/MS event can be triggered based upon the 
most intense peaks observed in the latest MS1 survey scan (Davies et al., 
2021). A benefit of DDA is that the MS2 spectra can be associated to a 
specific precursor (m/z isolation window typically of the order of 1 Da); 
the disadvantages being that limited number of ions can be fragmented 
within a single injection and the stochastic nature of fragmentation 
(Barbier Saint Hilaire et al., 2020; Davies et al., 2021). DIA operates in a 
less-selective manner in the way that valuable MS/MS data are obtained 
on all ions. SWATH (Sequential Window Acquisition of all Theoretical 
fragment-ion spectra) or SWATH-like methods are the most used DIA 
acquisition workflow (Gillet et al., 2012). It involves the selection of 
wide and consecutive m/z isolation windows (typically between 10 and 
50 Da) to cover the whole mass range; then all ions within these win
dows are fragmented simultaneously (Barbier Saint Hilaire et al., 2020). 
Other DIA acquisition workflows include all ion fragmentation (AIF) and 
MSE. Data resulting from DIA require more processing, in particular to 
link a specific precursor to its fragments (Barbier Saint Hilaire et al., 
2020; Davies et al., 2021). 

Several studies have evaluated DDA and DIA approaches for 
metabolomics/chemical exposomics applications and these reports 
demonstrate the value and complementarity of DDA and SWATH-type 
DIA approaches, e.g., (Barbier Saint Hilaire et al., 2020; Guo and 
Huan, 2020). However, additional studies would be needed to improve 
MS/MS acquisition methods and optimize parameters allowing to 
trigger MS/MS for low-abundant exogenous chemicals in various com
plex human biological matrices (e.g., blood, urine) as well as to assess 
the impact of selected analytical parameters (sample preparation and 
extended chromatographic separation using low flow LC) on the 
acquisition of reliable MS/MS data for the internal components of the 
chemical exposome. 

3.3.4. Automation of suspect screening workflow and developing robust 
MS1 annotation 

Another approach used to speed-up the annotation process that has 
gained in popularity is called the suspect screening strategy. The first 
step consists in building a library of chemicals (exogenous and/or me
tabolites and their respective metabolites) suspected to be present and/ 
or active in toxicity assays. The number of exogenous and endogenous 
chemicals that can be screened is theoretically unlimited and can be 
adapted to the focus of the study (Moschet et al., 2013). However, pa
rameters other than the m/z must be added in the suspect screening 
workflow (e.g., experimental or predicted retention time, isotopic pat
terns, MS/MS data) to decrease dramatically the rate of false positives 

and therefore limit the number of putative annotations that need manual 
curation. Several tools have been developed for the prediction of 
retention time such as PredRet, (Stanstrup et al., 2015) the RTI platform 
(Aalizadeh et al., 2019), Retip (Bonini et al., 2020) and simple linear 
regression using log Kow or log P (Bade et al., 2015). Recent research 
has shown that Rt predictions have great potential to improve scoring 
for MS1 suspect screening to prioritize pre-annotated features and 
reduce false positives (Chaker et al., 2021; Hu et al., 2018). Besides m/z 
and Rt, adding parameters linked to isotopes can help to filter exogenous 
chemicals having distinguishable isotopic patterns (e.g., compounds 
with halogenated atoms such as Cl or Br) (Chaker et al., 2021). In 
addition to MS1 descriptors, it is now possible, with the development of 
in silico fragmentation software, to include MS/MS data for a wide range 
of chemicals present in the database (Chao et al., 2020). In order to 
provide annotation scoring, intermediate annotation scores for each 
predictor (e.g., m/z, Rt) can be developed as well as a composite score, 
via automated workflow (Chaker et al., 2021; Hu et al., 2018). 

It is worth mentioning that in the absence of reliable MS/MS data for 
a given feature (e.g. because of very low MS1 signals in the sample), 
which is relatively common for exogenous chemicals, the combination 
of MS1 predictors based on m/z, Rt prediction, isotope ratios, and the 
presence of metabolites originating from the same parent compounds 
could already provide a solid ground for the annotation process. 

3.3.5. Implementing biotransformation metabolites recognition in 
annotation tools 

Another difficulty that hampers the detection of components of the 
internal chemical exposome lies into the fact that many of the databases 
lack information about the potential structures of chemicals undergoing 
biological transformation (e.g., phase I/II metabolites). Many exogenous 
chemicals (e.g., plasticizers, pesticides, cosmetics) will go through 
extensive liver (and to some extent kidney and intestinal) biotransfor
mation rapidly after ingestion. Computational tools such as Meteor 
Nexus (Marchant et al., 2008) or BioTransformer (Djoumbou-Feunang 
et al., 2019) can be used to predict some of the potential phase I/II 
metabolites. However, many enzymatic reactions involved in the 
metabolism of non-persistent chemicals remain unknown, in particular 
for the gut microbial metabolism (David et al., 2021). Therefore, more 
experimental database providing accurate liver, kidney or gastro intes
tinal biotransformation processes (including for instance the starting 
reactant, the reaction product and the name or type of the enzyme 
catalysing the biotransformation) would be very valuable to help for the 
annotation of complex HRMS datasets by identifying new enzymatic 
pathways that can be used as pattern recognition for a vast array of 
chemicals. 

3.3.6. Producing high quality annotated datasets for machine learning 
Despite the fact that many tools are already under development to 

help with automation of the annotation process, there is no doubt that 
we will have to go through a step of manual annotation using expert 
knowledge to confirm the annotation provided by these tools. This step 
of manual annotation is fundamental because the same chemicals pre
sent in 1000s of biological samples such as urine or blood can show 
subtle changes regarding the qualitative parameters used for its anno
tation (e.g., absence/presence of fragments, variability of ratio of spe
cific fragments, drift in Rt, variability of isotopologues ratio, etc…) that 
can be explained by the complexity of the matrix and the inter- 
individual variations. Defining the acceptable variability for these 
qualitative parameters used for the annotation can only be done as first 
step through manual expertise by checking individually spectra and 
chromatograms. The more we will provide robust annotated datasets 
confirmed by HRMS experts, the more we will provide robust training 
datasets for machine learning. Manual annotation/curation will there
fore play a central role by providing reliable datasets that will allow to 
decipher the chemical exposome using machine learning tools. 
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4. Harmonization issues 

Harmonizing QA/QC procedures will provide confidence in the 
reliability and robustness of the data produced, and allow to charac
terise, to some extent, the portion of the chemical exposome that can be 
profiled using a specific methodology (which in return could help to 
validate or invalidate putative annotations) (Monteiro Bastos da Silva 
et al., 2017). 

4.1. Developing harmonised quality assurance/quality criteria for method 
validation 

So far, parameters used to validate sample preparation method for 
metabolomics/chemical exposomics include mostly qualitative param
eters (e.g., the number of features generated -blanks excluded- or the 
main classes of exogenous and endogenous chemicals detected). 
Adapting quantitative parameters commonly used to validate targeted 
multi-residue methods such as recovery experiments, detection/quan
tification limits, repeatability/reproducibility using a set of exogenous 
and endogenous chemicals carefully chosen (e.g., with a wide range of 
Kow) (David et al., 2014; Schulze et al., 2020) would help to document 
the perimeter of the internal chemical exposome profiled. Harmo
nisation could be done regarding sets of exogenous and endogenous 
chemicals to be tested or the choice of common reference materials for 
these quantitative parameters (Caballero-Casero et al., 2021). Valida
tion methods should also be extended to bioinformatics tools; parameter 
selection of bio-informatics software for data pre-processing tools 
should be assessed to ensure (1) optimization of peak picking to limit 
false negatives; (2) poor data integration; and (3) optimized computing 
time (Chaker et al., 2021). Similarly, mixtures of exogenous and 
endogenous chemicals spiked at low and high levels in the biological 
matrices under study could be used to assess the performance of this 
step. 

4.2. Implementing standard procedures for batch effect removal 

Standard procedures for the data pre-processing/treatment compo
nent of HRMS-based profiling are still needed to correct for intra- or 
inter-batches instrumental drift (e.g., loss of analytical sensitivity, drift 
in Rt) (Liu et al., 2020). Batch effects removal is especially important for 
large scale applications where the analyses can run from several 
consecutive days up to several weeks. Composite quality control (QC) 
samples reflecting the average exogenous and endogenous chemical 
concentrations from all study samples run in all batches can be used to 
this aim and also assess the analytical performance for all the com
pounds by calculating the relative standard deviation (population 
standard deviation divided by the population mean) in these pooled 
samples (van der Kloet et al., 2009). Workflows using pooled QC sam
ples and multiple internal standard strategy have already been devel
oped (Liu et al., 2020; van der Kloet et al., 2009). Recently, several 
metrics such as retention time drift, number of compounds detected, 
missing values, and MS reproducibility were proposed to assess data 
quality for LC–MS-based global metabolomics with the goal of providing 
an efficient and improved ability to evaluate the data quality (Zhang 
et al., 2020). Reference standardization protocol can also be used to 
assess concentrations of individual chemical in unknown samples by 
comparison to a concurrently analysed, pooled reference sample with 
known chemical concentrations (Go et al., 2015). 

Adopting a common scaling and normalisation workflow is also 
important to compare datasets coming from different HRMS instruments 
or orthogonal methods (or to integrate data from positive and negative 
ionization modes). Several strategies have been developed to combine 
heterogeneous datasets, such as statistical heterospectroscopy (for MS 
and NMR datasets) which works through the analysis of the intrinsic 
covariance between signal intensities in the same and related molecules 
measured by different techniques across cohorts of samples (Crockford 

et al., 2006). Other methods based on multiple kernel learning and 
OPLS-DA has been developed to offer an efficient tool for the fusion of 
multiblock Omics data obtained from multiple sources (Boccard and 
Rutledge, 2013). 

4.3. Strategies to provide quantitative data from HRMS-based methods 

Another limitation hindering the application of HRMS-based 
methods in epidemiological studies is the lack of efficient methods 
available to provide accurate quantitative data (which is a key param
eters to test statistical associations with health outcomes). One of the 
main obstacle arises from the fact that in LC-ESI platforms (the most 
currently used platform for HRMS), different compounds ionize to a very 
different extent (and the ionization will also depend on the system used 
(e.g., ESI vs nanoESI), the mobile phase or the biological matrices), 
meaning that the analytical response (e.g. the abundance) can greatly 
vary for compounds present at the same concentrations (Kruve, 2020). 

Kruve (Kruve, 2020) recently reviewed a number of different stra
tegies developed to obtain quantitatively meaningful results without 
standard substances. It involves approaches using (1) peak areas directly 
(if analyses of several samples have been carried out using the same 
methodology) or in combination with statistical data treatment, e.g., 
(Plassmann et al., 2018); (2) isotope dilution and its alternatives, e.g., 
(Mashego et al., 2004); (3) radiolabelling, (4) structurally similar com
pounds for quantitation, e.g., (Dahal et al., 2011) and (5) quantitation 
based on the predicted ionization efficiencies, e.g., (Oss et al., 2010). 
According to Kruve (2020), the highest accuracy is possessed by the 
isotopically labelled standards and radiochromatography, but these 
strategies are application dependent. In the case of chemical exposo
mics, quantification based on peak areas or on the predicted ionization 
efficiencies would seem more appropriate. 

Another strategy recently used to provide quantitative data for a 
large numbers of exogenous chemicals and metabolites relies on the use 
of multianalyte targeted metabolomics/exposomics analyses (González- 
Domínguez et al., 2020; Preindl et al., 2019). Hence, González-Domí
nguez et al. (2020) recently developed a methodology based on sched
uled multiple reaction monitoring (sMRM) mode which enables the 
simultaneous quantitative investigation of more than 1000 metabolites 
and exogenously-derived chemicals in total. Although, these method
ologies relying on targeted methods involve pre-established lists of 
metabolites and exogenous chemicals, they can be seen as comple
mentary to discovery-based HRMS methods and could be used as a 
second step to validate the results obtained after the initial HRMS-based 
exploratory investigation. 

4.4. Providing annotation guidelines to harmonise the reporting of results 

Confidence levels from 1 to 5 based on information generated during 
the analytical process (m/z, retention time, isotopic pattern, MS/MS 
data) have already been proposed for reporting annotation by Schy
manski et al. (2014). Some of these annotation levels could now be 
updated to include for instance the match with a predicted Rt or the 
presence of additional biotransformation products to better characterise 
MS1 annotation. The reporting of qualitative criteria should include all 
the relevant information and provide a confidence level based on these 
recommendations or the ones from other initiatives (e.g. Metabolomics 
Standard Initiative (Sumner et al., 2007)). Other criteria can be added 
(e.g., specific use, production volume, toxicity data…) to provide even 
more context to a new annotation. Other criteria such as the molecule 
identifier (e.g., InChl, SMILES) still need to be adopted and require 
additional work to provide a harmonised reporting template. 

To help for the harmonisation and standardisation of data process
ing, one possibility will be to rely in the future on online workflows (e.g., 
XCMS online (Tautenhahn et al., 2012)), galaxy workflows (e.g. Work
flow4Metabolomics (Giacomoni et al., 2015)) or Cloud Research Envi
ronment (e.g., PhenoMeNal (Peters et al., 2019)) which are promising 
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approaches, not only to standardize the process but also for the auto
mation of some of these steps. It is also worth noting that bioinformatic 
workflows are now being developed specifically for non-targeted ana
lyses (e.g., patRoon (Helmus et al., 2021)). 

In the end, working on harmonisation issues is also necessary to 
generate a workflow for the registration and make raw data and meta
data available and reusable under FAIR (findable, accessible, interop
erable and reusable) principles. Enhancing the FAIRness of open 
resources can mutually enhance several resources for whole community 
benefit (Schymanski et al., 2020). Illustration of this includes the recent 
development of PubChemLite (Schymanski et al., 2020), a subset of the 
PubChem database that can be integrated into HRMS-based workflows. 
PubChemLite is using benchmarking datasets from earlier publications 
to show how experimental knowledge and existing datasets can be used 
to detect and fill all gaps in compound DB to progressively improve large 
resources such as PubChem (Schymanski et al., 2020). 

5. Assessing the dynamic aspect of the internal chemical 
exposome 

The initial foundation for characterisation of the internal chemical 
exposome is to identify comprehensively the types of agents (e.g., pes
ticides and biocides, personal care products, pharmaceuticals, food 
chemicals) humans are exposed to. It is also necessary to push towards 
characterising in more detail the magnitude, contact point/surface, and 
time period of exposure. From this point of view, it must be emphasised 
that not even qualitative experimental characterisations based on tar
geted methods are complete. 

Vineis et al. (2020) recently suggested that one of the most urgent 
needs is the setting up of a new generation of cohort studies with 
improved and repeated biosample collection, improved questionnaire 
data, and the deployment of the enhanced exposure assessment meth
odologies. The collection of various biological samples on a very short 
time scale (e.g., several times a day for urine and once a week for blood) 
over a long period of time (months or up to one year) could be a strong 
asset to improve our knowledge of chemical toxicokinetics, including 
biotransformation processes (e.g., (David et al., 2021)), which would 
assist with annotation of complex HRMS datasets. These cohorts could 
be initially performed on a limited number of person to focus mainly on 
measuring more precisely the dynamics of exposure (Schüssler-Fiorenza 
Rose et al., 2019). The knowledge we would gain by characterising the 
chemical exposome of even few individuals over a limited period of time 
could then be translated to selected human biological samples from 

existing cohorts. Lifespan exposure modelling approaches are also 
emerging that will contribute to shift from punctual human bio
monitoring measurement(s) to a more representative internal exposure 
estimate (Pruvost-Couvreur et al., 2020a,b). 

6. Conclusion and perspectives 

Several European (e.g., The Human Early-Life Exposome (HELIX) 
(Vrijheid et al., 2014), EXPOsOMICS (Vineis et al., 2017)), and inter
national (e.g., HERCULES (Niedzwieck and Miller, 2019), NIH Human 
Health Exposure Analysis Resource (HHEAR) laboratory network) ini
tiatives have already been deployed to perform large-scale exposomics 
studies (Huhn et al., 2021) and develop research infrastructures aiming 
to expand analytical capabilities, to provide support for data analysis, 
and to train future researchers in exposomics. Recently, the European 
Human Exposome Network, a cluster of nine new Horizon 2020 Expo
some projects representing 106 M€ funding from the EU over 5 years, 
has been launched to improve technologies and methodologies for 
exposome research and to better understand how environmental factors 
affect our health. All these collaborative projects involving large inter
national partnerships have already provided and will keep providing 
very important landmarks for the successful implementation of chemical 
exposomics based on HRMS (as well as other technologies -e.g., sensors- 
or advanced statistical models to treat big data) in epidemiological 
studies. 

It is nevertheless important that we improve the versatility of HRMS 
chemical profiling methods and incorporate complementary techniques 
to explore the ‘invisible’; enhance their analytical sensitivity to uncover 
the ‘hidden’, and continue to develop automated and reliable annotation 
process to illuminate the ‘dark’ matter of the internal chemical expo
some. Implementing harmonised quality control criteria will be crucial 
to provide confidence in the reliability and robustness of the data pro
duced and adopting sample collection strategies which allow the 
assessment of the dynamic aspect of environmental exposures para
mount. Importantly, all these lines of work are inter-connected and 
should be developed concomitantly to feed each other (see Fig. 5 for 
examples of connections between these lines of work). Setting up a 
distributed European Research Infrastructure supporting a strong 
collaboration and harmonisation of relevant laboratories/analytical fa
cilities in and outside Europe will be necessary to develop this global 
view of all actions needed to decipher the internal chemical exposome. 

Fig. 5. Summarised mind mapping showing 
important lines of work (i.e., capturing the 
chemical diversity, improving analytical sensi
tivity, annotation and harmonisation issues and 
assessing the dynamic aspect of exposures) 
needed to improve the comprehensive charac
terisation of the internal chemical exposome and 
some of their connexions. These lines of work and 
the subtasks provided here are not exhaustive. 
Some items included in the sensitivity and di
versity lines of work could be inverted since the 
coverage of the internal chemical exposome is 
dependent on the overall separation selectivity 
and the ability to detect low-abundant chemicals.   
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