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Abstract
The ambition of chemical exposomics to measure all environmental exposures throughout the lifecourse brings analytical 
challenges because of the large number of environmental chemicals, their diverse physicochemical properties, their 
dynamic occurrence, and presence in blood at 1000-fold lower concentrations than endogenous metabolites. Gas 
chromatography high resolution mass spectrometry (GC-HRMS) complements liquid chromatography (LC) by expanding 
chemical-space coverage into neutral, hydrophobic and semi-volatile substances. However, development of GC-HRMS 
chemical exposomics has lagged behind LC-, and workflows are still required for sensitive and quantitative detection for 
multiple priority chemical classes while simultaneously enabling the discovery of novel exposures by nontarget acquisition, 
robust data processing and appropriate structural annotation frameworks. In Paper I, an actionable annotation scoring 
framework was developed to incorporate unique GC-HRMS information into annotation confidence level assignments, 
these GC-specific criteria were applied in Papers II, III and IV.

In Paper II, I developed and validated a chemical exposomics method using isohexane (H) to quantitatively extract 
prioritized analytes from protein-free acetonitrile-plasma (A-P), which significantly reduced coextracted lipid interference 
and enabled large-volume injections (25 µL) to GC. The resulting HA-P method enabled highly sensitive and quantitative 
detection, achieving a mean method limit of quantification (MLOQ) of 0.09 ng/mL from only 200 µL of human plasma. 
Application to 32 individual samples (100 µL) allowed quantification of 51 targets and a nontarget molecular discovery 
of 112 additional substances (Level 2, 12.8% high annotation rate). In Paper III, the HA-P method was then applied in a 
longitudinal study of 46 healthy individuals in a multiomics cohort, whereby each participant donated 6 plasma samples 
over 2 years. Overall, the GC chemical-exposome was longitudinally unstable, with mean intraclass correlation coefficients 
(ICCs) of 0.24, significantly lower than for other omics profiles measured (i.e., proteomics, metabolomics, lipidomics 
and microbiota). Molecular networks and hierarchical clustering analysis revealed structural similarities and correlated co-
exposures for numerous chemical classes that may share common exposure sources.

To enable comprehensive chemical exposomics, in Paper IV I developed and validated an integrated sample preparation 
method that produces two extracts from a single plasma sample, enabling high sensitivity target/nontarget analysis of 
separate polar and nonpolar analyte fractions. Application to 32 plasma samples allowed overall identification of 204 
chemicals at Level 1 covering a wide chemical space, e.g., 11 orders of magnitude in water solubility. Hierarchical 
clustering of 348 total annotated features revealed a broad range of common or rare co-exposures, many of which were 
unique to specific individuals or correlated with endogenous metabolites, thereby revealing a high-relevance to precision 
public health. Overall, the combined methods and frameworks provide new tools to study the human chemical exposome, 
and the unprecedented datasets from their first applications will guide sampling design (based on low ICCs), comprehensive 
analysis and data exploration in future studies.

Keywords: Exposome, human blood, high resolution mass spectrometry, multitargeted, nontargeted, chemical 
exposomics.
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Abstract 

The ambition of chemical exposomics to measure all environmental exposures 

throughout the lifecourse brings analytical challenges because of the large 

number of environmental chemicals, their diverse physicochemical properties, 

their dynamic occurrence, and presence in blood at 1000-fold lower concen-

trations than endogenous metabolites. Gas chromatography high resolution 

mass spectrometry (GC-HRMS) complements liquid chromatography (LC) by 

expanding chemical-space coverage into neutral, hydrophobic and semi-vola-

tile substances. However, development of GC-HRMS chemical exposomics 

has lagged behind LC-, and workflows are still required for sensitive and 

quantitative detection for multiple priority chemical classes while simultane-

ously enabling the discovery of novel exposures by nontarget acquisition, ro-

bust data processing and appropriate structural annotation frameworks. In Pa-

per Ⅰ, an actionable annotation scoring framework was developed to incorpo-

rate unique GC-HRMS information into annotation confidence level assign-

ments, these GC-specific criteria were applied in Papers II, III and IV.  

In Paper Ⅱ, I developed and validated a chemical exposomics method us-

ing isohexane (H) to quantitatively extract prioritized analytes from protein-

free acetonitrile-plasma (A-P), which significantly reduced coextracted lipid 

interference and enabled large-volume injections (25 µL) to GC. The resulting 

HA-P method enabled highly sensitive and quantitative detection, achieving a 

mean method limit of quantification (MLOQ) of 0.09 ng/mL from only 

200 µL of human plasma. Application to 32 individual samples (100 µL) al-

lowed quantification of 51 targets and a nontarget molecular discovery of 112 

additional substances (Level 2, 12.8% high annotation rate). In Paper Ⅲ, the 

HA-P method was then applied in a longitudinal study of 46 healthy individ-

uals in a multiomics cohort, whereby each participant donated 6 plasma sam-
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ples over 2 years. Overall, the GC chemical-exposome was longitudinally un-

stable, with mean intraclass correlation coefficients (ICCs) of 0.24, signifi-

cantly lower than for other omics profiles measured (i.e., proteomics, metab-

olomics, lipidomics and microbiota). Molecular networks and hierarchical 

clustering analysis revealed structural similarities and correlated co-exposures 

for numerous chemical classes that may share common exposure sources.  

To enable comprehensive chemical exposomics, in Paper Ⅳ I developed 

and validated an integrated sample preparation method that produces two ex-

tracts from a single plasma sample, enabling high sensitivity target/nontarget 

analysis of separate polar and nonpolar analyte fractions. Application to 32 

plasma samples allowed overall identification of 204 chemicals at Level 1 

covering a wide chemical space, e.g., 11 orders of magnitude in water solubil-

ity. Hierarchical clustering of 348 total annotated features revealed a broad 

range of common or rare co-exposures, many of which were unique to specific 

individuals or correlated with endogenous metabolites, thereby revealing a 

high-relevance to precision public health. Overall, the combined methods and 

frameworks provide new tools to study the human chemical exposome, and 

the unprecedented datasets from their first applications will guide sampling 

design (based on low ICCs), comprehensive analysis and data exploration in 

future studies.  

Keywords: exposome, human blood, high resolution mass spectrometry, mul-

titargeted, nontargeted, chemical exposomics  
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Popular Science Abstract 

Before birth and throughout our lives, we are exposed to thousands of 

chemicals from our environment—through the air we breathe, what we eat 

and drink, and the products we use. It is clear from studies of certain priority 

contaminants that these exposures present a risk to our health, but understand-

ing the links between disease and complex combinations of exposures, includ-

ing at what dosages, for how long, and at what life stage, remains a major 

scientific challenge for research. This emerging field of chemical exposomics 

aims to comprehensively measure the full range of environmental chemicals 

to which we are exposed, and their potential impacts on molecular phenotype 

or disease, making human blood a strategic sample for research. However, 

tracking such a vast and diverse array of substances at low concentrations in 

blood—in a matrix dominated by endogenous lipids and metabolites—re-

quires new sensitive analytical tools to be developed and validated, supported 

by powerful data analyses to discover and characterize novel exposures. 

In this thesis, new methods were developed to greatly improve how we 

detect and analyze trace levels of environmental organic chemicals in human 

blood. By combining two advanced techniques—gas chromatography and 

liquid chromatography, both coupled to high-resolution mass spectrome-

try—we can now measure common priority chemicals and discover novel or 

rare substances with high sensitivity and accuracy, and across a wider scope 

of molecules than ever before. A novel scoring system was also created to help 

scientists more clearly communicate the identity of unknown compounds de-

tected. 

A major breakthrough here was a sample preparation method that allowed 

detection of trace-level chemicals in human blood with little interference from 

lipids during gas chromatography. This enabled the sensitive analysis of very 

small blood volumes and application to individuals sampled repeatedly over a 
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period of 2 years, providing a first look at how unique and variable a person’s 

chemical exposures are over time. Finally, by integrating the method with a 

complementary liquid chromatography workflow, we effectively doubled the 

range of detectable molecules and provide a more comprehensive characteri-

zation of the human chemical exposome for Swedish adults. 

Altogether, this work lays a strong foundation for future exposomics re-

search. Through the demonstration of new analytical workflows, this work 

guides the design of future studies and opens the door to deeper molecular 

insights into how everyday chemical exposures influence our biology and 

long-term health. 



v 

 

Populärvetenskaplig sammanfattning 

Redan innan vi föds och under hela livet utsätts vi för tusentals kemikalier 

via luften vi andas, det vi äter och dricker, och de produkter vi använder. 

Forskning har länge visat att vissa av dessa ämnen kan påverka vår hälsa ne-

gativt. Men att förstå hur sjukdomar uppstår till följd av komplexa kombinat-

ioner av kemikalier—i olika doser, under olika exponeringstider, och i olika 

stadier av livet—är fortfarande en stor vetenskaplig utmaning. Det framväx-

ande forskningsfältet kemisk exposomik syftar till att kartlägga hela spektru-

met av miljökemikalier som vi utsätts för att undersöka hur dessa påverkar 

biologiska processer och sjukdomsrisk. Blod är ett särskilt värdefullt prov i 

detta sammanhang. Men att spåra en så stor och varierad mängd substanser i 

låga koncentrationer i blod—en matris som domineras av endogena lipider 

och metaboliter—kräver nya känsliga analytiska verktyg som stöds av kraft-

full dataanalys för att upptäcka och karakterisera det kemiska exposomet. 

I denna avhandling utvecklades metoder som avsevärt förbättrar möjlig-

heten att upptäcka och analysera mycket låga nivåer av organiska miljökemi-

kalier i blod. Genom att kombinera två tekniker—gaskromatografi och väts-

kekromatografi, båda kopplade till högupplösande massespektrometri — kan 

både kända och tidigare oupptäckta ämnen mätas med hög känslighet och nog-

grannhet. Ett nytt poängsystem utvecklades för att hjälpa forskare att tydligare 

och mer enhetligt kommunicera graden av säkerhet vid identifiering av sub-

stanser. 

Ett viktigt genombrott var en ny provberedningsmetod som gjorde det möj-

ligt att detektera spårnivåer av kemikalier i blod, med minimal påverkan från 

störande lipider vid gaskromatografi. Detta möjliggjorde känslig analys av 

mycket små blodvolymer och tillämpades på prover tagna från samma indivi-

der under två års tid, vilket gav en unik inblick i hur en persons kemiska ex-
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poneringar förändras över tid. När metoden kombinerades med det vätskekro-

matografiska arbetsflödet fördubblades antalet molekyler som kunde upp-

täckas, vilket resulterade i den mest omfattande kartläggningen hittills av det 

kemiska exposomet hos svenska vuxna. 

Sammantaget lägger detta arbete en stark grund för framtida forskning 

inom exposomik. De nya analytiska arbetsflödena som utvecklats banar väg 

för mer detaljerade studier av hur vardagliga kemiska exponeringar påverkar 

människans biologi och långsiktiga hälsa. 
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科普摘要 

   在出生前及整个生命历程中，人类通过呼吸的空气、摄入的食物和

水，以及日常接触的各类产品，暴露于成千上万种环境化学物质中。

现有研究已证实，某些优先污染物对人体健康存在明确风险。然而，

要理解疾病与复杂化学暴露组合之间的关系——包括暴露剂量、持续

时间、生命阶段——仍面临重大挑战。新兴的“化学暴露组学”领域，

正是为了系统表征人类所接触的全部环境化学物质及其对分子表型和

疾病风险的潜在影响而发展起来的。在这一背景下，人类血液成为具

有重要价值的研究样本。然而，血液是一种以内源性脂类和代谢物为

主的复杂基质，要从中检测低浓度的多种污染则需要开发并验证新型

高灵敏度分析工具，同时结合先进的数据分析方法，以发现并表征新

的暴露来源。 

   本论文开发了一种新型分析方法，显著提升了人体血液中痕量环境

有机污染物的检测与表征能力。该方法创新性地整合气相色谱法和液

相色谱法，并分别与高分辨率质谱联用，使得我们不仅可以高灵敏度、

高准确性地测量常见的优先污染物，还能发现新的或罕见化合物，显

著拓展了检测范围。同时，本研究还开发了一种新的评分系统，可帮

助科学家更清晰地报告未知化合物的鉴定结果。 

   本研究的一项重大突破在于开发出一种创新地样品前处理方法，实

现了气相色谱分析中人体血样痕量化学物质的高灵敏检测，且几乎不

受脂质基质干扰。该技术显著降低了分析所需的血液样本量，使得对

两年间多次采集的个体样本进行纵向追踪成为可能，从而首次揭示了

个人化学暴露在时间维度上的独特性与动态多样性。通过将该方法与

互补的液相色谱流程相结合，我们成功将可检测的分子覆盖范围扩大

了一倍，提供了目前针对瑞典成年人化学暴露组最全面的表征。 

   总体而言，这项工作暴露组学的未来发展奠定了坚实基础。通过构

建创新的分析流程，本研究不仅为后续实验设计提供了方法学指导，

更为深入探究日常化学暴露对人体生理机能及长期健康的影响开辟了

新路径。 
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1. Introduction 

1.1 Chemical exposomics in blood and its challenges  

To encourage a new generation of precision health research that may even-

tually complement genomics, the human exposome was defined in 2005 as the 

totality of environmental exposures throughout an individual's lifespan, from 

conception onwards.1 Extensive research has already established that specific 

priority chemical exposures, or environmental pollution more generally, con-

tributes significantly to disease development,2,3 through inhalation, ingestion, 

dermal contact, and influenced by occupation and various lifestyle factors.4–6 

Nevertheless, the vast majority of the hundreds-of-thousands of chemicals in 

commerce have never been monitored in people or the environment, thus the 

development of comprehensive methods for measuring the chemical compo-

nent of the exposome—in this thesis called chemical exposomics—remains a 

vital challenge7 to overcome before science can fully understand the expo-

some and its connections to human health and disease.8,9  

Blood represents an ideal matrix for chemical exposomics due to its circu-

lation to all tissues in the body, its content of small molecules (i.e., environ-

mental chemicals and metabolites), large molecules (i.e., proteins and mRNA) 

and cells (i.e., DNA) for parallel analysis by other ‘omic’ technologies, and 

its routine availability in existing health studies. However, the ambition to 

measure the totality of environmental substances in blood quickly encounters 

practical analytical challenges. For starters, organic environmental contami-

nants in human blood have been reported to vary widely in hydrophobicity, 

spanning 17 orders of magnitude in the n-octanol-water partition coefficient 

(Kow), and their concentrations range across 11 orders of magnitude (160 fM 

to 140 mM),10,11 making analysis by any single method unlikely with current 

technology. This is partly why historical approaches have used targeted anal-

ysis, and few studies have been able to report on multiple chemical classes in 

the same person. With a focus on public health, major blood biomonitoring 
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initiatives in the past have used a battery of targeted methods for population 

surveillance,12 and have not accounted for multiple chemical classes in indi-

viduals that may interact and adversely impact on health. The challenge of the 

chemical exposome is partly addressed through advances in technology and 

commercial instruments (i.e., rapid full-scanning high resolution mass spec-

trometry (HRMS) instruments) but sensitive sample-preparation and instru-

mental methods need to be established for multi-class analysis of priority sub-

stances (Figure 1). Moreover, because there are so many chemicals in global 

commerce (350,000),13 chemical exposomics methods should also be capable 

of molecular discovery to identify molcules that were not previously known 

to be present in human blood.  

 

Figure 1. Advantages of high mass accuracy and mass spectral resolution (a), which 

supports a capability for combined target, suspect screening and nontarget analysis 

in one run (b), and supported by data processing workflows for spectral deconvolution 

and spectral matching to libraries (c). Some images in Panel C are accredited to May-

Britt Rian (Stockholm University) who granted permission for their display here. 
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The above inherent challenges are further intensified by the complex blood 

matrix, which contains abundant lipid classes and major endogenous metabo-

lites that may obscure comparatively minor signals from environmental chem-

icals. While multi-class target, and combined target/nontarget analytical meth-

ods are emerging for chemical exposomics in blood, current sample prepara-

tion techniques are often adapted from metabolomics protocols14,15 and not 

tailored to overcome the unique challenges of the chemical exposome. This 

presents a critical limitation, as chemical exposomics in blood will require 

detection of trace-level exogenous compounds that are typically present at 

concentrations that are three orders of magnitude lower than endogenous sub-

stances. This challenge is exacerbated considering the low sample volumes 

(i.e., 50−200 µL) of blood that are collected and archived in typical cohort 

studies, and where availability of more than one sample is often constrained. 

1.2 Gas chromatography - high resolution mass 

spectrometry (GC-HRMS) for chemical exposomics 

With the aim of developing methods for the comprehensive characteriza-

tion of environmental contaminants in human blood, we previously summa-

rized the chemical-space for 299 representative target analytes that are rou-

tinely biomonitored in major biomonitoring programmes,16 including 

HBM4EU and US NHANES (Figure 2). Due to their broad range of water 

solubilities (18 orders of magnitude) and Kow (15 orders of magnitude), their 

comprehensive analysis by the combination of liquid chromatography (LC) 

and GC mass spectrometry techniques would be required.16–18 
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Figure 2. Full coverage of the chemical exposome will require multiple instrumental 

strategies, as shown by the chemical space of 299 exogenous analytes routinely mon-

itored in human biofluids in biomonitoring programmes. a) Measurement of the ana-

lytes will require a combination of LC- and GC-based approaches that are b) depend-

ent on the chemical class. From Zhang et al.16 

GC-HRMS analysis is a critical complement to LC-HRMS, as GC- with an 

electron ionization (EI) interface to mass spectrometry enables the detection 

of semi-volatile, neutral and lower polarity analytes that are not adequately 

ionizable by LC-based atmospheric pressure ionization methods, such as by 

electrospray. However, commercially available instruments combining GC 

with rapid full-scanning HRMS detectors is relatively recent,19 and GC-based 

nontarget analysis remains an emerging field, and still lacks common standard 

criterion for communicating confidence of molecular discoveries. The estab-

lishment of a standardized annotation framework is crucial for communicating 

uncertainty in compound identification or annotation, particularly in HRMS-

based nontargeted and suspect screening studies where tentative structural as-

signments and the potential for false positives must be considered. While 

Schymanski et al. introduced one of the first confidence scoring frameworks 

for LC-HRMS/MS,20 its direct applicability to GC-HRMS was strained due to 

fundamental differences in chromatography, ionization, and data acquisition 

or processing workflows. A preceding framework for GC-HRMS (with EI) 

categorized feature annotation confidence into four levels, ranging from con-

firmed identifications (Level 1), spectra matched to a database (Level 2a) or 
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experimental data (Level 2b), molecular formula assigned (Level 3), or a mo-

lecular feature defined only by its exact mass (Level 4).21 Although this rep-

resented progress, the proposed confidence parameters may still lead to high 

false-positive and false-negative rates because EI is a hard ionization tech-

nique, resulting in some produced spectra missing a molecular ion, or other 

important fragment ions, and thus spectral evidence alone is not a strong 

enough criteria. GC’s long-established retention time index (RI), primarily by 

the Kovats method which standardizes the retention time of analytes by the 

relative elution order of a linear alkane standard mixture, partly compensates 

for this limitation and provides additional confidence. For example, the RI of 

chemical polychlorinated biphenyl (PCB)-169 was calculated as 2522 using 

Kovats index equation,22,23 as it eluted between n-C25H52 and n-C26H54. This 

RI value remains stable in a narrow range, regardless of instruments or meth-

ods used. 

In Paper Ⅰ, in collaboration with a global community of GC-HRMS users, 

and considering the distinctive chemical evidence obtained from these power-

ful new instruments, we developed a new annotation scoring framework for 

nontarget GC-HRMS to aid and standardize communication of confidence in 

annotating the chemical structure or formula of unknown substances.  

The application of GC-HRMS to chemical exposomics in human blood has 

gained increasing attention because of the complementary chemical infor-

mation provided, relative to LC-HRMS. During the early phases of this thesis 

research, two sample preparation methods for chemical exposomics of blood 

plasma by GC-HRMS were reported which were simple, rapid and potentially 

scalable for a wide range of multiclass analytes.24,25 However, these were not 

optimized to enhance or maximize method sensitivity, nor evaluated for ma-

trix effects caused by major endogenous interferences, in particular from ma-

jor lipid coextractives. For example, I suspected major interferences in the 

express liquid extraction (XLE) method, in part because no nontarget analytes 
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were discovered in its application to authentic plasma samples. Abundant li-

pids are typically removed in targeted GC-HRMS workflows, as these are 

known to compromise method robustness and reduce sensitivity.26–30  

In this thesis it was an overarching hypothesis that abundant lipid co-ex-

tractives might also hinder molecular discovery by nontarget GC-HRMS, not 

only due to suppression of analyte signals, but due to the complex spectral 

interferences (i.e., lipid fragments) throughout the chromatogram that might 

make it difficult to deconvolute the spectra (Figure 1c) of minor environmen-

tal chemicals. Additionally, because I used OrbitrapTM HRMS analyzers in the 

current thesis work, it is important to understand that a high signal of back-

ground ions from the matrix (i.e., lipid fragments) can reduce ion injection 

times to the Orbitrap due to the automatic gain control (AGC) setting on these 

instruments; designed to prevent space-charging and loss of mass accuracy.31 

This may compromise method sensitivity for trace analytes. The benefits of 

cleanup for nontarget screening in silicone personal passive sampler extracts 

by GC-Orbitrap-HRMS has been previously documented.21  

In Paper Ⅱ, a simple and potentially scalable protocol, using isohexane (H) 

to liquid−liquid extract protein-free acetonitrile-plasma (A-P), was developed 

and validated. The HA-P method was optimized for small-volume samples of 

human plasma (100−200 μL), with emphasis on minimizing lipid co-extrac-

tives and maximizing method sensitivity for 103 priority target analytes by 

large volume injection. The validated methodology was subsequently applied 

to a subset of adult plasma samples (n = 32, 100 µL each) in a combined test 

of multi-class target and nontarget chemical exposomics. 

1.3 Longitudinal study of the chemical exposme in 

human blood plasma 

As an individual’s location and environmental conditions are dynamic, and 

lifestyle factors vary over time and across individuals, understanding both the 
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temporal variability and between-person differences in plasma chemical expo-

somes is critical, but remains an important data-gap in the design and inter-

pretation of human health studies. While exposome studies are inherently en-

couraged to record exposures ‘over the life-course’, longitudinal study de-

signs, i.e., where participants exposures are recorded more than once over 

time, remain rare in the exposome field. Moreover, recent examples of longi-

tudinal studies have mainly focused on LC-HRMS metabolomics, and only 

over a few months in a small group of individuals.32–35 Applying GC-HRMS 

in a longitudinal study of the plasma exposome will enable fundamental un-

derstanding of the temporal stability of each substance, while also allowing a 

more comprehensive analysis of an individual's chemical exposure profile. 

Nonpolar chemical exposures are most often determined for specific priority 

chemical classes only,6,36–39 ignoring emerging, or previously overlooked 

chemicals in blood. In Paper Ⅲ, we analyzed the chemical exposome of 46 

healthy Swedish health adults, with each participant providing six plasma 

samples over a two-year period for multiomics analysis. Comprehensive 

multi-class target and nontarget analysis by the HA-P method and GC-HRMS 

revealed comprehensive chemical exposomes that could be visualized through 

hierarchical clustering, examined for co-exposure patterns, temporal trends 

and sex-differences, and most importantly to quantify the inter- and intra- in-

dividual variability over time through measures of intraclass correlation coef-

ficients (ICCs). The chemical exposome ICCs were then be compared to par-

allel measures of plasma proteomes, metabolomes and gut microflora.  

1.4 Analyzing the chemical exposome in blood plasma 

by a combination of LC- and GC-HRMS workflows 

Comprehensive chemical exposomes in human blood plasma require the 

dual application of both LC- and GC-HRMS analysis to cover the numerous 

chemicals known to be present with a wide range of physicochemical proper-

ties.16,18 However, multiple samples or sufficiently large sample volumes are 
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not commonly available in many cohort biobanks to enable sensitive and 

quantitative analyses by dual-mode chemical exposomics, particularly in mul-

tiomic investigations where various other molecular profiling technologies 

also require a separate sample aliquot. Thus, for future studies prioritizing 

chemical exposomics, it would be ideal if one typical sample aliquot (e.g., 

100-200 µL) could be used to create two extracts, one for LC- and one for 

GC-HRMS. Very few studies have reported combined LC and GC analysis of 

the same blood sample aliquot, and the supporting methods suffer from low 

recoveries for many target analytes, which affects accuracy and method sen-

sitivity, and nontarget analysis was not considered.40,41 In Paper Ⅳ, starting 

from the validated and sensitive HA-P method for GC-HRMS chemical 

exposomics42 we preserve the extracted A-P subnatant (rather than disposing 

it) and treat this by an amended method of Sdougkou et al. for LC-HRMS 

chemical exposomics,43 and validate this integrated workflow for ‘2-for-1 

chemical exposomics’, whereby one plasma aliquot enables both GC- and LC-

HRMS analysis of the chemical exposome. The validated method was con-

trasted with the direct method of Sdougkou et al. and successfully applied to 

the same 32 samples (100 µL each) examined in Paper II, thereby revealing 

many new exposures and co-exposures of high relevance to precision health 

research. 
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2. Aims 

The major aim of this thesis was to develop new, comprehensive and sen-

sitive chemical exposomics sample preparation workflows for blood plasma 

in support of target and nontarget chemical exposomics by GC- and LC-

HRMS. Considering the unique challenges, and few previous applications of 

GC-HRMS in this field, a secondary aim was to apply the method(s) to human 

samples from existing biobanks while developing and testing data processing, 

data visualization, and molecular annotation workflows in support of quanti-

fying or characterizing diverse (co-)exposures in unprecedented detail. To the 

extent possible, this work would include confirmation of novel environmental 

substances in human blood. To inform future large-scale investigations, the 

third and final aim was to apply the GC-HRMS method in the first longitudinal 

study of the nonpolar chemical exposome, with a major objective to quantify 

the inter- and intra-individual variation for hundreds of target and nontarget 

analytes over a 2-year period. The specific aims are integrated and are spread 

across 4 papers composing this thesis:  

In Paper Ⅰ I aimed to establish a standardized annotation framework for GC-

HRMS nontarget features by integrating unique GC-HRMS data to the exist-

ing LC-HRMS framework (Schymanski scale) to ensure clear and transparent 

communication of confidence in chemical identification or annotation. 

In Paper Ⅱ I aimed to develop, optimize, and validate a sample preparation 

method that minimizes coextracted lipid interference, thereby enabling large-

volume injection for sensitive and quantitative analysis of multi-class target 

analytes while simultaneously screening for unanticipated chemicals in indi-

vidual human plasma samples by nontarget GC-HRMS. 

In Paper Ⅲ I aimed to apply the validated HA-P extraction and GC-HRMS 

workflow with open-science data processing to plasma samples from a unique 
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longitudinal and multiomic wellness cohort. A primary objective was to quan-

tify ICCs for all targets and confidently annotated analytes, to compare these 

measures of ‘stability’ to other biomolecular profiles measured in the same 

participants, and to characterize and visualize patterns in comprehensive 

chemical exposomes across hundreds of samples to maximize knowledge of 

relevance to precision health. 

Paper Ⅳ describes my work to find sample processing efficiencies that can 

bridge GC- and LC-HRMS chemical exposomics workflows in an integrated 

manner. Here I aimed to validate an integrated method for combined target 

and nontarget analysis of chemical exposomes in single small-volume sample 

aliquots by both GC- and LC-HRMS analysis; while maintaining sensitivity 

and chemical-space coverage. In addition to many novel chemical discoveries, 

in the unprecedented combined dataset it was my objective to visualize and 

describe unique and common patterns of (co-)exposure, and exposome-metab-

olome interactions among all samples from individual participants. 
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3. Materials and methods 

3.1 Selection of multi-class target analytes 

Chemicals reported in human biofluids (i.e., blood, urine) were collected 

from comprehensive biomonitoring projects (e.g. HBM4EU, US NHANES). 

For Papers II-III, 103 representative targets from 6 chemical classes were 

selected, covering a wide range of physicochemical properties. These com-

pounds, typically exhibiting high detection frequencies, were used for method 

development and validation, while also serving as a priority target analytes in 

chemical exposomics by GC-HRMS. 

3.2 Human plasma/serum samples 

Commercial human serum (Merck, Germany, human male AB plasma-de-

rived, origin USA) was used in Paper Ⅰ (software and annotation framework 

evaluation) and Paper Ⅱ (method development and validation). In Paper Ⅱ 

and Paper Ⅳ, the optimized and validated chemical exposomics workflows 

were applied to 32 individual human plasma samples (100 µL) from the Swe-

dish Västerbotten Intervention Programme (VIP) cohort.44 For quality control 

purposes in Paper Ⅱ-Ⅳ, a pooled reference plasma was also prepared from 

previously-thawed residual plasma samples from the VIP cohort. For the lon-

gitudinal study in Paper Ⅲ, the 276 plasma samples (50–200 µL each) were 

from a subset of 46 individuals who were each sampled 6 times over 2 years 

in the Swedish SciLifeLab SCAPIS Wellness Profiling (S3WP) program.45 

3.3 Sample preparation methods  

3.3.1 Sample preparation for nonpolar analytes (Paper I-Ⅲ) 

In Paper Ⅱ, method development included testing various lipid removal 

approaches, including sulfuric silica gel columns, enhanced matrix removal 

(EMR, Agilent, USA) dispersive solid phase extraction, and liquid-liquid ex-

traction (LLE) with different organic solvent mixtures (isohexane mixed with 

toluene, ethyl acetate, chloroform, and pure isohexane at different volumes). 
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The final and optimized sample preparation method used for individual 

plasma sample analysis in Paper Ⅱ and Ⅲ started with loading plasma/serum 

samples into a glass tube (muffle furnaced), followed by adding acetonitrile 

(4 × plasma volume, i.e., 400 µL for 100 µL in the VIP cohort, and 800 µL 

for 200 µL plasma in the S3WP cohort) spiked with 8 μL of 100 ng/mL sur-

rogate internal standards before protein precipitation, vortexing and centrifu-

gation. The protein-free supernatant was transferred to a new tube for liquid-

liquid extraction with 1.2 mL, and subsequently 0.6 mL, of isohexane. The 

two isohexane extracts were combined and evaporated by a gentle N2
 flow to 

100 µL, and then transferred to the injection vial spiked with 6 μL of methox-

ychlor-d14 (100 ng/mL) as a volumetric internal standard. The serum (500 µL, 

n = 3) in Paper Ⅰ was prepared using the same method as above with propor-

tional solvent volume adjustments, except that all 112 tested standards (90 

native and 22 labeled chemicals, 6.7–33.6 ng/mL in serum) were spiked into 

the extract before the injection (details in Paper I). 

3.3.2 Sample preparation for polar anlaytes (Paper IV) 

The bottom acetonitrile-plasma layer after LLE described above was gently 

evaporated at room temperature under N2 for 5 minutes to remove residual 

isohexane. Citric acid (10 µL, 50%) and an additional 400 µL of acetonitrile 

were added separately to reach the same volume (800 µL) as the direct LC 

method of Sdougkou et al.43 The mixture was vortexed and loaded onto Hybrid 

Solid phase extraction (SPE)-Phospholipid cartridges, sequentially precondi-

tioned with 10 mL of acetonitrile (0.5% citric acid), 12 mL methanol, and 

finally 2 mL of acetonitrile (0.5% citric acid). Elution was performed with 

1 mL acetonitrile (0.5% citric acid) and 2 mL of 1% NH₄COOH in methanol. 

The eluent was mixed with 40 µL of 25% aqueous ammonia solution, vor-

texed, and centrifuged (5000 rpm, room temperature, 12 min). The superna-

tant was transferred to an Eppendorf tube, evaporated to under 1 mL by N₂, 

vortexed, then further evaporated to 100 µL. After sonication, the extract was 
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transferred to a filtration tube. The evaporation tube was rinsed with 100 µL 

methanol, vortexed, and added to the same filtration tube. After centrifugation 

(10000 rpm, room temperature, 10 min), the final extract was transferred to 

an injection vial spiked with 8 µL diuron-d6 (105 ng/mL ). 

3.4 Instrumental analysis 

3.4.1 GC-HRMS analysis 

In Paper Ⅱ, instrumental method development encompassed comparing 15 

m and 30 m DB-5MS columns by evaluating the instrumental detection limits 

(IDLs) for 69 targets from 4 chemical classes at 1 µL injection, along with 

evaluation of different injection volumes (1, 5, 10, 20, 25, 30 µL) on the 30 m 

column. Method reproducibility was assessed by 60 continuous large-volume 

injections of plasma extract. The final nonpolar plasma extracts, in Paper Ⅱ-

Ⅲ, were analyzed using a GC-HRMS system (TRACE 1300 series, Q-Exac-

tive, ThermoFisher Scientific, US) operating in EI full scan mode (34–

750 m/z). Ion transfer line and source temperatures were 300 °C. Chromato-

graphic separation employed a DB-5MS column (30 m × 0.25 mm × 0.25 µm, 

Agilent) with temperature gradient program starting at 30 °C for 1 min, in-

creasing to 50 °C at 20 °C/min, then ramping to 170 °C at 25 °C/min, to 250 

°C at 6 °C/min, and then increasing to 315 °C/min at 25 °C/min with a 12 min 

hold. The carrier gas was He at 1.3 mL/min. Injections of 25 μL extracts were 

made to a programmable temperature vaporizer (PTV) injector with baffle 

liner in large-volume mode. The serum extract in Paper Ⅰ was analyzed in the 

same system as above, but with 1 µL injections prior to the implementation of 

the optimized large volume injection method. 

3.4.2 LC-HRMS analysis 

In Paper Ⅳ, polar plasma extracts were analyzed using an ultrahigh pres-

sure LC-HRMS (Ultimate 3000, Orbitrap HF-X, Thermo Scientific, US) with 

the method as described in our previous study.43 Briefly, the data was acquired 
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with parallel full scan (MS1, 90–1000 m/z) and data-independent MS/MS ac-

quisition (DIA) with four m/z precursor windows. The extracts (20 µL) were 

injected on an Acquity BEH C18 column (130 Å, 1.7 µm, 3 × 100 mm, Wa-

ters) with vanguard pre-column, employing a binary gradient elution 

(0.4 mL/min) with mobile phases of (A) water containing 1 mM ammonium 

fluoride and (B) methanol. 

3.5 Data analysis and visualization 

3.5.1 Multi-class target data analysis 

In Papers Ⅱ and Ⅲ, target analysis to quantify the 103 target analytes was 

performed using TraceFinder (v.5.0, Thermo Scientific) with solvent-based 

external calibration curves (7 points, 0.005−5 ng/mL, n = 3). Isotopically la-

beled surrogate internal standards (n = 26) were used to correct for recovery 

and other variations in sample preparation. Quantification of polar target ana-

lytes in Paper Ⅳ was based on peak areas exported from MS-DIAL, and sol-

vent-based external calibration curves with internal standards (9 points, 

0.005−50 ng/mL, n = 3) were used. Isotopically labeled surrogate internal 

standards (n = 34) were used to correct the recoveries and variations during 

sample preparation. 

3.5.2 Nontarget data analysis 

In Paper Ⅰ, raw HRMS files were processed (by co-author collaborators) 

in Compound Discoverer (v. 3.2, Thermo Scientific) for peak picking, spectral 

deconvolution, alignment and integration of peak areas. The exported data 

were further processed for spectral library matching, scoring and filtering by 

SIF-GC software. In Papers Ⅱ, Ⅲ and Ⅳ, nontarget analysis, including peak 

picking, spectral deconvolution, spectral matching, alignment and peak inte-

gration, was conducted in MS-DIAL.46 Libraries for spectral matching in-

cluded MassBankEU,47 Global natural product social molecular networking 

(GNPS),48 NIST, and an in-house HRMS library.  
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3.5.3 Visualization and statistics 

Further data processing, visualization and statistical analyses employed Ex-

cel (Microsoft office 2019), Python (v.3.7.3)49 and Jupyter Notebook 

(v.5.7.8),50 and R (v.4.3.2)51 and RStudio (v.2023.12.1+402)52 with various 

packages, including plotly (v.5.24.1), pingouin (v. 0.5.5), ggplot2 (v.3.4.4), 

and scipy.stats (1.13.1). PCA analysis was performed in SIMCA (v. 17.0, 

Umetrics). 
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4. Results and discussion 

4.1 Annotation framework for GC-HRMS nontarget 

analysis in Paper Ⅰ 

GC-HRMS instrumental methods provide data-rich information with some 

unique advantages and limitations for compound identification and feature an-

notation. These include retention time and RI, a rather universal but hard ion-

ization process, EI, which often results in fragmentation of the molecular ion, 

as well as high spectral resolution, with benefits to accurate mass and accurate 

isotopic patterns.  

Despite availability of softer and more selective ionization modes for GC-

MS (e.g., chemical ionization), the most universal and commonly used ioni-

zation technique has long been EI (normally at 70 eV). EI spectra are dominant 

in spectral libraries, and for nontarget analysis serve as the most important 

structural evidence for molecular annotation. However, as a hard ionization 

process (the molecular ion is an unstable cationic radical), EI results in frag-

mentation of the molecular ion, which can reduce confidence for annotation 

due to low abundance or absence of the molecular ion in the acquired EI spec-

trum.  

Nevertheless, GC also has unique advantages that can partly compensate 

for the limitations of molecular ion fragmentation, specifically the higher sep-

aration efficiency (relative to LC) and relatively consistent RI, primarily 

measured using the Kovats method, which can provide additional annotation 

confidence, including for closely related isomers. In fact, RI is commonly 

stored in GC-MS spectral libraries, thus providing a secondary layer of diag-

nostic information.22,23,53 With the combination high spectral resolution and 

accurate mass (low- to sub-ppm mass accuracy on Orbitrap instruments),54 the 

molecular formula (of fragments or molecular ion) can be predicted for a third 
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layer of evidence supporting annotation. Building on the Schymanski confi-

dence criteria for LC-HRMS, and incorporating GC-specific analytical evi-

dence, an actionable scoring framework for GC-HRMS annotation communi-

cation was proposed (also Figure 3):  

Level 1: Confirmed identification (retention time, EI spectrum, and refer-

ence ions) using in-house library. Retention time matches (RSD < 1%) stand-

ard database generated in-house by the same method. Observation of a mini-

mum 2 EI spectral reference peaks of the standard at the correct ratios (< 20%), 

or EI spectral match with in-house library > 600. If present, an accurate mass 

agreement (< 5 ppm error) for the molecular ion. 

Level 2: Probable structure or close isomer using external libraries (RI 

match, molecular ion and EI match to exact mass library or including metrics 

incorporating accurate mass information). RI match (< 50 and < 1.5%), or 

predicted RI (< 100 difference) using a validated method. Reverse dot-product 

EI spectral match score (> 600) and dot- product score (> 500). Match to an 

exact mass library (reverse dot-product score > 600), or using metrics incor-

porating exact mass (e.g., high reverse high resolution mass filter score 

(HRMF)55 > 75). 

Level 3: Tentative candidate (EI accurate mass spectral match, or EI match 

with metrics incorporating accurate mass) using an external library; alterna-

tively, RI match with accurate mass fragment matches. Reverse dot-product 

EI spectral match (> 600) and dot- product (> 500). Match to an exact mass 

library (reverse dot-product > 600) or using metrics incorporating exact mass 

(e.g. HRMF > 75). Alternatively, RI match within 100 (predicted or experi-

mental) and EI spectral match based on in silico accurate mass spectra, rule-

based ion presence or absence (at least three ions, accurate mass), or detection 

of a molecular ion (accurate mass). 

Level 4: Chemical group or exact chemical formula. Level 4A: Identifica-

tion of unequivocal chemical formula. Only one formula is possible given by 
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the exact mass of the precursor ion and isotopic distribution directly or after 

only including atoms. Level 4B: Possible chemical series (e.g. homologous 

series with repeating chemical constituents). Follows mass defect series (e.g. 

using Kendrick mass defect). Or shows defined subnetwork clustering. Level 

4C: Possible chemical class (chemicals grouped based on structural motifs or 

similarity) with one or more fragments. 

Level 5: Unknown feature (retention time and reference mass or deconvo-

luted spectrum). 

 

Figure 3. Proposed schema for assigning five levels of confidence in compound an-

notation using common evidence in GC-HRMS analysis. Adaped from Paper Ⅰ. Acro-

nyms: retention time (RT), reverse search index (RSI), RI match (ΔRI), and RHRMF. 

From Paper Ⅰ. 
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GC-HRMS data from spiked human serum and air samples were used to 

validate the annotation score framework, and a supporting open science soft-

ware (SIF-GC). For the serum extract, 80 of the 90 spiked native standards 

were detected and spectrally deconvoluted by the nontarget data processing 

(Compound Discoverer, Thermo Fisher Scientific), of which 61 were assigned 

as Level-2 annotation, but the correct exact structure was only identified for 

28 compounds. These data emphasize the remaining challenges in nontarget 

analysis, not only of false-negatives (e.g., due to detection limits, poor chro-

matography or interferences), but also the overall false positive rate (54% for 

Level-2 assignments, and 60% for Level-3 assignments). However, when ex-

cluding cases of subtle isomeric differences (e.g. position of methyl or chlo-

rine substitution), the false-positive rate was only 13% for the Level-2 assign-

ments, and 25% for Level-3 assignments. This framework establishes a sys-

tematic approach to assign and communicate confidence of feature annota-

tions by integrating quantitative scoring metrics alongside qualitative methods 

for ranking candidates to yield a confidence assignment.  

4.2 Method development and validation for GC-HRMS 

analysis in Paper Ⅱ 

GC column selection. Among the 69 target analytes tested on 15 m and 30 m 

columns, two analytes (pentachlorobenzene and PCB-3) were excluded from 

the comparison because of very low IDLs (i.e., <<2.5 fg) that were below the 

tested concentration range. Sensitivity comparisons revealed superior perfor-

mance for the 30 m column, on which 51.5% of analytes (35/68) exhibited 2–

5 times lower IDLs, 22 analytes had equivalent IDLs on the two columns, and 

only 10 analytes (primarily high-boiling-point PBDEs) had better sensitivity 

on the shorter 15 m column. Therefore, the 30 m column was selected for its 

enhanced sensitivity for most priority analytes, and thus for its presumed 

broader utility in nontarget molecular discovery. 
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Performance of large volume injection (LVI). LVI in the range of 1–30 µL 

was tested to maximize method sensitivity, and 25 µL demonstrated an opti-

mal balance between signal response and reproducibility (Paper Ⅱ Figure 

S6). The robustness of the LVI-GC-HRMS instrumental method was later 

confirmed via 60 continuous injections of spiked human serum extracts over 

4 days, which resulted in a median RSD of only 5.1% among the target ana-

lytes (range 1.6–24.5%, Paper Ⅱ Figure S7).  

Sample preparation for nonpolar analytes in human plasma. For develop-

ment of the sample preparation method, 103 target analytes from 6 contami-

nant classes were evaluated. Initial testing of a traditional lipid removal tech-

nique, using acidic silica gel columns, was abandoned because PAHs and 

phthalates were degraded and had very low absolute recoveries (<5%, details 

in Paper Ⅱ Figure S2). Consequently, acidic conditions were also avoided in 

subsequent method development, which ruled out certain plasma protein pre-

cipitation methods (e.g. using trichloroacetic acid, or phosphoric acid).56 It 

was therefore an ideal starting point to use acetonitrile for the protein precip-

itation step, a common technique in metabolomics and consistent with our LC-

HRMS chemical exposomics workflow.43  

Following protein precipitation with acetonitrile, different LLE systems 

were tested to maximize analyte recoveries into nonpolar solvent while mini-

mizing co-extracted lipids. Pure isohexane achieved optimal recoveries, low 

chromatographic interference from any co-extracted lipids, and was practical 

due to the immisibility of the top nonpolar layer (Hexane) and bottom polar 

layer (Acetonitrile-Plasma). The procedure was generally termed the HA-P 

method, and despite further testing with additions of polar solvents (i.e., ethyl 

acetate, chloroform, and toluene) could not be further improved, as any polar 

solvent addition increased miscibility with the A-P subnatant, which lowered 

recoveries of polar analytes, and increased co-extraction of lipids. The added 
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benefits of EMR dispersive lipid removal material was also tested, but pro-

vided no additional lipid removal because the HA-P extract was already clean 

of most lipids, and lowered recoveries for hydrophobic target analytes.  

Eventually, the HA-P method was optimized only by using a sequential 

isohexane extraction (i.e., 1.2 mL followed by 0.6 mL) after acetonitrile pre-

cipitation, achieving quantitative recoveries for most multi-class target ana-

lytes. Compared to a literature chemical exposomics method (XLE),24 the HA-

P produced visibly clearer extracts (transparent vs. lipid-rich yellow) and 

cleaner total ion chromatograms (TICs), with fewer lipid/fatty acid interfer-

ences when applied to pooled Swedish plasma (200 µL, in triplicate, Paper Ⅱ 

Figure 2). The clean extract by HA-P enabled effective LVI of 25 µL of the 

extract, and consistent detection of targets, whereas the literature method, with 

only 2 µL injections (and major matrix interference) resulted in fewer target 

analyte detections (Paper Ⅱ Figure 3). 

Validation. Method validation for all target analytes using the optimized HA-

P method with LVI (25 μL) included assessment of matrix effects, internal 

standard corrected recoveries, calibration linearity, and method limits of quan-

tification (MLOQs). The median MLOQ was 0.088 ng/ mL (range 0.005−4.8 

ng/mL; Figure 4a), with 99 of 103 target analytes demonstrating excellent cal-

ibration curve linearity (R2 > 0.99). Among the 91 detectable analytes (out of 

103) at 1 ng/mL spiking level, the mean matrix effect was null (mean 100% 

response; range 76−140%) and the mean recovery was 104% (range 

22−132%; Figure 4b). Notably, three phthalates, specifically dimethyl 

phthalate, diethyl phthalate, and diethoxy ethyl phthalate, showed suboptimal 

recoveries (22−41%), owing to their lower hydrophobicity (log Kow = 1.6, 2.5, 

and 2.1) and their presumed preferential partitioning into the plasma-acetoni-

trile polar layer during extraction. All other analytes, which had log Kow > 3, 

were quantitatively recovered, demonstrating the broad suitability of the HA-
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P method for hydrophobic compounds. While this specificity limits the uni-

versal applicability of HA-P, it underscores the necessity of complementary 

LC-HRMS workflows for comprehensive chemical exposomics,16 particularly 

for ionic and polar contaminants with log Kow values below 3. 

 

Figure 4. Method validation results for multi-class target analytes, arranged by clas-

ses, spiked to 200 μL of human serum and analyzed by the HA-P method with LVI, 

showing (a) MLOQ (n = 4) and (b) internal standard corrected analyte recoveries (n 

= 3, 1 ng/mL spiking levels). Adapted from Paper Ⅱ. 

4.3 Multi-class target and nontarget analysis in 32 

individual Swedish plasma samples in Paper Ⅱ  

The GC-HRMS target list containing 103 nonpolar analytes was applied 

for multi-class quantitative analysis in 32 individual plasma samples (100 µL 
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each) from the VIP cohort. Out of 103 analytes, 51 were detected in at least 

one individual (details in Paper Ⅱ Table S8), comprising seven dioxin-like 

PCBs (#105, 114, 118, 123, 156, 157 and 167), 14 non-dioxin-like PCBs (#1, 

3, 4, 19, 15, 28, 52, 37, 101, 138, 153, 202, 180 and 205), 9 polycyclic aro-

matic hydrocarbons (PAHs), 12 organochlorine pesticide (OCPs), 1 polybro-

minated diphenyl ether (BDE), and 8 phthalates. Among these, 28 analytes 

had detection frequencies exceeding 20%, with gender-specific distribution 

shown in Figure 5.  

 

Figure 5. Violin plots showing concentration distributions for 28 target analytes (de-

tection frequencies > 20%) in 32 individual Swedish adult plasma samples by sex 

(female in purple, male in green). Black ‘+’ symbols indicate the target analyte 

MLOQ. For data visualization, detectable signals below the MLOQ are plotted as 

MLOQ/2, and non-detects are plotted as MLOQ/4. Adapted from Paper Ⅱ, details in 

Paper Ⅱ Table S7.  

After processing the nontarget data with MS-DIAL and blank filtration, 

875 molecular features were detected among the plasma samples (details in 

Paper Ⅱ Table S9). Of these, 112 were annotated as Level 2 (Koelmel criteria, 

in Paper Ⅰ), achieving a relatively high annotation rate of 12.8%. Among 

these, 7 were further confirmed at Level 1 using authentic standards (Paper 

Ⅱ, Figures S12−18), including two related analytes 2,4-di-tert-butylphenol 

and tris(2,4-di-tert-butylphenyl) phosphite (used as antioxidants and UV sta-

bilizers in rubber and plastics). The co-occurrence of the two antioxidants was 
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reported in indoor dust in 2018,57 and 2,4-di-tert- butylphenol was detected 

from human urine and blood samples.58,59 But as far as we know, this was the 

first time that tris(2,4-di-tert-butylphenyl) phosphite detected in human bio-

monitoring, likely due to the compound factor (high boiling point), higher sen-

sitivity from LVI and lower matrix interference in the HA-P extracts. 

4.4 Longitudinal GC-HRMS Exposomics in a Multiomic 

Wellness Cohort in Paper Ⅲ 

In this study, GC-HRMS-based quantitative analysis of 103 target analytes 

and nontarget analysis was performed in 276 plasma samples (50−200 µL 

each) from 46 participants in the S3WP cohort, with six samples per partici-

pant over a 2-year period. A total of 52 target analytes were detected, includ-

ing 1 BDE, 1 Dioxin, 12 OCPs, 14 PAHs, 14 PCBs and 10 phthalates; two 

additional PCB congeners were detected and confirmed at Level 1 (PCB-99 

and PCB-146). Violin plots show the gender-specific distributions, with three 

PCBs (#156, 138, 180) having significantly higher concentrations in males. 

Age-dependent upward trends were observed for 4 PCBs (#146, 138, 153, 

180) and hexachlorobenzene (HCB) (details in Paper Ⅲ Figure 1-2).  

For the nontarget analysis we compared MS-DIAL v4.9 (stable version but 

which was only able to process 256 of the sample files) and v5.4 (newer ver-

sion that processed all 276 files). Processing 256 files in v4.9 yielded 1,510 

features after blank subtraction, and 467 spectral library matches. In contrast, 

v5.4 yielded only 1,204 features after blank subtraction, and 242 spectral 

matches. The differences in annotations were likely because of the new added 

features: “Dot product score cut off” and “Reverse dot product score cut off”.  
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Figure 6 Example Clusters in Molecular Network of nontarget features detected 

among 276 plasma samples from 46 individuals, analyzed by the HA-P method and 

GC-HRMS. Each node presented one feature, labeled with the base-peak ion (m/z), 

the outer circle colors shows the annotation status (orange, blue and grey are anno-

tated, internal standard, and unknown, respectively), the interior thinner circle color 

indicates retention time, and the inner pie chart shows the response ratio between the 

males (green), females (purple), and blank (white); empty pie charts indicate features 

only detected in blanks. All features were blank subtracted prior to networking. 

Adapted from Paper Ⅲ Figure 3. 

GNPS molecular networking was performed using the spectra of features 

exported from MS-DIAL v4.9 due to file format compatibility. The features 

(i.e., substances) were clustered by spectral similarity (examples in Figure 6, 

details in Paper Ⅲ Figure 3). Among the 276 plasma samples, the molecular 

network identified 131 molecular family clusters derived from 726 features 

(out of 1,510). The two largest clusters—Cluster 1 with 89 features and Clus-

ter 2 with 75—consisted primarily of endogenous compounds. Besides endog-

enous chemicals (e.g., sterols, hormones in Cluster 2, 11-13), various xenobi-

otics appeared, including aromatics (Clusters 3, 6), phenolics (Cluster 4, 20, 

30), PAHs (Cluster 16), and phosphates (Cluster 33). Each node (feature) in 

the network was also encoded with feature-specific metadata, including pre-

cursor ion mass-to-charge ratio (m/z), annotation confidence level, retention 

time, and gender-specific response ratio based on an average response among 
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the detectable samples. Notably, dimethyl aminoethyl esters (personal care 

products, Cluster 15) and oxazole antibiotics (Cluster 61) were more abundant 

in females, while in Cluster 60 nicotine and boc-L-pyroglutamic acid methyl 

ester (medical use) were higher in males. 

Longitudinal Stability of the Chemical Exposome. Further data analysis fo-

cused on the 532 consensus molecular features detected in nontarget data-pro-

cessing by both versions of MS-DIAL. This set of substances included 159 

xenobiotics identified at Level 1 or structurally annotated at Level 2, 45 en-

dogenous substances, and 328 unknown non-annotated features.  

As introduced in our previous study on the polar chemical exposome, ana-

lyzed by LC-HRMS,43 ICC is a nondimensional ratio comparing the interin-

dividual variance to the total variance (i.e., the sum of inter- and intra-individ-

ual variance). As such, the ICC provides a relative measure of the longitudinal 

stability of a substance, with values ranging from 0 to 1. In the current study 

context, higher ICC values indicate greater consistency in the rank-ordering 

of individuals based on the substance’s concentration across repeated sam-

pling events. In this 2-year study, with six sampling points, ICC was calcu-

lated for each identified, annotated and unknown feature. For the chemical 

exposome subset of annotated substances, the mean and median ICC values 

were 0.24 and 0.17, respectively. These were similar to those observed for 

endogenous substances (mean and median ICCs of 0.27 and 0.24), any differ-

ence was not statistically significant (p = 0.25, Mann-Whitney test).  

A key goal of chemical exposomics is to identify associations between lev-

els of environmental substances measured in blood and biomolecular disrup-

tion, which may, for example, be measured in the same samples by metabo-

lomics, proteomics, or transcriptomics.⁸ To that end, we compared the chem-

ical exposome ICCs to previously reported ICCs—derived from the same in-

dividuals (i.e., same samples, different aliquots)—for the plasma proteome, 

lipidome, metabolome, and gut microbiome.³⁴ For improved accuracy, the 
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previously reported ICCs (originally based on 99 individuals) were recalcu-

lated using only the 46 individuals included in this chemical exposomics sub-

study. The recalculated mean ICCs were 0.62 for the proteome, 0.41 for the 

lipidome, 0.51 for the metabolome, and 0.38 for the gut microbiota. These 

endogenous biomolecular mean ICCs were all significantly higher than for the 

nonpolar chemical exposome (mean 0.24) (Figure 7a), which indicated gener-

ally unique and unstable individual chemical exposome and requires more fre-

quent repeat tests. 

Longitudinal Exposure Types. Also as introduced in our previous study of 

the polar chemical exposome, analyzed by LC-HRMS,43 this most detailed 

longitudinal exposomics study presents new opportunities for classifying ex-

posures based on the combination of each subtance’s longitudinal stability 

(ICC) and frequency of detection (DF). A brief discussion of the four stability-

frequency exposure types and their implications for exposome-studies are in-

cluded below and illustrated in Figure 7b.  

Type 1 (Rare-Stable): High stability (ICC > 0.6) but rare detection (DF < 

20%). These exposures are rarely detected in the population, but are consist-

ently present in some individuals, likely due to unique behaviours, occupa-

tions or environmental exposure sources. Although these exposures may not 

have great impacts on public health, for an individual’s health the exposure 

may be consequential. Without a longitudinal sampling design, the importance 

of such exposures may go unnoticed. The only annotated substance in this 

category was o, p’-DDT (ICC = 0.63, DF = 2.9%), only detected in 8 samples 

from 5 individuals, a relatively minor component of the technical pesticide 

that was banned in Sweden in the 1970s. These 5 individuals also had rela-

tively higher concentration in p, p’-DDT, but not its transforming product, p, 

p’-DDE. This probably indicated unique source of exposure or metabolism.  

Type 2 (Common-Stable): High stability (ICC > 0.6) and frequent detection 

(DF > 80%). Substances in this category include persistent legacy pollutants 
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with long biological half-lives, and here included PCBs (#99, 118, 146, 138, 

153, 156, 180), HCB, and p, p’-DDE. A more contemporary chemical in this 

category was 2,4-di-tert-butylphenol, linked to production of antioxidants and 

UV-stabilizers for plastics and rubber, and was also detected in the VIP cohort 

(Paper Ⅱ). Many susbtances in this category have been studied by traditional 

environmental epidemiology and do not necessarily require longitudinal sam-

pling for accurate exposure assessment. But highly detected phenolic antioxi-

dants should be prioritized in future exposome and toxicity studies. 

Type 3 (Common-Unstable): Low stability (ICC < 0.4) but frequent detec-

tion (DF > 80%). Substances in this category may have broad impacts on pub-

lic health, due to wide exposure, but will need to be monitored longitudinally 

for accurate exposure classification because of low ICCs. Annotated sub-

stances included 18 chemicals (Paper Ⅲ, Table S5), notably including the 

organochlorine pesticide trans-nonachlor, and the ubiquitous antioxidant bu-

tylated hydroxytoluene. 

Type 4 (Rare-Unstable): Low stability (ICC < 0.4) and infrequent detection 

(DF < 20%). To understand the health impacts of substances in this category 

will require very large sample sizes (for statistical power) and a longitudinal 

design with multiple sampling events to minimize exposure misclassification. 

In small under-powered invetigations, we have previously argued60 to omit 

such substances from statistical analysis to minimize the penalty (i.e., Bonfer-

roni correction)61 for multiple comparisons. Here, 40 annotated substances and 

25 targets fell into this category, including the sporadically detected PCB-126, 

PCB-169, and a phthalate derivative, likely reflecting transient exposures to 

compounds with short biological half-lives. Since the quantified concentra-

tions of these chemicals were close to their MLOQs, developing more sensi-

tive analytical methods may help reduce the number of substances in this cat-

egory and enhance exposome research. 
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Figure 7. Longitudinal stability of the chemical exposome compared to other bio-

molecular profiles in the same study participants. (a) ICC data presented in violin 

plots separately for the chemical exposome and the endogenous metabolites as well 

as for the proteome, lipidome, metabolome, and microbiome. The solid and dashed 

lines show median and mean ICC values, respectively, and asterisks indicate signifi-

cantly different ICC means between the chemical exposome, endogenous, all other 

molecular profiles (p < 0.001; Kruskal-Wallis test followed by Dunn’ pairwise com-

parison test). (b) Intraclass correlation coefficients (ICC) of the 532 consensus sub-

stances (Level 1, Level 2 and unknowns) versus their detection frequencies (DF), for 

the chemical exposome (orange, n = 159), endogenous metabolites (blue, n = 45) and 

unknown features (gray, n = 328). Four regions of interest are highlighted on the 

plot: top left (Type 1; rare-stable, low DF, high ICC), top right (Type 2; common-

stable, high DF, high ICC), bottom right (Type 3; common-unstable, high DF, low 

ICC), bottom left (Type 4; rare-unstable, low DF, low ICC). Adapted from Paper Ⅲ 

Figure 4. 

To understand the connection between hundreds or thousands of environ-

mental exposures and health, the high-dimensional nature of the datasets may 
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first need to be reduced. One approach may be through Hierarchical Cluster-

ing Analysis (HCA), which groups correlated exposures, and the resulting heat 

maps are also an effective means to visualize individual exposomes, including 

to identify unique or common co-exposures in the study population.43 For the 

HCA here in the longitudinal S3WP study, the response of each substance or 

feature (n = 532) were averaged for the 6 visits of each individual over 2 years 

(Figure 8a). Various chemical co-exposures are highlighted in the HCA 

heatmap, and were generally classified here as ‘common’ or ‘rare’ based on 

the number of individuals with the co-exposure (Figure 8a). These are dis-

cussed in details in Paper Ⅲ, but here only illustrative examples of environ-

mental co-exposures are mentioned. Group I-L (Figure 8a) are notable corre-

lated endogenous substances (i.e., metabolome) but will not be discussed fur-

ther. Zoomed-in sections of the HCA show correlations for nine stable POP 

targeted analytes (Level 1, Figure 8b), three unstable phenolic antioxidants 

(Level 2, Figure 8c) and other substances. 

Co-exposure Groups A-C (Figure 8a) included common exposures present 

in most or all people, and included substances used in daily-use products such 

as in plastics, cosmetics, food or cleaning products. As an example, in Group 

A, diphenyl ether (ICC = 0.07, DF = 100%) and 1,6-dimethyl naphthalene 

(ICC = 0.53, DF = 87.3%) grouped together. These have previously been re-

ported to co-occur in recycled plastic materials, breast milk, and treated sew-

age sludge,62–64 but this is the first report of their correlated co-exposure in 

human plasma. Another interesting example was the correlated co-exposure 

of phenolic antioxidants (12 were detected overall), with 4 clustering with the 

two above substances in Group A. It is uncertain why these Group A sub-

stances correlated, but one consideration is that these come from liquid soaps 

or personal care products (including bug repellents) contained in plastic bot-

tles that are then applied to the skin and absorbed into circulation.  
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Figure 8. Clustered exposomes and correlated exposures in S3WP participants. A hi-

erarchical cluster analysis heatmap with dendrograms displays exposome profiles of 

46 individuals, (a) averaged across six clinical visits for 532 features (159 exposures, 

45 endogenous, 328 unknowns). Relative exposure is shown as a Z-score, with more 

intense exposures in red, and lower exposures in blue according to the scale shown. 

The metadata of molecular features (or substances) are color-coded by class, sub-

class, identification confidence, GNPS cluster number, and detection frequency (DF), 

while individuals are color-coded by sex, age, and BMI. Groups of interest are high-
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lighted: common co-exposures (red, A–C), rare co-exposures (blue, D–H), and en-

dogenous metabolites (black, I–L). Panel (b) and (c) show zoomed-in subsests of the 

HCA heatmap, but expanded to show 6 visits per individual and separate stable and 

unstable exposure groups across visits. Adapted from Paper Ⅲ Figure 5 and S6. 

Highlighted co-exposure Groups D-H (Figure 8a) were relatively rare ex-

posure clusters, potentially reflecting unique behaviours or lifestyle factors. 

As an example, 4 individuals are highlighted in Group D which was a corre-

lated cluster of the heavy octachlorinated PCB congener (# 205) with 6 rela-

tively large PAHs (1 three- ring: phenanthrene, 3 four-ring: benz[a]anthracene, 

chrysene, fluorene, and 2 five-ring: benzo[b]fluoranthene, benzo[k]fluoran-

thene), and the fatty aldehyde (4-nonenal, (4E)-) which could be endogenous 

or from its additive use in flavoring. The co-occurrence of all these, many of 

which have high Kow, may relate to a dietary intake of fatty fish, meats or dairy 

items.   

The HCA heatmap revealed that features with similar structural functional 

groups exhibited correlated exposure patterns, aligning with information from 

GNPS molecular networking (Paper Ⅳ Figure S9). For example, Group A 

and C in Figure 8 included many nodes that were clustered in Cluster 4 and 5 

respectively in molecular networking. This methodological synergy can be a 

tool to simplify interpretation of the chemical exposome and to provided in-

sights on the source and structure of unknown features. 

4.5 Sample preparation method for dual analysis by LC 

and GC-HRMS in Paper Ⅳ 

The unique phase separation observed in the HA-P method, yielding a non-

polar isohexane layer (upper) and a polar acetonitrile-plasma layer (lower), 

enabled the development of a combined workflow for dual LC- and GC-

HRMS analysis of the same plasma sample. This integrated method merges 

the HA-P method42 with our previously reported LC method,43 requiring only 

an adjustment to the citric acid addition step (Figure 9). The integrated work-

flow preserves the HA-P workflow, with the top nonpolar layer (isohexane) 
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prepared for GC analysis, but the bottom polar layer (acetonitrile-plasma) is 

not disposed, rather it is further treated for phospholipid removal and an en-

suing LC analysis. Here, the combined method is termed as HA-P GC/LC.   

For GC analysis, the workflow remains exactly as in the HA-P method (Pa-

per Ⅱ). However, the further processing of the polar layer (subnatant) was 

slightly different than in Sdougkou et al.,43 as here the protein precipitation 

was achieved with pure acetonitrile (without citric acid), followed by LLE, 

after which the addition of citric acid is made prior to SPE for phospholipid 

removal. Thus, to validate this integrated method, we only needed to evaluate 

the recoveries and matrix effects for the polar analytes by LC-HRMS analysis, 

and these were contrasted with values already published for the direct LC 

method of Sdougkou et al.43 

 

Figure 9 Schematic of sample preparation methods for polar and nonpolar chemical 

exposomics by existing LC- and GC-HRMS protocols (A, B), and showing the inte-

grated workflow that enables both LC and GC chemical exposomics from a single 

plasma sample (C). From Paper Ⅳ Figure 1. 

Recoveries. Among 76 target analytes, mean absolute recoveries showed no 

significant difference (p = 0.26) between the combined method and direct LC 

method (82% and 86%, respectively) in a two-tailed paired t-Test. While ab-

solute recoveries (without internal standard correction, Figure 9) of most (56 
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out of 76) LC-analytes were actually slightly higher by the combined work-

flow, perhaps due to less matrix interference in the acetonitrile-plasma, 10 

analytes had lower recoveries. These included four relatively hydrophobic 

chemicals (log Kow > 3.79) that likely partitioned into the isohexane phase, 

while the others (two polar analytes, four phosphates or phosphorothioates) 

were likely retained on the SPE catridge, thus their recovery might be opti-

mized in future work. Nevertheless, these relatively low recoveries can be 

largely corrected by the corresponding internal standards; median corrected 

recovery for these was 90%, range 68–136% (Paper Ⅳ Table S2-3). 

Matrix effects. The mean absolute matrix effects differed significantly be-

tween the methods (107% for direct LC vs. 88% for HA-P GC/LC), though 

both methods achieved near-neutral suppression/enhancement (i.e., 100% in-

dicates no matrix effect). For certain chemicals in the integrated workflow 

(details in Paper Ⅳ Figure 2), the matrix effect was lower (closer to 100%), 

and likely attributable to the isohexane-mediated removal of interferences 

prior to LC-HRMS. 

Application to the VIP cohort. The optimized HA-P GC/LC method was 

applied to analyse the leftover plasma/acetonitrile subnatant layer from 32 in-

dividual (100 µL each) plasma samples from the VIP cohort, that were previ-

ously analyzed by the HA-P workflow and GC-HRMS analysis in Paper II. 

Among the 76 priority targets analytes by LC-HRMS, 46 were detected in at 

least one sample and quantified (Paper Ⅳ Table S4). These 46 target analytes 

belonged to 16 chemical classes and included 16 perfluoroalkyl and 

polyfluoroalkyl substances (PFAS), 7 herbicides, 3 flame retardants, 3 per-

sonal care products, 3 phytoestrogens, 4 steroid hormones, and other miscel-

laneous substances. For the associated nontarget analysis, 57669 features were 

detected after blank filtration, with 226 annotated (Level 1 and 2) including 

the 46 original targets, 98 additional Level 1 confirmations (Paper Ⅳ Table 

S5), and 82 Level 2 annotations according to Schymanski et al.20  
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Figure 10 Absolute recoveries and matrix effects of polar analytes by the direct LC 

method (orange) and by the current integrated method (light blue). Error bars rep-

resent standard deviation, and compound order by RT from top to bottom. From 

Paper Ⅳ Figure 2. 

In total, 204 detected chemicals were identified at Level 1 confidence 

through the integrated LC and GC multi-class target and nontarget analysis of 

32 individual plasma samples. Of major significance, these substances span 

around 30 chemical classes, a broad range of molecular size, and over 10-

orders of magnitude in physicochemical properties: molecular mass 128.1 to 

714.0 Da, log Kow -0.303 to 9.52, water solubility 1.73 × 10-5 to 1 × 106 mg/L. 

To cover this range of analytes by traditional targeted methods would have 
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been much more costly and required much larger sample volumes from each 

individual. 

Here in Paper Ⅳ, HCA was again applied to 348 annotated features de-

tected by the integrated LC- and GC- HRMS methods, and comprising both 

endogenous metabolites and environmental chemicals. The resulting heatmap 

(Figure 10) revealed that, while demographic factors such as age, gender, and 

meat consumption did not cluster strongly, distinct groups of co-exposures 

and metabolites could be visualized. Five clusters (Figure 9, Groups A–E, de-

tails in Paper Ⅳ Figure S2) represented common exposures with high detec-

tion frequencies in the population, reflecting widespread chemical exposures. 

Importantly, in many instances the LC- and GC-analytes clustered together, 

thereby demonstrating high-value in measuring such a wide chemical space 

by the integrated workflow.  

Group A (7 LC-analytes) included steroid hormones and PFAS, which not 

only clustered together but also showed expected sex-related differences in 

plasma concentrations, supporting known biological and exposure pathways. 

Notably, PFHxS and PFHpS clustered with testosterone, as the same trend 

observed by others.60,65  

Other clusters, such as Group B (10 LC- and 3 GC-analytes), highlighted 

the co-occurrence of PFAS with endogenous and industrial compounds (e.g. 

chlorinated phenol (2-chloro-4-(1,1-dimethylpropyl) phenol, Level 2), insec-

ticides (malaoxon), and two drugs or drug metabolites). Group C (1 LC- and 

12 GC-analytes) was dominated by persistent organic pollutants (POPs; i.e., 

HCH, multiple PCBs (#167, 138, 153, 180, 105, 118), DDE, trans-nonachlor 

and HCB)), and lipophilic compounds (e.g. 1-heptadecene (Level 2) and 1-

dodecanol (Level 2)), potentially due to a dietary exposure such as meat con-

sumption. Groups D (6 LC- and 1 GC-analytes) and E (4 LC- and 1 GC-ana-
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lytes) further illustrated mixtures of airborne semi-volatile pollutants, indus-

trial chemicals, and persistent PFAS, underscoring the diversity and complex-

ity of chemical exposures to which people are routinely coexposed. 

In addition to these common co-exposure clusters in the population, the 

analysis identified several other Groups (F–J, Figure 9, details in Paper Ⅳ 

Figure S3) characterized by rare or individual-specific co-exposures, often 

present in only one or two participants. These rare clusters revealed highly 

personalized chemical profiles, such as unique combinations of pharmaceuti-

cals, pesticides, industrial additives, and legacy pollutants, which may reflect 

specific occupational, environmental, or lifestyle factors. For instance, Group 

F (10 LC-analytes) was composed primarily of exogenous chemicals detected 

in individual 10, reflecting a distinctive exposure to an anthropogenic chemi-

cal mixture. It included a drug (LN80), the insecticide malathion, the insect 

repellent icaridin, the antifungal agent climbazole, and nootkatone; a natural 

compound used both as an insect repellent and flavoring agent. The co-expo-

sure also features several industrial chemicals, such as 1,3-benzothiazole; 4,6-

di-tert-butyl-cresol (BHT, an antioxidant additive, Level 2); tris(1-chloro-2-

propyl) phosphate (a flame retardant, Level 2); and nitrophenols (2,4-dinitro-

phenol and 4-nitrophenol). Together, these compounds suggest overlapping 

environmental or occupational sources, potentially coupled with individual-

specific behaviors, product use, or medical treatments. This distinctive mix-

ture underscores a complex exposure scenario unique to individual 10, and 

highlights the capacity of comprehensive nontarget chemical exposomics to 

uncover insights of relevance to precision health. 

Group G (4 LC- and 15 GC-analytes) highlighted rare hydrocarbon and 

flame retardant exposures in a few participants. Group H (4 LC- and 9 GC-

analytes) consisted entirely of xenobiotic compounds, including banned or 

regulated persistent organic pollutants and current-use pesticides, again point-

ing to unique or rare exposure events.  
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The HCA also identified four subcluster Groups (K–N) of endogenous me-

tabolites, some of which correlated with nearby exposure markers, possibly 

indicating a metabolic responses to environmental chemicals that could be ex-

plored in larger studies.  

 

Figure 11. Hierarchical clustering of exposome profiles from 32 VIP study partici-

pants based on 348 annotated features (Level 1 and 2, including 254 environmental 

exposures, 81 endogenous metabolites and 13 food-related compounds, measured by 

GC- and LC-HRMS. Relative exposure is shown as a Z-score, with more intense ex-

posures in red, and lower exposures in blue according to the scale shown. Chemical 
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classes are color coded by compound class, subclass, identification confidence level, 

analytical method, and detection frequency (DF), while individuals are color-coded 

by sex, age, and meat consumption. Groups of interest are highlighted on the 

heatmap: A–E (black) denote common co-exposures; F–J (grey) highlight rare or in-

dividual-specific exposure patterns; and K–N (blue) represent clusters of correlated 

endogenous metabolites, see zoomed views in Figures S1–S5). Common co-exposures 

occurred in most participants, rare exposures appeared in isolated individuals or 

small subsets (e.g. in up to 4 or 5 participants). Adapted from Paper Ⅳ Figure 5. 

These findings demonstrate the power of the integrated GC- and LC-

HRMS workflows to comprehensively profile the human exposome from sin-

gle low-volume plasma samples, enabling both broad chemical coverage and 

the detection of individualized exposure patterns that may be relevant to future 

health and disease. This integrated approach advances exposomics research 

and lays a groundwork for future large-scale and multiomic studies aimed at 

understanding the interplay between environmental exposures, metabolism, 

biomolecular phenotypes and health outcomes. 
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5. Conclusions and perspectives 

Building upon the widely applied Schymanski criteria for expressing con-

fidence in LC-HRMS nontarget annotation, here we proposed an enhanced 

annotation framework for GC-HRMS that incorporates retention time index 

and other GC-MS specific criteria into the annotation framework to more 

clearly reflect confidence in molecular annotations by GC-HRMS-based 

workflows. This GC-optimized schema (the Koelmel criteria), offers a stand-

ardized reporting framework that will be familiar to users of the Schymanski 

criteria, but which will improve the quality and impact of GC-based studies in 

the environment and of the human exposome. 

The HA-P method developed here for GC-HRMS-based chemical 

exposomics demonstrated high sensitivity which was achieved through an op-

timized extraction that minimizes lipids, thereby effectively enabling large-

volume injection (25 µL) for maximal method sensitivity. Its application to 32 

individual plasma samples (100 µL) confirmed its real-world capabilities for 

multi-class target quantification and simultaneous nontarget discovery and 

confirmation of novel substances. As important context, previously published 

GC-HRMS-based chemical exposomics methods failed to uncover or confirm 

any specific nontarget analytes, which we attribute to major lipid interences 

that limit sensitivity on Orbitrap instrument. The quantitative strength of the 

HA-P method was furthermore evident for 4 PCBs (#118, 138, 153, 180) and 

2 organochlorine pesticides (HCB and p,p’-DDE) which had statistically sig-

nificant decreasing temporal trends in the small dataset.   

Application of the HA-P method and GC-HRMS analysis in a longitudinal 

study of 46 individual healthy adults revealed greater instability (i.e., lower 

ICCs) for chemical exposures compared to profiles of biomolecules measured 

in the same people (proteomic, metabolomic, lipidomic, and microbiomic), 

indicating that multiple sampling events will be essential in future powerful 

studies of the human chemical exposome. Nevertheless, through application 
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of powerful tools, such as GNPS molecular networking and HCA, we demon-

strated at the cohort scale how complex high-dimensional exposome datasets 

can be effectively explored and simplified for future exposome-wide associa-

tion studies.   

The integrated HA-P GC/LC method was quantitatively validated for dual 

LC/GC-HRMS chemical exposomics using only 1 low-volume plasma aliquot. 

This expands the chemical space coverage to include both polar and nonpolar 

substances from around 30 chemical classes, thereby allowing hundreds of 

substances to be detected that span over 10-orders of magnitude in physical 

properties. To cover this range of analytes by traditional targeted methods 

would have been much more costly and required much larger sample volumes 

from each individual. Even in the small sample set here, the unprecedented 

chemical coverage revealed correlations among GC- and LC-amenable com-

pounds that revealed new insights into exposure sources, and which raise new 

questions for the associated health impacts of complex environmental expo-

sures in the population, and indeed in individuals with uniqe or rare co-expo-

sures. The HA-P GC/LC method establishes a foundational capability for fu-

ture large-scale cohort studies, in particular for exposome studies that must 

preserve plasma aliquots for multiple multiomic analyses. Future research 

should consider scaling-up the HA-P GC/LC method for higher-throughput in 

much larger human exposome studies that are now being envisioned at the 

international scale.66 
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