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Abstract 

Human exposure to environmental stressors is widespread. Highly dynamic, these chemical, 
physical and social factors, collectively termed as the exposome, interact with internal 
factors such as genetics, sex, gut microbiome and general health status, and dictate 
susceptibility and risk for an onset of diseases.  

Human exposure to the chemicals is addressed through human biomonitoring which 
follows the biomarkers of exposure in various biological specimens and determines the 
distribution and the levels of these chemicals of concern within studied population. This is 
typically achieved by targeting preselected chemicals of concern, however by doing so, the 
exposure assessment is limited only to this narrow number of chemicals. Due to an ever-
increasing number of potentially concerning chemicals, a new and more comprehensive 
approach to complement the traditional ones is required. In this respect, the non-targeted 
screening aims at identifying all known, suspected and unknown exposures, however the 
appropriate methodology is yet unavailable.  

Within the scope of the dissertation, a novel non-targeted workflow was developed. It 
included development of the sample preparation procedure, chemical analysis and data 
processing protocol. The workflow was validated and applied to a cohort of Slovenian 
children, in which 74 urinary biomarkers of exposure were tentatively identified. Some of 
the identified biomarkers of exposure were known endocrine disrupting chemicals, so to 
cross-confirm the results of the non-targeted and suspect screening, a targeted analysis of 
bisphenols, parabens and triclosan was conducted. The analysis quantified the levels and 
showed that Slovenian children were widely exposed to these chemicals, however their 
levels were low and comparable to those determined elsewhere. The analysis also provided 
insight into determinants of exposure and susceptibility to adverse health effects. Targeted 
identification of these biomarkers of exposure confirmed and validated the results obtained 
by non-targeted screening. 

We tested the applicability of the non-targeted data processing protocol also on a 
different setting: biodegradation of cytostatic drug imatinib. We identified 8 transformation 
products, out of which 6 are new to science and we detected one of them in real wastewater 
samples. As the results show, non-targeted exposomic analysis can be conducted quickly 
with data processing currently being the main limiting factor. Nonetheless, it can be 
efficiently applied to routine analysis and human biomonitoring schemes and other fields 
of research. The capabilities of such global scale analysis were demonstrated through 
analysis of the exposure of children, which along with the traditional targeted approach 
showed that the children were exposed to a large number of chemicals, some of which are 
restricted from use in the European Union. As the toxicity of chemical mixtures can be 
enhanced due to their synergistic action, the exposure is concerning and can contribute to 
the development of chronic diseases later in life. With the development of non-targeted 
screening in human biomonitoring, the capabilities of the approach will be extended in the 
future and the coverage of chemicals will be even further increased. This will lead to 
efficient and fast detection of newly emerging chemicals and with this, to reducing the 
health risks associated with the exposures as they appear.  
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Povzetek 

Ljudje smo izpostavljeni velikemu številu okoljskih dejavnikov. Ti kemijski, fizikalni in 
socialni dejavniki so dinamični in lahko sodelujejo z notranjimi faktorji, kot so na primer 
genetska zasnova, črevesni mikrobiom in splošno zdravstveno stanje. Odnosi med temi 
dejavniki vplivajo na dovzetnost in tveganje za razvoj bolezni. 

Izpostavljenost kemikalijam v preiskovani populaciji lahko spremljamo skozi koncept 
humanega biomonitoringa. Ta poteka preko sledenja koncentracijam in porazdelitvi 
vnaprej izbranih biomarkerjev izpostavljenosti. Čeprav ta način ponuja dober vpogled v 
izpostavljenost, pa omejuje tarčno sledenje samo na izbrane kemikalije. Netarčna analiza 
na drugi strani omogoča identifikacijo znanih, pričakovanih in nepoznanih kemikalij. 
Četudi tak pristop predstavlja veliko prednost, pa za ta namen še ni ustrezne metodološke 
podpore. 

V sklopu doktorske disertacije smo razvili netarčni protokol za spremljanje 
izpostavljenosti kemikalijam, ki vključuje pripravo vzorca, kemijsko analizo in obdelavo 
podatkov. Protokol smo validirali in uporabili za analizo izpostavljenosti skupine slovenskih 
otrok, pri čemer smo identificirali 74 biomarkerjev izpostavljenosti v urinu otrok. Nekateri 
od biomarkerjev so bili iz skupin endokrinih motilcev, bisfenolov, parabenov in smo jih, 
skupaj s triklosanom, v urinu določili tudi s tarčno analizo. Ugotovili smo, da so slovenski 
otroci izpostavljeni velikemu številu endokrinih motilcev, ampak so ti najdeni v nizkih 
koncentracijah, ki so primerljive s podatki iz drugih držav. Hkratna določitev biomarkerjev 
z netarčno in tarčno analizo je služila za navzkrižno potrditev ter validacijo razvitega 
netarčnega protokola. Učinkovitost slednjega smo testirali tudi v raziskavi na drugem 
znanstvenem področju. Raziskovali smo biorazgradnjo citostatika imatiniba in pri tem 
identificirali osem transformacijskih produktov, od katerih jih je šest doslej še nepoznanih. 
Enega od teh smo določili tudi v realnem vzorcu odpadne vode.  

Kot kažejo rezultati, sta v sklopu netarčne analize priprava vzorca in instrumentalna 
analiza hitra in učinkovita postopka, medtem ko sta glavna omejujoča faktorja računalniško 
zahtevna obdelava podatkov in identifikacija spojin. Kljub temu rezultati kažejo velik 
potencial za uporabo netarčnega pristopa v rutinskih analizah, tako v humanem 
biomonitoringu kot na drugih področjih. Zmogljivosti takšnega analiznega pristopa 
dokazuje uspešno izvedena netarčna analiza izpostavljenosti otrok. Rezultati le-te kažejo 
na hkratno izpostavljenost velikemu številu kemikalij, od teh so tri v Evropski uniji celo 
prepovedane. Izpostavljenost populacije zmesem kemikalij je zaradi potencialnih hkratnih 
učinkov zmesi, ki lahko prispevajo k razvoju kroničnih obolenj, čedalje bolj zaskrbljujoča. 
S hitrim razvojem na področju netarčnih analiznih pristopov se bodo v prihodnosti 
sposobnost obdelave podatkov in identifikacije kemikalij še bistveno povečale, kar bo 
omogočilo hitrejše določanje novih kemikalij ter s tem tudi bolj učinkovito zmanjševanje 
tveganja za razvoj obolenj, ki so posledica izpostavljenosti. 
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Chapter 1 
 

1 Introduction 

1.1 Human Biomonitoring in Pursuit of the Chemical 
Exposome 

Human population is exposed to a large number of man-made products and environmental 
chemicals which occur due to human activity. The chemicals are present in our food, drink, 
air and water. To describe the chemical space to which humans are exposed, the term 
exposome has emerged [1]. The concept of exposome was developed to emphasize complete 
environmental exposure of human population. It complements genetic and epigenetic 
factors and provides comprehensive assessment of lifelong exposure and assesses its 
contribution to disease risk [2][3]. The exposome includes two main domains: internal and 
external, where external is subdivided into specific and general external exposome 
(Figure 1). Internal exposome is individual and includes factors such as age, microbiome 
and physiology. Specific external factors include environmental exposure, occupational 
exposure and diet along with physical and biological exposure [4][5]. General external 
factors are broader and include home location, socioeconomic status and education level. 
All of the domains are interconnected and particular exposure factors are difficult to assign 
to only one domain [6][7]. 

 

Figure 1: Domains of the exposome are highly interlinked. 



  

The exposome includes non-chemical stressors, such as noise, stress, diet and socioeconomic 
status, along with chemical stressors. Chemical stressors constitute the chemical 
exposome and include all the environmental chemicals individuals are exposed to [8], and 
touch all three domains of the exposome. Large variety of environmental chemicals 
constituting the chemical exposome exhibit biological effects, which can lead to changes 
and disruption in certain biochemical processes in human body, and with that lead to an 
onset of a disease. Toxicological effects of chemicals are usually assessed acutely and in 
high doses. However, the exposure to environmental chemicals is constant and in low levels, 
therefore the question of the low-level chronic exposure effects has to be answered and 
furthermore, the synergistic effect or activity of the mixtures of environmental chemicals 
is still largely unknown and therefore highly concerning.  

The exposome is highly dynamic, it changes with time, age and location [9]. However, 
several critical life stages have been identified, such as infancy, when in-utero and early 
age exposure can have significant effect on individual’s future health. Elderly people, on 
the other hand, are subjected to larger internal doses of persistent and bioaccumulative 
chemicals, along with having outworn cell repair mechanisms. In adulthood there is a higher 
chance of occupational exposure. Along with that, previous exposures can influence the 
effects of new or present exposures and change an individual’s susceptibility for adverse 
health effects [6]. Therefore, it is greatly important to assess the human exposome and 
monitor the exposure to chemicals [10]. A common strategy for identification and 
monitoring of biological disturbances in environmental health is to directly target human 
population with epidemiological studies within human biomonitoring (HBM) [11]. 

HBM provides aggregated data of the exposures by targeting the chemicals of concern 
(CECs) and their metabolites in biological matrices [12]. Conceptually, HBM can reflect 
temporal trends of exposure to environmental compounds as well as measure the efficiency 
of policy regulations [13]. Within the scope of HBM, concentrations of chemicals in selected 
matrices are evaluated and compared to reference values, like HBM I and HBM II levels, 
which are health-related biological exposure limit values [14]. If the concentration of a 
chemical in the selected matrix is below HBM I value, then there is no health risk assumed. 
When the level of chemical is between HBM I and HBM II value, the health risk cannot 
be excluded. If the level of a chemical exceeds HBM II value, then an increased risk of 
adverse health effects is possible [15]. Currently, several classes of organic and inorganic 
environmental chemicals are deemed of concern and therefore measured in human samples 
[16]–[19]. Some chemical classes of organic chemicals of concern are presented in Table 1. 
 

Table 1: Examples of organic CECs. 

Category Class Examples 
POPs BFRs PBDE, BDE-99, HBCDD 
 Dioxins 2,3,7,8-TCDD 
 Furans 2,3,7,8-TCDF 
 OCPs DDE, DDT, HCB, HCH 
 PCBs PCB 28, PCB 52, PCB 101 
 PFAS PFOA, PFOS 
Plastics related 
chemicals Bisphenols BPA, BPF, BPS 
 Phthalates DEHP, DEP, DBP, DiNP 

 
Phthalate 
alternatives DINCH, TEHTM, DEHA, DEHTP 
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 Diisocyanates MDI, TDI, NDI, HDI 
PCPs Parabens MeP, EtP, PrP, BuP, BzP 
 Preservatives TCS, TCC, MCI, MI 
 UV-filters BP8, BP3, MBC 
 Fragrances MX, MK, ADBI, ATII, HHCB, AHTN 
VOCs VOCs acrylamide, benzene, toluene 
Pesticides OPPs DAP 
  Pyr CY, PER 
Other PAHs HP, FA, FE, NP, PH 
 Aprotic solvents NMP, NEP 
 BTHs, BTRs BTR, OHBTR, BTH, OHBTH, SHBTH 

 

1.1.1 HBM in the European Union 
HBM concept has been used on a national and international level worldwide. In the EU, 
the activities to harmonize and include HBM as a monitoring programme for regulatory 
organs have been in progress.  

In 2007, REACH (Regulation concerning the Registration, Evaluation, Authorization 
and Restriction of Chemicals) was established in the EU to derive information about 
exposure patterns and time trends on human health and environment by identification of 
intrinsic properties of chemical substances (Regulation (EC) No 1907/2006 of the European 
Parliament and of the Council of 18 December 2006 concerning the Registration, 
Evaluation, Authorization and Restriction of Chemicals (REACH), establishing a 
European Chemicals Agency, vol. 1907/2006, 2006). It aims to emphasize the responsibility 
of industry to manage risks connected to produced chemicals and to provide safety 
information on the substances. 

In 2012, European Commission (EC) funded the project COPHES (Consortium to 
Perform Human Biomonitoring on a European Scale), which developed harmonized 
protocols for HBM. It aimed to improve the comparability of HBM data to be used on a 
European scale [20]. In 2013, Health and Environment-wide Associations based on Large-
Population Surveys (HEALS) started under the EC 7th Framework Programme (FP7) and 
ran for 5 years. The objective of HEALS was the refinement of an integrated methodology 
and application of computational and analytical tools to elucidate human exposome for 
Environment-Wide Association Studies (EWAS), paving the way of a EU-wide assessment 
of individual exposure to environmental stressors and predicting health outcomes [21]. In 
2016, a new project DEMOCOPHES (Demonstration of as Study to Coordinate and 
Perform Human Biomonitoring on a European Scale) started. The project aimed to perform 
the first EU-wide pilot study in order to test harmonized protocols established in COPHES 
project [20]. Seventeen European countries produced data on the distribution of biomarkers 
and data related to lifestyle of study populations, which was comparable on the European 
scale. 

After first pilot study with harmonized protocols for HBM had been concluded, in 2015, 
EC launched the call for European Biomonitoring Initiative, HBM4EU, co-founded under 
the EU Research and Innovation Programme Horizon 2020 [22]. HBM4EU is a framework 
to establish patterns of exposure in European population and to establish geographic 
variation on chemical burden of European citizens. It aims to provide the evidence of actual 
exposure of citizens to chemicals and their possible health effects and to support policy 
making. It is a collaboration between 28 EU countries, European Environmental Agency 



  

(EEA) and EC. It has been running since 2017 and will end in 2022. The results of 
HBM4EU are expected to improve and contribute to EU chemical policies to minimize 
negative impacts of chemicals on health of European citizens [23][24]. To provide access  to 
HBM data, the Information Platform for Chemical Monitoring (IpCheM) has been 
developed. It consists of four modules reflecting chemical monitoring categories: 
environmental monitoring, human biomonitoring, food and feed, product and indoor air. It 
is a reference point of EC for accessing, searching and retrieving of chemical occurrence 
data and it has been developed to fill the knowledge gap on Europe’s chemical burden [25].  

In addition to the abovementioned projects, EU has funded several other projects, like 
EXPOsOMICS, which aimed for development of new approaches to the assessment of the 
exposure of humans to high priority environmental pollutants by the means of 
characterizing the internal and the external exposome [26]. Also, well recognized was the 
Human Early-Life Exposome Project (HELIX) as a collaboration of 13 European partner 
institutions, which aimed to characterize exposomes of children, as they progress through 
life. It was based on 6 birth cohort studies of mothers and children living in Lithuania, 
Norway, Greece, France, Spain and United Kingdom [6].  

Several EU countries, including the Czech Republic, the Flanders region of Belgium, 
France, Germany, Sweden and Slovenia, have well established HBM programmes on a 
national level. In Slovenia, HBM is coordinated by the Slovenian Ministry of Health, 
Chemical Office of the Republic of Slovenia, and is published within Slovenian legislation 
in Article 51a of the Chemical Act (Official Gazette no. 110/03) and is thus being 
performed by health and other public institutes [27]. 

1.1.2 Expansion of the traditional HBM 
Traditionally, HBM is performed in a targeted manner by measuring the concentration of 
preselected targeted chemical or its metabolites (collectively termed as biomarkers of 
exposure – BoEs) in a certain biological matrix, such as urine or blood. Measurements 
performed this way act as the main component of exposure assessment and link the 
exposure to health outcomes via following levels and distribution of BoEs within the 
selected population [28]. Targeted methods are accurate and highly specific for selected 
BoEs in the selected matrix and provide in-depth assessment of levels of BoEs. However, 
with an ever-increasing number of environmental chemicals [19], [29], there is an ever-
increasing need for the analytical methods including ever-increasing number of BoEs. Based 
on that, there has been a need to expand current HBM methodology in order to offer wider 
overview of the human exposome. In contrast to traditional, targeted approach intended 
for a number of preselected BoEs, the non-targeted (NT) approach theoretically includes 
all exposures of potential health significance, and can cover exposure from the exogenous 
sources, such as environmental pollutants, diet and PPCPs and endogenous sources, such 
as microbiome metabolites and hormonal responses to external stressors. NT approach is 
agnostic in nature and it is not based on any previous hypotheses; on the contrary, it is a 
hypothesis-generating approach, and complements traditional targeted HBM approaches 
by:  

- Enabling detection of chemicals not included in targeted HBM and providing data 
on unexpected exposures; 

- Identifying new chemicals with potentially detrimental health effects, which were 
previously not known; 

- Identifying previously unknown chemicals as they occur in the environment and in 
human samples, rather than that being done retrospectively; 

- With detection of not only BoEs but also native metabolites NTS can help to 
elucidate potential biological responses to exposure. 
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Within that, the approaches of analysis differ based on the levels of knowledge regarding 
the investigated analytes. In this respect, suspect screening is based on a list of suspects or 
compounds of concern, and entries on this list are screened through the analytical data. In 
the non-targeted screening, no prior suspects are known and the investigator aims to 
identify compounds of potential significance without any prior knowledge [30]. 

1.2 Non-Targeted Screening of Human Samples 
Non-targeted screening is already firmly established in the field of metabolomics, where the 
focus are endogenous metabolites, and acts as a basis for analysis of the chemical exposome. 
Compared to non-targeted metabolomics, the search for BoEs requires a high degree of 
adjustment to be fit-for-purpose. First, the chemical space of possible BoEs is much larger 
than the chemical space of endogenous metabolites, as the number of synthesizable 
chemicals is limited only by their chemistry. Second, BoEs are present in biological matrices 
in very low levels, often overlapping with high-abundance endogenous metabolites. Third, 
once xenobiotic chemicals enter the body, they can undergo a number of biotransformations 
and produce a large number of chemically distinct metabolites that might be already known 
or yet completely unknown. Due to these challenges, methodology for non-targeted 
screening of human exposome is currently underdeveloped and lacking [13].   
 

1.2.1 The metabolism of xenobiotics 
When introduced to the body, xenobiotics can undergo phase I and II metabolism. Phase 
I includes oxidation, reduction and hydrolysis reactions. Oxidation and reduction reactions 
are mediated mainly by cytochrome P450 (CYP) system, while hydrolysis can be a 
nonspecific side reaction of hydrolase class of enzymes, such as esterase, protease and 
peptidase. Phase I functionalizes the parent molecule in order to be able to increase its 
polarity and water solubility in phase II. Phase II involves binding (also termed 
conjugation) of highly polar groups, such as glucuronic acid, sulfuric acid and glutathione 
to oxygen- and nitrogen-containing functional groups of the parent molecules, which 
renders it more polar and hence easier to excrete via urine [31]. Conjugation with glucuronic 
acid, which is the most common conjugate, is mediated by uridine diphosphate (UDP) 
glucuronosyltransferase (UGT). Non-metabolized parent compounds and all of their 
metabolites can be followed as BoEs, however in practice, deconjugated compounds are 
usually followed. To produce conjugate-free compounds, enzymatic hydrolysis with β–
glucuronidase/sulfatase is performed. For example, Figure 2 shows metabolic reactions and 
corresponding enzymes for phase I and phase II metabolism of one of known endocrine 
disruptors, butyl paraben (butyl 4-hydroxybenzoate).   
 



  

 

Figure 2: Metabolism of a preservative butyl 4-hydroxybenzoate. Phase I involves 
hydrolysis by hepatic esterase, while phase II involves glucuronidation, sulfation and 
glycine conjugation. UGT – uridine triphosphate glucuronosyltransferase, SULT – 
sulfotransferase, GLYAT – glycine-N-acyltransferase [32]. 

1.2.2 Sample types used in HBM 
To determine the environmental burden, levels of BoE can be investigated in different 
human matrices according to the study question [33]–[35]. The selection of an appropriate 
matrix is based on the nature of BoE in question (distribution, bioaccumulation, metabolic 
half-life, elimination pathway) and invasiveness of the sampling. In HBM, blood and urine 
are the matrices most commonly used [36]. 
 

1.2.2.1 Blood 

Blood has the advantage that the levels of chemicals are in equilibrium with every organ 
in the human body and the concentration of biomarkers of exposure (BoE) is not influenced 
by collected volume, like in urine [36]–[38]. Blood can be used whole or processed to produce 
either plasma or serum. To obtain plasma, anticoagulant agents are introduced to blood 
collected by venipuncture, and cells separated by centrifugation. Different anticoagulant 
agents are used, for example ethylenediamineacetic acid (EDTA) and its salts, citrate and 
heparin. Each anticoagulant might interfere with analysis of the selected analyte, so these 
effects must be carefully studied before the analysis. Blood serum is on the other hand 
prepared by letting the blood to coagulate naturally by exposing it to room temperature 
for 30 – 60 minutes. In the process, fibrinogen is removed from blood by conversion into a 
fibrin clot with platelets. Additionally, varying amounts of other proteins are bound in the 
clot. When the clot is formed, the sample is centrifuged and supernatant collected. For 
serum, the important variables are storage containers, time of clot removal, centrifugation 
speed and temperature. The protein content is lower in serum compared to plasma, however 
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the duration of the clotting process can increase the enzymatic conversion or degradation 
processes and changes in the concentration of BoEs [34] [39]. Whether either, serum or 
plasma, is better, is still largely discussed in the scientific community [38]. From a chemical 
perspective, the limiting of additives that might interfere with the detection of BoEs is 
desirable. However, as there is a large number of variable factors which are analyte-specific, 
appropriate sample type must be determined for each analysis separately. Collection of 
blood-derived samples involves venipuncture and is therefore more invasive than urine 
collection and is in that view less suitable for specific populations such as infants and 
children. 

 

1.2.2.2 Urine 

Urine is a sample which is readily obtained in large quantities and is non-invasive [40]. The 
often-higher concentration of parent compounds and metabolites as compared to plasma 
and serum samples is also an important advantage [41], [42]. Urine is renally filtered and 
in healthy subjects contains a lower concentration of proteins than blood-derived samples 
and it is therefore less complex as a sample preparation procedure [43]. The largest 
proportion of urine is water, and in addition to it, urine also contains a multitude of 
metabolites, human cells (erythrocytes, leucocytes, urothelial cells, epithelial cells), 
bacteria, fungi, spermatozoa and non-cellular components (mucous filaments, cylindrical 
components, urates and inorganic and organic crystals) [44].  

Urine samples should be ideally stored at a lowest possible temperature (usually - 80 
°C) immediately after collection if not promptly analyzed. Sample alterations can occur 
due to endogenous or bacterial enzymatic reactions and non-biogenic reactions, such as 
oxidation.  
 
An important variable which has to be considered prior to analyzing data obtained from 
urine analysis is variation in urine volume. Fluctuations in urine volume result in dilution 
of metabolite concentrations [45]. Volume is dependent upon hydration status of the 
subject. To surpass this problem several normalization methods have been used.  

Creatinine normalization is based on independence of creatinine amount on urine 
volume. Daily excretion of creatinine is constant in healthy individuals and is therefore 
inversely proportional to urine volume. However, various uncontrollable factors such as 
age, gender, physical activity, food intake and others can influence its concentration and 
its validity has been extensively debated and due to considerable drawbacks, it is gradually 
getting replaced by other normalization methods. 

Another commonly used method is normalization to specific gravity (SG), which is less 
prone to bias connected to creatinine adjustment. To adjust for SG, SG is determined by 
measurement of urine refractive index. Adjustment to SG proceeds according to 
Equation 1 [46], 

𝑐஡தபவளழ஥த = 𝑐஭஥஡ளவல஥த  × 
𝑆𝐺ள − 1

𝑆𝐺ன − 1
 (1) 

where cadjusted is the resulting SG adjusted urinary level, cmeasured is the raw concentration 
measured in the urine, SGs is standard SG, which is an average for females and males 
separately, and SGi is SG of the sample being adjusted. SG adjustment, however, is not 
suitable for diseased individuals, as urine density is affected by total mass of the solutes, 
and when analyzing a urine sample of diseased subjects who excrete larger amounts of 
certain compounds, such as glucose in diabetes mellitus patients, normalization to specific 
density can be biased. In addition to creatinine and SG adjustment, osmolality-based 



  

method can be used and it is based upon measuring solute concentration, which is 
calculated as a difference in melting point or vapor pressure of urine sample and reference.  
Urine samples can be collected at different time periods. The time of collection largely 
influences the levels of BoEs in urine, particularly for short-lived chemicals [47]. Spot urine 
is a type of sample that is collected at a random time during the day and represents a 
snapshot picture of individual’s exposure. The drawback is that the excretion maximum of 
a compound might be completely missed, leading to assuming no exposure. To avoid this 
random effect, urine can be collected as a first morning void. Morning void presents 
exposure from a longer period of time, as urination is scarcer during the night. Best option 
is 24-h pooled urine, where total volume of urine in 24 hours is collected, therefore the 
missing of excretion is avoided. However, a 24-h sample is difficult to obtain in large scale 
monitoring, as it is of higher burden to participants, which might discourage participation 
and is therefore not often used. But even though a 24-h sample is the optimal from the 
three sampling strategies, it might be subjected to missing the exposure, due to interday 
variation of exposure, leading to under- or overestimation of exposure. 

Due to high water content, urine contains BoE to chemicals, which are short-lived and 
are rapidly metabolized within the body and do not bioaccumulate, such as pesticides, 
bisphenols, phthalates and similar. In the case of exposure to more non-polar compounds, 
such as persistent organic contaminants (POPs), such as PCBs, PCDDs, polychlorinated 
dibenzofurans (PCDFs) and chlorinated pesticides (see Table 1), matrices with higher level 
of lipids are required, such as blood or adipose tissue.   

1.2.2.3 Other sample types 

Along with commonly used sample types, such as blood and urine, other sample types have 
been employed for the determination of a variety of BoE as presented in Table 1 
[36][48][49]. 

 

Table 2: Some sample matrices used in HBM with their advantages and drawbacks. 

Matrix Advantages Drawbacks 

Nails Non-invasive 

Covering large time period 

Not suitable for polar compounds 

Breast milk Non-invasive 

Suitable for non-polar compounds 

Limited to lactating women, 

Not suitable for polar compounds 

Saliva Easy to collect 

Non-invasive 

Excretion dependent on many factors 

Prone to contamination 

Meconium Covering long time period Limited to newborns 

Hair Non-invasive 

Covering larger time period 

Prone to contamination 

Dependent on hair treatment 

Deciduous teeth Non-invasive 

Covering larger time period 

Limited amount 

Limited to children 

*NOPs – nonpersistent organic contaminants 
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1.2.3 Sample preparation 
In view of the essential aim of the NTS, i.e. to identify, in an ideal case, all of the 
compounds, the sample should be kept as intact as possible to avoid the loss of any 
constituents via sample preparation. However, to achieve the enrichment of BoE, to reduce 
matrix complexity and to achieve compatibility with an analytical system, the sample 
needs to be processed before the instrumental analysis [41], [50]. In the case of blood-
derived samples, serum and plasma, proteins need to be removed. This is achieved by the 
addition of organic solvent, such as acetonitrile. Solids are separated using centrifugation 
or filtration, resulting in a protein-free liquid phase, which can be further processed. In the 
case of healthy subjects, urine does not contain a significant amount of proteins, thus the 
deproteinization step is not required, but salts need to be removed to achieve the 
compatibility with mass spectrometer.  

As described in Section 1.2.1, BoEs undergo phase I and II metabolism. Therefore, to 
obtain conjugate-free compounds, hydrolysis of phase II metabolites is often performed. 
This can be achieved using acid or base hydrolysis, or enzymatic hydrolysis (Figure 3). 
During acid or base hydrolysis, the pH of sample is significantly changed and the process 
is less specific, as this can affect all hydrolysis-labile chemical bonds. In the case of 
enzymatic hydrolysis, a specific enzyme is added, namely β-glucuronidase/arylsulfatase and 
the sample incubated for a set period of time [41]. Variants of this enzyme can be obtained 
from Helix Pomatia, Abalone or recombinantly expressed from Escherichia coli. Even 
though enzymes are highly specific, non-specific activity, such as lipase, can cause side 
reactions, lowering the levels of certain compounds and producing new chemical species 
[51]. 
 

 

Figure 3: Enzymatic hydrolysis of butyl 4-hydroxybenzoate glucuronide. 

To achieve sample purification and enrichment, extraction techniques including liquid-
liquid extraction (LLE) and solid-phase extraction (SPE) have been most commonly used 
for blood and urine samples [52].  

Well-established LLE is based on partitioning of the analytes in two immiscible 
solvents, and is therefore optimal for the separation of low-polar analytes from the polar 
sample matrix and vice-versa. Ethyl acetate, dichloromethane, hexane and their mixtures 
are typically used solvents in LLE. Efficiency of the extraction depends on pH, pKa and 
solubility of the analyte, volume of extraction solvent and number of extraction repetition 
(Equation 2), where q1n is quantity of a compound in solvent 1 after n-repetitions, q is a 
starting quantity in solvent 1, 

𝑞ਢம = 𝑞 ິ
𝑉ਢ

𝐾ர𝑉ੑ + 𝑉ਢ

ີ
ம

 

 

(2) 

V1 and V2 are volumes of solvents 1 and 2, Kp is a ratio of solubilities in solvent 2 versus 
solvent 1 and n is the number of repetitions. 

Although well-established and used for a long time, it is time-consuming and uses a 
large amount of solvents, with limited selectivity.   



  

SPE is based on partitioning of analytes from a liquid phase to a solid phase, from 
which they are eluted with a solvent of different polarity as a sample matrix. SPE is 
available in various formats; as a bulk sorbent, which can be added directly to the sample 
and then separated, as extraction cartridges of different sizes or in 96-well plate format, 
which is suitable for lower volumes, as used in analysis of biological samples. Due to the 
possibility of 96-well plate format and shorter time of preparation, it offers high-throughput 
and rapid preparation of a high number of samples. Even though coming with several 
advantages, the price of SPE is significantly higher compared to the price of LLE.  

A combination of an array of sorbents, solvents and formats offers higher selectivity 
and flexibility compared to LLE (Table 3). 
 

Table 3: Overview of SPE sorption mechanisms and available sorbent types. 

Retention 
mechanism 

Type of 
analytes 

Sorbents Examples 

Polar Polar Silica, modified silica: diol, 
cyanopropyl, aminopropyl 

Strata Si 
(Phenomenex) 
Isolute-Si 
(Biotage) 

Non-polar Neutral, highly 
non-polar 

Modified silica: C6, C8, C18,  Strata C18 
(Phenomenex) 
HyperSep™ 
C18 (Thermo 
Fischer), 
Isolute C18 
(Biotage) 

Ion Exchange Charged Modified silica & functionalised 
polymers: SO3

-, COO-, R4N+ 
Oasis MCX 
(Waters) 
Oasis MAX 
(Waters) 
Strata X-CW 
(Phenomenex) 
Isolute SXC 
(Biotage) 

Mixed Mode Polar, non-polar 
& charged 

Functionalized polymers: 
polystyrene divinylbenzene, N-
pyrrolidone-divinylbenezene, 
acrylamidopropane sulfonic acid, 
ethyleneglycoldimetacrilate 

Oasis HLB 
(Waters), 
Strata X 
(Phenomenex) 

 
Sorbent variation aids in increasing the selectivity towards the specific analyte, as for 
example highly non-polar C18 preferentially retain highly non-polar compounds, while acid 
and base functionalized sorbents retain base or acid functionalized chemicals [53]. However, 
in non-targeted screening, such selectivity is to be avoided. To evade bias towards a certain 
group of compounds, mixed-mode sorbents with wide polarity range can be effectively used.  
In addition to SPE sorbents, other products have been developed, such as Oasis Ostro 
plate, which offers simultaneous deproteinization and phospholipid removal for serum and 
plasma samples [54]. Molecularly imprinted polymers, in which specific molecular template 
is imprinted into the polymeric structure during synthesis and thus increasing compound-
specificity, are increasingly used, however they are, due to high selectivity, less applicable 
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to non-targeted analysis [55][56]. Recently, several advanced techniques have been 
developed and might in the future find application also in non-targeted screening. Such 
techniques are solid-supported extraction [57], dispersive liquid-liquid microextraction [58] 
and ultrasound-assisted emulsification microextraction [59], with the latter two being of 
high interest due to the possibility of miniaturization, which can prove advantageous 
particularly in biospecimens where volume is limited.   
 

1.2.4 Instrumental analysis 
Exposome analyses are based on high-throughput advanced mass spectrometry (MS) [60]. 
In metabolomics, nuclear magnetic resonance (NMR) spectroscopy has also proven itself 
as a very powerful technique, but due to its low sensitivity, it is currently not useful in the 
screening of xenobiotics [61], [62]. MS is based on detecting the mass to charge (m/z) ratio 
of ionized molecules and it has the advantage of high sensitivity, selectivity and the ability 
of chemical identification of unknown compounds. Prior to the MS analysis, compounds 
are ionized in an ion source. Hard ionization source is ionization by electron impact (EI) 
which is suitable for coupling with gas chromatography (GC), and produces a large amount 
of structural data because of extensive fragmentation of the molecule. Soft ionization modes 
provide less extensive molecular fragmentation and hence smaller number of ions and often 
intact molecular ions, which are important for molecular identification. Soft ionization 
sources include electrospray ionization (ESI), atmospheric pressure photoionization 
(APPI), atmospheric pressure chemical ionization (APCI) and fast atom bombardment 
(FAB). Recently instruments with dual ionization capabilities, such as ESI and APCI, 
have become available, and are useful for increased metabolite coverage. 

Secondly, ions produced in an ion source are analyzed in mass analyzers, which differ 
in configuration and mass resolution. With the advance in technology, the trend has shifted 
from regular low-resolution mass spectrometry to high-resolution mass spectrometry 
(HRMS), which provides better qualitative performance, compound identification and data 
mining for biomarker discovery [63]–[67]. 

HRMS instruments such as Fourier-Transform ion cyclotron resonance (FT-ICR), 
Orbitrap and time of flight (TOF) are primarily used for full scan acquisition of MS. The 
combination of different mass analyzers yields hybrid systems, such as hybrid linear ion-
trap/orbitrap (LTQ-Orbitrap), quadrupole-Orbitrap (Q-Orbitrap), quadrupole time-of-
flight (Q-TOF), which provide MS/MS spectra with high mass accuracy and resolution. 
Currently, the most efficient combination in NT analysis is the combination of full scan 
acquisition to screen for chemical constituents and tandem MS which aids in compound 
identification, both performed under high-resolution conditions. Low (mass resolution from 
10 000 to 20 000, full-width at half maximum (FWHM) and high (mass resolution above 
60 000 FWHM) resolution mass analyzers and their properties are presented in Table 2. 

Along with types of ionization and mass analyzers, data acquisition mode can also be 
varied. While for target analysis SRM and its extension MRM are popular, the NTS 
generally uses DDA or DIA. The first mode is data-dependent acquisition (DDA), where a 
preselected number of most intense ions are fragmented and their MS2 acquired [68]. The 
second, more recently explored mode, is data-independent acquisition (DIA), where the 
instrument within each scan cycle focuses on a narrow mass window of precursors, and 
fragments every precursor ion detected in that mass window [69]. The window is then 
cycled across all mass range, enabling measurement of MS2 of all precursors, which is 
beneficial for low abundance compounds, which are missed in DDA. 

HRMS techniques are being further improved with the implementation of ion-mobility 
spectrometry (IMS), in which ions generated by MS ion source are separated in gaseous 



  

phase prior to analysis with MS. Ions are separated based on their mobility in an electric 
field in the presence of a neutral gas. The mobility depends on ion’s mass, charge and 
collision cross section (CCS), which corresponds to the rotationally averaged surface area 
of an ion [70]. 

Table 4: Mass analysers and their properties [71]. 

Analyser 
 

Resolution 
(m/z = 400) 

Mass accuracy 
[ppm] 

Detection 
limit on 
column 

QqQ unit  50 fg-pg (SRM) 
QIT 10 000 50 fg-pg (SRM) 
LIT 10 000 50 pg (SRM) 

IT-TOF/Q-TOF 20 000 3 pg (FS) 
HR-TOF 60 000 2 pg (FS) 

Q-Orbitrap/LTQ-
Orbitrap 140 000 2 fg-pg (FS) 

LTQ-FTICR/Q-FTICR 100 0000 ≤1 pg (FS) 
 
A great benefit of MS is its ability to be hyphenated to a separation method, such as high-
performance liquid chromatography (HPLC), gas chromatography (GC) and capillary 
electrophoresis (CI), which provide compound separation prior to MS analysis. Using 
separation methods, the compounds are separated based on their physicochemical 
properties. 

Using LC, compounds are separated according to distribution between liquid mobile 
phase and solid stationary phase. Stationary phase as well as mobile phases can be varied 
to achieve optimum separation. In the reversed phase LC, the stationary phase is usually 
silica modified by alkyl chains, usually eighteen carbon atoms in length. C18 columns 
enable the separation of non-polar and semi-polar compounds. Mobile phase is usually a 
mix containing high percentage of water and low percentage of organic solvents, such as 
acetonitrile, methanol, tetrahydrofuran etc., and the elution is either isocratic or gradient, 
where the latter provides faster analysis, narrower peaks and similar resolution power as 
the former. The problem of RPLC are highly polar compounds, which are eluted near or 
at the void volume. Convenient alternatives for the separation of polar compounds are 
aqueous normal phase chromatography and hydrophilic interaction chromatography 
(HILIC). For HILIC, the stationary phase is modified silica and mobile phase with high 
proportion of organic solvents and low proportion of aqueous solvents. It is useful for the 
separation of polar and highly polar compounds which cannot be retained on RP columns 
[72].  

The basis of GC-MS is the mobility of compounds in the gaseous mobile phase, so 
volatility and thermal stability of the compounds is required. This is the main drawback 
of this technique, because a large number of metabolites are not sufficiently volatile. If the 
molecule contains appropriate reactive centers, this problem can be surpassed by 
derivatization, which increases its volatility. This step is usually time-consuming, limited 
to compounds containing reactive centers and increases difficulty of identification. The 
main advantage of GC-MS is however the reproducible EI ionization which enables the use 
of spectral libraries. Because of high reproducibility of GC-EI-MS spectra, the identification 
of metabolites with high confidence is enabled [52]. 

In CE, which is less used compared to LC and GC, the compounds are separated based 
on its migration through an electric field, which depends on compounds’ charge [73][71][60]. 
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1.2.5 Data processing 

1.2.5.1 Raw data processing 

Considering that a single human urine/blood sample contains several thousands of 
compounds [74] and the measurement results in thousands of features with various 
abundances, processing and analyzing of data is the most challenging part of non-targeted 
screening [75][76][77]. To be available for interpretation, complex data generated by HRMS 
requires extensive processing [78]. First off, raw data from the analytical instrument are 
converted into a format appropriate for processing software [79]. Although there is a 
number of mass spectral formats, mzML was created as a common open format that would 
be supported by any software, and is intended to enable processing across different software 
packages [80]. After conversion, the raw mzML data files are uploaded into the chosen data 
processing software, and various processing algorithms are applied. Noise filtering is used 
to remove instrumental interferences and chemical noise from the measurement signal, and 
to separate a component signal from the background. Chemical noise is produced by buffers 
and solvents and can be notably strong at the beginning and end of the elution. Peak or 
feature detection (picking) aims at identifying all signals caused by true ions and avoid 
detection of false positives. It is based on filtering MS signals above a set threshold, and 
separating analyte signals (features) from the noise. A variety of peak detection algorithms 
are available, such as vectorized peak detection, matched filter methods, derivative based 
methods, etc. The threshold for peak detection must be carefully selected, as a too low 
threshold will result in a large size of noisy data, whereas a too high threshold will result 
in the loss of low-abundance signals that may correspond to low level BoEs. Based on peak 
picking, extracted ion chromatograms are created for each feature. Peak overlapping is 
resolved by spectral and chromatographic deconvolution, which resolves overlapping peaks 
into individual peaks. A number of deconvolution algorithms are applicable, for example 
wavelet-based, which are relatively computationally demanding, due to wavelet fitting to 
each peak, and less computationally demanding (and with that achieving lower 
deconvolution efficiency), such as baseline cut-off or noise-amplitude-based algorithms. 
After deconvolution, alignment is applied to remove RT shifts of features across different 
samples. This is done to avoid doubling of features corresponding to the same compound 
within samples and is one of the most important steps in data processing. Like 
deconvolution, alignment is computationally demanding. A number of algorithms with 
different approaches are used, one example is MzMine’s random sample consensus 
(RANSAC) alignment which models RT deviation from a master peak list, which is based 
on the first processed sample, and RT drifts corrected according to drift models. Other 
algorithms are, for example, based on time warping or Fourier transform recursive 
alignment. These steps are essential for generating a final, processable data matrix, 
however, a number of other steps can be employed in order to reduce bias and remove 
unwanted peaks. For example, sample normalization can be applied for removing unwanted 
systematic bias due to changes in signal intensities between measurements, gap filling is 
intended to correct deficient peak detection step, which causes missing peaks of actually 
detected compounds, while deisotoping removes redundant isotope features [81][82][83][84]. 
These processing algorithms are contained within publicly available or commercial software 
packages. The most commonly used are open-source MzMine2 [85], which is available with 
a graphical user interface (GUI), easy to use and with extensive data visualization, and 
XCMS, an R-based script [86], along with commercially available Thermo Fischer’s 
Compound Discoverer™ (Table 5). 



  

Table 5: Open-source data processing software. 

Software Features 

MzMine2 Open source, compatible with LC-MS/MS and GC-MS 
data, based on Java and R, GUI available 

XCMS Open source, compatible with LC-MS/MS data, written as 
an R script and in cloud version 

MS-Dial Open source, compatible with GC-MS, GC-MS/MS, LC-
MS/MS data, GUI available 

Compound Discoverer™ Thermo-Fischer, compatible with GC-MS, LC-MSn and IC*-
MSn data, GUI available 

 *IC – ion chromatography 
 

1.2.5.2 Compound identification 

 
The major bottleneck in NT metabolomics and exposomics is the annotation or 
identification of compounds. New approaches and software to facilitate compound 
identification and increase identification confidence are constantly being developed. The 
main issue is the confidence with which the compound is identified, which depends on the 
available data. Based on that, the following criteria for confidence of identification have 
been established [65][87]. One such criteria were defined by Schymanski et al. [65] (Table 
3).  

Table 6: Identification confidence levels. 

Confidence 
Level Description Minimum data requirements 

Level 1 
Confirmed structure by reference 
standard MS, MS2, RT, Reference standard 

Level 2 

Probable structure by either 
library spectrum match or by 
diagnostic evidence 

MS, MS2, Library MS2, 
Experimental data 

Level 3 Tentative candidate(s) MS, MS2, Experimental data 
Level 4 Unequivocal molecular formula MS isotope/adduct 
Level 5 Exact mass of interest MS 

To assign the identity to a feature, several options are available (Figure 4). 
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Figure 4: Identification workflow. 

A common starting point of compound identification are small molecule databases (Table 
7). Molecular formulas and accurate masses are contained within these databases, and 
candidates with matching molecular mass or formula can be retrieved. General databases, 
such as PubChem and CAS, contain a large number of compounds, for example PubChem 
contains more than three million entries. This is beneficial when searching novel compounds 
and BoEs to new chemicals, however with a large number of database entries, a large 
number of candidates are retrieved, out of which the majority are not relevant. Based on 
that, it is important to restrict the search space to more relevant compounds. For example, 
KEGG (Kyoto Encyclopedia of Genes and Genomes) contains data connected to 
metabolites, drugs and other chemical substances, along with genomic data and biological 
pathways [88], [89]. HMDB (Human Metabolome Database) contains data on to-date 
identified human metabolites [74]. In the light of exposome, these specific databases can 
be utilized when researching connection between exposure and subsequent biological effect, 
while it is less likely that relevant hits for BoEs will be found in this chemical space. For 
that, more specific databases have been established. The United States Environmental 
Protection Agency (EPA) established CompTox Chemistry Dashboard database, which 
contains data on potentially toxic chemicals, along with their physicochemical properties, 
environmental fate, exposure data, usage and toxicity [90]. In addition to that, 
PubChemLite was launched recently. It is a subset of PubChem contained chemicals that 
are relevant for exposomic research, and it is intended to be implemented into current 
workflows for HRMS-based exposomics [91]. Along with these databases, Exposome 
Explorer and T3DB have been created in order to facilitate exposomic research. Exposome 
Explorer is focused entirely on BoEs to environmental risk factors [2][92], while T3DB or 
the Toxic Exposome Database, as it will be referred to in the future, contains data on the 
common substances that are toxic to humans, with organ, DNA and proteins that are 
targeted by these compounds [93][94]. In 2021, CECScreen was launched and contains 
exposome-relevant CECs, metabolites and metadata [95]. As it is evident from Table 7, 
many databases target same or similar compounds and such redundancy inhibits stream-
lined harmonized workflow as one needs to consult several databases simultaneously. 



  

Merging such databases in the future would be a great asset in reducing an already high 
complexity of compound identification. 
 

Table 7: List of available compound databases and their focus or coverage. 

Compound database Focus 
ChemSpider General 
PubChem General 

CAS General 
KEGG Metabolites, gene data 
HMDB Human metabolites 

Urine metabolome database Urinary metabolites 
CompTox Chemistry Dashboard Potentially toxic compounds and their 

properties 
PubChemLite Subset of PubChem relevant for 

exposomics 
T3DB Chronically or acutely toxic compounds to 

which humans can be exposed 
DrugBank Drug data, drug targets and drug action 

information 
Exposome Explorer Biomarkers of exposure to dietary and 

environmental factors 
CECscreen CECs for exposome research 

ChEBI Chemicals of potential biological interest 
 
Once potential candidates are found, their MS2 can be predicted and compared to 
experimentally acquired MS2 spectrum. For example, Competitive Fragmentation 
Modelling-ID (CFM-ID) uses in rule-based and combinatorial approaches to predict CDI-
MS/MS and EI-MS spectra [96]. Experimental MS2 can be compared to the predicted one, 
and based on set matching thresholds, the identity is assigned. Furthermore, such in-silico 
predictors can be used to predict or construct in-silico MS2 of compounds of interest, which 
is particularly useful for suspect screening and identification of compounds for which 
experimental MS2 data is not available.  

Experimental MS2 data are contained within mass spectral libraries (Table 8). 
Currently, there is a number of MS libraries, either commercial, such as NIST and WILEY, 
or freely available, publicly curated libraries, like MoNA (Mass Bank of North America) 
and MassBank. Certain libraries are dedicated to MS2 acquired by specific instruments, 
for example Metlin for QToF while mzCloud supports QOrbitrap data. This divide is 
founded on the fact that MS2 spectra are dependent on the type of analyser and the type 
of ionization and are less reproducible than EI acquired MS2. 
 

Table 8: List of available MS libraries and the description of their focus. 

MS libraries Description 
NIST EI-MS, CID-MS/MS, vendor library 

WILEY EI-MS, CID-MS/MS, vendor library, 
largest collection of EI-MS data 

MoNA Large collection of CID-MS/MS spectra 
MassBank Community database 

Metlin Focused on QToF data 
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mzCloud Focused on Orbitrap data 
GNPS Community database 

 
An alternative to MS2 databases that effectively circumvent the problem of matching 
experimental and library MS2 are in-silico tools that use an array of different computational 
approaches for the identification of compounds (Table 9). [97]. As mentioned before, CFM-
ID is an in-silico tool for the prediction of MS2 spectra, however it possesses another feature 
and that is matching of experimental MS2 query to predicted MS2 of compound database 
matches to molecular mass or molecular formula [98]. Similar to CFM-ID is MetFrag, which 
likewise predicts MS2 spectra, and scores it to molecular candidates from compound 
databases (PubChem, ChemSpider or KEGG). It differs however in prediction method, 
which is bond-dissociation-based [99]. Sirius-CSI:FingerID takes a different approach. First, 
elemental composition is calculated from the isotope pattern using deep neural network, 
followed by computation of fragmentation trees based on input experimental MS2 data. 
According to fragmentation trees, molecular fingerprint is predicted and matched to 
molecular fingerprints of candidates. Candidates are then sorted by matching score [100], 
indicating the most probable structure for the query compound. In contrast to previously 
mentioned software packages, where MS2 spectra are used as an input, xMSannotator and 
HaloSeeker use raw (U)HPLC-MS/MS data as an input, allowing automated streamlined 
workflow from processing to annotation within one software. xMSannotator is focused on 
metabolomics, using multistage clustering algorithm, where metabolic pathway associations 
are coupled to intensity profiles, retention time and MS data to cluster and annotate 
compounds [101]. HaloSeeker is focused on identifying halogen-containing compounds. 
After data processing, features are clustered together according to the number and type of 
halogen atoms. Specific plots are applied to visualize the results [102]. 
 
 
 

Table 9: In-silico tools for compound identification. 

In-silico tool Description 
CFM-ID Machine learning-based fragmentation 

prediction and compound identification 
CSI:FingerID Kernel based fragmentation tree 

computation coupled with molecular 
fingerprint matching 

MetFrag Combinatorial fragmentation coupled with 
compound database search 

MassFrontier Experimental gas-phase reaction-based 
fragmentation prediction and compound 

identification 
Feature-Based Molecular Networking Clustering of features based on similarity 

of MS2 with MS-Cluster algorithm 
xMSannotator Works on raw data. Clustering of features 

according to their properties and common 
metabolic pathways, then annotating 

using compound databases 
HaloSeeker Annotation of halogenated compounds 

based on isotope pattern 
 



  

1.2.6 Quality control and method validation 
Due to intrinsic differences between established targeted and more recently developed non-
targeted approaches, new procedures of quality control (QC) are necessary. The main 
difference between the two lies in the general aim, which with targeted analysis lies in the 
quantification of compounds, whereas identification is the main goal of non-targeted 
screening. As described in previous chapters, NT screening involves many stages, which 
need to be monitored to assure the quality of the results [103][104]. Firstly, during sample 
collection, samples are optimally aliquoted and frozen immediately after collection and 
stored at – 80 °C, with limited freeze-thaw cycles to reduce the loss of sample integrity due 
to chemical or biological degradation [13]. Afterwards, the use of QC samples is a common 
approach for quality assurance (QA) in targeted and semi-targeted analysis and likewise 
the QC samples can be applied to NT screening for QA and method validation. Typically, 
QC samples are prepared by pooling investigated matrix from different participants in 
order to cover interindividual variability and to be broadly representative of the whole 
sample set [105]. The samples can be additionally spiked by native and/or labelled 
standards of expected BoEs. Optimally, the standards cover maximum polarity and mass 
range and are spiked at the levels of expected BoEs. 
 
By observing responses of spiked standards in QC samples, method parameters can be 
determined and method performance evaluated. Mass accuracy can be determined by 
calculating mass error of measured versus calculated m/z values of spiked standards. 
Repeatability of mass accuracy and retention times can be determined by following mass 
accuracies and retention times of standards in multiple runs of QC samples. Method 
reproducibility can be assessed by observing response of standards within QC samples 
injected on different time periods, as for example days and weeks [106]. NT screening 
methods are qualitative in nature and therefore LOD cannot be calculated, however it can 
be implied. This can be done with serial dilutions of QC samples by observing abundance 
of spiked standards. However due to simultaneous dilution of matrix, matrix effects which 
typically affect LOD will be reduced and estimated LODs will likely be lower than in actual 
samples. Similar to quantitative methods, carryover from previously injected samples can 
be monitored by injecting solvent blanks after every 5 – 10 samples [106]. Background 
levels for chemicals such as contaminants in mobile phases and solvents used in sample 
preparation or present in sample collection vessels and processing consumables can be 
addressed by using a procedural blank sample. To prepare the procedural blank, sample 
preparation procedure and analysis are performed using the same solvents, chemicals and 
consumables, however the biological sample is replaced by blank solvent [105].  

For assuring the quality during the sample run, QC samples can be checked to assess 
precision by monitoring the standard deviation of peak areas from standards and/or known 
native metabolites [107]. Analytical system can be checked for non-random trends during 
batch run by following the area of spiked standards and native metabolites. Non-random 
effects due to chemical or instrumental events can be visualized for example by plotting 
batch samples and QC samples in principal component analysis. High quality batch runs 
would result in close clustering of QC samples in the center of the scores plot [105][108].  

Furthermore, QC samples can be injected to the analytical system prior to measurement 
to condition or equilibrate the chromatographic system and with that improve the 
reproducibility of compound separation. During data processing and identification, QC 
samples can act as a base for the optimization of data processing parameters, which is 
particularly important when aiming at detection of low-level compounds, such as BoEs. 
QC and QA for the identification step focus on the reduction of false positive (Type I error) 
and false negative (Type I errors) rates [103], however general harmonized guidelines have 
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not been established yet [13]. Identification confidence is reported according to supporting 
evidence [65]. The requirements for reporting identification confidence are presented in 
Table 6, and present a guideline for consistent compound reporting. As the field advances, 
so will harmonized QC/QA guidelines; there are many efforts to produce such support and 
with that common ground for producing and reporting high quality NT results [9][19]. 
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Chapter 2 

2 Aims and Hypotheses 

Literature reports the lack of methodology for non-targeted exposomics. Due to the 
challenges reported in Chapter 1.2, large scale non-targeted exposomic analysis, sample 
preparation, data processing and compound identification protocols are still 
underdeveloped. The aim of the dissertation is the development of non-targeted analytical 
workflow to be used in HBM. This includes the development of a sample preparation 
protocol, development of an HRMS-based instrumental method, development of data 
processing and identification workflow. By nature, a non-targeted workflow should be 
universal, and to demonstrate this attribute, its applicability to other fields of research is 
going to be tested and the following hypotheses addressed:   
 
H1: The developed NTA workflow is suitable for application in HBM. 
H2: The developed NTA workflow enables the identification of biomarkers of exposure in 
urine.  
H3: NTA data processing and identification protocols can be extended to other fields.    
H4: Biomarkers of exposure identified with NTA comply with the results of traditional, 
targeted HBM. 
 
The specific goals of the thesis are:  
- Development of a high-throughput sample preparation procedure for urine samples 
using solid-phase extraction suitable for NTA. 
- Development, optimization and validation of the NTA instrumental method using 
UHPLC-HRMS. 
- Optimization and validation of the targeted analytical method for endocrine 
disrupting chemicals, bisphenols, parabens and triclosan in order to connect targeted and 
non-targeted data of the same population. 
- Development of data processing and compound identification protocols based on 
open-source software tools. 
- Demonstration of the universality of data processing and compound identification 
protocols to other uses: an example of identification of environmental biotransformation 
products of cytostatic drug Imatinib.  
- Application of the NTA workflow on urine samples of Slovenian children. 
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Chapter 3 

3 Publications 

The outcomes of the PhD work are presented in the following eight scientific papers, out 
of which three are published and five are currently under review at peer reviewed journals. 
According to the proposed hypotheses, the papers are divided into three sections: 
 

1) Development of a NT workflow and its application 
  
The papers in the first section address hypotheses H1 and H2, and describe the 
development of the analytical method, the sample preparation procedure and compound 
identification for the search of BoEs in urine. The developed workflow was applied to a 
cohort of Slovenian children in order to describe their chemical exposome and identify 
urinary BoEs. 
  

2) Application of the NT workflow to alternative scientific field 
 
The papers in this section address H3, where the NT workflow, particularly data processing 
and compound identification, was adapted to environmental analysis. In this frame, the 
environmental fate of a cytostatic Imatinib was researched and its environmental 
transformation products were identified. The experimental data was submitted for 
publication in order to enable further data mining with tools developed and potential 
retrospective analysis.  
 

3) Connecting the NTS workflow with the traditional targeted analysis 
  
The papers in this section address the last hypothesis, H4, which proposed that the BoEs 
from NTS in children’s urine match with the BoEs determined in targeted manner. Urine 
of children and adolescents was analyzed for bisphenols, parabens and triclosan within 
national HBM schemes. The results were compared to results of NTS to confirm findings 
and increase confidence of results obtained by novel methodology.   
  



  

3.1 Development of NT Workflow and its Application 

3.1.1 LC-HRMS-based method for suspect/non-targeted screening for 
biomarkers of exposure in human urine 

Submitted: Tkalec, Ž., Codling, G., Klánová, J., Horvat, M., Kosjek, T., 2022 
 
Due to the lack of analytical methodology for NT analysis of human samples in the search 
of BoEs, this study aimed to develop sample preparation and instrumental protocol to fill 
the gap. The main methodological platform for NT screening across more developed fields 
is currently high-resolution mass spectrometry (HRMS), which offers simultaneous 
detection of a large number of chemical entities within a single run [60]. Coupling to 
separation techniques, this offers efficient compound separation and detection, however, 
NT screening for BoEs faces several challenges, including 1) BoEs are present at very low 
concentrations, often several orders of magnitude lower than more abundant endogenous 
metabolites; 2) BoEs chromatographically overlap with high-abundance endogenous 
metabolites; 3) parent compounds undergo phase I and phase II metabolism, producing 
chemically distinct metabolites [31]. Some of these challenges can be addressed with 
optimized sample preparation procedures, which in NT context aim for a balance between 
removal of matrix and compound preservation [109]. There has been no universal sample 
preparation procedure established yet, with LLE and SPE commonly used for biological 
samples. The aim of this study was to develop a sample preparation procedure and an 
instrumental method suitable for NT screening in HBM. The development was founded 
upon urine matrix spiked with reference standards of chemicals of emerging concern. The 
sample preparation involved enzymatic hydrolysis followed by concentration and 
purification using SPE with instrumental analysis on UHPLC with HRMS detection. The 
method was validated by detection and identification of the spiked standards in the data 
matrix obtained from processing of HRMS data with MzMine2. The development was 
based on enzymatically hydrolysed urine spiked with 34 native standards with partition 
coefficients ranging from -2.29 – 4.80 and molecular masses from 122 to 612 Da. Prior to 
processing, urine was deconjugated using β-glucuronidase to generate glucuronide- and 
sulphate- free biomarkers of exposure. Sample preparation was performed by solid phase 
extraction using Oasis HLB 96-well plate with 10-fold sample concentration. Optimal 
elution was achieved with 10 % v/v methanol in acetonitrile and wash step with 5 v/v % 
of methanol in MQ. Chromatographic separation was achieved on Waters Acquity HSS-
T3 column with acetonitrile and water as mobile phases. Suitability of the method was 
checked by analysing test samples by ESI(+)-Orbitrap-HRMS using full scan mode and 
identifying 11 out of 13 standards. Furthermore, limit of detection was estimated to be 
between 1-10 µg/L, with demonstrated low retention time drifts and consistent and high 
mass accuracy. The analytical workflow presented herein supports its application in a high-
throughput non-targeted screening in human biomonitoring schemes.  

This manuscript has been submitted to the Chemosphere journal. 
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3.1.2 Non-targeted and suspect screening-based human biomonitoring 
identifies 74 biomarkers of exposure in urine of children 

Submitted: Tkalec, Ž., Codling, G., Klánová, J., Horvat, M., Kosjek T., 2022 
 
The NT workflow developed in the previous study (Section 3.1.1) was applied to a cohort 
of 200 children from Slovenia, of which 100 resided in the capital city of Slovenia and 
represented the urban part of the population. The remaining 100 participants resided in a 
region in the Eastern Slovenia, which is predominantly rural and characterised by intense 
agricultural activity. Due to the seasonal variations in agricultural practice, rural 
participants provided two samples, one in winter and the second at the beginning of 
summer, reflecting time periods with low and high intensity of nearby agricultural activity. 
Altogether, we obtained 300 samples of first morning urine. Samples were prepared 
according to the previous study and analysed using Orbitrap Fusion™ Tribrid™ Mass 
Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA) in collaboration with 
RECETOX in Brno, Czech Republic. Data was processed using MzMine 2.53 [85]. BoEs 
were identified by submitting all acquired MS2 spectra to Sirius-CSI:Finger-ID [110], [111] 
and a selection of highest confidence hits. Furthermore, searching was conducted through 
MS2 library MoNA. Afterwards, all putatively identified BoE were submitted to Feature 
Based Molecular Networking (FBMN) [112], clustering features with similar fragmentation 
patterns together. In-silico library of suspects was generated for SS with CFM-ID [98], and 
experimental MS2 of suspects matched to predicted ones. Using this workflow, we 
tentatively identified 38 biomarkers of exposure using non-targeted approach and another 
38 using suspect screening. Biomarkers of exposure show environmental burden of children 
to several classes of chemicals such as personal care products, plasticizers and plastic 
production chemicals, volatile organic compounds and polycyclic aromatic hydrocarbons, 
nicotine and caffeine, and pesticides, out of which three, atrazine, amitraz and diazinon, 
are restricted in the EU due to their high toxicity. Alongside the compounds with known 
use, we identified 7 chemicals with unknown use. Due to sampling in two time periods and 
in two locations, we elucidated the transitory and location-specific exposome. The results 
of the study identify and describe the exposome of children, which are exposed to many 
chemicals simultaneously. Many of these chemicals are concerning due to the potential of 
adverse effects. The work is to the author’s knowledge among the first ones that 
demonstrate the practical approach of using NT analysis and SS in HBM. 

This manuscript has been submitted to the Environment International journal. 
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3.1.3 UHPLC-HRMS data from non-targeted and suspect screening 
for biomarkers of exposure in urine of children 

Submitted: Tkalec, Ž., Codling, G., Klánová, J., Horvat, M., Kosjek, T., 2020 
 
To facilitate further mining of the data and the transparency of the applied protocol, the 
NT data was published within this data article. The paper was submitted to the Data in 
Brief journal. 
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3.2 Application of the NT Workflow to an Alternative 
Scientific Field 

3.2.1 A novel workflow utilizing open-source software tools in the 
environmental fate studies: The example of imatinib 
biotransformation 

Published: Tkalec, Ž., Negreira, N., López de Alda, M., Barceló, D., Kosjek, T., 2021, 
Science of the Total Environment, 792 
 
NT workflow that was developed in the study described in Section 3.1.1 was applied to an 
alternative field of research in order to test its universality [113]. Imatinib – IMA is a 
clinically approved targeted anticancer drug, which acts as a tyrosine kinase inhibitor and 
is used to treat chronic myeloid leukemia and gastrointestinal stromal tumors [114]. After 
administration it is excreted mainly through urine and ends up in wastewater headed to 
municipal wastewater treatment plants. Several studies have suggested that the presence 
of IMA in the environment poses a great risk to aquatic life and human health (REF). The 
fate of IMA during wastewater treatment and in the environment is not yet known. 
Therefore, in the present study we aimed to describe environmental fate and identify IMA’s 
TPs using identification protocol that we had developed for the study described in Section 
3.1.1. For that, we studied the biodegradation of IMA by using a modified Zahn-Wellens 
test setup, under specific conditions including carbon-rich and carbon-deficient media, at 
two concentrations of activated sludge obtained from a municipal wastewater treatment 
plant. For chemical analysis an UPLC hyphenated to quadrupole-Orbitrap mass 
spectrometer was used. Nontargeted UHPLC-HRMS data was processed using freely 
available MzMine2 software, while TPs were determined using multivariate statistical 
analysis (MVSA), namely principal component analysis (PCA) and orthogonal projections 
to latent structures discriminant analysis (OPLS-DA) using freely available tool 
Metaboanalyst. Furthermore, IMA and two of its major TPs were screened for in real 
samples of WWTP influents and effluents and toxicity of TPs was estimated using QSAR 
models. The results showed that IMA is readily biodegraded. We identified eight TPs; one 
was previously identified and another one reported as a metabolite, while six were new to 
the science. Two major TPs were formed by hydrolysis of the IMA amide bond, one of 
which undergoes further biological transformations, including conjugation and 
deamination. TPs formed by oxidation and demethylation were also determined, with all 
transformations implying that IMA undergoes complex breakdown processes in the 
environment. We validated the results by searching for TPs in actual wastewater, and we 
found one of the major ones in real wastewater. This is concerning due to the fact that 
anticancer agents do not have a threshold level to reveal their mutagenic, carcinogenic or 
cytotoxic activity. 
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3.2.2 UHPLC-HRMS data from non-targeted screening for 
biotransformation products of cytostatic drug imatinib 

Published: Tkalec, Ž., Negreira, N., Lopez de Alda, M., Barceló, D., Kosjek, T., Data in 
Brief, 2022 
 
To increase transparency and support further data mining, the raw and processed data 
acquired in the previous study (Section 3.2.1) was published [115]. This enables new data 
mining approaches, which are rapidly developing to be applied to already existing datasets 
and with that discover pieces of information unavailable before. The revised version is 
currently under second revision at the Data in Brief journal and the data is available under 
the doi-number: 10.17632/bby22v4bdr.1.  
  



  



3.2. Application of the NT Workflow to an Alternative Scientific Field 87 



  



3.2. Application of the NT Workflow to an Alternative Scientific Field 89 

 
  



  

3.3 Connecting the NT Workflow with the Traditional 
Targeted Analysis 

3.3.1 Exposure of Slovenian children and adolescents to bisphenols, 
parabens and triclosan: Urinary levels, exposure patterns, 
determinants of exposure and susceptibility 

Published: Tkalec, Ž., Kosjek, T., Snoj Tratnik, J., Stajnko, A., Runkel, A. A., Sykiotou, 
M., Mazej, D., Horvat, M., Environment International, 2021 
 
The study presented herein [116] aimed to quantify endocrine disrupting chemicals (EDCs) 
bisphenols, parabens and triclosan using targeted analysis. EDCs are exogenous compounds 
which are involved in endocrine functions such as synthesis, secretion, activity and clearing 
of native hormones, causing adverse health effects [117]. Although their acute toxicity is 
thought to be low, long-term chronic exposure and combined effects of exposure are not 
yet well understood. Bisphenol A (BPA) and its alternatives bisphenol F (BPF) and 
bisphenol S (BPS) are used in the synthesis of polycarbonate plastic and epoxy resins, with 
human population exposed due to their widespread occurrence in food and environment. 
Parabens are alkyl esters of para-hydroxy benzoic acid and are used as antimicrobials and 
preservatives in cosmetics, personal care products, pharmaceuticals, food and beverages 
[118]. Similarly, triclosan (TCS) is used as an antimicrobial agent in personal-care products, 
such as cosmetics, toothpastes, shower gels, deodorants as well as in household cleaning 
products, plastics and toys [119]. In this study, we investigated the levels of EDCs in urine 
from Slovenian children and adolescents living in a rural region in the north-eastern part 
of Slovenia. We searched for the exposure patterns and connected the EDC levels with 
potential exposure sources by analysing questionnaire data related to their dietary habits, 
food storage and the use of personal care products. Participants were genotyped for the 
presence of SNP in UGT2B15 gene (rs1902023) in order to investigate the associations 
between the SNP and EDCs levels in urine. In the study we found that urinary levels of 
selected EDCs found in Slovenian population were comparable to the levels found across 
the world, with differences in levels of certain EDCs, such as generally lower levels of propyl 
paraben (PrP) and TCS and higher levels of ethyl paraben (EtP). Exposure turned out to 
be location dependent, as samples from individuals in one specific subregion contained 
higher levels of BPF and EtP than in other locations. Furthermore, we elucidated several 
determinants of exposure, BPA was significantly associated with high fat food items, while 
MeP with personal care products. UGT2B15 has been found to play a role in MeP and 
EtP metabolism, while contrary to expectation, not with BPA. Participants were exposed 
to a variety of EDCs, and even though the urinary levels were relatively low and below the 
current adverse effect levels for individual EDCs, mixture effects should be considered in 
the future. 

Importantly, this study validated the results of NTS described in Section 3.1.2, as it 
determined in a targeted manner the same EDCs (BPF, EtP and butyl paraben) within 
the samples from the same population. BPA and MeP were however not determined using 
NTS, despite being quantified in 99 % and 80 % of samples with the targeted method. This 
shows that the results of NTS are in line with the results of traditional targeted screening 
and confirms hypothesis H4. The results demonstrate that there is still an immense 
potential for post-acquisition data processing tools to enable the detection of numerous 
other chemicals including BPA and MeP, for which it was demonstrated via targeted 
analysis that they were present in the investigated samples. 
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3.3.2 Exposure of men and lactating women to environmental phenols, 
phthalates and DINCH 

Published: Runkel, A. A., Mazej, D., Snoj Tratnik, J., Tkalec, Ž., Kosjek, T., Horvat, M., 
Chemosphere 2022, 286 
 
This manuscript describes the exposure of Slovenian men and lactating women to 
environmental phenols, phthalates and the phthalate alternative DINCH [120]. The formal 
analysis and writing of the paper were conducted by Agneta Annika Runkel, whereas my 
contribution was the optimization of the analytical method for the analysis of 
environmental phenols. 

In this study, urinary concentrations of methyl paraben (MeP), ethyl paraben (EtP), 
propyl paraben (PrP), iso-propyl paraben (iPrP), butyl paraben (BuP), iso-butyl paraben 
(iBuP), benzyl paraben (BzP), triclosan (TCS), bisphenol A (BPA), bisphenol S (BPS), 
and bisphenol F (BPF) were determined in urine using GC-MS/MS, while the analysis of 
phthalate metabolites, MEHP, 5oxo-MEHP, 5OH-MEHP, 5cx-MEPP, MEP, MiBP, 
MnBP, MBzP, cx-MINP, OH-MIDP, OH-MINCH, oxo-MINCH, and OH-MINP was 
conducted using UHPLC-MS/MS. After the quantification, the concentrations were 
evaluated by statistical analyses, followed by simplified risk assessment procedure. Along 
with all phthalate metabolites and DINCH, the most frequently detected compounds were 
BPA, MeP and EtP. Women and men exhibited sex-specific differences, while the 
connection with questionnaire data showed associations that indicate specific determinants 
of exposure for some of the chemicals. Risk assessment approach showed that no risk can 
be expected for the studied population at the determined exposure levels.  
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3.3.3 Contaminants of emerging concern in urine: A review of the 
analytical methods for determining diisocyanates, benzotriazoles, 
benzothiazoles, UV-filters, isothiazolinones, musks and non-
phthalate plasticizers 

In preparation: Runkel, A.A, & Tkalec, Ž., Kosjek, T., Horvat, M., Heath, E., 2022 
 
This manuscript was prepared in collaboration with Agneta Annika Runkel, with whom 
the work was equally split. In order to review methods used for quantification of CECs, we 
reviewed literature on analytical methods for selected groups of compounds from 2010 
onwards. We searched for compounds that are currently understudied and not yet 
commonly implemented in existing HBM schemes. We identified isocyanates, 
benzotriazoles, pyrrolidones, ultra-violet (UV) filters, the antimicrobials, 
methylchloroisothiazolinone and methylisothiazolinone (MCI, MI), fragrances, and non-
phthalate plasticizers. With the emergence of these chemicals on the market, there is a 
need for new sample preparation procedures and analytical methods to enable rapid 
monitoring of CECs. This literature showed that to extract, concentrate, and purify the 
samples, LLE and SPE were most commonly used and several new sample preparation 
procedures were applied, such as solid-supported liquid extraction and low-volume 
procedures. Prior to extraction, enzymatic hydrolysis was most commonly used to degrade 
phase II metabolites. Analytes were most commonly separated using HPLC and UHPLC, 
followed by GC for more non-polar, volatile CEC. Prevalently, tandem mass spectrometry 
(MS) was used to detect compounds, offering high selectivity and sensitivity. Due to wide-
spread use of these analytical platforms, inclusion of these CECs into current HBM frames 
can be swiftly made. This will enable accurate and rapid monitoring, with this literature-
reviewed collection of analytical and sample preparation procedures serving as a base for 
any group, wishing to include these CECs into their monitoring routines. This manuscript 
has been submitted to the Trends in Analytical Chemistry journal.  
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4 Chapter 4  

Conclusions 

 
Humans are exposed to a large number of environmental chemicals, many of which may 
show adverse effects on the human health. The main contribution of this doctoral work is 
in the new methodological approach for NTS and describing the exposure of children, which 
may be at risk from the ever-increasing load of potentially hazardous chemicals. 

The novel contributions to the science were described in eight scientific publications, 
and were presented at five international conferences.  

The main part of the thesis was the development of the non-targeted analytical 
procedure that would be applicable to large-scale HBM studies. This was achieved with 
SPE after the enzymatic hydrolysis of phase II xenobiotic metabolites. The separation of 
potential BoEs was achieved using UHPLC and the analysis by an HRMS instrument. 
Using pooled urine sample spiked with standards, covering wide polarity and mass range, 
optimal conditions for sample preparation and chromatographic separation were 
established. As standards were spiked at levels as expected for BoEs in real samples, data 
processing parameters were optimized in such a way as to ensure detection low-level BoEs. 
Identification of the standards using established identification procedures for NTS 
confirmed the method as fit-for-purpose. After being developed, the method was applied to 
a cohort of 200 children from Slovenia. In these samples we identified 76 BoEs to chemicals, 
including two restricted pesticides. This fact raises concern about the adverse health effects 
of children, which are exposed to a large number of distinct chemicals with various 
biological effects, particularly for those, which have been restricted due to high risk. 
Successfully developed and fit-for-purpose method and its productive application 
confirmed hypothesis H1: The developed NTA workflow is suitable for application in 
HBM, and hypothesis H2: The developed NTA workflow enables the identification of 
biomarkers of exposure in urine. 

Following that, the workflow was adapted and applied to a study of environmental fate 
of a cytostatic drug imatinib, where we identified eight distinct TPs, out of which six were 
new to science, and one of them we detected in actual waste water in Slovenia. This was 
especially concerning as cytostatic drugs have no set threshold for their cytotoxic, 
carcinogenic and mutagenic activity. The ability to identify TPs using our in-house built 
protocol and finding the identified TP in real wastewater samples confirmed hypothesis 
H3: NTA data processing and identification protocols can be extended to other fields.  

To cross-validate the results of NTS, a targeted investigation of selected EDCs was 
conducted on a part of the same population as analyzed with non-targeted screening. The 
EDCs included were bisphenols, parabens and triclosan. We found widespread exposure of 
children to these chemicals and found several determinants of exposure along with 
association between a SNP in UGT2B15 gene with certain parabens, which indicate that 
some populations might be more susceptible to adverse health effects due to the exposure. 
Determination of bisphenols and parabens using both targeted and non-targeted screening 



  

also confirmed the last hypothesis, H4: Biomarkers of exposure identified with NTA 
comply with the results of traditional, targeted HBM.   

With its agnostic nature, NTS will in the future most likely become the starting point 
of HBM-based schemes. NTS can identify concerning exposures that should be further 
followed within the investigated population using specific and quantitative targeted 
methods. This is a cost-efficient and pragmatic alternative to currently employed 
approaches of initial monitoring with targeted methods. Along with identifying exposures 
to known concerning chemicals, NTS has the ability of identifying new chemicals with not 
yet known concern. As endogenous metabolites are simultaneously detected, NTS can 
identify potential metabolic perturbations and with that indicate potential health effects 
within the same run. As the result of ever-increasing computational innovations and 
advancements in data processing algorithms, the potential of NTS will in the future 
definitely increase even further. The processing, however, is largely dependent on the 
analyst and so are the results of NTS, therefore future work must involve efforts to produce 
transparent and harmonized NT workflows. 
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