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Abstract

Global profiling of xenobiotics in human matrices in an untargeted mode is gaining attention for 

studying the environmental chemical space of the human exposome. Defined as the study of a 

comprehensive inclusion of environmental influences and associated biological responses, human 

exposome science is currently evolving out of the metabolomics science. In analogy to the latter, 

the development and applications of high resolution mass spectrometry (HRMS) has shown 

potential and promise to greatly expand our ability to capture the broad spectrum of environmental 

chemicals in exposome studies. HRMS can perform both untargeted and targeted analysis because 

of its capability of full- and/or tandem-mass spectrum acquisition at high mass accuracy with good 

sensitivity. The collected data from target, suspect and non-target screening can be used not only 

for the identification of environmental chemical contaminants in human matrices prospectively but 

also retrospectively. This review covers recent trends and advances in this field. We focus on 

advances and applications of HRMS in human biomonitoring studies, and data acquisition and 

mining. The acquired insights provide stepping stones to improve understanding of the human 

exposome by applying HRMS, and the challenges and prospects for future research.
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1. Untargeted analysis of biomarkers of exposure to environmental organic 

chemicals: the human exposome perspective for multiplexed biomonitoring

Over 120 million unique organic and inorganic compounds are currently listed on the 

Chemical Abstracts Service (CAS) Registry (CAS, 2016). However, only about 85,000 

manufactured or processed chemicals, including imports, are currently registered under the 

Toxic Substances Control Act with the United States Environmental Protection Agency 

(EPA, 2016). Moreover, about 30,000 of these chemicals are widely used in consumer 

products (Muir and Howard, 2006, Howard and Muir, 2010). Humans are constantly 

exposed to these chemicals, which can reach different body tissues via exposure through 

diet, the environment, or the use of consumer products. Human biomonitoring programs 

monitor several matrices such as blood and urine for a limited number of exposure 

biomarkers and chemicals. Currently, only ~250 chemicals are monitored through a targeted 

analytical regimen (CDC, 2015). This limitation and concerns over the unknown risk of 

human exposure and health effects to the 120 million chemicals currently listed on the CAS 

registry has led to the emergence of the discipline of untargeted analysis. The constant 

generation and release of new chemicals and substitutes for both industrial and consumer 

purposes keep the analytical scientists a step behind their detection in biomonitoring studies 

as standards have to be made available for targeted analysis. Hence, virtually all studies in 

environmental health have focused on one, or at most, a few candidate chemicals or 

metabolites which may cause disease or disorders in humans. While there are strengths to 

such an approach, including biologic plausibility and clear a priori hypotheses, there are also 

limitations to selecting only a few chemicals in a single study.

The definition of the ‘Exposome’ is debated and will continue to evolve, but it is accepted 

that this concept should encompass “the life-course environmental exposures (including 

lifestyle factors), from the prenatal period onwards” (Wild, 2005). A comprehensive study of 
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the exposome incorporates environmental exposures and associated biological responses 

including environmental chemicals, diet, behavior, and endogenous processes (Miller and 

Jones, 2014, Miller, 2014, Dennis et al., 2016a). Human exposome science aims to measure 

life-course environmental exposures (including lifestyle factors), from the prenatal period 

onwards (Wild, 2005). It is important to consider that the exposome includes not only 

external exposures but also internal factors (e.g. inflammation, infection, and the 

microbiome) (Rappaport and Smith, 2010, Miller and Jones, 2014). The power of measuring 

the internal environmental chemical space of the human exposome as a tool to evaluate 

health risks is increasingly recognized across several scientific domains (Wild, 2005, Wild, 

2012, Wild et al., 2013, Nakamura et al., 2014, Bijlsma and Cohen, 2016, Kortenkamp et al., 

2007, Rappaport, 2011). The blood exposome was the first effort directed towards 

incorporating literature data for about 1,600 exo- and endogenous chemicals to identify 

associated metabolic pathways and disease etiologies (Rappaport et al., 2014). Other 

emerging exposome approaches that consider measuring organic chemicals with distinct 

features are (a) the tooth exposome that utilizes a novel bio-matrix (Andra et al., 2015), (b) 

volatolomics that use a specific physical fraction ( e.g. exhaled breath or volatile organic 

compounds pool) (Pleil and Stiegel, 2013, Broza et al., 2014), and (c) the pregnancy 

exposome that relies on collective data from multiple matrices and multiple prenatal and 

birth sampling points (Robinson et al., 2015).

The holistic approach of simultaneous detection, characterization, and quantitation of tens of 

thousands of chemicals, metabolites, and other small molecules using high resolution mass 

spectrometry (HRMS) is revolutionary since it reveals the differences in exposures between 

life stages within and between individuals. The applications of HRMS are many and varied 

in human health studies. A comprehensive review of the use of HRMS in studies of 

exogenous xenobiotics, endogenous metabolites and biomolecules from an exposome 

perspective is not possible. Only a snapshot of the vast amount of work and applications will 

be presented here as an analytical primer. The present review will focus on HRMS 

applications covering the environmental chemical space of the human exposome, with a 

particular emphasis on its use in multiplexed biomonitoring. The HRMS applications 

provided in this review are primarily relevant to human exposures to environmental 

chemicals and biomonitoring, but we have included studies on endogenous metabolites and 

other biomarkers of effect to chemical exposures when examples of primary relevance were 

unavailable. The review also draws parallels between the applications of HRMS used in 

forensic toxicology (Ojanpera et al., 2012, Ibáñez et al., 2014), water quality monitoring 

(Hernández et al., 2014, Leendert et al., 2015, Gosetti et al., 2016), food safety (Hernández 

et al., 2011a), and environmental (Petrovic and Barcelo, 2006) and clinical sciences (Yin and 

Xu, 2014). Suggested additional reading material are the notable review articles on HRMS 

applications in the ‘omics’ era in general (Madji Hounoum et al., 2016, Ghaste et al., 2016) 

(Rathahao-Paris et al., 2016) (Schrimpe-Rutledge et al., 2016) and the exposome in 

particular (Jones, 2016, Athersuch, 2015, Athersuch, 2012, Athersuch and Keun, 2015, 

Siroux et al., 2016). A large number of reviews on HRMS strategies are found in the 

literature but none adequately represent studies on characterizing the environmental 

chemical space in human matrices. A recent review summarized the latest and potential 

advances in metabolomics methods in relation to HRMS applications in untargeted human 
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biomonitoring studies (Dennis et al., 2016b). The present review supplements the 

metabolomics-based reviews and covers various aspects, including sample preparation, 

HRMS types and applications, and data acquisition and mining features that are used in 

studying human exposures to environmental chemicals. Moreover, it is intended to provide 

comprehensive information on the MS strategies in unknowns’ identification.

2. Advances in analytical tools for profiling the environmental chemicals 

space of the human exposome

Exposome analyses are typically based on the high-throughput capacity of advanced mass 

spectrometry technology. Analyzing bio-matrices for the totality of exposures to organic 

pollutants is (a) to assess a fraction of the vast and complex internal chemical milieu made 

of exogenous sources and endogenous responses (Athersuch and Keun, 2015), and (b) a 

component of the top-down approach for scaling the human exposome (Rappaport, 2011). 

Advances in high-resolution mass spectrometers (MS), such as Fourier-transform MS 

(Soltow et al., 2013), hybrid ion trap-orbitrap MS (Jamin et al., 2014), quadrupole time-of-

flight MS (Diaz et al., 2012, Fan et al., 2014), allow increased metabolic detection 

(Athersuch, 2012) and capture a wider, untargeted chemical space in the exposome 

(Athersuch, 2015) (Rappaport, 2012).

Using the analysis of small molecules and metabolites as an example, Figure SI-1 shows a 

proposed workflow for the analysis, identification, quantification, and integration of the 

exposome into health studies. The generic approach is two-fold: first to apply untargeted, or 

“discovery”, methods that employ high resolution mass spectrometry (HRMS) detection 

after liquid chromatography (LC) or gas chromatography (GC) separation to generate large 

datasets of full mass spectra, and secondly, mass fragmentation of organic compounds and 

biomolecules affected by environmental exposures. Accurate mass identification of specific 

compounds, library searching for mass-matching and metabolite fingerprinting, all 

combined with data mining through a number of statistical approaches, including 

chemometrics and bioinformatics, are used to identify markers that can then become 

targeted analytes. Accurate-mass measurements and a detailed study of the fragmentation 

together with the use of reference standards are used to confirm and quantify these specific 

markers, which can then be studied in relation to specific health outcomes.

Tackling the exposome requires state-of-the-art analytical techniques and tools (Jones, 2016, 

Rager et al., 2016). Exposome studies involve multidisciplinary approach requiring efforts 

from exposure scientists, epidemiologists, clinicians, statisticians, bioinformaticians, and 

analytical chemists. Next in line are advances in separation techniques, detection tools, high-

resolution instrumentation features, data acquisition and data mining. In this review, the 

focus is on the analytical tools and techniques that are useful to acquire information relevant 

to exposome studies.

2.1. High resolution mass spectrometry

High-resolution mass spectrometers (HRMS) such as Fourier transform ion cyclotron 

resonance (FT-ICR), orbitrap, and time-of-flight (TOF) are primarily used for full-scan MS. 
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These MS can be combined to yield tandem analyzers such as hybrid ion trap/orbitrap (LTQ-

Orbitrap) and quadrupole time-of-flight (QqTOF), that provide both full-scan MS and 

MS/MS to obtain accurate mass of both precursor and product ions for more confident and 

accurate compound identification. These instruments typically use ion sources such as 

electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI), or matrix-

assisted laser desorption ionization (MALDI). HRMS can be assessed by the following 

properties: (i) Mass accuracy, a mass error measurement derived from the ratio of difference 

(between measured and theoretical) to the theoretical m/z value, (ii) Mass resolution, the 

ability to differentiate molecular features with nearly equal m/z and derived from the full 

width at half-maximum (FWHM), (iii) Scan speed, the time required for completing the 

scanning over a range of m/z values, and (iv) Dynamic range, the range over which ion 

intensities are linear with analyte concentrations for a suite of m/z covering the entire 

experimental chemical space. In general, HRMS offers a mass accuracy in the range 

between 100 ppb for peptides on a FT-ICR and 5 ppm for an ion trap (IT)-TOF, mass 

resolving power in the range between 10,000 FWHM defined at m/z 1000 for IT-TOF and 

6,000,000 FWHM at m/z 100 on a 9.4 tesla FT-ICR, scan speed in the range between 8 Hz 

on a LTQ-Orbitrap and 100 Hz on a TripleTOF, and a dynamic range between 5–40,000 m/z 

on a TripleTOF and 20–100,000 m/z on a quadrupole-ion mobility-TOF hybrid instrument 

(Lin et al., 2015, Scigelova et al., 2011).

2.1.1. Fourier transform ion cyclotron resonance MS—FT-ICR MS was applied for 

profiling the human exposome and identified molecular features belonging to a suite of 

environmental chemical classes such as flame retardants, herbicides, insecticides, 

plasticizers, etc. in human plasma (Soltow et al., 2013). However, this technology is not 

generally used for the biomonitoring of environmental chemicals in human matrices due to 

cost and user feasibility limitations. Double-focusing high resolution mass spectrometer 

(DFHRMS) is a variation that combines both electric and magnetic fields for controlling the 

ions path. GC-DFHRMS was used in a targeted mode for the human biomonitoring of 

polychlorinated biphenyls in hair (Barbounis et al., 2012), dioxins in serum (Patterson et al., 

2011) and persistent organic pollutants in dried blood spot (Ma et al., 2014). Magnetic field 

mass analyzers are primarily used in multiple reaction monitoring (MRM) or selective ion 

mode (SIM) for targeted analysis of a few compounds, and are gradually been displaced by 

orbitrap and TOF systems that can perform untargeted analysis.

2.1.2. Orbitrap MS—The Orbitrap offers the advantages of high resolution and mass 

accuracy without the need for a superconducting magnet as in the case of FT-ICR MS. 

Hybrid trap mass spectrometers that combine ion trap and Orbitrap offer high sensitivity in a 

full scan and was used for broad screening of environmental chemicals in human urine 

(Plassmann et al., 2015) and pesticides metabolites in human urine in an exposome study 

(Jamin et al., 2014). Orbitraps have comparatively slow data acquisition rates and are less 

suitable to detect sharp peaks generated by fast UHPLC systems (Perry et al., 2008).

2.1.3. Time-of-flight MS—TOF MS allows all ions to be acquired with no lower or upper 

mass cut-off limits and hence provides high accuracy across the mass range. An 

advancement in TOF MS is the development of a hybrid quadrupole QqTOF that utilizes 
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sequential fragmentation (MSn) to fragment a given analyte, select a particular product ion 

of the analyte, and repeat the process multiple times to generate additional product ion 

accurate mass spectra features, which improves structure elucidation and molecular feature 

identification capabilities. The distinct advantages of a QqTOF are fast acquisition rate, wide 

mass range and high ion transmission efficiency. A hybrid between TOF and ion trap mass 

analyzers was released as an IT-TOF, which can retain ions in the acceleration chamber for 

multi-stage mass spectrometry (MSn) and switch polarity at a high speed (Liu, 2012). 

Among all the currently available HRMS platforms, TOF-MS and QqTOF MS are the most 

widely used systems for studying human exposures to environmental chemicals from an 

exposome perspective (Table 1), as detailed in the later section.

2.2. Sample preparation and separation

Pre-analytical steps such as collection, handling, and storage protocols of human samples 

are crucial for data quality and influence the outcomes of biomonitoring and exposome 

analysis (Dennis et al., 2016b). Standard operating protocols are critical for exposome data 

quality, but are lacking particularly in case of human matrices (Go et al., 2015). The sample 

preparation protocol and analyte separation technique selected can be a major determinant in 

defining which part of the exposome is captured.

2.2.1. Sample extraction and clean-up—Generally, extraction of a wide range of 

chemical classes using a single sample preparation protocol that is as broad as possible is 

ideal. Practically, a chemical profiling approach should involve minimal sample preparation 

to achieve unbiased analysis and better reproducibility. However, sample clean-up and pre-

concentration of analytes is preferred to remove interfering matrix components and for trace 

analysis. Since human samples obtained in clinical, exposure and epidemiological studies 

are usually limited in volume, it is essential to follow an effective sample clean-up 

procedure. Homogenization is a required pre-extraction step for preparing soft and hard 

tissues such as breast adipose (Hernández et al., 2009b, Hernandez et al., 2005, Medina et 

al., 2008), umbilical cord (Marin et al., 2014), meconium (Ristimaa et al., 2010) and teeth 

(Andra et al., 2015). Protein precipitation of serum (Fan et al., 2014) and urine (McMahen et 

al., 2015), and enzymatic deconjugation of meconium (Ristimaa et al., 2010) and urine 

(Wang et al., 2014a) were sometimes included as a clean-up and pre-concentration step, 

respectively. In the case of urine analysis, there is a trend towards a dilute-and-shoot 

approach (Diaz et al., 2012) or absence of any treatment(Cequier et al., 2014) (Cortejade et 

al., 2016) (Carrizo et al., 2015). While this approach is suitable for metabolomics studies 

looking at endogenous metabolites that occur at relatively higher concentrations(Rappaport 

et al., 2014), this is not widely used for the untargeted analysis of low-level xenobiotics in 

human matrices due to matrix interferences.

C urrently, the most common sample preparation protocols for the analysis of environmental 

chemicals and their metabolites in human matrices are liquid-liquid (LLE) and/or solid-

phase extractions (SPE). Different extraction solvent and sorbent combinations are available 

depending on the study objectives. When analyzing human samples with GC-HRMS 

methods, typically SPE with various polymer sorbents such as Oasis HLB ((Focant et al., 

2004, Wang et al., 2014a, Wang et al., 2015, Sandau et al., 2003, Sjodin et al., 2004), Strata 
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Silica (Hernández et al., 2009b) and C18 (Megson et al., 2013, Megson et al., 2015) (Fan et 

al., 2014) were used to cover a range of persistent organic pollutants. Interestingly, an HPLC 

cleanup on a silica column was used and the collected ethyl acetate fractions were pre-

concentrated and injected into the GC-HRMS for analyzing anthropogenic chemical 

contaminants in human breast adipose tissue (Hernández et al., 2009b). For LC-HRMS 

methods, typically SPE with CEREX ‘hpspe’ THC column (Chittamma et al., 2013), Oasis 

HLB (McMahen et al., 2015), and ISOLUTE HCX mixed-mode sorbent (Ristimaa et al., 

2010) or a LLE with acetonitrile (Rotander et al., 2015), methanol (Wu et al., 2012), ethyl 

acetate and tert-butyl methyl ether mixture (Yamaguchi et al., 2012), and hexane (Bouchard 

et al., 2009) were applied. These extractions largely capture a range of chemicals across the 

polarity spectrum. Taira et al. ((Taira et al., 2013)) used a combination of neutral, acidic, and 

basic SPE for profiling 27 metabolites of neonicotinoid pesticides in human urine. Specific 

SPE conditions were applied to retain and extract acidic neonicotinoid metabolites such as 

AM-2, IM-1, CM-1, basic ones such as AM-6, IM-10, and neutrals such as CM-2, CM-7, 

etc. (Taira et al., 2013). Similarly, Swinton et al. (Swinton DJ., 2011) used Oasis HLB and 

MCX mixed-mode cartridges for extracting nicotine and its metabolites in human urine. A 

supported LLE with ISOLUTE products was applied for extracting drugs and metabolites 

from umbilical cord (Marin et al., 2014), while LLE with ethanol, hexane and diethyl ether 

mixture followed by gel permeation chromatography with a Bio Beads S-X3 column was 

used for extracting PBDEs in human milk (Kazda et al., 2004). A sequential LLE and SPE 

protocol was applied for human plasma clean-up for perfluorinated compounds using 

acetonitrile extraction followed by a C18 concentration (Eom et al., 2014), and urine 

extraction for aromatics using a water and acid mixture followed by clean-up on an Oasis 

HLB cartridge (Marchese et al., 2004). An emerging area of biological sample preparation is 

the use of direct immersion solid phase micro-extraction for in vivo sampling and pre-

concentration (Bessonneau et al., 2015) and in-vial dual extraction for small sample volumes 

(Whiley et al., 2012) that are currently used in metabolomics applications but are yet to be 

explored for studying the environmental chemical space of the human exposome. A multi-

omics compatible sample preparation protocol was applied on tooth bio-matrix to achieve a 

wide coverage of biomarkers of exposure to environmental chemicals and bio-molecular 

responses of effect (Andra et al., 2015). Sample preparation steps involved in the targeted 

and untargeted analysis of environmental chemicals in human matrices using TOF- or 

QqTOF MS are detailed in Tables 2 and 3, respectively. These sample preparation 

procedures can also be used for analysis with other HRMS tools.

2.2.2. Ultra-high performance liquid chromatography (UHPLC)—Ultra-high 

performance liquid chromatography (UHPLC, popular as UPLC) uses sub-2μm stationary 

phase particles in a chromatography column and withstands high solvent flow rate and high 

pressure in the range of 6,000–19,000 psi. This enables (i) reduced peak width, (ii) shorter 

analytical run times, (iii) increased peak capacity, (iv) better ionization, and (v) reduced 

mass spectral overlap, leading to improved structure determination and confirmation 

(Denoroy et al., 2013). UHPLC offers increased resolution and sensitivity but fast-scanning 

detectors are needed to match the faster chromatography (Kaufmann, 2014). This is ideal for 

separation of analytes in complex matrices such as breast milk (Baduel et al., 2015) and 

tooth extracts (Andra et al., 2015). Besides enhanced sensitivity, UHPLC offers superior 
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performance compared to HPLC for specific metabolites classes. For example, biomarkers 

of exposure and stress in diesel engine exhaust-exposed workers were assessed by analyzing 

urine samples for mono-hydroxylated polycyclic aromatic hydrocarbons with HPLC and 

etheno-DNA adducts A and C with UHPLC coupled with mass spectrometer detection 

techniques (Shen et al., 2016a). Trends in the UHPLC applications were reviewed recently 

(Fekete et al., 2014) and applied to environmental chemicals in human matrices (Diaz et al., 

2012, Rotander et al., 2015, Taira et al., 2013, Wang et al., 2014a, Wu et al., 2012). UHPLC 

has been widely used in other applications such as food (Frenich et al., 2014) and water 

analysis (Hernández et al., 2014), and metabolism studies (Spaggiari et al., 2014, Zhao and 

Li, 2014).

2.2.3. Multi-dimensional comprehensive chromatography—Two dimensional (2D) 

liquid or gas chromatography methods improve separation and resolution of compounds 

compared to one dimensional LC or GC for analyzing complex human matrices. 

Comprehensive 2D methods transfer all the eluates from first dimension to the second for 

further resolution, while heart-cutting 2D methods transfer only a part of fractions separated 

in first dimension. Wider coverage of the chemical space is obtained when two columns of 

different phase material are used to separate analytes with different properties such as polar 

and non-polar species (Groskreutz et al., 2012). For example, the number of resolved 

compounds with the same functional groups, such as dioxins, furans, biphenyls, and 

benzenes belonging to the polychlorinated chemicals family, increased due to the increased 

selectivity and sensitivity of separation afforded by 2D GC ((Focant et al., 2004, Organtini et 

al., 2014, Muscalu et al., 2015). A 2D-GC separation has been used to study human 

exposures to persistent organic compounds in serum and milk (Focant et al., 2004) and 

polychlorinated biphenyl congeners in serum (Megson et al., 2015). Similarly, 2D-LC was 

applied for urinary antibiotics separation to study children exposures (Wang et al., 2014a). 

The work of several groups highlights advances in the applications of 2D-LC or GC coupled 

to mass spectrometry in metabolomics research that overlaps the endogenous biochemical 

space of the human exposome (Willmann et al., 2015, Marney et al., 2014).

2.2.4. New chromatography column phases—Reversed-phase (RP) LC columns are 

in wide use for the analysis of non-polar and medium-polar xenobiotics. Charged and polar 

chemicals that are not retained on RPLC are separated on hydrophilic interaction 

chromatography (HILIC) and pentafluorophenyl (PFP) columns. Aqueous normal-phase and 

ion-exchange columns are also used to complement RPLC coverage. HILIC serves either as 

a complementary or alternative solution to reversed-phase columns to retain and separate 

polar and charged analytes. Phosphorus-based amino acid herbicides such as glyphosate, 

glufosinate, and bialaphos are extremely polar, hydrophilic and amphoteric in nature and are 

difficult to separate on the conventional reversed-phase or ion-exchange columns. An 

Obelisc N LC column in the HILIC mode was used for simultaneous separation of these 

herbicides and their major metabolites namely aminomethylphosphonic acid and 3-

methylphosphinicopropionic acid in human serum (Yoshioka et al., 2011). However, HILIC 

is not widely used in human exposure analysis. A PFP column that exhibits hybrid stationary 

phase characteristics was used in a mixed-mode chromatography method and operated under 

both RPLC and HILIC conditions for SAMHSA-5 illicit drugs panel in urine (Clyde et al., 
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2015). Strategically combining RPLC, HILIC and PFP columns can capture and elute a wide 

range of both polar and hydrophilic metabolites in human matrices, covering a wider 

spectrum of the environmental organics chemical space (Tang et al., 2014, Alvarez-Segura et 

al., 2016, Shi et al., 2015). To achieve ideal results in a 2D-chromatography analysis, it is 

essential that the first and second columns are made of orthogonal phases enabling differing 

separations. In a 2D-LC setup, a RPLC x HSS T3 column combination was used for 

antibiotics analysis in childrens’ urine (Wang et al., 2014a). While in a 2D-GC setup, a non-

polar phase DB-1column and a carbonate phase HT-8 column was used orthogonally for 

separation of polybrominated diphenyl ethers, polybrominated and polychlorinated 

biphenyls, and organochlorine pesticides in human serum and breast milk (Focant et al., 

2004). Applications of orthogonal or combined chromatography columns has been limited 

for analyzing exogenous and environmental chemicals in human matrices but is expected to 

grow. Capillary electrophoresis has gained popularity for the bioanalysis of nucleic acids, 

proteins, lipids, carbohydrates, and metabolites (Mischak et al., 2009) and forensics (Kohler 

et al., 2013) and is pending exploration for the analysis of biomarkers of exposure to 

environmental chemicals.

2.2.5. Chromatography-less separation—Advanced mass spectrometry platforms can 

profile and screen complex mixtures without chromatography. Examples are flow-injection 

(FI), direct analysis in real time (DART), desorption electrospray ionization (DESI), laser-

ablation electrospray ionization (LAESI), and atmospheric solids analysis probe (ASAP) and 

open probe (OP) fast gas chromatography. Examples of applications are recreational drug 

screening using FI (Alechaga et al., 2015), small molecule quantitation in plasma without 

sample preparation and chromatographic separation using DART (Zhao et al., 2008), lipid 

characterization in biological samples using DESI (Eberlin et al., 2011), metabolite 

screening in bodily fluids using LAESI (Nemes and Vertes, 2007), polycyclic aromatic 

hydrocarbons in human saliva and urine using ASAP (Carrizo et al., 2015), and illegal drugs 

using OP fast gas chromatography (Amirav et al., 2014).

3. Applications of time-of-flight mass spectrometry for studying human 

exposures to environmental chemicals: leads to studying the human 

exposome

Applications of TOF- or QqTOF MS to detect and quantify chemicals and metabolites 

include targeted and non-targeted approaches (Ibáñez et al., 2008, Cortés-Francisco et al., 

2011, Nurmi et al., 2012). Table 1 presents studies using LC-TOF MS or LC-QqTOF MS for 

studying human exposures to a broad spectrum of environmental chemicals (Baduel et al., 

2015, Cortejade et al., 2016, Diaz et al., 2012, Andra et al., 2015), and specifically for 

polycyclic aromatic hydrocarbons (Bouchard et al., 2009, Marchese et al., 2004), pesticides/

insecticides (Cequier et al., 2014, McMahen et al., 2015, Taira et al., 2013, Yamaguchi et al., 

2012), drugs (Chittamma et al., 2013, Pragst et al., 2013, Ristimaa et al., 2010, Marin et al., 

2014), polyfluorinated chemicals (Eom et al., 2014, Rotander et al., 2015), environmental 

tobacco smoke (Swinton DJ., 2011), antibiotics (Wang et al., 2015, Wang et al., 2014a), and 

personal care products (Wu et al., 2012). GC-TOF MS or GC-QqTOF MS was primarily 

applied for studying human exposures to persistent organic chemicals (Hernández et al., 
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2009b, Kazda et al., 2004, Focant et al., 2004, Megson et al., 2015, Fan et al., 2014). Trends 

in the GC-HRMS applications were reviewed recently ((Hernández et al., 2011a, Hernández 

et al., 2012)), and applied to metabolites in human and rat urine (Mardal et al., 2016) and 

environmental chemicals in food (Portolés et al., 2014b, Nácher-Mestre et al., 2014), water 

(Nácher-Mestre et al., 2011, Portolés et al., 2014a) and packaging material (Onghena et al., 

2015, Cherta et al., 2015). These GC-HRMS approaches can be applied for studying the 

volatiles and non-polar chemicals space of the human exposome with sensitivity and limits 

of detection in the range between higher pico-molar to lower micro-molar concentrations 

(Smolinska et al., 2014, Macherone, 2013). In general, three approaches are considered in 

TOF- or QqTOF MS screening methods (Figure SI-2); depending on the study objectives, 

compounds fall into (i) targeted analysis (with available chemical characterization in 

databases and reference standards), (ii) suspect screening (with a priori information from 

literature and available chemical characterization in databases, but no reference standards), 

and (iii) unknowns profiling (with neither a priori information nor chemical characterization 

in databases or reference standards) (Hernández et al., 2014).

3.1. Targeted analysis

In targeted analysis, monitored compounds are already known and standards are available. 

The analytes are pre-selected prior to full-scan MS acquisition and are screened based on 

mass accuracy, retention time, isotopic pattern, and/or MS/MS transitions. A hybrid TOF 

(for example, QqTOF) offers data-dependent MS/MS trigger when a target ion listed is 

detected in the full-scan MS mode. This approach helps to quantify chemicals occurring at 

trace levels but is limited by covering only a small number of target analytes per run per 

sample. QqTOF MS was applied to the targeted quantification of 38 compounds of human 

exposure interest in urine, which included pesticides, veterinary drugs, UV filters, plastic 

additives, surfactants, and consumer and personal care products (Cortejade et al., 2016). 

Identification of the target analytes was based on comparison of the (i) isotopic pattern 

between theoretical and experimental spectra, (ii) retention time between analyte and a 

corresponding standard (±0.1 min), and (iii) mass error between theoretical and measured 

accurate mass (≤5 ppm). Table 2 presents the key analytical features of the studies that 

applied TOF- or QqTOF MS methods to the targeted analysis of organic contaminants in 

human matrices.

3.2. Non-targeted analysis

Non-targeted analysis involves detection and identification of chemicals and metabolites for 

which reference chemical standards are currently unavailable. The major limitation in its 

application is that it is not possible to confirm from the outset whether a tentatively 

identified compound present in the sample is real and whether a compound of interest that is 

actually present in the sample will be detected because of the several steps where it could get 

suppressed, unionized, or poorly recovered. The other notable limitation is that the 

untargeted findings are biased by the sample extraction procedure (for example, LLE versus 

SPE), analytical separation technique (GC versus LC versus direct injection), column 

chromatography (RP versus HILIC), ionization method (positive versus negative mode in 

ESI and electron impact versus chemical ionization in GC), and mass analyzer (TOF versus 

FT-ICR MS) used.

Andra et al. Page 10

Environ Int. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2.1. Biased non-targeted analysis/Suspect screening—An intermediate 

approach between targeted and a true non-targeted analysis is suspect screening or the 

biased non-targeted analysis (Hernández et al., 2014), when the elemental composition, 

formula, and structure can be predicted and identified but confirmation with reference 

standards is not possible. The approach generally consists of the following steps: (i) 

automatic screening that consists of compound extraction based on molecular features and 

filter algorithms, and (ii) identification based on mass fragmentation and confirmation by 

database search. With respect to the 14 studies that used suspect screening, a suite of human 

matrices were screened for suspect environmental contaminants varying from about 1 illegal 

drug in umbilical cord from in utero exposure (Chittamma et al., 2013), up to almost 140 

anthropogenic persistent organic contaminants in breast adipose tissue from general 

environmental exposures (Hernández et al., 2009b). LC-TOF MS was applied to screen up to 

75 suspect compounds in meconium from in utero exposure, including the following classes: 

(i) local anesthetics, (ii) tobacco smoke, (iii) opioids, (iv) stimulants, (v) hypnotics and 

sedatives, (vi) antidepressants, (vii) antipsychotics, and (viii) cannabis (Ristimaa et al., 

2010). A broad range suspect screening was also achieved with GC-TOF MS which covered 

persistent organics in breast adipose belonging to the following classes: (i) persistent organic 

pollutants such as polybrominated diphenyl ethers, polychlorinated biphenyls, 

organochlorine pesticides, (ii) pesticides such as different herbicides, insecticides, 

fungicides, (iii) polyaromatic hydrocarbons, and (iv) alkylphenols (Hernández et al., 2009b).

3.2.2. Unbiased non-targeted analysis/Unknowns profiling—Unknowns or the 

unbiased non-targeted analysis begins with screening all chemicals and metabolites without 

any prior information (Hernández et al., 2014), and is usually performed after targeted and 

suspect screening. Typical workflows include the following steps: (i) systematic examination 

of the chromatogram in total ion count (TIC) mode, (ii) application of a suite of 

chemometric data treatment and processing protocols to significantly reduce the data by 

filtering (detailed in Section 4), (iii) inspection of individual chromatographic peaks of 

interest in an extracted ion count (EIC) mode to extract mass spectra from the full-scan MS, 

(iv) assignment of possible compound formulas based on the MS/MS spectra for ions of 

interest, and (v) comparing the findings against mass spectral databases and libraries to 

determine and confirm the structure. The main limitations of non-targeted screening are (i) 

deconvolution of high signal intensity peaks that are not necessarily of study relevance but 

more likely of interfering matrix ions, (ii) limited understanding of the MS/MS 

fragmentation procedures, (iii) success of identification depends on the availability of 

chemical libraries and databases, and (iv) a laborious and time-consuming task when the 

unknowns of study relevance occur at trace concentrations in the human samples. Despite 

the usefulness of HRMS for screening unknowns, it is suggested to use complementary 

resources such as nuclear magnetic resonance (NMR) or an authentic reference standard for 

structure confirmation. Though a powerful tool for structural confirmation, NMR 

applications for the unknowns’ confirmation in biological and environmental matrices are 

limited by poor sensitivity (Markley et al., 2017). Unknowns screening has been performed 

to identify novel metabolites of fipronil insecticide in urine and serum (McMahen et al., 

2015) and tolfenpyrad pesticide in plasma (Yamaguchi et al., 2012). Table 3 presents the key 
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analytical features of the studies that applied TOF- or QqTOF MS methods to the non-

targeted analysis of organic contaminants in human matrices.

3.3. The “All-in-One” approach

A combination of suspected and non-targeted qualitative screenings with quantitative 

targeted analysis is gaining support as an “all-in-one” approach (Hernández et al., 2014). 

Merging untargeted and targeted mass spectrometry methods for studying the metabolome 

and lipidome are reviewed by Fiehn’s group (Cajka and Fiehn, 2016). With this approach 

qualitative screening and quantitation can be performed simultaneously giving a fast 

overview and wide coverage of chemicals. Such a method is particularly helpful in studying 

human exposures and multiplexed biomonitoring, where a quick distinction of positive 

findings above detection limits can inform target selection for characterization, 

identification, and quantitation using the same acquisition in a subsequent analysis. Andra et 
al. evaluated the performance of UHPLC-QqTOF MS in a hybrid approach for the 

identification of environmental contaminants in teeth, a novel bio-matrix to study prenatal 

exposures ((Andra et al., 2015)). The method was satisfactory for target analysis of 

bisphenol A, five phthalate metabolites (of 13 targeted) and three tobacco metabolites in the 

majority of time-specific dentine fractions from five children with information about 

retention times using reference standards. A three-step identification was used for suspect 

screening, molecular feature extraction (step 1), formula generation (step 2), and batch 

recursive processing (step 3), to improve the quality of the identified target list and reduce 

the number of manual interpretations. The compounds identified from suspect screening 

included structural analogs of bisphenol A, parabens, UV filters (benzophenones), 

polyfluorinated compounds, and pesticides. More than 10,000 molecular features were 

classified as unknowns in the untargeted screening for further identification and 

confirmation study. Similarly, Diaz et al. (Diaz et al., 2012) applied UHPLC-QqTOF MS for 

elucidation of organic contaminants in human urine. For target analysis, a retention time 

filter was applied. In this study, the applied three-step screening involved feature detection 

and deconvolution with set rejection parameters for peak width, baseline noise, and low and 

high energy function (step 1), accurate mass scoring with a set number of ions and intensity, 

and low and high precision tolerance (step 2), and matching with theoretical and empirical 

mass spectra libraries (step 3). The filtered candidate list was subjected to MS/MS for 

confirmation. Rotander et al. ((Rotander et al., 2015)) identified novel fluorinated surfactants 

in fire fighters sera using an information-dependent acquisition combining full MS survey 

scan and data-dependent MSn scans using a 300 counts per second intensity threshold, 30 to 

950 Da mass range, a 10 ppm mass tolerance, and programmed to monitor 12 candidate ions 

per cycle. XIC Manager was used for target compounds identification, while PeakView and 

Formula Finder software were used for structural confirmation of the unknowns. Other 

examples of the application of the hybrid “all-in-one” approach for studying broad spectrum 

environmental chemicals in human matrices are (Baduel et al., 2015), (Marin et al., 2014), 

(Rotander et al., 2015), (Fan et al., 2014), and (Wang et al., 2014a). The list of confirmed 

compounds in a targeted mode, and tentatively identified compounds in a suspect screening 

in these studies are provided in Table 4.
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4. High resolution data extraction features for scaling the environmental 

chemical space of the human exposome

Some of the basic principles for interpreting HRMS data for organic compounds in 

environmental and biological matrices are discussed by Pleil’s group (Pleil and Isaacs, 

2016). The following sections provide a detailed outlook on the application of data-

acquisition and interpretation tools with relevant examples from human exposure studies 

(Figure 1). This section is built on parallels applied in drug metabolites profiling and 

identification (Zhu et al., 2011, Ma and Chowdhury, 2013, Xie et al., 2012, Ma and 

Chowdhury, 2007), food contaminants screening (Lehotay et al., 2015), environmental 

analysis (Hernández et al., 2011a, Hernández et al., 2014, Bletsou et al., 2015), illegal drug 

testing (Thevis et al., 2013), and fruits and vegetables screening (Gomez-Ramos et al., 

2013).

4.1. Data-acquisition

Identification and characterization of the suspected compounds and unknowns is a 

challenging process. The application of smarter data acquisition tools and features is 

required to increase success with detecting and confirming compounds from the mass 

spectral profile obtained in a single run. Summarized in Table SI-1 are data acquisition and 

mining features used in the untargeted and hybrid QqTOF MS based approaches applied in 

human exposure studies.

4.1.1. Data-dependent acquisition—This acquisition is information-dependent and 

requires pre-set criteria in selecting and monitoring precursor ions of interest to further 

subject these to MS/MS fragmentation for confirmation. Typically, the sample analysis 

begins with full-scan MS acquisition. When an analyte of interest appears in the run and is 

recognized by the data software based on pre-determined criteria, the instrument switches 

from full-scan to MS/MS mode to acquire product ion mass spectra and returns to full-scan 

survey mode. Triggers can be dependent on ion intensity, accurate mass inclusion, isotope 

pattern, pseudo-neutral loss, or mass defect criteria, and are discussed below.

4.1.1.1. Isotope pattern-dependent acquisition: Halogen-containing molecules possess 

specific isotope signatures that can be exploited for identification in the mass spectrometric 

analysis. Software detects the chemicals and metabolites with unique isotopic patterns in 

full-scan MS and initiates MS/MS automatically. For example, chemicals and metabolites 

containing Cl or Br will exhibit ion pairs with m/z difference of 1.99705 Da or 1.99795 Da, 

respectively. The isotope features include an intensity ratio of about 3:1 or 1:1 for Cl- or Br-

containing molecular features. The approach is very helpful for detecting isotope-labeled 

compounds containing 2H-, 13C-, 15N-, 18O-, etc., which are used as internal standards or 

surrogates during sample preparation. This approach is also useful for metabolite detection 

with isotopes and does not require prior knowledge of their nature or accurate mass (Zhu et 

al., 2009, Lim et al., 2008, Yan and Caldwell, 2005, LeBlanc et al., 2010). This approach 

was applied in the detection of seven metabolites of fipronil insecticide that retained isotopic 

signatures of fluorine and chlorine atoms that ranged between 2 and 6 atoms, and 

characteristic spacing between the 35Cl (75.77%) and 37Cl (24.23%) isotopes and spectral 
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pattern of the metabolites with 2 Cl atoms (McMahen et al., 2015). Another application was 

the identification of Cl-PFOS, an unknown transformation product of polyfluorinated alkyl 

substances (PFAS) in human serum by the presence of the O3SCl− fragment (m/z 114.9261, 

Δppm = −0.7 ppm) in the QqTOF MS/MS acquisition (Rotander et al., 2015). Other 

examples of the use of isotope filters include the untargeted identification of a plastic 

additive N-butyl benzenesulfonamide in adipose tissue based on the isotope prediction 

filtering (i-FIT) for sulfur (Hernández et al., 2009a), fungicide metabolite chlorothalonil-4-

hydroxy compound in breast milk based on the characteristic isotopic profile of the three Cl 

atoms (MS Δppm = 0.5 ppm, MS/MS Δppm = 5.6 ppm) (Baduel et al., 2015), and hydroxy 

metabolites of tolfenpyrad and 4-[4-[(4-chloro-3-ethyl-1-methylpyrazol-5-

yl)carbonylaminomethyl] phenoxy]benzoic acid in plasma based on Cl isotope pattern 

(Yamaguchi et al., 2012). The limitation is when the isotope pattern is changed or removed 

during chemical transformation and metabolism resulting in misinterpretation or complete 

loss of information.

4.1.1.2. Ion intensity-dependent acquisition: Ion intensity is used as a threshold to initiate 

MS/MS acquisition for the generation of sequential product ions. This approach does not 

require a priori information on the precursors’ m/z values, and is particularly suitable for the 

identification of new metabolites from in vitro and in vivo experiments where exposures are 

controlled or known in humans. For example, ion intensity filters such as a threshold of 500 

counts per second was applied for confirmation of pesticides, and pharmaceutical and 

personal care products in breast milk (Baduel et al., 2015) with a minimum intensity as a 

percent of the largest peak in a predefined mass range applied for tentative identification of 

organic contaminants in urine samples (Diaz et al., 2012). Other examples of this approach 

are the use of (i) intensity ratios of representative ions for identification of 50 pesticides in 

serum (Fan et al., 2014), (ii) ratio of intensity of the isotopic molecular ions for the detection 

of triclosan and its glucuronidated, sulfonated and hydroxylated sulfonated metabolites that 

displayed a 27:27:9:1 isotope ratio for the [M-H]−, [M+2-H]−, [M+4-H]− and [M+6-H]− 

ions, respectively (Wu et al., 2012), and (iii) characterization of a flame retardant and 

plastics additive, 2-ethylhexyl diphenyl phosphate (EHDPHP), based on the sum of the ion 

intensities of its metabolites, mono hydroxylated-, keto-, di hydroxylated-, one keto- and one 

hydroxyl-, glucuronide-forms that were in the ratio of 37:21:19:13:4.5 in human liver 

microsomes, which are considered potential biomarkers of exposure to monitor in human 

urine (Ballesteros-Gomez et al., 2014). This approach can be challenging to apply to lower 

intensity metabolites and is limited to the preferential MS/MS acquisition of high-intensity 

endogenous matrix ions in biological specimens. Additionally, use of multiple data mining 

tools to differentiate MS/MS data for chemicals and/or metabolites resulting from exposure 

versus non-exposure sources is required.

4.1.1.3. Accurate-mass precursor inclusion list-dependent acquisition: Accurate masses 

of the expected or suspected chemicals and metabolites are included as pre-screen criteria to 

generate MS/MS scans. While acquiring the full-scan MS information, the software will 

screen for the accurate masses included in the list and performs MS/MS when detected and 

only if they are within a defined mass tolerance range and above a certain intensity 

threshold. Similarly, precursor ion filter triggers MS/MS acquisition when a pre-set ion mass 
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is detected within a set mass defect range in the full-scan MS. This approach is particularly 

useful to increase the probability of detecting known and suspected trace level chemicals and 

metabolites in human matrices but is not suitable for obtaining MS/MS on the unknowns not 

included in the list. For example, high accurate masses extraction was performed for the 

characterization of low- and high-polarity metabolites of triclosan in serum (Wu et al., 2012) 

and perfluorooctanesulfonic acid and other perfluoroalkyl acids in human serum (Rotander 

et al., 2015). Precursor ion information was used for the detection of five metabolites of 

tolfenpyrad pesticide metabolites in plasma (Yamaguchi et al., 2012). However, false 

identifications occurred despite the use of accurate masses in the case of four antibiotics - 

lincomycin, sulfacetamide, doxycycline, and sparfloxacin in urine (Wang et al., 2014a). In 

another case, Taira et al ((Taira et al., 2013) did not detect the parent neonicotinoids 6-

chloronicotinic acid and 2-chlorothiazole-5-carboxylic acid with precursor ion information 

applied, while their metabolites 2-[(6-chloropyridine-3-carbonyl)amino] acetic acid and 2-

[(2-methylsulfanyl-1,3-thiazole-5-carbonyl) amino]acetic acid were detected in the study of 

human urine samples.

4.1.1.4. (Pseudo) neutral loss-dependent acquisition: Neutral loss is suitable for the 

identification of parent ions that lose a neutral mass during MS/MS fragmentation. This is 

useful for chemicals and metabolites with functional groups such as -OH and -NH2 that 

yield 17.0033 and 16.0193 mass unit difference. Moreover, neutral losses of isobaric 

functional groups such as N2 (28.0067), CH2CH2 (28.0318), and CO (27.9955) with very 

similar m/z values are able to be differentiated (Nielen et al., 2007). Pseudo neutral loss 

mimics neutral loss in a sense that full-scan MS is performed with two different collision 

energies in sequence and neutral loss ion pairs monitored between the low and high collision 

energy scans. When such neutral losses are identified and within a mass tolerance threshold, 

the specific precursor ions in the low collision energy full-scan MS are subjected to MS/MS 

at a higher collision energy. This approach has shown potential value in proteome analysis 

and particularly for the identification of phosphorylated and N-glycosylated sites on proteins 

(Hsiao and Urlaub, 2010). The advantages of this approach are the collection of MS and 

auto MS/MS spectra for each specimen and no requirement of prior knowledge on precursor 

ions. However, it might require multiple scans with multiple collision energies to overcome 

the missed fragmentation patterns for each precursor ion. Unknowns in perfluoroalkyl 

compounds class were identified in serum by their distinct neutral loss of –CF2 functional 

group with m/z 50 (Rotander et al., 2015). Other applications of neutral loss filtering are 

monitoring the loss of one or two water molecules ([M-H2O+H]+, [M-2H2O+H]+) in the 

identification of anabolic steroids that form adducts with mobile phase such as methanol and 

acetonitrile (Diaz et al., 2012), and a water molecule loss from glucuronide conjugates of 2-

ethylhexyl diphenyl phosphate (Ballesteros-Gomez et al., 2014). Notable applications are to 

detect metabolites from phase II detoxification pathways that show characteristic neutral loss 

of 176.0321 for glucuronide conjugates, 129.0426 for glutathione conjugates, and 79.9568 

for sulfate conjugates (Wu et al., 2010; Yao et al., 2016).

4.1.1.5. Mass defect-dependent acquisition: Mass defect is the difference between the 

exact mass and the nominal mass of a compound. In a conventional sense, the mass of 

carbon (12C) is set at 12.0000 Da and for the rest of the elements it is either slightly above or 
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below their integral values. For example, the exact mass of hydrogen (1H) and oxygen (16O) 

are 1.007825 Da and 15.994910 Da, resulting in mass defects of 0.007825 Da and −0.00509 

Da, respectively. This feature helps to discriminate molecular features of interest from 

matrix and background ions because of differences in their elemental compositions and 

respective mass defects. When such a filter is applied to full-scan MS, precursor ions that 

fall under a defined mass defect window trigger MS/MS acquisitions. Multiple mass defects 

have been applied to identify different classes of phase II conjugates, dealkylation, 

hydrolysis and other metabolites of physiological relevance simultaneously (Campbell and 

Le Blanc, 2012, Zhang et al., 2009, Zhang et al., 2008). However, the absolute mass defect 

approach falls short for higher molecular weight compounds where the possible number of 

elemental formulas is large and respective errors can be high. Relative mass defect, a new 

approach that normalizes absolute mass defect to an ion’s mass (Stagliano et al., 2010), was 

applied to identify novel glycosylated sesquiterpenoid plant metabolites (Ekanayaka et al., 

2015). The mass defect filter offers high selectivity for chemical and metabolite detection in 

human matrices. For example, a characteristic mass defect of −1.00729 Da ion for fluorine 

and chlorine atoms was applied for detecting fipronil insecticide metabolites in human 

serum and urine (McMahen et al., 2015). Similarly, in the case of halogenated flame 

retardants a mass defect of −0.0461 Da was used for the detection of tris(chloroethyl) 

phosphate and 1.1534 Da for 1,2,4,5-tetrabromo-3, 6-bis(2,3,4,5,6-pentabromophenoxy)-

benzene (Ionas et al., 2015).

4.1.1.6. Background subtraction and noise reduction acquisition: Spectra from a control 

sample are used for background subtraction from study specimens. Noise reduction of 

interfering masses helps to detect chemicals of interest that are otherwise suppressed among 

the predominant housekeeping endogenous metabolites in an unprocessed mass spectrum. 

This approach does not require prior knowledge of the molecular features or the mass 

defects of the study analytes, and is suitable for all types of chemicals and metabolites 

analysis. However, this is less sensitive and selective compared to other data acquisition 

methods. Dynamic background subtraction filters such as 12 scans offset to minimize 

background ions count, a subtraction multiplication factor of 2 to cover variations in 

background ions intensity, and minimum peak widths for retention time (5 scans) and 

spectra (0.01 Da) are used for peak finding (Baduel et al., 2015). Chemical background was 

reduced by applying micro- or narrow-window extracted ion chromatograms while detecting 

anthropogenic contaminants in breast adipose tissues (Hernández et al., 2009b). Another 

example is where different mass extraction windows of 1, 10, 100, and 1000 mDa were 

applied to reduce background noise and increase signal-to-noise for the piperonyl butoxide 

pesticide in maternal and umbilical cord sera (Fan et al., 2014).

4.1.1.7. Adducts and/or product-ion filter: Predicted adducts and/or products ion lists 

helps to detect the MS/MS fragments of interest and identify the precursors that can generate 

them at a noticeable intensity. This approach is opposite to precursor ion filtering. For 

example, perfluoroalkyl sulfonates yield characteristic product ions such as SO3
− (m/z 80) 

and FSO3
− (m/z 99) that were used in conjunction with other product ions such as 

(CnF2nSO3)−, (CnF2n+1)−, and (CnF2n-1SO3)− for detecting unknown metabolites in human 

serum (Rotander et al., 2015). Structural confirmation of a suite of suspected pesticides in 
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human serum was possible based on product ion information (Fan et al., 2014). Adducts 

knowledge was applied in studying anabolic steroids (Diaz et al., 2012) and insecticides in 

human urine (McMahen et al., 2015), and drugs (Marin et al., 2012) and fluorinated 

surfactants in serum or plasma (Rotander et al., 2015).

4.1.2. Data-independent acquisition—This acquisition is independent of information 

and hence easy to perform (Tiller et al., 2008). The approach relies on both collision-

induced dissociation spectra generated from varied collision energies and post-acquisition 

data processing software. The fragment ion information is generated in a non-specific 

manner and without a priori knowledge. The data-independent acquisition features MSE, all-

ion fragmentation and MS/MSALL are discussed below.

4.1.2.1. MSE approach: MSE is the simultaneous acquisition of mass spectra at low and 

high collision energy without a priori precursor ion selection (Hernández et al., 2011b). The 

low energy (LE) acquisition minimizes fragmentation and conserves intact molecular ions to 

obtain information pertaining to the parent molecule and adducts. The high energy (HE) 

acquisition promotes fragmentation and the generated accurate mass fragment ions helps 

structural elucidation and tentative identification where reference standards are unavailable. 

This approach yields information on both protonated or deprotonated parent molecule and 

corresponding fragment ions in a single acquisition. In addition, MSE not only conserves 

information on adducts and multimers but also isotope patterns thus enabling retrospective 

analysis of previously acquired data (Hernández et al., 2015b). MSE has been the first 

approach for untargeted discovery workflows using QqTOF. Since the approach does not 

utilize true MS/MS acquisition, it is difficult to capture trace level compounds that are 

overshadowed by co-eluting matrix components. MSE was applied for urine analysis with 

successful confirmation of about 95% of the suspected compounds where reference 

standards were not available (Diaz et al., 2012). Similarly, this approach of concurrent 

acquisition of MS and non-specific MS/MS scans was applied for untargeted screening of 

antibiotics and detection of trimethoprim in human urine (Wang et al., 2014a). The MSE 

approach has been widely used in environmental applications (Hernández et al., 2012), and 

to discover metabolites and transformation products (Kinyua et al., 2015, Hernández et al., 

2015a, Ibáñez et al., 2016, Pozo et al., 2015).

4.1.2.2. All-ion fragmentation: This approach is useful for Orbitraps where a wide range of 

precursor ions are selected in a full-scan MS and subjected to non-selective, all-ion 

fragmentation in the collision cell. Cell voltages are increased so that the fragment ions are 

sent to the Orbitrap where product ion generation and analysis occurs with MS2 and MS3 

scans. This results in the generation of fragment ions free from matrix and interfering ions. 

All-ion fragmentation acquisition using LTQ-Orbitrap was used in clinical applications for 

identifying drugs (Henry et al., 2012), endogenous steroids (Franke et al., 2011), fatty acids 

(Li and Franke, 2011b), and DNA methylation products (Li and Franke, 2011a). This is a 

generic method to generate non-selective MS/MS spectra in the higher energy collisional 

dissociation of Orbitrap instruments. The limitations are that no selection on the precursor 

ions can be made. A combination with multiple data mining tools to search for compounds 
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is also required. This approach is suitable for high-throughput compound identification in a 

discovery mode.

4.1.2.3. MS/MSALL with SWATH acquisition: This approach is useful for triple TOF 

analyzers where full-scan MS is stepped at pre-defined precursor ion windows that span 

across the entire mass range and transfer all ions in those windows into the collision cell for 

MS/MS acquisition. The SWATH (Sequential Window Acquisition of all Theoretical Mass 

Spectra) feature improves selectivity and sensitivity by the application of multiple sequential 

full-scan precursor ion windows in a very narrow width and as low as 20 Da. Acquired data 

is large and complex, making the data mining challenging and requiring multiple software 

tools for the detection and confirmation of compounds. However, this approach is very 

suitable for high-throughput identification of unknowns. This is a generic method to 

generate non-selective MS/MS spectra in triple TOF systems. SWATH was applied for 

toxicological studies (Arnhard et al., 2015). SWATH was compared with both information-

dependent acquisition and MSAll approaches in metabolite profiling and identification using 

UHPLC-QqTOF MS (Zhu et al., 2014).

4.2. Data mining

HRMS data is highly complex with a large number of measurements on a vast number of 

molecular features, and requires a series of steps for interpretation that can be challenging. 

Typically, the general workflow involves (i) extraction of molecular features, (ii) data 

treatment and statistical analysis, and (iii) structure identification and confirmation. Detailed 

reviews on this topic are available here (Yi et al., 2016, Gorrochategui et al., 2016), and 

briefly discussed below in the context of HRMS data mining for interpreting the 

environmental chemical space in human matrices.

4.2.1. Molecular features extraction—Molecular features extraction from a HRMS 

profiling data set involves peak detection, peak alignment, and peak picking. The first step in 

HRMS software uses an Extracted Ion Chromatogram (EIC or XIC) or Extracted Mass 

Chromatogram (EMC) for spectral information display. Peaks from background noise and 

co-eluting peaks along with the extracted ions of interest are included within the same 

retention time window (Andra et al., 2015) (Pragst et al., 2013) (Pelander et al., 2008). The 

MS/MS filters that were described in the above section are also applicable for full-scan MS 

data reduction. For example, features such as mass defects, isotope patterns, accurate mass 

and ion intensities were used to filter full scan data for characterizing tricresyl phosphate 

isomers in aircraft engine lubricants that are linked to aerotoxic syndrome in aircraft crew 

(Megson et al., 2016) and halogenated persistent organics in an electronics recycling 

facility’s dust (Ubukata et al., 2015). Typically, each molecular feature extracted from the 

raw HRMS data file has its own accurate mass and measured m/z values, and a characteristic 

retention time but with small differences between samples. Hence, peak alignment is 

required to directly compare the unique molecular features in different samples. This was 

used to automatically adjust minor variations in mass and retention times and to ensure 

identical perfluorniated chemicals are compared accurately across the case-control serum 

samples in a study of firefighters (Rotander et al., 2015). The outcome of these efforts will 

result in data reduction to an extent where there are several thousands of molecular features 
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still remaining. Some of the features belong to the same chemical, such as ion adducts with 

sodium, ammonium, or acetate ions with varying charge states, ions of the isotopes, and ions 

formed in the ionization source from gas-phase interactions and dissociations (Zeng et al., 

2014). Such a data set with redundant ion information for each molecular feature makes the 

HRMS data interpretation more complex, and hence a data reduction step with statistical 

tools is essential to group closely relevant molecular features.

4.2.2. Data pretreatment and analysis—Normalization, scaling, and transformation 

are three approaches of data pretreatment commonly performed to make the data suitable for 

statistical analysis (Bijlsma et al., 2006, Warrack et al., 2009). Data normalization adjusts 

differences between samples for a given molecular feature, and is considered as a within 

chromatograms or row-wise correction (Ejigu et al., 2013). Normalization can be chemistry- 

or numerical-based, or both. The former involves use of one or more isotope labeled internal 

standards prior to or after sample extraction, whose response is used for determining the 

optimal normalization for each molecular feature of interest. For example, in the 

identification of novel per- and polyfluorinated compounds in human serum, HRMS data 

was normalized using an internal standard peak area (13C4 PFOS) and total area sums 

(Rotander et al., 2015). The latter approach involves the use of a pooled QC sample across 

the batch and applies computational models to correct the abundance deviation of a 

molecular feature in a sample according to its performance in the neighboring QC run using 

a locally estimated scatterplot smoothing (LOESS) method (Shen et al., 2016b). Data scaling 

and transformation compares molecular features within and between samples, and is 

considered a between chromatograms or column-wise correction (van den Berg et al., 2006). 

Scaling does a fold difference adjustment between molecular features by converting raw data 

into concentration differences based on a scaling factor (Khalheim, 1985). Transformation 

applies non-linear conversions to the raw data based on the log or power transformation. 

Data pretreatment approaches correct the raw data for non-equal variance uncertainty within 

and between molecular features across a batch of samples (Kvalheim et al., 1994). 

Following the data pretreatment steps, statistical methods such as univariate and/or 

multivariate methods are applied to differentiate not only the fold changes in molecular 

features, chemicals, and biomarkers of interest but also to distinguish control versus 

exposure groups, and disease sub-types (Ren et al., 2015). Principle Component Analysis 

(PCA) was applied to distinguish polychlorinated biphenyls exposure groups (Megson et al., 

2015) and Volcano plot and fold change were used to classify fluorinated compound 

exposure groups (Rotander et al., 2015). Statistical tools for HRMS data analysis have been 

reviewed elsewhere (Yi et al., 2016, Gorrochategui et al., 2016).

4.2.3. Chemical identification—Unknowns’ identification process is constantly 

evolving. The generated molecular features are typically screened against small molecule 

library databases (Yin and Xu, 2014). Chemical Analysis Working Group of the 

Metabolomics Standards Initiative (MSI) has laid out guidelines for the identification of 

chemicals and metabolites based on four levels: definitive identification with an authentic 

standard (level 1), putative identification at metabolite-specific (level 2) and class-specific 

stage (level 3), and the remaining are considered as unknowns (level 4) (Creek et al., 2014). 

The European Directive 2002/657/EC provides similar criteria for compound identification 
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but based on the analytical instrumentation used (Directive, 2002). However, since these 

standards were set prior to the emergence of HRMS technologies, there have been 

discussions and efforts to address and revise the guidelines in response to the increasing 

complexity and challenges in unknowns’ identification in a non-targeted analysis (Schrimpe-

Rutledge et al., 2016). Computational tools are essential to interpret the multi-stage mass 

spectrometry diagnostic ions and product fragments, and to piece fragments together to 

derive the precursor compound. Key articles that discuss several approaches for structure 

elucidation of both polar and non-polar molecules are suggested here (Scheubert et al., 2013, 

Hufsky et al., 2014). A popular approach is the combined use of an in silico fragmentation 

algorithm coupled with a mass spectral database search such as MetFrag combined with 

Mass-Bank (Wolf et al., 2010), Metabolite Identification via Database Searching (MIDAS) 

(Wang et al., 2014b) and High-throughput AutoMation of Mass Frontier (HAMMER) (Zhou 

et al., 2014). Example biomonitoring studies that utilized HRMS and in silico tools for 

structure confirmation are the analysis of environmental chemicals in breast milk (Baduel et 

al., 2015) and non-targeted and unknown perfluoroalkyl compounds in serum (Rotander et 

al., 2015). However, a limitation of this combinatorial approach is that the fragmentation 

rules relating to both organic and gas-phase chemistry are not completely taken into account. 

To address this, the Critical Assessment of Small Molecule Identification initiative 

encouraged chemists to evaluate and improve their automated annotation workflows 

(Schymanski and Neumann, 2013, Nishioka et al., 2014).

5. Future perspectives

This section highlights opportunities to develop and incorporate advances in separation and 

detection sciences into studying the environmental chemical space of the human exposome 

in the short and medium term.

• HRMS in multiplexed biomonitoring: A major advantage of using HRMS in 

human biomonitoring is the retrospective analysis of full MS data, which helps to 

search for environmental chemicals that were newly identified or for which new 

information becomes available even years after sample analysis and data 

generation. This is possible without the need for new sample analysis. Time 

trends analysis of non-targeted data in epidemiological studies will help to 

identify peaks of interest that show an increase or decrease with time, and thus 

help to prioritize the number of compounds for structural characterization and 

confirmation to include in follow-up studies. Time-trends in HRMS data was 

applied in other areas of science for prioritizing peaks of interest (Gago-Ferrero 

et al., 2015, Plassmann et al., 2016). Similarly, a list of masses of interest can be 

generated by comparing cohorts with and without a certain chemical exposure or 

health outcome, or between environmental and occupational exposure. Another 

way of developing the list is to identify environmental chemicals of human 

toxicology relevance by performing non-targeted analysis of a fraction or 

mixture in an effect-directed analysis approach (Plassmann et al., 2015). The 

limitation of HRMS in biomonitoring studies is the inability to detect compounds 

at low levels, especially in complex human matrices. Hence, the development of 

sample preparation protocols with enhanced extraction and sensitivity for trace 
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level chemicals are needed (Dennis et al., 2016b) and in particular those that are 

multi-omics compatible for incorporating several classes of chemicals into a 

multiplex biomonitoring approach.

A well-designed metabolomics experiment with HRMS analysis can be applied 

to monitor both endogenous metabolites and environmental chemicals in human 

matrices simultaneously. For example, a range of environmental chemicals 

belonging to flame retardants (triethylphosphate), tobacco (cotinine), herbicides 

(chlorsulfuron), and insecticides (chlorobenzoic acid) were detected along with 

metabolism biomarkers of energy (glucose), renal activity (creatinine, urate), and 

stress (cortisol) in the plasma of 157 healthy adults (Go et al., 2015). Other 

metabolomics studies have also looked at environmental chemicals in the same 

sample and analysis (Soltow et al., 2013, Edmands et al., 2015). Such a multiplex 

analysis captures both exo- and endogenous biomarkers in human health studies. 

Applications of HRMS to find associations between biomarkers of exposure and 

effect are discussed (Walker et al., 2016a). For example, anthracene 

concentrations in human sera were found to be significantly correlated with 24 

and 18 adduct masses of polycyclic aromatic hydrocarbons metabolites from 

HRMS analysis coupled with HILIC and RP chromatography, respectively 

(Walker et al., 2016b). Other examples of relevance are in regards to the 

untargeted biomonitoring of pesticides exposure in humans (Roca et al., 2014) 

(Jamin et al., 2014). Recommendations on HRMS applications in internal 

exposure assessment were previously discussed (Dennis et al., 2016b). These 

support the use of HRMS to assess human exposures to multiple chemical 

classes simultaneously and estimate their body burden in a multiplexed 

biomonitoring approach.

• HRMS in sequencing the human exposome: Exposome science, as a hypothesis 

generating approach, is expected to open a critical door that will greatly increase 

our understanding of the associations between exposures from external, internal, 

and non-specific sources and human health outcomes (Athersuch, 2012). In 

studying the human exposome, the researcher is confronted with substantial 

complexity. Small molecule and metabolite profiling is gaining popularity as a 

first approach to study the chemical space of the exposome (Athersuch, 2012, 

Athersuch, 2015, Athersuch and Keun, 2015). This is because with HRMS one 

can detect both the chemical of exposure and the biomarkers of biological 

response such as metabolites to a better extent compared to LRMS (Jones, 2016). 

Untargeted approaches for studying human exposures to chemicals are not 

considered hypothesis-driven in regards to the biological mechanism involved 

and/or affected by the chemical exposure (Rappaport et al., 2014). However, 

multiplex biological assays were recently combined with MS for the 

identification of molecules having a biological response and biomarkers of health 

relevance in an effect-directed approach. For example, gene reporter assays 

combined with LC-HRMS for determining bioactive estrogenic and anti-

estrogenic compounds in environmental water samples (Jonker et al., 2015), cell-

based reporter gene assays combined with LC-MS for studying metabolites of 
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the human histamine H4 receptor ligands (Nijmeijer et al., 2012), and a 

multiplatform approach for protein biomarkers discovery using SOMAscan, a 

multiplexed aptamer-based technique, and LC-MS (Billing et al., 2016, McArdle 

et al., 2016). By looking at biological response molecules it can drive future 

studies on the biological systems affected by exposures (Rappaport, 2012) 

(Dennis et al., 2016a).

Now it is well known that >80% of human diseases are linked to environmental 

exposures (Rappaport, 2016, Cui et al., 2016). Routine analysis of human 

matrices for biomarkers of clinical health in conjunction with biomarkers of 

exposure to environmental chemicals may identify sub-populations susceptible to 

health risk through environmental-wide association studies (Patel et al., 2010, 

Lind et al., 2013). Hence, the exposome concept is gaining support for inclusion 

in epidemiological studies (Vineis et al., 2016, DeBord et al., 2016, Lopez de 

Maturana et al., 2016, Andra et al., 2016). However, the chemical space of the 

human exposome is estimated to have >400,000 environmental chemicals with 

>200,000 molecular features or ions that are yet to be characterized in human 

matrices analyzed with HRMS (Uppal et al., 2016). This space is known as the 

‘dark matter of the exposome’. To tackle this issue, the Clinical Biomarkers 

Laboratory at Emory University is applying high-resolution metabolomics to 

analyze over 20,000 biological specimens using rigorous standard operating 

procedures (Go et al., 2015) and has obtained more than 100,000 molecular 

features for which accurate mass, retention time, and ion intensity information 

were collected. Development of such a reference database will enable 

retrospective analysis of human exposures and help interpret the human 

exposome (Uppal et al., 2016, Grondin et al., 2016). The use of high-resolution 

metabolomics to study the human exposome in multiple ways is outlined by 

Jones (Jones, 2016). Despite the advantage of giving a wide coverage of the 

metabolome, and endo- and exogenous compounds, no single HRMS method 

covers all the chemical and molecule-classes of interest (small molecules versus 

proteins). While metals cannot be measured by HRMS, organometallics (Bouatra 

et al., 2013) and metal-bound biomolecular adducts with DNA and proteins that 

are indicative of a biological response to a metal or other inorganic chemical 

exposures can be detected (Meier et al., 2016, Hemeryck et al., 2016). The 

overall challenges for environmental chemical analysis in studying the human 

exposome, and the opportunities for understanding metabolome-wide 

associations with environment, exposures, and health effects were discussed 

recently (Jones, 2016).

6. Conclusion

HRMS provides opportunities to screen target, suspect, and non-target molecular features 

with improved sensitivity, selectivity, reliability and robustness. Intelligent workflows that 

are either data dependent or data independent acquisitions are becoming available to 

combine non-targeted and targeted analyses in a single method that includes triggering 

MS/MS scans on precursor or product ions for a suite of molecular features that are above 
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threshold intensities. Moreover, HRMS offers a unique opportunity for retrospective analysis 

of full-scan only MS and/or the MS/MS data, which enables one to return to the 

chromatograms and look for emerging chemicals and contaminants even years after the 

initial sample analysis. This feature comes as a great advantage to human biomonitoring 

programs.

Despite the high resolution and accuracy of HRMS, reliable structure characterization and 

elemental formula assignment of the detected compounds remain a challenge. This requires 

advanced software workflows and chemical libraries to match fast and huge data 

acquisitions. The main challenge in non-targeted screening is when the compounds of 

relevance occur at trace levels and their ions are masked by high intensity interfering matrix 

ions. It is also important to integrate alternative approaches for increasing the success of 

tentative identification such as knowledge on structure-property relationships for improved 

chromatography retention and mass spectrometry ionization efficiencies and use of 

complementary techniques such as nuclear magnetic resonance. Such efforts are becoming 

more valuable in the field of metabolomics and are required for studying the exposome. In 

years to come, HRMS is likely to become a major technology for monitoring body burdens 

to a suite of environmental chemicals and contaminants at several life stages.

The field of human exposome science is in a continuum of development to build upon the 

knowledge and success from searching the metabolome, in a comparative fashion, with the 

ultimate goal to widen our understanding on the associations between human exposures and 

health outcomes from an epidemiological perspective. With this review contribution 

describing the role of HRMS in the untargeted analysis of environmental chemical 

exposures, we hope to have provided the research community an analytical perspective for 

joining the call to action–sequencing the exposome (Jones, 2016).
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Highlights

1. Human biomonitoring is limited by the number of chemicals analyzed in a 

targeted approach.

2. High-resolution mass spectrometry (HRMS) can be used to monitor a broad-

spectrum of environmental chemicals and markers of biological response in 

human matrices.

3. Advances in data acquisition workflows accelerate the untargeted profiling of 

the environmental chemical space in the human exposome.

4. Intelligent data mining filters and tools are constantly evolving to characterize 

unknown compounds.

5. High throughput simultaneous identification and quantitation of new 

chemicals and metabolites is becoming feasible with HRMS.
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Figure 1. 
Data acquisition and mining workflow typically followed for untargeted analysis using a 

LC- or GC-HRMS platform.
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