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Abstract This review summarizes the advances in environ-
mental analysis by liquid chromatography—high-resolution
mass spectrometry (LC-HRMS) during the last decade and
discusses different aspects of their application. LC-HRMS
has become a powerful tool for simultaneous quantitative
and qualitative analysis of organic pollutants, enabling their
quantitation and the search for metabolites and transformation
products or the detection of unknown compounds. LC—
HRMS provides more information than low-resolution (LR)
MS for each sample because it can accurately determine the
mass of the molecular ion and its fragment ions if it can be
used for MS-MS. Another advantage is that the data can be
processed using either target analysis, suspect screening, ret-
rospective analysis, or non-target screening. With the growing
popularity and acceptance of HRMS analysis, current guide-
lines for compound confirmation need to be revised for quan-
titative and qualitative purposes. Furthermore, new commer-
cial software and user-built libraries are required to mine data
in an efficient and comprehensive way. The scope of this
critical review is not to provide a comprehensive overview
of the many studies performed with LC-HRMS in the field
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of environmental analysis, but to reveal its advantages and
limitations using different workflows.

Keywords High-resolution mass spectrometry - Liquid
chromatography - Transformation products

Introduction

The challenges that can be encountered when analyzing polar
organic pollutants in environmental samples are diverse. One
of the challenges is that there are a plethora of organic con-
taminants of environmental concern with different physico-
chemical properties. The number of organic pollutants report-
ed in the literature is increasing annually, with new pollutants,
the so-called “contaminants of emerging concern”, which are
frequently present at low concentrations in the environment,
making the analysis of environmental samples evermore chal-
lenging. This is mainly caused by the necessity of including
large numbers of contaminants in a single analysis because
this reduces analysis times. Liquid chromatography coupled
to mass spectrometry (LC-MS) is a sophisticated hyphenation
of analytical techniques which enables the determination of
organic pollutants in complex environmental matrices because
of its selectivity and sensitivity. Since the 1990s, when LC
coupled to triple-quadrupole mass spectrometry (QqQ-MS)
started to be marketed, operating in multiple-reaction-
monitoring (MRM) mode, this technique has been the first
choice for quantitative analysis because of its high sensitivity
and selectivity against a complex matrix background. Howev-
er, high-resolution mass spectrometry (HRMS) has in recent
years become more accessible to research laboratories with
the development of Orbitrap-MS-based instruments and the
improvements to time-of-flight (TOF) MS systems. Several
publications describing the new generation of HRMS systems
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[1] and revealing differences between low-resolution (LR)
MS and high-resolution capabilities [2,3] testify to the grow-
ing importance of HRMS. It should be kept in mind that
HRMS analyzers can also be coupled with gas chromatography,
but it has been revealed that LC enables analysis of a broader
range of contaminants with very different polarities and chemical
properties. The use of HRMS enables rapid, selective, and robust
analysis in both qualitative and quantitative applications. The
ease of setup and the possibility of storing a high volume of
full-scan and MS—-MS data of high mass accuracy enables retro-
spective analysis without the need to re-run samples. In addition,
the data can be processed using target analysis, suspect screen-
ing, and non-target screening (Fig. 1). The reliability of these
approaches relies on the main features of the mass analyzer,
including mass accuracy, precision, and resolving power; the
combination of these characteristics is crucial for correctly mea-
suring ion masses in the presence of interfering matrix compo-
nents occurring in complex environmental samples. In addition,
the creation of compound spectra libraries in conjunction with
software packages makes the data analysis and interpretation
easier. This opens up the possibility of different specialized types
of analysis including screening of suspects, target and non-target
analysis, and structural elucidation of novel metabolites and
transformation products (TPs).

Several studies have been performed in recent years using
LC-HRMS for environmental analysis of different classes of
pollutants, and some reviews have been published which discuss
these works [4—7]. For these reasons, in this paper we focus on
the most recent published articles on environmental analysis
using LC-HRMS for qualitative and quantitative purposes. Par-
ticular attention has been dedicated to recent aspects related to the
use of HRMS for quantitative analysis in comparison to low-
resolution analyzers, and to the latest trends in detection and
structural identification of contaminants and their related metab-
olites and TPs, a field where HRMS is surely the standard
technique.

Quantitative analysis by LC-HRMS

The sensitive detection and reliable quantitation of a large
number of contaminants at low concentrations in

Non-target analysis

Detection and

identification of
unknown

pollutants and

unknown TPs

Suspect analysis
Determination of

Target analysis the occurrence of
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Quantification of and their known
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Fig. 1 From target to non-target analysis
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environmental studies has been always one of the most impor-
tant challenges. The use of LC-LRMS in MRM mode re-
quires as a first step the definition of the target analytes to be
monitored, and then standards have to be acquired to optimize
compound-specific MS conditions including fragment-ion
masses, ion-source voltages, and collision energies. In addi-
tion the LC gradient has to be adjusted such that all com-
pounds can be accommodated in a large number of
retention-time windows. Breaking up the chromatographic
time into several experiments is essential to minimize the
number of MRM transitions, because this has a direct effect
on the sensitivity. Although with modern QqQ-MS analyzers
the inter-channel dead time is reduced to a few milliseconds,
the increasing number of compounds and therefore of MRM
transitions always comes with a loss of sensitivity. When op-
timizing MRM conditions, several data points per peak al-
ways have to be critically considered. Instead of detecting
compounds by one or more compound-specific transitions,
no pre-selection of precursor ions is necessary when working
in scan mode with HRMS because a high selectivity can be
achieved in full-scan mode, and thus an unlimited number of
analytes can be detected. This means that a theoretically un-
limited numbers of analytes can be searched for without
compromising sensitivity, because the acquisitions have been
made as “all ions all the time”. This is useful for both target
and so-called post-target analysis where the presence of addi-
tional contaminants can be also evaluated by retrospective
analysis of the data. Then, if there are positive findings, further
quantification can be performed, reducing the cost and time of
analysis.

Unlike QqQ-LRMS, where selectivity is achieved by
selecting one or more suitable MRM transitions, HRMS in-
cluding (Q)TOFMS and Orbitrap MS usually relies only on
the detection of the ions (isotope cluster and isotope spacing
can be used as additional criteria for confirmation). Therefore,
itis essential that the instrument is operated at a high resolving
power such that potentially interfering peaks are resolved. If
this is not achieved, mass accuracy is compromised, and when
using a mass extraction window of a few ppm (or mDa) the
interfering compound is included in this window, resulting in
increased signal of the targeted ion and eventually an overes-
timation of its concentration. This has been emphasized in
recent publications that compare selectivity provided by
HRMS instruments and QqQ-LRMS [3,8]. In these works
the objective of the authors was to identify the HRMS resolu-
tion necessary to achieve the same selectivity as the LRMS
detector. Using the HRMS Orbitrap Exactive, they concluded
that resolution above 50,000 (full width at half maximum,
FWHM, at m/z200) afforded selectivity higher than that pro-
vided by current unit-resolving QqQ-MS instruments in
MRM mode. A relatively novel MS technique is the ABSciex
instrument Triple TOFMS, which is designed to offer
MRM™® mode for quantitative analysis which measures the
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accurate mass of the product ions of a selected precursor ion.
Furthermore, the Triple TOFMS in MRM"™® aids compound
identification with highest confidence via comparison of the-
oretical and measured mass accuracy and isotopic pattern.
Equal or even slightly better quantitative and confirmative
performance can be observed for the HRMS instruments [3].
In conclusion, if the resolution of the instrument is not suffi-
cient, false-positive findings can occur even if the experimen-
tally measured exact mass seems to match the ion mass of the
compound of interest. The risk of inaccurate quantification is
particularly high when two chromatographically coeluting
compounds have almost identical m/z values, because at in-
sufficient resolving power their intensities combine to form a
single peak which eventually leads to overestimation of the
analyte concentration. By contrast, underestimation of the
concentration may occur when a very narrow mass window
is used to extract the analyte mass from such a mixed mass
peak. Although the presence of an analyte and unresolved
interference might still be detected in a mass spectrum record-
ed in profile mode (visual inspection reveals a shoulder peak),
centroided data can completely shift out of the expected
mass-accuracy window. Ferrer and Thurman [9] revealed
the possibility of distinguishing analytes from interferences
and analytes with very close m/z value (i.e. analytes with
the same nominal mass) with HRMS. They analyzed
lamotrigine and the metabolite of bupropion, hydroxy-
bupropion, with the same nominal mass in wastewater
extracts. Both compounds eluted at very similar retention
times and the exact masses of the protonated molecules
differed by 0.0948 mass units. The authors calculated that
the resolving power needed to separate the two com-
pounds was 6000, and performed a reliable quantification
with a QTOFMS instrument. Assuming the resolving pow-
er is sufficiently high to achieve the necessary selectivity,
the variables to be evaluated for method validation are
very similar to those for LRMS. These include linearity,
repeatability, reproducibility, recovery, matrix effects, and
limits of detection (LOD) and quantification.

One of the most commonly used methods to estimate the
LOD in LRMS is based on the signal-to-noise (S/N) ratios
[10]. By contrast, in HRMS instruments the background noise
in the chromatogram is often very low, or even zero for
Orbitrap MS instruments in which by default a baseline noise
cut-off is applied by the instrument control software to reduce
data-file size, making the S/N approach sometimes impracti-
cable. For this reason, alternative methods to calculate LODs
have been proposed. One of them defines the LOD as the
concentration that gives a peak intensity of at least 1.0x
10* counts [11]. In another approach [12], instead of LOD,
the authors propose to use the limit of identification, which is
calculated as the minimum concentration that provides a frag-
ment ion with a mass error <5 ppm [13]. The S/N ratio crite-
rion, however, is still applied in HRMS [14].

As regards the comparison of the linear range, in which
(Q)TOFMS and Orbitrap MS provide accurate quantitative
measurement over a wide range of analyte concentrations,
the Orbitrap has been proved to offer a linear range of at least
four orders of magnitude. Modern TOF instruments achieve
comparable performance to Orbitrap with respect to linear
range, but this is not currently achievable on common hybrid
QTOFMS systems. A notable exception is the “Triple TOF”
series, which competes directly with triple-quadrupole MS in
the field of quantitative analysis. This QTOF-based MS
operates at an acquisition frequency of as high as 100 Hz,
and promises a linear range of greater than five orders of
magnitude and low limits of quantitation equivalent to high-
performance triple quadrupoles.

To guarantee reliable confirmation, rules or guidelines are
necessary not only for LRMS but also for approaches based
on HRMS. In the latter case, the most commonly applied rules
for confirming the presence of a target compound in the sam-
ple are:

1. detection with a mass error of less than 5 ppm;

2. a matching retention time with respect to the authentic
standard retention time within 2.5 % and

3. anisotopic pattern in line with the elemental composition.

Wille et al. [12] quantified pesticides and pharmaceuticals
in environmental samples using only the exact mass of the
molecular ions deriving from the full-scan acquisition that
fulfilled the aforementioned restrictions. Unlike LRMS, for
which well-defined criteria have been established for
confirming analyte presence, the corresponding criteria for
HRMS are still under discussion. According to the EU guide-
line [15], the presence of a banned drug is confirmed when a
specific number of identification points has been achieved.
Working with QqQ-MS, one molecular ion gives 1.0 identifi-
cation point and each of the two transitions 1.5 identification
points. In addition, the measured retention time of the
suspected peak has to match that of the standard. Finally, the
area ratio between the two monitored MRM traces must be
identical for the sample and for the standard. As for HRMS,
the fact that resolving power may vary largely between instru-
ments and/or techniques makes the definition of general
criteria difficult. The EU guidelines state that a monitored
ion measured at a resolution of 10,000 yields two identifica-
tion points. However, this resolution refers to sector MS in-
struments, for which resolution is defined at 10 % of the peak
height. Modern HRMS instruments, including TOF and
Orbitrap, use as reference value the peak width at 50 % height.
Hence, 10,000 at 10 % corresponds approximately to 20,
000 at 50 % (FWHM). Another point to be taken into account
is the m/z-value-dependent resolution; i.e., in TOF analyzers
the resolution is fairly constant over a broad m/z range, where-
as in the Orbitrap analyzer resolution drops exponentially with
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increasing m/z [16—19]. These aspects are discussed in detail
in Ref.[20].

The reliable confirmation of an analyte measured by
HRMS has been much improved with the availability of hy-
brid instruments including QTOFMS, Orbitrap MS, and Tri-
ple TOFMS. As well as all the characteristics of full-scan
acquisition, the selection of precursor ions and subsequent
generation of product-ion spectra are highly valuable because
they provide compound-specific fragmentation patterns [21].
In fact, there are different ways of generating fragment ions in
an unbiased manner. One way is the MS® mode available on
some QTOFMS instruments, consisting of alternating full-
spectrum acquisitions at low and high collision energies.
The analogous experiment on Orbitrap MS is the so-called
all-ion fragmentation (AIF), in which a full MS scan is com-
bined with a nonselective precursor-ion fragmentation per-
formed in the high-energy-collisional-dissociation (HCD)
cell. AIF using HCD in Orbitrap MS and collision-induced
dissociation (CID) on QqQ-MS often share common main
fragments; however, CID and HCD fragmentations in the hy-
brid Velos Pro-hybrid Ion Trap-Orbitrap MS may be comple-
mentary [21,22]. As with QqQ-MS, the extent of fragmenta-
tion is compound-specific, and therefore a compromise in the
collision-energy setting has to be made to provide as much
confirmatory information as possible [23]. Although the gen-
eration of fragment ions without precursor-ion selection re-
quires a more careful interpretation when assigning fragment
ions to precursor ions, it has proved to be very helpful in
confirming compound identity.

As far as the standard approach to precursor-ion selection is
concerned, this is undoubtedly the most reliable method and
the confirmation of analyte identity is straightforward. De-
pending on the MS technique the product-ion spectra can
contain accurate mass data, as generated by default by
QTOFMS and some instruments from the Orbitrap family,
or can be low-resolution spectra, e.g. when fragment ions
are generated in the ion trap but, instead of being sent to the
Orbitrap analyzer, are detected at the ion-trap detector. In con-
trast with the aforementioned unbiased ion fragmentation
(MS® and AIF), the acquisition of true product-ion spectra
always requires a criterion to define the selection of the ion
to be isolated for subsequent fragmentation. This can be based
on a predefined precursor-ion list or simply based on ion
abundance. During this so-called information-dependent ac-
quisition (IDA) or data-dependent acquisition (DDA), the in-
strument automatically switches after a full-scan-mode acqui-
sition to a product-ion scan mode as the second scan event in
the scan cycles.

Literature on this aspect is increasing, and works on the
analysis of pharmaceuticals or pesticides in the environment
using hybrid instruments have recently been published
[11,24]. The high-mass-resolution capabilities of the
LTQ Orbitrap MS including an HCD cell were exploited for
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the determination of trace contaminants, enabling straightfor-
ward discrimination between analytes and matrix, and the
dependent-scan functions of the Orbitrap MS using LIT MS
and an HCD cell were evaluated and compared for the confir-
mation of analytes at trace concentrations. The authors con-
cluded that data-dependent scanning using LIT MS is more
suitable for trace environmental analysis than a data-
dependent scan using HCD because of the slower scan times
of the latter [24]. The LODs of the HRMS approach were in
the low ng L' range (0.0007-0.0088 pg L"), revealing a
sensitivity comparable to that of the data produced using the
QqQ-MS instruments which have been the standard methods
for quantitative analysis [24].

It can therefore be concluded that the most important ad-
vantage of using hybrid mass spectrometers, rather than QqQ-
MS instruments or single-stage HRMS techniques, is to com-
bine different kinds of study in a single method. This is par-
ticularly useful in environmental applications where the tasks
of target analysis and of structural elucidation of transforma-
tion products and determination of their occurrence are equal-
ly important. In the recent work by Negreria et al. [25] the
applicability of this combined approach was revealed for the
elucidation of biotransformation products and subsequent
quantitative target analysis.

It should be kept in mind, however, that quantitative studies
always require reference standards of the targeted analytes,
contaminants to be determined, and their metabolites or trans-
formation products. In many cases their availability is a severe
problem: they are either not commercially available, or pro-
hibitively high prices make the purchase unrealistic. A possi-
ble work-around of this challenge is in-silico studies which
attempt to predict the ionization efficiency in the electrospray-
ionization source [26,27]. This interesting approach, however,
requires more research to better understand the relevant fac-
tors defining ESI efficiency [28].

Qualitative analysis by LC-HRMS

HRMS systems have been primarily used for qualitative en-
vironmental analysis. LC-HRMS has mostly been used as a
powerful tool for the identification of TPs or metabolites of
different contaminants generated in laboratory-scale studies
under controlled conditions [29,30]. This approach consists
of a manual comparison of control samples and treated sam-
ples or detection of the TPs by creating a list of possible TPs
from the literature or with in-silico methods (Fig. 2). Align-
ment and comparison of the total ion chromatograms of treat-
ed and control samples from lab-scale experiments enable
detection of new peaks originating from the transformation
of the test compounds [31,32]. Mass-accuracy errors of up
to 5 ppm are usually accepted regardless of the mass analyzers
used. These accurate mass measurements and complementary
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data, including the isotope cluster of the molecular ion, the
comparison of the fragmentation patterns of the related parent
compounds, and retention times, enable elucidation of the
compound structure (Fig. 2). Eventually the identified com-
pounds are included in the procedures for environmental mon-
itoring [33,34]. A study using four MS techniques (LIT MS,
QqQ-MS, LTQ Orbitrap, and TOFMS) for the identification
of human metabolites of amitriptyline and verapamil was per-
formed by Rousu et al. [35]. They compared their suitability
for metabolite screening, considering the abilities to detect
metabolites and to provide structural information for their
identification, and addressed additional aspects of the work-
load of each instrument including time consumption and data
processing. For the detection of metabolites different ap-
proaches were used: scan mode for HRMS instruments, a
combination of neutral-loss and product-ion spectra for
QqQ-MS, and information-dependent acquisition (IDA) with
MRM for LIT MS. Data from each instrument was processed
separately. Using the TOFMS approach, 28 and 69 metabo-
lites were confirmed for amitriptyline and verapamil, respec-
tively. However, with the other three instruments less than

Identification confidence level 1

50 % of these metabolites were detected. Although
LTQ Orbitrap had better mass accuracy, TOFMS had more
sensitivity and faster data acquisition than LTQ Orbitrap MS
because of the inherently low data-acquisition rates in full-
scan-type analysis for the latter. The QTRAP and triple-
quadrupole MS had poor sensitivity and time-consuming sam-
ple analysis [35]. Therefore, the high sensitivity in full-scan
mode has made LC-HRMS the most suitable tool for the
development of screening methods, enabling the detection of
a large number of emerging contaminants without prior selec-
tion of compounds [36]. Thus, LC-HRMS-based screening
methods are unquestionably an important advance in the de-
termination of environmental pollutants, with hundreds to
thousands of organic pollutants and their TPs or metabolites
under scrutiny. In general, what is now expected from HRMS
instruments is to provide as much as information as possible
from a single run of each sample without the need for reanal-
ysis. In 2010 Krauss et al. [5] classified qualitative analysis of
environmental samples into two categories: suspect screening
and non-target screening (Fig. 3). Both methods are usually
used in a complementary way, enabling the detection of
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Fig. 3 General workflow
for qualitative HRMS approaches
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suspect pollutants and the identification of unknowns [37].
Hernandez et al. proposed the additional term post-target for
when the search for pollutants is performed after HRMS ac-
quisition without prior information.

For suspect analysis, elemental composition and structure are
used to create databases of exact ion masses for the expected
protonated or deprotonated molecules or their common adducts
(Fig. 3). These libraries are created with suspect emerging pol-
lutants and, sometimes, completed with their metabolites or TPs,
either manually or by use of transformation-prediction software.
After accurate mass extraction of expected ions, specific infor-
mation on each compound is used to confirm plausible identities.
Isotopic pattern, MS-MS spectra, fragmentation pathways, re-
tention times, or mass defects can be found in the literature or
predicted by appropriate software. The probability of false-
positive findings decreases when more compound-specific prop-
erties are available. Schymanski et al. [38] proposed a system of
five levels of confidence in the identification. In the end, refer-
ence standards must be used to achieve the top level of confir-
mation of the compound identity.

For example, Wode et al. [39] recently developed a method
for the screening of 2188 compounds with Orbitrap MS. The
TraceFinder software provided isotopic-pattern matching of
the accurate mass measurement. Suspects with an isotopic-
pattern score below 80 % were regarded as false-positive.
Finally, 55 compounds were identified by analytical stan-
dards. The authors could not take advantage of spectral librar-
ies for the verification of other suspects because there is no
possibility of obtaining an MS2 spectrum with a single-stage

@ Springer

Compound identity
Structure confirmed by standard TARGET ANALYSIS

Identification confidence level 1

Orbitrap. In fact, the use of single-stage mass spectrometers in
AIF mode, where all precursor ions are fragmented without
the possibility of isolating precursor ions, limits the study to
all fragment ions derived from the fragmentation in the HCD
cell.

With respect to the aforementioned limitation, hybrid
HRMS systems are gaining popularity because of their ability
to accurately measure product-ion masses. High-quality MS—
MS spectra are produced by the two different approaches
mentioned previously for quantitative confirmation: non-
selective fragmentation and data-dependent MS—-MS acquisi-
tions. The major disadvantage of the first approach is the dif-
ficulty of assigning fragment ions to the molecular ion, be-
cause there is no connection between them; sometimes this
task can be delegated to deconvolution software. In contrast,
MS-MS acquisitions can provide information for a small set
of compounds which then can be searched for in spectra li-
braries. Inclusion lists are often applied to the screening
methods to perform pre-target suspect analysis. Coupling an
Orbitrap with an LIT (hybrid LIT series) enables the combi-
nation of two complementary product-ion scans in HRMS,
HCD, and CID, obtaining more structural data for the identi-
fication of TPs and metabolites. Thus, with this approach there
is a gain in product-ion information that cannot be obtained on
typical ion-trap instruments. The two product-ion scans com-
plement each other by generating different spectra. For in-
stance, in a recent paper the application of dual collision cells
in LTQ Orbitrap MS, HCD, and CID in a data-dependent scan
enhanced the structural elucidation of human metabolites of
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selected pharmaceuticals [40]. Such an acquisition procedure
can be an advantage over the approaches that can be per-
formed with QqQ-MS and (Q)TOFMS instruments.

Regardless of whether AIF or data-dependent MS-MS
switching modes are run, the use of specific software to
streamline the data-mining process, and ultimately the confir-
mation, is regarded as essential.

As an example of new approaches with Q Exactive
Orbitrap HRMS for TP detection and identification, Zonja
et al. [41] used the standard approach based on lab-scale ex-
periments combined with suspect screening of real surface-
water samples. In this study, a sunlight simulator was used
to degrade relevant pollutants of emerging concern, six iodin-
ated contrast media (ICM), in surface-water samples. SIEVE
software was used for the chromatographic-peak alignment
and enabled the detection of 108 photoproducts in the
photodegraded samples. Instead of performing the structural
elucidation of and search for all TPs in environmental sam-
ples, a database was created with experimentally determined
accurate masses, retention times, and MS-MS data of the 108
TPs for further suspect screening of real surface-water ex-
tracts. This approach enabled the prioritization of eleven en-
vironmentally relevant TPs, on the basis of their detection
frequency in real samples, for subsequent structure elucida-
tion. Finally, standards of the TPs were obtained by
semipreparative LC, and quantitative analysis of the parent
compounds and their prioritized TPs was performed in real
surface-water extracts.

In contrast with the lab-scale methods, Kern et al. [42] used
a different approach to determine the occurrence of TPs di-
rectly in natural waters by HRMS using LTQ Orbitrap. To this
end, the authors created a list containing known aquatic con-
taminants, and predicted their TPs by means of the University
of Minnesota Pathway Prediction System (UM-PPS) and lit-
erature information. Suspect screening was performed using
an accurate database of 1794 compounds. When the target list
contains a large number of compounds, comparison with
blanks and estimated retention times and isotope patterns is
essential to filter for positive results. This approach enabled
the identification of 19 TPs, later confirmed by reference stan-
dards. In a subsequent study, Kern et al. [43] combined detec-
tion of the predicted TPs, degradation in batch reactors, and
the calculated mass balances of wastewater treatment plants
(WWTPs) to quantify transformation rates.

Wang et al. [44] developed a suspect-screening method to
identify phase Il metabolites of pharmaceuticals in reclaimed
water with Q Exactive Orbitrap MS. In this study, the MetWorks
software was used to find expected phase Il metabolites of the
most commonly detected pharmaceuticals. The identification of
metabolites was only performed when the parent drug was de-
tectable. As a criterion for positive findings, they expected an
earlier retention time of a metabolite except in the case of acet-
ylation. HRMS analysis was performed in DDA mode, meaning

peaks from full-scan chromatograms with intensities lower than
1x10° counts were not considered. This study reported the de-
tection and identification of sulfamethoxazole glucuronide and
acetylsulfamethoxazole, two phase II metabolites of
sulfamethoxazole.

Figure 2 summarizes the approaches used for detection and
identification of TPs in environmental samples. Recently,
Bletsou et al. [45] reviewed the state-of-the-art of LC-HRMS
for the identification of TPs in the aquatic environment. A
prioritization step is essential to optimize our efforts in the
elucidation of more relevant TPs, and clearly software devel-
opment is crucial for the prediction of transformations and for
detection of candidates and their elucidation. As an example,
Jeon et al. [46] used UM-PPS and Meteor Environmental
Pathway Prediction System (Lhasa Limited, UK) for biotrans-
formation prediction, MetWorks and SIEVE for candidate de-
tection, Xcalibur for data analysis, Mass Frontier (HighChem,
Ltd., Bratislava, Slovakia) and MetFrag for the prediction of
MS-MS fragmentation, and even MOLGEN for molecular-
structure generation. In this study 23 of the 360 predicted
metabolites were detected and identified. Out of the 19 oxida-
tion products identified, 12 metabolites were predicted by
Meteor and seven by UM-PPS. Consequently, the combina-
tion of different software programs and the development of
new ones are required.

In particular, software designed for the management of
mass-spectral data provides another possibility for the detec-
tion of phase II metabolites or other compounds that provide
common fragment ions through fragment-ion search. From
these ions, related compounds are detected and tentatively
identified [47]. Several authors refer to this approach as a
semi-non-target approach because one searches for known
fragment ions of unknown pollutants. In this way, Hernandez
et al. [6] differentiated between unbiased non-target analysis
and biased non-target analysis. In general, the objective of
non-target screening is to analyze environmental samples
without any information on the compounds present in the
sample, and to detect and identify relevant compounds. Thus,
the prioritization of compounds that will be selected for iden-
tification becomes an important step of non-target analysis
[48]. In unbiased non-target analysis, peaks for the identifica-
tion could be selected on the basis of intensity, detection fre-
quency, and toxicity (for bioassay-directed analysis) and/or in
a comparison of samples and blanks. In biased non-target
analysis, the method screens for compounds with concrete
properties including specific mass defects and distinctive iso-
tope pattern or fragment ions.

The general workflow for non-target studies consists of
automatic peak detection, prioritization, determination of ele-
mental composition, structural elucidation, and library spec-
trum matching and ranking of the candidates (Fig. 3). Auto-
mated peak detection and spectra deconvolution algorithms
are required, and the success is limited to the prioritized
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compounds. The lack of comprehensive (LC—)MS libraries
hampers the identification process [48]. In short, non-target
screening can be summarized in two steps: the reduction of
peaks included in the identification procedure and the reduc-
tion and ranking of candidates [37]. Whereas in suspect
screening compound identities are known, in non-target anal-
ysis calculated molecular formulas must be evaluated. Conse-
quently, the application of non-target screening requires a
large investment in data analysis. Some software packages,
including MOLGEN and the Seven Golden Rules (7GR) af-
ford an automated analysis [49]. Currently, the identification
of unknown pollutants remains a tedious and time-consuming
task. Researchers usually have to rely on a combination of
complementary software packages, user-built libraries, and
literature information to propose plausible compound
identities.

In addition, as mentioned above, the use of publicly avail-
able LC-HRMS databases, including MassBank,
ChemSpider, NIST, HMDB, METLIN, and MetFrag, for the
identification of “known unknown” compounds is helpful but
still limited.

Usually, qualitative studies have performed non-target, sus-
pect, and target analysis together [50,51] in so-called “all in
one” analysis. For instance, the studies by Schymansky et al.
[52] revealed the capability of LC-HRMS to perform analysis
of wastewaters by taking advantage of these different ap-
proaches. First, an accurate mass list was compiled with
enviMass and processed by the R package “non-target”
(Eawag, Switzerland). This software selects the most intense
peak of each unknown compound and creates groups with all
related peaks into one component to associate isotope and
adduct peaks with the compound. After blank and noise sub-
traction, an intensity-based prioritization was performed. In
(—)ESIMS, four of the 30 most intense peaks were determined
by their target screening method; also, 15 of these peaks
contained S, enabling the identification of seven compounds
by searching a list of 394 compounds which contain sulfur.
Finally, non-target workflows were used for the elucidation of
the remaining unknown compounds. As a result, of the 26
most intense non-target peaks, seven were tentatively identi-
fied and one identified and confirmed by use of a reference
standard.

As a promising approach for the screening of unknown
toxicant pollutants, LC-HRMS identification could be priori-
tized through effect-directed analysis (EDA). Weiss et al. [53]
used SIEVE to discriminate the peaks between active and
non-active fractions and followed a non-target workflow to
identify the most toxic unknowns. This approach enabled
the identification of eight androgen-disrupting compounds.

As well as false-positive findings, which are reduced by
different strategies, false-negative findings are also plausible
in qualitative analysis without reference standards. Several
compounds might not be ionized or are not extracted by the
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sample-preparation method. To this end, sample procedures
including direct-injection or large-volume-injection LC—
HRMS of water samples can be an alternative to avoid selec-
tive pre-concentration [54,55]. To increase the range of polar-
ity and volatility, recent studies combined HRMS with both
LC and gas chromatography [56].

Conclusions and future advances

In summary, LC-HRMS is a powerful tool for quantitative
and qualitative analysis, enabling the quantitation of target
compounds and the search for and identification of suspected
or unknown pollutants. A recent trend in LC-HRMS-based
environmental studies is to perform “all-in-one” analysis, i.e.
simultaneous target analysis (quantitative), suspect screening,
and non-target determination (qualitative). Comparing the
performance for quantitative analysis, LC-HRMS has sensi-
tivity comparable to that of LC-QqQ-MS, whereas the selec-
tivity—achieved on QqQ-MS by choosing suitable MRM
transitions—is largely dependent on the resolving power of
the instrument. Only sufficiently high resolving power can
guarantee that co-eluting matrix components can be distin-
guished from compounds of interest. The high sensitivity in
conjunction with the wealth of unbiased information gathered
means that LC-HRMS is increasingly competing with LC—
QgQ-MS in environmental research laboratories. With the
growing popularity and acceptance, one of the aspects that
needs to be addressed is the criteria used in compound
confirmation.

There are some differences between different HRMS in-
struments for quantitative analysis. (Q)TOFMS instruments
were initially used for qualitative analysis. However, the latest
instruments on the market have improved quantitative capa-
bilities, providing a good approach for quantification com-
bined with the power of exact mass. However, the Orbitrap
instruments try to achieve higher sensitivity with higher mass
accuracy. A disadvantage of the Orbitrap mass analyzer is that
the mass resolution of Orbitrap is inversely related to scan
speed, meaning high-resolving-power settings imply low ac-
quisition frequencies. By contrast, TOFMS instruments are
known to produce essentially the same resolution across dif-
ferent scan rates. Therefore, to achieve UPLC separations, the
acquisition rate of Orbitrap MS needs to be decreased at the
expense of resolving power. This disadvantage is particularly
important when the minimum number of points per peak can-
not be achieved. However, the scan rate for Orbitrap technol-
ogy is faster and attempts are being made to provide a suffi-
cient number of scans (>10) across the chromatographic peak
in full-scan mode. As regards mass accuracy, whereas most
TOFMS instruments require internal calibration for continu-
ous correction of the mass axis, the Orbitrap analyzer is capa-
ble of maintaining mass accuracy over several days after
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initial calibration. With internal calibration in (Q)TOFMS, the
ionization of the calibrant(s) may interfere with the ionization
of the analytes. Moreover, the calibrant signal may collapse in
the presence of high matrix loads because of ion suppression,
and its intensity may vary with changing mobile-phase compo-
sition during gradient elution. For obvious reasons, the choice
of an appropriate internal calibrant has to be such that spectral
interferences with the analytes of interest can be ruled out.

Regarding qualitative analysis, LC-HRMS provides more
information about each sample than LRMS instruments, en-
abling suspect and non-target screening without retrospective
analysis. Different workflows based on their accurate mass
measurements have been used to reduce the number of false-
positive findings. New commercial software and the availabil-
ity of public HRMS libraries of environmental contaminants
and their TPs could help mine the data from controlled labo-
ratory experiments (conducted at high concentrations) in an
efficient and comprehensive fashion. Regarding non-target
analysis, more studies on the prediction of retention times,
ionization behavior, and MS-MS fragmentation are still need-
ed and are expected to eventually deliver the computational
tools essential for easier identification of unknowns.
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