QRO
IeNce & lecnnoiogy i rcie s cnsedunder e 20 @

pubs.acs.org/est

Machine Learning-based Classification for the Prioritization of
Potentially Hazardous Chemicals with Structural Alerts in Nontarget
Screening

Published as part of Environmental Science & Technology special issue “Non-Targeted Analysis of the
Environment’”.

Nienke Meekel,* Anneli Kruve, Marja H. Lamoree, and Frederic M. Been

Cite This: Environ. Sci. Technol. 2025, 59, 5056—5065 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
ABSTRACT: Nontarget screening (NTS) with liquid chromatog- MS? fragments ]
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monly used to detect unknown organic micropollutants in the | | | | — random forest
environment. One of the main challenges in NTS is the PR I B po—- N &
prioritization of relevant LC-HRMS features. A novel prioritization L train neural network
strategy based on structural alerts to select NTS features that neutral losses l
correspond to potentially hazardous chemicals is presented here. ~ TOXAlerts oo train

This strategy leverages raw tandem mass spectra (MS?) and o I S = presence/absence
machine learning models to predict the probability that NTS — T o e
features correspond to chemicals with structural alerts. The models test | - o Browas
were trained on fragments and neutral losses from the experimental ~grouping similar BN
MS? data. The feasibility of this approach is evaluated for two Structural alerts S i e

groups: aromatic amines and organophosphorus structural alerts.

The neural network classification model for organophosphorus structural alerts achieved an Area Under the Curve of the Receiver
Operating Characteristics (AUC-ROC) of 0.97 and a true positive rate of 0.65 on the test set. The random forest model for the
classification of aromatic amines achieved an AUC-ROC value of 0.82 and a true positive rate of 0.58 on the test set. The models
were successfully applied to prioritize LC-HRMS features in surface water samples, showcasing the high potential to develop and
implement this approach further.
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B INTRODUCTION investigation or identification. Commonly used prioritization
Drinking water sources globally are increasingly under pressure strategies leverage feature intensity, occurrence, trends/pattern
due to drought, salinization, and contamination by chemicals, analysis, removal rate, transformation products, source, usage
etc., where part of the chemical contamination is caused by data, and available metadata."~'" Recent studies'”'* have
organic micropollutants." This umbrella term covers a wide shown that toxicity is crucial for prioritization, given that this is
variety of substances present at trace levels, i.e., ug/L range or one of the main aspects of interest in environmental screening.
lower, and originating from a wide range of anthropogenic Prioritization on toxicity can be done on either suspect
activities.” Some of these organic micropollutants are candidates (i.e., structures), for example,n’14 or on unknown
monitored intensively using liquid chromatography coupled teatures. The latter is more challenging since there is no
to high-resolution mass spectrometry (LC-(HR)MS). Yet information available on the chemical structure of the feature.

many chemical contaminants and their transformation
products are still unknown.”® Nontarget screening (NTS),
often combined with suspect screening, is increasingly used to
detect these unknown chemicals.”® NTS of surface water -
samples, which can be regarded as relatively simple compared Received: October 1, 2024

to other matrices like soil or blood, often results in the Revised:  February 17, 2025
detection of up to a few thousand LC-HRMS features.” It is Accepted: February 19, 2025 .
extremely laborious to identify all of them, and a substantial Published: March 7, 2025 ——
proportion is probably naturally occurring, so only the most
relevant LC-HRMS features should be prioritized for further

To address toxic effects and hazards in the prioritization of
unknown features, several in vitro and in silico tools have been
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developed lately. Examples of these tools are in vitro effect-
directed analysisls’16 or risk-based using available (semi)-
quantitative and toxicity information.'” Furthermore, in silico
tools to aid the prioritization of hazardous substances have
recently been developed. For instance, MS2Tox'® and
MLinvitroTox'’ machine learning tools use SIRIUS +
CSL:FingerID fingerprints™ of tandem mass spectra (MS?)
to predict fish lethal concentration 50% (LCg,) values for an
unknown substance and toxicity values (active/not active) on
selected bioassay endpoints, respectively. MS2Quant”" uses the
same fingerprints to predict ionization efficiency values that
can be used to estimate the concentration of the detected
substances. These studies have shown that MS* spectra can be
used to obtain valuable information for risk-based prioritiza-
tion of chemical features detected during monitoring with
NTS. However, intermediate steps such as autoencoders”>>
or fingerprint prediction tools are required to describe MS?
spectra. Commonly applied techniques to encode information
into descriptors based on MS? spectra make use of
fragmentation trees, machine learning techniques such as
latent Dirichlet allocation,” CLERMS,™ or a combination of
both like in CSI:FingerID,26 where fragmentation trees and
multiple kernel learning are combined.”” Arguably, predicted
fingerprints or molecular descriptors might lead to information
loss and increased uncertainty due to error propagation.”®
Furthermore, an alternative approach to prioritize LC-
HRMS features belonging to potentially toxic chemicals
involves the use of so-called structural alerts. Also known as
toxicophores, these are molecular substructures that are related
to the toxic effects of a molecule. In a previous study,” we
demonstrated that some fragments and neutral losses in MS?
spectra can indicate the presence of a structural alert in the
corresponding substance. A similar approach was used in
another study by Lo Piparo et al,”’ where they found
characteristic fragments in MS? spectra of substances with a
pyrrolizidine alkaloid structural alert that has been associated
with genotoxicity. Similarly, Meng et al.’" found characteristic
fragments for organophosphate esters in MS® spectra of
atmospheric pressure chemical ionization (APCI) and used
these to detect novel organophosphate ester substances using
NTS. Mayer et al.’> derived diagnostic fragments of
trichothecenes in their ESI MS? spectra, and Pu et al.> used
diagnostic fragments and neutral losses in experimental ESI
MS? spectra to study N-nitrosamines. The above-described
approaches take advantage of the fact that similar molecules or
molecules with similar functional groups might show
similarities in MS? spectra.®* This principle is also used in
tools like MS2Query,” which is used for analog search. In
particular, fragments and neutral losses are commonly used for
the prediction of structural characteristics from MS?
spectra®”*® and can be used to assess structural similarity.>’
Here, we present a novel offline prioritization strategy using
HRMS data that relies on the concept of structural alerts and is
based on raw MS” spectra without the use of fingerprints or
autoencoders. This study explored whether the presence of
various drinking water-relevant hazardous substances could be
predicted based on the experimental MS® of LC-HRMS
features detected in NTS. We used fragment masses, hereafter
referred to as “fragments”, and neutral losses to explore their
predictive power for the presence of structural alerts. Two
classifier models were developed to predict the presence of
aromatic amine and organophosphorus structural alerts based
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on the composition of the MS* spectrum. Last but not least,
the approach is tested on environmental surface water samples.

B MATERIALS AND METHODS

For model development, all data preprocessing, machine
learning, and validation were conducted using R 8 version
4.2.1, RStudio™ and the caret package.”’ Calculations were
performed on an HP Z6 G4 workstation with two Intel Xeon
Gold 6134 CPUs at 3.20 GHz. For the application to NTS
data, all data analysis was performed using R*® version 4.3.3
and the patRoon"' package on an HP ProBook with one Intel
Core i7-8565U CPU @ 1.80 GHz. Visualization was done
using the ggplot2 package.*

Structural Alerts. The online web server ToxAlerts*’ was
used for the selection of structural alerts related to toxicity
endpoints previously selected for their relevance to drinking
water,” i.e., endocrine disruption (n = 35, i.e., the number of
structural alerts for this endpoint), developmental and
mitochondrial toxicity (n = 12), nongenotoxic carcinogenicity
(n = 23), and genotoxic carcinogenicity and mutagenicity (n =
117). The 187 alerts were examined manually, and related
alerts were aggregated based on expert knowledge, using
similarities in their carbon skeleton, heteroatoms, general
structure, and functional groups and their positions relative to
each other. This resulted in 32 groups (Table S1) and a
remaining set of ungrouped alerts (Table S2). Two structural
alert groups were selected for the development of the
approach. The rationale for choosing these two alert groups
is presented later in the results section. The first group, made
up of 10 of the 187 initial structural alerts, was the aromatic
amine, associated with genotoxic carcinogenicity and muta-
genicity. The second group, consisting of 2 structural alerts,
was the organophosphorus alert, associated with endocrine
disruption.

Data Set. MassBank Europe*** was used as a dataset for
the model training. The dataset (90,398 unique mass spectra of
19,712 unique SMILES) was filtered for MS* spectra recorded
with electrospray ionization mass spectrometry, identification
level 1, and available SMILES identifiers.”® This resulted in
7334 unique SMILES, which were screened for the presence of
all 187 structural alerts. To this extent, the online tool
“ToxAlerts”** was used (v. 4.3.327). All spectra were labeled
with “none” in case no alert was present or with the alert
code(s) representing the alert(s) present in the corresponding
molecule. Only spectra obtained with HRMS (ie., with
instrument code ESI-QTOF or ESI-ITFT) in positive
ionization mode and obtained from adducts [M + H]* were
selected for further analysis. To simplify model training and
development, we set the focus on [M + H]* adducts. The
number of unique substances and MS? spectra per alert group
is shown in Tables S1 and S2. For the model development,
only the aromatic amine and organophosphorus alert groups
were considered. An individual and tailored binary classi-
fication model was trained for each of them.

Preprocessing. Fragment m/z or neutral losses computed
from the spectra were used as input variables for model
training. Neutral losses were calculated by subtracting each
fragment with a relative intensity >50 (out of 999) from the
precursor ion m/z. Only neutral losses >0 m/z were retained,
as neutral losses <0 m/z were caused by fragments with larger
masses than the precursor ions. Fragments with a relative
intensity >50 and an m/z value below the precursor ion m/z
were kept. All neutral losses and fragments were binned by
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rounding to the nearest tenth, i.e, 0.1 m/z. Spectra without
neutral losses and fragments were removed from the data sets.
The data sets were arranged in two binary matrices: one matrix
with 3531 unique fragments (ranging from 26 m/z up to
1229.6 m/z) and another matrix with 4408 unique neutral
losses (ranging from 0 m/z up to 1155.1 m/z), both
corresponding to the same 23,387 unique spectra. Every
instance (row) represented a spectrum, and every feature
(column) represented a fragment or neutral loss. The presence
of a fragment or neutral loss in the spectrum was coded as ‘1’,
while absence was coded as “0”.

Specific subsets of spectra were made for the two alert
groups, containing spectra with the alert and a random sample
of 7600 MS? spectra without the alert of interest. Fragments or
neutral losses that were absent in all of these spectra in the
subset were removed from the data set. Some fragments or
neutral losses were always occurring together; therefore, these
were removed to avoid having correlated predictors in the data
set. An additional preprocessing step was applied, involving the
removal of predictors in which only one instance differed from
the others (i.e., all zeros and only one “1” value); these were
considered as near-zero variance predictors.

Training and Test Set. The MS> data set contains
multiple spectra of the same chemical or stereoisomers;
therefore, it was necessary to avoid including the same
chemicals in the training and test set, as this would lead to a
positive bias in model performances. The division of the
training and test set was done based on the first 14 characters
of the corresponding InChIKey, as this reflects the bond
connectivity and avoids having stereoisomers in both test and
training sets.'” The data sets were slightly imbalanced, with
more instances without an alert than with an alert (Table 1);

Table 1. Specifications of the Different Training and Test
Sets used for Model Training Per Structural Alert Group

training set test set
structural alert data type total  with alert total  with alert
aromatic amine spectra 8697 3362 3485 1256
chemicals 1447 291 619 124
organophosphorus  spectra 6044 595 2326 175
chemicals 1379 36 590 15

therefore, the createDataPartition() function from the caret
package was used to create balanced splits of the data for the
training (70%) and test set (30%) to have a similar proportion
of substances with the alert in the training and test set. The
data set for the organophosphorus structural alert was highly
imbalanced, with only 7 unique substances with an alert
(corresponding to 47 spectra) in a test set of 582 substances in
total (corresponding to 2198 spectra). Training models on
extremely imbalanced data sets is challenging and likely to
hamper the prediction accuracy. Hence, 628 additional MS?
spectra of 40 substances with an organophosphorus alert
retrieved from NIST23** were included, thereby reducing the
imbalanced nature of the data set (Table 1). These additional
ESI HRMS NIST23 spectra were collected by using the same
filter criteria as described above for the MassBank spectra. For
both the training and test sets, more spectra were present than
unique substances, indicating that multiple spectra were
present for the same chemical. Nevertheless, no further spectra
were removed to avoid a loss of data.
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Model Training. Model training was run on multiple cores
using the parallel’® and doParallel” packages. At first, four
machine learning algorithms were implemented for model
training: a random forest classifier (xf), a single-layered feed-
forward neural network (nnet), extreme gradient boosting
(xgbTree), and a radial-kernel support vector machine
(svmRadial). These algorithms were chosen because of their
suitability for binary classification problems, their successful
application for mass spectrometry data®® and similar
tasks,"”*"" and their accessibility in the caret package. The
area under the receiver operating characteristic curve (AUC-
ROC) was used as an optimization metric in the model
training, which is suitable for binary classification purposes.
The models were trained using 10-fold cross-validation. The
performance of the different models was assessed using the
AUC-ROC values, allowing us to take into account the true
positive rate and false positive rate. The true positive rate and
false positive rate were considered the most important metrics
here, as the number of true positives should be as high as
possible, whereas the number of false positives should be
preferably as low as possible. Figure 1 gives a schematic

matrices with neutral losses
and fragments

— T

aromatic amine organophosphorus
train, 70% test, 30% test, 30% train, 70%

l l

model training
10-fold cross-validation

|

best performing model
based on ROC-AUC value based on ROC-AUC value

\ /

application to LC-HRMS data of surface water samples

model training
10-fold cross-validation

best performing model

Figure 1. Schematic overview of the different steps taken for the
generation of the training and test set, validation, and application to
surface water samples.

overview of model development. Recursive feature elimination,
using the rfe() function from the caret package with 10-fold
cross-validation, was applied to the best-performing models to
potentially enhance performance and robustness as well as
reduce model complexity. To reduce computing time, it was
decided to perform recursive feature elimination on the top
25% most important variables only while discarding the
bottom 75%.

Application to Samples. Samples spiked with compounds
containing aromatic amines and organophosphorus groups
were used to evaluate the performance of the trained models.
More specifically, the aromatic amine model was applied to
samples (ultrapure water, drinking water, and surface water)
spiked with 27 aromatic amine-containing chemicals at a final
concentration of 1 ug/L (Table SS). These samples had earlier
been analyzed using the LC-HRMS method described in Been
et al."” Using the patRoon workflow described below, MS? data
for 25 out of 27 compounds could be retrieved. The
organophosphorus model was applied to six spiked QC
samples and four dust samples from the study by Belova et
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al,>” which contained 8 organophosphorus-containing chem-
icals at a final concentration of 0.1 ng/uL (Table S6). Using
the patRoon workflow described below, MS* data for 7 of the 8
compounds could be retrieved. Furthermore, to evaluate the
models on actual samples, reversed-phase liquid chromatog-
raphy (RPLC)-HRMS NTS data of three surface water
samples from the river Rhine and three surface water samples
from the river Meuse collected in The Netherlands during a
previous study were used.'” In this previous study, the samples
were analyzed using an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Fisher Scientific) with electrospray
ionization. The full scan ranged from 80 to 1300 m/z with a
resolution of 120,000 fwhm. MS? spectra were recorded using
data-dependent acquisition with higher-energy collisional
dissociation in the stepped collision energy mode. The raw
RPLC-HRMS files, acquired in positive ionization mode, were
converted into the open-source format .mzML using the
msconvert tool of ProteoWizard.” They were analyzed using
patRoon’* (v 2.3.3), and features were obtained and grouped
using the OpenMS>” algorithm (v 3.0.0). After grouping, peak
qualities were calculated, and feature groups with a Gaussian
Similarity score below 0.3 were removed. Basic filtering was
applied for a retention time between 2.7 and 27 min and a
minimum intensity of 10,000. Feature groups that were not
present in two of the three replicates were removed, and
feature groups present in the blank were removed as well if
their intensity was <10 x blank intensity. The best-performing
models were applied to the obtained MS? spectra of the feature
groups. Formula candidates and fingerprints were generated
using SIRIUS™ (v 5.8.2), CSI:FingerID** and GenForm.*®
Potential compounds were annotated in patRoon using
MassBank release version 2024.06.°” The NTA Study
Reporting Tool (SRT) was used in the preparation of this
manuscript.58’59

B RESULTS AND DISCUSSION

Structural Alerts. Many of the 187 structural alerts in
ToxAlerts that were selected for this study had similar
structures or contained similar SMARTS patterns. Similar
structural alerts were grouped to reduce the number of classes
that needed to be assessed and thereby improve performance.
In total, 32 structural alert groups were assigned (Table S1),
some of which are present in well-known potentially hazardous
chemicals, e.g., organophosphorus being common in pesti-
cides® or flame retardants®’ and carbamates in pesticides.”’
Other structural alert groups are more general, such as
epoxides, azo groups, and aliphatic halides.

The success of training classification models depends on the
availability of training data, here, MS” spectra. The number of
substances and relevant MS® spectra in MassBank with a
structural alert varied largely between different structural alert
groups, as can be seen in Table S1 and Figure S1. In the
MassBank data set, 99 of the 187 individual alerts were found,
and some substances contained multiple alerts, resulting in 375
unique combinations of structural alerts. Here, we focused on
ESI positive ionization mode only; therefore, the number of
substances with the structural alert available in the MassBank
data set also depends on the chemical properties of the
substances with the alert. If a specific alert is hardly present in
substances that have been measured and deposited in
MassBank, then fewer spectra will be available. Furthermore,
measurement bias affects the availability of training data: more
fragmentation spectra are available for (groups of) substances
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that have been more intensively studied. Any MS* database,
including MassBank, is a biased data set as it contains known
substances of interest to (environmental) chemists. Therefore,
it is a biased reflection of the chemical space measurable with
LC-HRMS and further.”**

The structural alert group with the largest number of unique
substances (n = 415) and relevant MS® spectra (n = 4582) in
MassBank was the aromatic amine group. Aromatic amines are
commonly used in the industrial synthesis of dyes, rubber, and
drugs®® and are subse%uently released into the environment via
industrial effluent.°*®> They have been detected in surface
waters and groundwater, among others.®> While aromatic
amines are a very broad group of structural alerts, the
organophosphorus group is smaller, with 142 relevant MS?
spectra of 16 unique substances, but has a more specific
structure. Organophosphorus pesticides like methyl parathion,
parathion, isocarbophos, and quinalphos have been detected in
surface waters as well.® Based on these considerations, the
most abundant aromatic amine structural alert and the more
specific organophosphorus structural alert were used as a case
study to investigate the possibility of predicting structural alerts
directly from the MS? spectra.

Curating Tandem Mass Spectra. The fragments and
neutral losses were rounded to 1 decimal to yield binned data
with a bin size of 0.1 m/z. Spectral binning reduces the number
of variables; thereby, the resulting models become more robust
toward alignment errors.”® After preprocessing, where only
duplicate, empty (i.e., all instances equal to 0), and near-zero
variance predictors were removed, the number of predictors
varied per alert and data type. For the organophosphorus alert,
1661 unique fragments and 2098 unique neutral losses were
used for model training, while for the aromatic amine alert,
there were 1754 fragments and 2119 neutral losses. The fact
that more bins of neutral losses compared to bins of fragments
are computed could potentially be due to neutral losses having
two sources of variability, namely the m/z of the fragments and
the m/z of the precursor. On the other hand, with fragments,
the only source of variability is the m/z of the fragment itself.
MS? spectra of different instruments (orbitrap and quadrupole
time-of-flight, QTOF) were combined to obtain a data set of
sufficient size for training purposes. Although Orbitrap and
QTOF MS* sgectra are comparable within specific collision
energy ranges,””®" it is possible that training separate models
for each type of instrument could lead to higher performance,
as these are expected to be more robust against deviating
collision energies. However, this approach would require
sufficient training data for each specific mass analyzer.
Moreover, the primary goal of our work was to develop a
universal approach that can accommodate data generated by
different instruments, ensuring broad applicability and enabling
a wide range of uses for this method for prioritization
purposes.

Model Training and Interpretation. The distribution of
other structural alerts for the random sample of spectra for the
training and test set, without the alert of interest, was
representative of the full data set (Figure S1). As a result, we
deemed the use of a stratified sampling strategy unnecessary.
The organophosphorus data set is imbalanced (9.8% spectra
with alert), whereas the aromatic amines data set is less
imbalanced (38.7% spectra with alert), mainly caused by the
high occurrence of this structural alert (Table 1).

The performance of machine learning models can be
assessed and optimized by various metrics, and the selection
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Figure 2. ROC curves on the test set data of the developed structural alert models with (A) organophosphorus and (B) an aromatic amine. The x-
axis shows the false positive rate (FPR) and the y-axis shows the true positive rate (TPR). The following abbreviations were used: rf (random
forest), nnet (single-layered feed-forward neural network), xgbTree (extreme gradient boosting) and svmRadial (radial-kernel support vector

machine).

depends on the purpose of the model.”” Here, performance
was evaluated following a precautionary principle; i.e., the risk
of missing a potentially toxic feature should be kept as low as
possible. In terms of prioritizing toxic features, this translates
into maximizing the true positive rate (recall or sensitivity) to
reduce the risk of misclassifying potentially toxic features as not
containing an alert. On the other hand, false positives (i.e.,
features incorrectly prioritized as containing an alert) were
considered less problematic from a risk management
perspective; however, the fraction of such features should be
kept as low as possible to reduce manual interrogation of the
nontoxic features and the increased workload associated with
this. As a result, the AUC-ROC was deemed a suitable metric
for the purpose of NTS and was used to select the optimum
classification model (Figure 2).

The best-performing organophosphorus model was a neural
network using the combination of neutral losses and fragments
as input variables, with a size of 1 and a decay of 0.1. On the
test set, the model yielded an AUC-ROC value of 0.97 and
classified 114 spectra out of 175 correctly as “organo-
phosphorus alert present” (TPR of 0.65), while exhibiting a
false positive rate of 0.01 (Table S3). For aromatic amines, the
best model uses the combination of fragments and neutral
losses as input variables and is built with a random forest
algorithm, with 500 trees and an “mtry” value of 87. On the
test set, the model has an AUC-ROC value of 0.82 and
classifies 723 spectra out of 1256 correctly as “aromatic amine
alert present”, exhibiting a false positive rate of 0.14 (Table
S4). The challenges in the model training for the aromatic
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amines can, among others, be explained by the lack of
diagnostic fragments.70 Although we found a diagnostic neutral
loss (17.02655 m/z, potentially corresponding to the loss of
NH,) in our previous study based on in silico MS* data,” the
model training results show that the best-performing model is
based on the combination of fragments and neutral losses.
Moreover, the bin size of 0.1 m/z might affect the diagnostic
power of this neutral loss because other less relevant neutral
losses might fall into the same bin. Although smaller bin sizes,
e.g,, 0.01 or 0.001 m/z, might increase the diagnostic power of
some fragments and neutral losses, they will lead to a
tremendous increase in variables. Moreover, it is expected
that more MS? data will lead to increased performance. The
promising performances obtained show that the trained
models can be included in NTS workflows to prioritize
features with structural alerts.

Variable Importance. Interpretation of the trained
machine learning models increases the trustworthiness of the
models, and it enables the discovery of new patterns in the
data; therefore, we investigated which neutral losses and
fragments exhibited high importance in the trained models.
The top 25 most important variables from the best-performing
model were compared with group-specific fragments and
neutral losses found in the literature, in particular from studies
focusing on organophosphorus pesticides’'~* (Figure S5).
For example, the fragment at 327.1 m/z was found to be the
second most important feature and corresponded to a
characteristic triphenyl phosphate ion (C,sH;,0,P") fragment
with an exact mass of 327.07807 Da previously reported by Hu
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et al.”® Furthermore, the fragment at 265.0 m/z might
correspond to another characteristic fragment of C;;H,;,0,P"
although its exact mass slightly deviates (i.e., 265.06242 Da,
which would result in the bin at 265.1 m/z). The same goes for
the characteristic fragment of C;;H,0;P" with an exact mass
of 247.05186 Da, which deviates slightly from the 10th most
important variable 247.0 m/z. These discrepancies between the
fragment masses could be caused by the lower resolution used
when MS? spectra are acquired with HRMS instruments,
especially with Orbitrap instruments. Regarding aromatic
amines, the diagnostic neutral loss (17.02655 m/z) found in
our previous study”” was absent in the top 25 most important
variables. A comparison of the most important fragments and
neutral losses (Figure S6) with existing literature is challenging
because, to the best of our knowledge, such characteristic
electrospray ionization MS® fragments or neutral losses have
yet to be reported. Therefore, findings from this study can
serve as a starting point for mechanistic investigations aimed at
discovering diagnostic aromatic amines fragments.

Application of Both Models to Experimental NTS
Data. Of the 25 aromatic amine-containing compounds with
MS? data in the spiked samples, 23 were successfully flagged by
the developed model, with probabilities ranging from 0.651 to
1 (Table SS). For the organophosphorus model, 4 out of 7
spiked compounds with MS® data were flagged, with
probabilities ranging from 0.993 to 0.998 (Table S6). Two
of the compounds flagged, namely, triphenyl phosphate and
tricresyl phosphate, were also positively classified in actual
(unspiked) dust samples from the study of Belova et al. (0.998
and 0.997 probability, respectively). The 3 compounds that
were not flagged by the model, namely, 2-ethylhexyl diphenyl
phosphate, resorcinol bis(diphenylphosphate), and bisphenol
A bis(diphenylphosphate), formed sodium adducts [M + Na]*,
which the model was not trained on, possibly explaining why
they were not flagged. During data processing of the LC-
HRMS data of the surface water samples, 45,647 features were
extracted and yielded, after alignment and grouping, 8,161
feature groups. Further retention time, peak quality, and
intensity (>10,000 counts) filtering alongside blank subtraction
and componentization reduced the number of LC-HRMS
features to 386, of which 352 had an MS” Fragments and
neutral losses were calculated for these features using MS?
spectra.

Seven of the feature groups yielded a probability score >0.5
for the class “organophosphorus alert present”, indicating that
only a few features containing this substructure are present in
the considered data set. Assigned formulas, highest-scoring
candidates, and CSI:FingerID scores on the four bits of the
CSI:FingerID fingerprint representing phosphate and other
oxygen—phosphorus bonds are shown in Table S7. For six
features, one or more of the top three predicted formulas
included a phosphorus element. However, no candidate
structures could be matched in MassBank, except for one
feature group (M397 R1098 6504), which showed a match
(0.88) with fluopyram—a fungicide that does not have an
organophosphorus group but was also prioritized using the
aromatic amines model (see below). The inability to find
MassBank matches for the other flagged features underscores a
challenge already encountered during model training: the
limited availability of MS* data for compounds with this
specific structural alert. Nevertheless, these findings suggest the
potential presence of unknown features characterized by an
organophosphorus structural alert in the surface water samples,
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which should be further investigated to tentatively elucidate
their structures. Regarding the “aromatic amine” alert, 194
feature groups yielded a probability score >0.5 and were
further investigated. Assigned formulas, highest-scoring
candidates, and CSI:FingerID scores on the two bits of the
CSI:FingerID fingerprint representing a primary aromatic
amine and secondary aromatic amine are shown in Table S7.
For 11 of these feature groups, potential candidates were found
in MassBank, of which nine contained an aromatic amine,
whereas the other two contained a tertiary amine group. It is
likely that these compounds might yield similar fragment ions
and neutral losses to substances with an aromatic amine
structural alert. Nevertheless, this application shows that it is
possible to apply the developed models to nontarget screening
data of environmental surface water samples.

Research Significance and Future Directions. The
approach developed here for predicting the presence of
structural alerts can be utilized in environmental, exposomics,
and human (bio)monitoring studies. It can rapidly highlight
potentially significant features that require further investiga-
tion, either by applying other in silico tools or through
additional experimental work like targeted analysis. Findings
from this study show that based on raw and unfiltered MS*
spectra, it is possible to predict whether detected features
potentially contain specific structural alerts associated with
toxic effects, without the need to first predict molecular
fingerprints from the data. The developed models can be used
to both prioritize features in suspect and nontarget screening,
as well as for more specialized applications such as (high-
throughput) effect-directed analysis (EDA).”> In experimental
toxicity testing with EDA or bioassays, a challenge is to
associate the observed effect in the bioassay with a relevant
feature(s), as each tested fraction still contains multiple
features. Application of the developed models can help in
narrowing the number of features potentially involved in the
observed effects. For prioritization purposes, the proposed
approach can be used to rapidly screen through a large number
of acquired MS”> spectra to highlight the features with
structural alerts and focus further identification efforts on
these features. Furthermore, given that it is complementary to
the calculation of molecular fingerprints from MS? spectra, e.g,,
by SIRIUS,” the proposed approach can be combined with
recently developed tools such as MS2Tox'® or MLinvitroTox"”
to further reduce the number of features for which toxicity/
activity predictions need to be computed.

Results obtained here indicate that structural alerts can be
predicted from the MS® spectra. However, this is not
necessarily the case for all structural alerts, as not all alerts
can necessarily be linked to specific fragments, neutral losses,
or combinations in MS* data (e.g., halogens and epoxides). In
the future, multiclassifier models could be trained to detect the
presence of more structural alert groups, provided enough data
is present to train performing models. Additionally, future
algorithmic developments might improve the performance
further. In particular, the evaluation of additional classification
algorithms and more extensive feature engineering could help
improve performance. Data preprocessing could be optimized
by adjusting the bin size and using different strategies for
variable selection. However, selecting the most suitable bin size
is complex; higher resolutions result in a larger number of
variables, increase computation time, model complexity, and
require more training data. Additionally, this could lead to
more alignment errors, as fragments or neutral losses may be
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split between different bins due to mass errors.”® Larger bin
sizes and thus lower resolution overcome these problems but
will lead to information loss. These disadvantages of uniform
binning upon mass error could potentially be avoided by using
Gaussian binning, which has been applied to NMR spectros-
copy data’® but is still to be implemented on HRMS data.
Future research can explore other variables that are acquired
along the MS? during data acquisition, e.g., signal intensity.
Moreover, ongoing advancements in the field of metabolomics
can serve as a foundation, as developed strategies can be
equally applicable to the environmental analysis of small
molecules.

This study showed that it is possible to build classification
models on experimental fragmentation spectra acquired with
positive electrospray ionization. We were able to apply the
developed models to the NTS data of surface water samples
and prioritize a set of features that potentially contain the
aromatic amine structural alert. Both models can aid in
pinpointing chemicals that are potentially hazardous to the
environment and prioritize them for identification efforts. The
possibility of predicting structural information related to the
hazard of the molecule, without the use of fingerprints, is a
valuable insight and can be used as a stepping stone for further
research into the prioritization of NTS features in environ-
mental samples. This approach could find applications in
various nontarget screening studies of environmental samples.
Overall, here we showed the potential of obtaining information
on the potential hazard of an NTS feature based on the raw
experimental MS> data.
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class. A subset of the training and test set, including MassBank
spectra only, the aromatic amine model, and R code is shared
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StructuralAlerts).

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c10498.

Overview of structural alert groups, model performances,
and prioritized features (XLSX)

Model performance data and NTA SRT (PDF)

B AUTHOR INFORMATION

Corresponding Author
Nienke Meekel — KWR Water Research Institute, Nieuwegein
3430 BB, The Netherlands; Chemistry for Environment and
Health, Amsterdam Institute for Life and Environment (A-
LIFE), Vrije Universiteit, Amsterdam 1081 HV, The
Netherlands; © orcid.org/0000-0002-8766-455X;
Email: nienke.meekel@kwrwater.nl

Authors
Anneli Kruve — Department of Materials and Environmental
Chemistry, Stockholm University, Stockholm SE-106 91,
Sweden; Department of Environmental Science, Stockholm
University, Stockholm SE-106 91, Sweden; © orcid.org/
0000-0001-9725-3351

5062

Marja H. Lamoree — Chemistry for Environment and Health,
Amsterdam Institute for Life and Environment (A-LIFE),
Vrije Universiteit, Amsterdam 1081 HV, The Netherlands

Frederic M. Been — KWR Water Research Institute,
Nieuwegein 3430 BB, The Netherlands; Chemistry for
Environment and Health, Amsterdam Institute for Life and
Environment (A-LIFE), Vrije Universiteit, Amsterdam 1081
HV, The Netherlands; ® orcid.org/0000-0001-5910-3248

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.4c10498

Author Contributions

F.M.B, MH.L, AK. and N.M. designed the research study.
N.M. developed the method and wrote the code. N.M., F.M.B,,
and AK. wrote the manuscript, and M.H.L. revised the
manuscript. All authors read and approved the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge Yvonne Kreutzer and Ida Rahu from
Stockholm University for their help and advice on the NIST23
datasets and the advice on model performance metrics,
respectively. Eelco Pieke and Geert Franken from Het
Waterlaboratorium and Dylan Bok from Aqualab Zuid are
acknowledged for the fruitful discussions regarding the model
development. Lidia Belova from the University of Antwerp is
acknowledged for sharing the data on the spiked quality
control samples and unspiked dust samples. This work was
funded by the Joint Research Program of the Dutch and
Belgian drinking water companies, the Joint Research Program
of the Dutch Dune water companies, and TKI Water and
Maritime.

B REFERENCES

(1) Schwarzenbach, R. P.; Escher, B. I; Fenner, K.; Hofstetter, T. B.;
Johnson, C. A; von Gunten, U; Wehrli, B. The challenge of
micropollutants in aquatic systems. Science 2006, 313 (5790), 1072—
1077.

(2) Hollender, J; Singer, H.; Mcardell, C. S. Polar Organic
Micropollutants in the Water Cycle. In Dangerous Pollutants
(Xenobiotics) in Urban Water Cycle. Hlavinek, P.; Bonacci, O.;
Marsalek, J.; Mahrikova, I. Eds.; Springer, 2008, pp. 103—116.

(3) Bajkacz, S.; Stando, K. Non-targeted Analysis as a Tool for
Searching Transformation Products. Handbook Of Bioanalytics;
Springer, 2022, 1-23.

(4) Hulleman, T.; Turkina, V.,; O’Brien, J. W.; Chojnacka, A;
Thomas, K. V.; Samanipour, S. Critical Assessment of the Chemical
Space Covered by LC-HRMS Non-Targeted Analysis. Environ. Sci.
Technol. 2023, 57 (38), 14101—14112.

(5) Hollender, J.; Schymanski, E. L.; Singer, H. P.; Ferguson, P. L.
Nontarget Screening with High Resolution Mass Spectrometry in the
Environment: Ready to Go? Environ. Sci. Technol. 2017, 51 (20),
11505—11512.

(6) Gonzélez-Gaya, B.; Lopez-Herguedas, N.; Bilbao, D.; Mijangos,
L.; Iker, A. M.; Etxebarria, N.; Irazola, M.; Prieto, A.; Olivares, M,;
Zuloaga, O. Suspect and non-target screening: the last frontier in
environmental analysis. Anal. Methods 2021, 13, 1876—1904.

(7) Schymanski, E. L.; Singer, H. P.; Slobodnik, J.; Ipolyi, I. M,;
Oswald, P.; Krauss, M.; Schulze, T.; Haglund, P.; Letzel, T.; Grosse,
S.; Thomaidis, N. S.; Bletsou, A.; Zwiener, C.; Ibanez, M.; Portoles,
T.; de Boer, R; Reid, M. J,; Onghena, M.; Kunkel, U,; Schulz, W.;
Guillon, A;; Noyon, N.; Leroy, G.; Bados, P.; Bogialli, S.; Stipanicev,
D.; Rostkowski, P.; Hollender, J. Non-target screening with high-

https://doi.org/10.1021/acs.est.4c10498
Environ. Sci. Technol. 2025, 59, 5056—5065


https://github.com/KWR-Water/StructuralAlerts
https://github.com/KWR-Water/StructuralAlerts
https://pubs.acs.org/doi/10.1021/acs.est.4c10498?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10498/suppl_file/es4c10498_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10498/suppl_file/es4c10498_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nienke+Meekel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8766-455X
mailto:nienke.meekel@kwrwater.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anneli+Kruve"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9725-3351
https://orcid.org/0000-0001-9725-3351
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marja+H.+Lamoree"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frederic+M.+Been"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5910-3248
https://pubs.acs.org/doi/10.1021/acs.est.4c10498?ref=pdf
https://doi.org/10.1126/science.1127291
https://doi.org/10.1126/science.1127291
https://doi.org/10.1007/978-3-030-63957-0_42-1
https://doi.org/10.1007/978-3-030-63957-0_42-1
https://doi.org/10.1021/acs.est.3c03606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c03606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1AY00111F
https://doi.org/10.1039/D1AY00111F
https://doi.org/10.1007/s00216-015-8681-7
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

resolution mass spectrometry: critical review using a collaborative trial
on water analysis. Anal. Bioanal. Chem. 2015, 407 (21), 6237—625S.

(8) Minkus, S.; Bieber, S.; Letzel, T. Spotlight on mass spectrometric
non-target screening analysis: Advanced data processing methods
recently communicated for extracting, prioritizing and quantifying
features. Anal. Sci. Adv. 2022, 3 (3—4), 103—112.

(9) Hollender, J.; Schymanski, E. L.; Ahrens, L.; Alygizakis, N.; Béen,
F.; Bijlsma, L.; Brunner, A. M.; Celma, A,; Fildier, A,; Fu, Q.; Gago-
Ferrero, P.; et al. NORMAN guidance on suspect and non-target
screening in environmental monitoring. Environ. Sci. Eur. 2023, 35
(1), 75.

(10) Vosough, M.; Schmidt, T. C.; Renner, G. Non-target screening
in water analysis: recent trends of data evaluation, quality assurance,
and their future perspectives. Anal. Bioanal. Chem. 2024, 416, 2125.

(11) Szabo, D.; Falconer, T. M.; Fisher, C. M.; Heise, T.; Phillips, A.
L.; Vas, G.; Williams, A. J.; Kruve, A. Online and Offline Prioritization
of Chemicals of Interest in Suspect Screening and Non-targeted
Screening with High-Resolution Mass Spectrometry. Anal. Chem.
2024, 96, 3707.

(12) Yang, J.; Zhao, F.; Zheng, J.; Wang, Y.; Fei, X.; Xiao, Y.; Fang,
M. An automated toxicity based prioritization framework for fast
chemical characterization in non-targeted analysis. J. Hazard. Mater.
2023, 448, 130893.

(13) Hong, S; Lee, J.; Cha, J.; Gwak, J.; Khim, J. S. Effect-Directed
Analysis Combined with Nontarget Screening to Identify Unmoni-
tored Toxic Substances in the Environment. Environ. Sci. Technol.
2023, 57 (48), 19148—19155.

(14) Samanipour, S.; O’Brien, J. W.; Reid, M. J.; Thomas, K. V,;
Praetorius, A. From Molecular Descriptors to Intrinsic Fish Toxicity
of Chemicals: An Alternative Approach to Chemical Prioritization.
Environ. Sci. Technol. 2023, 57 (46), 17950—17958.

(15) Brack, W.; Ait-Aissa, S.; Burgess, R. M.; Busch, W.; Creusot, N;
Di Paolo, C.; Escher, B. I; Mark Hewitt, L.; Hilscherova, K;
Hollender, J.; Hollert, H.; Jonker, W.,; Kool, J.; Lamoree, M.;
Muschket, M.; Neumann, S.; Rostkowski, P.; Ruttkies, C.; Schollee, J.;
Schymanski, E. L.; Schulze, T.; Seiler, T. B.; Tindall, A. J.; De Aragao
Umbuzeiro, G.; Vrana, B.; Krauss, M. Effect-directed analysis
supporting monitoring of aquatic environments—An in-depth over-
view. Sci. Total Environ. 2016, 544, 1073—1118.

(16) Jonkers, T. J. H.; Meijer, J.; Vlaanderen, J. J.; Vermeulen, R. C.
H.; Houtman, C. J.; Hamers, T.; Lamoree, M. H. High-Performance
Data Processing Workflow Incorporating Effect-Directed Analysis for
Feature Prioritization in Suspect and Nontarget Screening. Environ.
Sci. Technol. 2022, 56 (3), 1639—1651.

(17) Been, F.; Kruve, A; Vughs, D.; Meekel, N.; Reus, A.; Zwartsen,
A.; Wessel, A.; Fischer, A.; Ter Laak, T.; Brunner, A. M. Risk-based
prioritization of suspects detected in riverine water using comple-
mentary chromatographic techniques. Water Res. 2021, 204, 117612.

(18) Peets, P.; Wang, W. C.; MacLeod, M.; Breitholtz, M.; Martin, J.
W.; Kruve, A. MS2Tox Machine Learning Tool for Predicting the
Ecotoxicity of Unidentified Chemicals in Water by Nontarget LC-
HRMS. Environ. Sci. Technol. 2022, 56 (22), 15508—15517.

(19) Arturi, K; Hollender, J. Machine Learning-Based Hazard-
Driven Prioritization of Features in Nontarget Screening of Environ-
mental High-Resolution Mass Spectrometry Data. Environ. Sci.
Technol. 2023, 57 (46), 18067—18079.

(20) Duhrkop, K.; Fleischauer, M.; Ludwig, M.; Aksenov, A. A;
Melnik, A. V.; Meusel, M.; Dorrestein, P. C.; Rousu, J.; Bocker, S.
SIRIUS 4: a rapid tool for turning tandem mass spectra into
metabolite structure information. Nat. Methods 2019, 16 (4), 299—
302.

(21) Sepman, H.; Malm, L,; Peets, P.;, MacLeod, M.; Martin, J;
Breitholtz, M.; Kruve, A. Bypassing the Identification: MS2Quant for
Concentration Estimations of Chemicals Detected with Nontarget
LC-HRMS from MS(2) Data. Anal. Chem. 2023, 95 (33), 12329—
12338.

(22) Shrivastava, A. D.; Swainston, N.; Samanta, S.; Roberts, L;
Wright Muelas, M.; Kell, D. B. MassGenie: A Transformer-Based

5063

Deep Learning Method for Identifying Small Molecules from Their
Mass Spectra. Biomolecules 2021, 11, 1793.

(23) Fine, J. A;; Rajasekar, A. A; Jethava, K. P.; Chopra, G. Spectral
deep learning for prediction and prospective validation of functional
groups. Chem. Sci. 2020, 11 (18), 4618—4630.

(24) van der Hooft, J. J.; Wandy, J.; Barrett, M. P.; Burgess, K. E;
Rogers, S. Topic modeling for untargeted substructure exploration in
metabolomics. Proc. Natl. Acad. Sci. U. S. A. 2016, 113 (48), 13738—
13743.

(25) Guo, H.; Xue, K; Sun, H,; Jiang, W.; Pu, S. Contrastive
Learning-Based Embedder for the Representation of Tandem Mass
Spectra. Anal. Chem. 2023, 95 (20), 7888—7896.

(26) Duhrkop, K; Shen, H.; Meusel, M.; Rousu, J.; Bocker, S.
Searching molecular structure databases with tandem mass spectra
using CSI: FingerID. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (41),
12580—1258S.

(27) Nguyen, D. H.; Nguyen, C. H.; Mamitsuka, H. Recent advances
and prospects of computational methods for metabolite identification:
a review with emphasis on machine learning approaches. Brief.
Bioinform. 2019, 20 (6), 2028—2043.

(28) Liu, Y.; De Vijlder, T.; Bittremieux, W.; Laukens, K;
Heyndrickx, W. Current and future deep learning algorithms for
tandem mass spectrometry (MS/MS)-based small molecule structure
elucidation. Rapid Commun. Mass Spectrom. 2021, No. e9120.

(29) Meekel, N.; Vughs, D.; Been, F.; Brunner, A. M. Online
Prioritization of Toxic Compounds in Water Samples through
Intelligent HRMS Data Acquisition. Anal. Chem. 2021, 93 (12),
5071-5080.

(30) Lo Piparo, E.; Christinat, N.; Badoud, F. From Structural Alerts
to Signature Fragment Alerts: A Case Study on Pyrrolizidine
Alkaloids. Chem. Res. Toxicol. 2023, 36 (2), 213—229.

(31) Meng, W.; Li, J; Shen, J.; Deng, Y.; Letcher, R. J; Su, G.
Functional Group-Dependent Screening of Organophosphate Esters
(OPEs) and Discovery of an Abundant OPE Bis-(2-ethylhexyl)-
phenyl Phosphate in Indoor Dust. Environ. Sci. Technol. 2020, 54 (7),
4455—4464.

(32) Mayer, B. P.; Dreyer, M. L.; Prieto Conaway, M. C.; Valdez, C.
A,; Corzett, T.; Leif, R.;; Williams, A. M. Toward Machine Learning-
Driven Mass Spectrometric Identification of Trichothecenes in the
Absence of Standard Reference Materials. Anal. Chem. 2023, 95 (35),
13064—13072.

(33) Py, C.; Cavarra, B. R; Zeng, T. Combining High-Resolution
Mass Spectrometry and Chemiluminescence Analysis to Characterize
the Composition and Fate of Total N-Nitrosamines in Wastewater
Treatment Plants. Environ. Sci. Technol. 2024, 58, 17081—17091.

(34) Quinn, R A; Nothias, L. F; Vining, O.; Meehan, M,;
Esquenazi, E.; Dorrestein, P. C. Molecular Networking As a Drug
Discovery, Drug Metabolism, and Precision Medicine Strategy. Trends
Pharmacol. Sci. 2017, 38 (2), 143—154.

(35) de Jonge, N. F.; Louwen, J. J. R;; Chekmeneva, E.; Camuzeaux,
S.; Vermeir, F. J.; Jansen, R. S.; Huber, F.; van der Hooft, J. J. J.
MS2Query: reliable and scalable MS(2) mass spectra-based analogue
search. Nat. Commun. 2023, 14 (1), 1752.

(36) Bourcier, S.; Hoppilliard, Y. Use of diagnostic neutral losses for
structural information on unknown aromatic metabolites: an
experimental and theoretical study. Rapid Commun. Mass Spectrom.
2009, 23 (1), 93—103.

(37) Harris, E.; Gasser, L.; Volpi, M; Perez-Cruz, F.; Bjeli¢, S;
Obozinski, G. Harnessing data science to improve molecular structure
elucidation from tandem mass spectrometry. Struct. Chem. 2023, 34
(5), 1935—1950.

(38) R: A Language And Environment For Statistical Computing
(version 4.2.1 and version 4.3.3); R Foundation for Statistical
Computing: Vienna, Austria, 2020. https://www.R-project.org/.

(39) RStudio: integrated Development Environment For R (version
2023.12.1); Posit Software, PBC: Boston, MA, 2023. http://www.
posit.co/.

(40) Caret: classification And Regression Training (version 6.0—94),
2022. https://CRAN.R-project.org/package=caret.

https://doi.org/10.1021/acs.est.4c10498
Environ. Sci. Technol. 2025, 59, 5056—5065


https://doi.org/10.1007/s00216-015-8681-7
https://doi.org/10.1007/s00216-015-8681-7
https://doi.org/10.1002/ansa.202200001
https://doi.org/10.1002/ansa.202200001
https://doi.org/10.1002/ansa.202200001
https://doi.org/10.1002/ansa.202200001
https://doi.org/10.1186/s12302-023-00779-4
https://doi.org/10.1186/s12302-023-00779-4
https://doi.org/10.1007/s00216-024-05153-8
https://doi.org/10.1007/s00216-024-05153-8
https://doi.org/10.1007/s00216-024-05153-8
https://doi.org/10.1021/acs.analchem.3c05705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2023.130893
https://doi.org/10.1016/j.jhazmat.2023.130893
https://doi.org/10.1021/acs.est.3c05035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c05035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c07353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c07353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2015.11.102
https://doi.org/10.1016/j.scitotenv.2015.11.102
https://doi.org/10.1016/j.scitotenv.2015.11.102
https://doi.org/10.1021/acs.est.1c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2021.117612
https://doi.org/10.1016/j.watres.2021.117612
https://doi.org/10.1016/j.watres.2021.117612
https://doi.org/10.1021/acs.est.2c02536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c02536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c02536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c00304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1038/s41592-019-0344-8
https://doi.org/10.1021/acs.analchem.3c01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01744?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/biom11121793
https://doi.org/10.3390/biom11121793
https://doi.org/10.3390/biom11121793
https://doi.org/10.1039/C9SC06240H
https://doi.org/10.1039/C9SC06240H
https://doi.org/10.1039/C9SC06240H
https://doi.org/10.1073/pnas.1608041113
https://doi.org/10.1073/pnas.1608041113
https://doi.org/10.1021/acs.analchem.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c00260?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.1073/pnas.1509788112
https://doi.org/10.1093/bib/bby066
https://doi.org/10.1093/bib/bby066
https://doi.org/10.1093/bib/bby066
https://doi.org/10.1002/rcm.9120
https://doi.org/10.1002/rcm.9120
https://doi.org/10.1002/rcm.9120
https://doi.org/10.1021/acs.analchem.0c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.2c00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.2c00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrestox.2c00292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b07412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b07412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b07412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c06555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c06555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c06555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c06555?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tips.2016.10.011
https://doi.org/10.1016/j.tips.2016.10.011
https://doi.org/10.1038/s41467-023-37446-4
https://doi.org/10.1038/s41467-023-37446-4
https://doi.org/10.1002/rcm.3852
https://doi.org/10.1002/rcm.3852
https://doi.org/10.1002/rcm.3852
https://doi.org/10.1007/s11224-023-02192-2
https://doi.org/10.1007/s11224-023-02192-2
https://www.R-project.org/
http://www.posit.co/
http://www.posit.co/
https://CRAN.R-project.org/package=caret
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(41) Helmus, R; van de Velde, B,; Brunner, A. M.; Ter Laak, T. L.;
van Wezel, A. P.; Schymanski, E. L. patRoon 2.0: Improved non-target
analysis workflows including automated transformation product
screening. J. Open Source Software 2022, 7 (71), 4029.

(42) ggplot2: elegant Graphics for Data Analysis (version 3.5.1);
Springer-Verlag: New York, 2016.

(43) Sushko, L; Salmina, E.; Potemkin, V. A.; Poda, G.; Tetko, I. V.
ToxAlerts: a Web server of structural alerts for toxic chemicals and
compounds with potential adverse reactions. J. Chem. Inf. Model.
2012, 52 (8), 2310—2316.

(44) Schulze, T.; Schymanski, E.; Stravs, M.; Neumann, S.; Krauss,
M,; Singer, H,; Hug, C.; Gallampois, G.; Hollender, J.; Slobodnik,
J.et al. NORMAN MassBank Towards a community-driven open-
access accurate mass spectral database for the identification of
emerging pollutants. NORMAN Network Bull. 2012, 9.

(45) MassBank-consortium and its contributors. Massbank/MassBank-
data: Release version 2022.06 (2022.06a), Zenodo, 2022.

(46) Schymanski, E. L.; Jeon, J.; Gulde, R; Fenner, K; Ruff, M,;
Singer, H. P.; Hollender, J. Identifying small molecules via high
resolution mass spectrometry: communicating confidence. Environ.
Sci. Technol. 2014, 48 (4), 2097—2098.

(47) Karol, P. J. The InChl Code. J. Chem. Educ. 2018, 95 (6), 911—
912.

(48) National Institute of Standards and Technology. NIST/EPA/
NIH EI AND NIST TANDEM LIBRARIES (NIST 23), 23 ed; U.S.
Department of Commerce, 2023.

(49) doParallel: Foreach Parallel Adaptor for the’parallel’ package
(version 1.0.17); 2020. https://CRAN.R-project.org/package=
doParallel.

(50) Beck, A. G.; Muhoberac, M.; Randolph, C. E.; Beveridge, C. H.;
Wijewardhane, P. R.; Kenttamaa, H. I; Chopra, G. Recent
Developments in Machine Learning for Mass Spectrometry. ACS
Meas. Sci. Au 2024, 4 (3), 233—246.

(51) Li, Y,; Kuhn, M,; Gavin, A. C; Bork, P. Identification of
metabolites from tandem mass spectra with a machine learning
approach utilizing structural features. Bioinformatics 2020, 36 (4),
1213—1218.

(52) Belova, L.; Roggeman, M.; Ouden, F. D.; Cleys, P.; Ait Bamai,
Y,; Yin, S.; Zhao, L.; Bombeke, J.; Peters, J.; Berghmans, P.; Gys, C,;
van Nuijs, A. L. N.,; Poma, G.; Covaci, A. Identification, semi-
quantification and risk assessment of contaminants of emerging
concern in Flemish indoor dust through high-resolution mass
spectrometry. Environ. Pollut. 2024, 345, 123475.

(53) Chambers, M. C.; Maclean, B.; Burke, R;; Amodei, D.;
Ruderman, D. L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, B,;
Egertson, J.; Hoff, K; Kessner, D.; Tasman, N.; Shulman, N.; Frewen,
B.; Baker, T. A.; Brusniak, M. Y.; Paulse, C.; Creasy, D.; Flashner, L.;
Kani, K;; Moulding, C.; Seymour, S. L.; Nuwaysir, L. M.; Lefebvre, B.;
Kuhlmann, F.; Roark, J.; Rainer, P.; Detlev, S.; Hemenway, T.;
Huhmer, A.; Langridge, J.; Connolly, B.; Chadick, T.; Holly, K;
Eckels, J.; Deutsch, E. W.,; Moritz, R. L,; Katz, J. E; Agus, D. B;
MacCoss, M.; Tabb, D. L.; Mallick, P. A cross-platform toolkit for
mass spectrometry and proteomics. Nat. Biotechnol. 2012, 30 (10),
918-920.

(54) Helmus, R;; Ter Laak, T. L.; van Wezel, A. P.; de Voogt, P.;
Schymanski, E. L. patRoon: open source software platform for
environmental mass spectrometry based non-target screening. J.
Cheminf. 2021, 13 (1), 1.

(55) Rost, H. L.; Sachsenberg, T.; Aiche, S.; Bielow, C.; Weisser, H.;
Aicheler, F.; Andreotti, S.; Ehrlich, H. C.; Gutenbrunner, P.; Kenar,
E.; Liang, X.; Nahnsen, S.; Nilse, L.; Pfeuffer, J.; Rosenberger, G.;
Rurik, M.; Schmitt, U.; Veit, J.; Walzer, M.; Wojnar, D.; Wolski, W.
E.; Schilling, O.; Choudhary, J. S.;; Malmstrom, L.; Aebersold, R,;
Reinert, K.; Kohlbacher, O. OpenMS: a flexible open-source software
platform for mass spectrometry data analysis. Nat. Methods 2016, 13
(9), 741-748.

(56) Meringer, M.; Reinker, S.; Zhang, J.; Muller, A. MS/MS Data
Improves Automated Determination of Molecular Formulas by Mass

5064

Spectrometry. MATCH Commun. Math. Comput. Chem. 2011, 65, pp.
259-290.

(57) MassBank-consortium and its contributors MassBank/mass-
bank-Data: Release Version 2024.06 (2024.06). 2024.06 Ed.; Zenodo,
2024.

(58) Peter, K. T.; Phillips, A. L.; Knolhoff, A. M.; Gardinali, P. R;;
Manzano, C. A.; Miller, K. E.; Pristner, M.; Sabourin, L.; Sumarah, M.
W.; Warth, B.; Sobus, J. R. Nontargeted Analysis Study Reporting
Tool: A Framework to Improve Research Transparency and
Reproducibility. Anal. Chem. 2021, 93 (41), 13870—13879.

(59) BPANTA NTA Study Reporting Tool (PDF); Figshare, 2022.

(60) Hassaan, M. A.; El Nemr, A. Pesticides pollution:
Classifications, human health impact, extraction and treatment
techniques. Egypt. J. Aquat. Res. 2020, 46 (3), 207—220.

(61) Dy, J; Li, H; Xu, S; Zhou, Q; Jin, M.; Tang, J. A review of
organophosphorus flame retardants (OPFRs): occurrence, bioaccu-
mulation, toxicity, and organism exposure. Environ. Sci. Pollut. Res. Int.
2019, 26 (22), 22126—22136.

(62) Samanipour, S.; Barron, L. P.; van Herwerden, D.; Praetorius,
A.; Thomas, K. V.; O’Brien, J. W. Exploring the Chemical Space of the
Exposome: How Far Have We Gone? JACS Au 2024, 4, 2412.

(63) Smith, P. W. G.; Tatchell, A. R. Chapter VI - Aromatic Amines.
In Aromatic Chemistry: Organic Chemistry for General Degree Students,
Smith, P. W. G.; Tatchell, A. R. Eds.; Pergamon Press Ltd, 1969; pp.
105—143.

(64) Onusaka, F. L; Terry, K. A.; Maguire, R. J. Analysis of Aromatic
Amines in Industrial Wastewater by Capillary Gas Chromatography-
Mass Spectrometry. Water Qual. Res. J. 2000, 35 (2), 245—261.

(65) Edebali, O.; Krupcikova, S.; Goellner, A; Vrana, B.; Muz, M,;
Melymuk, L. Tracking Aromatic Amines from Sources to Surface
Waters. Environ. Sci. Technol. Lett. 2024, 11 (5), 397—409.

(66) Wang, J.; Teng, Y.; Zhai, Y.; Yue, W.; Pan, Z. Spatiotemporal
distribution and risk assessment of organophosphorus pesticides in
surface water and groundwater on the North China Plain, China.
Environ. Res. 2022, 204 (Pt C), 112310.

(67) Oberacher, H.; Reinstadler, V.; Kreidl, M.; Stravs, M. A;
Hollender, J.; Schymanski, E. L. Annotating Nontargeted LC-HRMS/
MS Data with Two Complementary Tandem Mass Spectral Libraries.
Metabolites 2019, 9 (1), 3.

(68) Oberacher, H.; Sasse, M.; Antignac, J.-P.; Guitton, Y.;
Debrauwer, L.; Jamin, E. L.; Schulze, T.; Krauss, M.; Covaci, A,;
Caballero-Casero, N.; et al. A European proposal for quality control
and quality assurance of tandem mass spectral libraries. Environ. Sci.
Eur. 2020, 32 (1), 43.

(69) Géron, A. Hands-On Machine Leraning with Scikit-Learn; Keras
& TensorFlow; O'Reilly Media, 2019.

(70) Muz, M.; Ost, N.; Kuhne, R,; Schuurmann, G.; Brack, W.;
Krauss, M. Nontargeted detection and identification of (aromatic)
amines in environmental samples based on diagnostic derivatization
and LC-high resolution mass spectrometry. Chemosphere 2017, 166,
300-310.

(71) Bell, A. J.; Despeyroux, D.; Murrell, J.; Watts, P. Fragmentation
and reactions of organophosphate ions produced by electrospray
ionization. Int. J. Mass Spectrom. Ion Process. 1997, 165, 533—550.

(72) Niessen, W. M. Group-specific fragmentation of pesticides and
related compounds in liquid chromatography-tandem mass spectrom-
etry. J. Chromatogr. A 2010, 1217 (25), 4061—4070.

(73) Hu, J.; Lyu, Y; Li, M.; Wang, L.; Jiang, Y.; Sun, W. Discovering
Novel Organophosphorus Compounds in Wastewater Treatment
Plant Effluents through Suspect Screening and Nontarget Analysis.
Environ. Sci. Technol. 2024, 58 (14), 6402—6414.

(74) Niessen, W. M. A;; Correa C, R. A;; A, R. Interpretation of MS-
MS Mass Spectra of Drugs and Pesticides; John Wiley & Sons, Inc,
2017.

(75) Alvarez-Mora, 1; Arturi, K.; Been, F.; Buchinger, S.; El Mais, A.
E. R; Gallampois, C.; Hahn, M.; Hollender, J.; Houtman, C.; Johann,
S.; et al. Progress, applications, and challenges in high-throughput
effect-directed analysis for toxicity driver identification - is it time for
HT-EDA? Anal. Bioanal. Chem. 2025, 417, 451.

https://doi.org/10.1021/acs.est.4c10498
Environ. Sci. Technol. 2025, 59, 5056—5065


https://doi.org/10.21105/joss.04029
https://doi.org/10.21105/joss.04029
https://doi.org/10.21105/joss.04029
https://doi.org/10.1021/ci300245q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci300245q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5002105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://CRAN.R-project.org/package=doParallel
https://CRAN.R-project.org/package=doParallel
https://doi.org/10.1021/acsmeasuresciau.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmeasuresciau.3c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/bioinformatics/btz736
https://doi.org/10.1093/bioinformatics/btz736
https://doi.org/10.1093/bioinformatics/btz736
https://doi.org/10.1016/j.envpol.2024.123475
https://doi.org/10.1016/j.envpol.2024.123475
https://doi.org/10.1016/j.envpol.2024.123475
https://doi.org/10.1016/j.envpol.2024.123475
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1186/s13321-020-00477-w
https://doi.org/10.1186/s13321-020-00477-w
https://doi.org/10.1038/nmeth.3959
https://doi.org/10.1038/nmeth.3959
https://doi.org/10.1021/acs.analchem.1c02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c02621?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1016/j.ejar.2020.08.007
https://doi.org/10.1007/s11356-019-05669-y
https://doi.org/10.1007/s11356-019-05669-y
https://doi.org/10.1007/s11356-019-05669-y
https://doi.org/10.1021/jacsau.4c00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacsau.4c00220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2166/wqrj.2000.016
https://doi.org/10.2166/wqrj.2000.016
https://doi.org/10.2166/wqrj.2000.016
https://doi.org/10.1021/acs.estlett.4c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.4c00032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envres.2021.112310
https://doi.org/10.1016/j.envres.2021.112310
https://doi.org/10.1016/j.envres.2021.112310
https://doi.org/10.3390/metabo9010003
https://doi.org/10.3390/metabo9010003
https://doi.org/10.1186/s12302-020-00314-9
https://doi.org/10.1186/s12302-020-00314-9
https://doi.org/10.1016/j.chemosphere.2016.09.138
https://doi.org/10.1016/j.chemosphere.2016.09.138
https://doi.org/10.1016/j.chemosphere.2016.09.138
https://doi.org/10.1016/S0168-1176(97)00202-4
https://doi.org/10.1016/S0168-1176(97)00202-4
https://doi.org/10.1016/S0168-1176(97)00202-4
https://doi.org/10.1016/j.chroma.2009.09.058
https://doi.org/10.1016/j.chroma.2009.09.058
https://doi.org/10.1016/j.chroma.2009.09.058
https://doi.org/10.1021/acs.est.4c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c00264?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-024-05424-4
https://doi.org/10.1007/s00216-024-05424-4
https://doi.org/10.1007/s00216-024-05424-4
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(76) Anderson, P. E,; Reo, N. V.; DelRaso, N. J.; Doom, T. E.;
Raymer, M. L. Gaussian binning: a new kernel-based method for
processing NMR spectroscopic data for metabolomics. Metabolomics
2008, 4 (3), 261-272.

5065

https://doi.org/10.1021/acs.est.4c10498
Environ. Sci. Technol. 2025, 59, 5056—5065


https://doi.org/10.1007/s11306-008-0117-3
https://doi.org/10.1007/s11306-008-0117-3
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

