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raphy electrospray ionization high-resolution mass spectrometry (LC/
ESI/HRMS) is increasingly used to identify environmental contaminants.
Major differences in the ionization efliciency of compounds in ESI/
HRMS result in widely varying responses and complicate quantitative
analysis. Despite an increasing number of methods for quantification
without authentic standards in NTS, the approaches are evaluated on I -
limited and diverse data sets with varying chemical coverage collected on \
different instruments, complicating an unbiased comparison. In this e ,
interlaboratory comparison, organized by the NORMAN Network, we tho———
evaluated the accuracy and performance variability of five quantification

approaches across 41 NTS methods from 37 laboratories. Three

approaches are based on surrogate standard quantification (parent-transformation product, structurally similar or close eluting)
and two on predicted ionization efficiencies (RandFor-IE and MLR-IE). Shortly, HPLC grade water, tap water, and surface water
spiked with 45 compounds at 2 concentration levels were analyzed together with 41 calibrants at 6 known concentrations by the
laboratories using in-house NTS workflows. The accuracy of the approaches was evaluated by comparing the estimated and spiked
concentrations across quantification approaches, instrumentation, and laboratories. The RandFor-IE approach performed best with a
reported mean prediction error of 15X and over 83% of compounds quantified within 10X error. Despite different instrumentation
and workflows, the performance was stable across laboratories and did not depend on the complexity of water matrices.

ABSTRACT: Nontargeted screening (NTS) utilizing liquid chromatog- i ﬁ =
known

B INTRODUCTION

Access to clean water for drinking, health, and sanitation Received: June S, 2024
purposes is a fundamental human right,"” and ground- and Revised:  September 16, 2024
surface water play an essential role in providing safe water for Accepted:  September 16, 2024
such purposes.” > At the same time, thousands of compounds

are used daily worldwide, e.g., in agriculture, industry, and for

personal use, and many end up in the aquatic environment via
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e.g, insufficient wastewater treatment or stormwater runoff.> "'
The situation becomes more complex when considering
metabolites, transformation products (TPs, which include
metabolites), and disinfection byproducts. These compounds
can form both naturally in the environment and during water
purification processes.'> >° To ensure access to high quality
drinking water, it is important to minimize environmental
contaminants. Most countries and/or jurisdictions have some
water monitoring legislation in place, which requires systematic
monitoring. In the EU, this is implemented by several directives
for the protection of groundwater”" and surface water,”* and to
ensure the quality of water for human consumption.”” Currently,
these regulations cover only a fraction of the compounds that
may enter the aquatic environment.”** However, for regulatory
decisions quantitative information on detected compounds is
essential to assess their environmental and health risks.

One of the most commonly used techniques for water analysis
isliquid chromatography electrospray ionization high-resolution
mass spectrometry (LC/ESI/HRMS).ZO’ZS_27 The increased
sensitivity, accuracy, and resolving power of HRMS has enabled
the identification of a large number of polar and semipolar
organic micropollutants.”>*® Due to the large number of
contaminants in water samples, analysis has shifted from
targeted to suspect and nontargeted approaches.”””" Instead
of targeting specific compounds, the sample is screened for all
detected mass-to-charge ratios (m/z). Tentative identification
of either suspect list matched or all detected features (unique
pair of retention time (RT) and accurate m/z) without the use of
analytical standards are aimed for.””" Still, the purchase and
analysis of the analytical standard is ultimately required for
unambiguous verification.”” However, since the analysis of one
sample can result in tens of thousands of detected features, it is
unfeasible, if not impossible, to obtain reference standards for all
tentatively identified compounds.'>*>**

Although LC/ESI/HRMS is currently the analysis technique
of choice, quantification is inherently limited. The ionization
efficiency (IE) in ESI is highly dependent on the physicochem-
ical properties of the compound (e.g, olarity,‘%_37 acid—base
properties,”>*****° molecular volume™*~**), the properties of
the eluent used,***”*' and the ionization source geometry.*>**
Therefore, the IE of compounds can differ by several orders of
magnitude.’’ Consequently, the signals obtained from LC/ESI/
HRMS analysis do not indicate the absolute concentration of the
compound in the sample. Quantitative information can be
obtained by the calibration curve method, which remains
inaccessible before full identification. For this reason, several
approaches to quantifying compounds detected with LC/ESI/
HRMS NTS without analytical standards have been developed
in the past decade. Some approaches use a surrogate standard
(structurally similar or with similar chromatographic behavior)
for quantification,'***~* while others rely on machine learning
to predict the IE of the detected compounds and then apply the
predicted IE for quantification.”’***°°73° Recently, these
approaches were evaluated on pesticides, pharmaceuticals, and
their TPs, finding that IE-based prediction models provide the
most accurate results.”* This comparison was based on samples
analyzed on one instrument in one laboratory. Therefore, it is
unclear how much the accuracy of the quantification approaches
relies on the instrument and/or used processing software, or the
analyst’s experience.

In this NORMAN interlaboratory study of 37 laboratories in
Europe, North America, and Australia, five quantification
approaches without analytical standards were tested and

evaluated. Specifically, three approaches with surrogate standard
quantification and two approaches based on predicted
ionization efficiencies were compared. An overview of the
quantification approaches is given in Supporting Information SI
1. For more information including their strengths and
limitations, see reviews by Malm et al,>’ Sepman et al,>® and
Hollender et al.>” Each participating laboratory analyzed 15
samples using their standard nontargeted LC/ESI/HRMS
workflow. However, a suspect list of spiked compounds was
provided. The samples consisted of three water matrices spiked
with 45 compounds, including industrial, agrochemicals, food
additives, drugs, personal care products, and natural products at
two concentration levels. The concentrations of the spiked
compounds were unknown to the participants. Furthermore,
standard solutions of 41 compounds in ultrapure water at six
known concentrations and three blank matrices were shipped to
all participants. The study aimed to (1) compare the variability
of performance and accuracy of the five quantification
approaches across laboratories; and (2) evaluate the instru-
mental effects on their performances.

B EXPERIMENTAL SECTION

Chemicals and Solvents. The chemicals and solvents used
in this study can be found in Table S1. All chemicals were of
analytical standard quality and were bought from Sigma-Aldrich,
Merck, Riedel-de-Haén, Honeywell Fluka, or Dr. Ehrenstorfer
GmbH. All solvents used for dissolving the chemicals were from
Honeywell Riedel-de-Haén, except hydrochloric acid, formic
acid, and phosphoric acid, which were from VWR chemicals.

Samples. Stock solutions of all chemicals, as well as three
mixes (calibration mix, suspect mix, and isotope-labeled internal
standard (ILIS) mix), were prepared by weighing. Stock
solutions were prepared from fourth of October to 14th of
October 2021, and the mixes were prepared on 28th of October
2021. Surface water from Drevviken lake in Stockholm, Sweden
(coordinates N59.2484796, E18.1252966), obtained on 26th of
October 2021, was filtered using a Munktell Filter Paper
(Ahlstrom Munksjo) and stored at +4 °C until spiking. HPLC
grade water (samples s1), tap water (samples s2), and filtered
surface water (samples s3) were spiked with the suspect mix to a
concentration range from 6.70 X 1078 to 5.89 X 107* M (14—
780 ug/L, samples a). Additionally, each sample was diluted 10X
(samples b). The calibration mix was prepared in HPLC grade
water at six concentration levels ranging from 8.49 X 107'° to
8.90 X 107 M (0.6—1000 ug/L). Both suspect samples and
calibration mixes were spiked with ILIS mix at a constant
concentration of 1.30 X 1077 to 2.12 X 107 M (40—50 ug/L).
All samples were prepared on the 28th of October 2021. The
final concentration of the chemicals in the samples was
determined via a calibration curve and can be found in Tables
S2 and S3.

1 mL aliquots of samples and calibration mixes, as well as
blanks of each water matrix, were transferred to transparent
HPLC vials directly after preparation and were stored at =20 °C
before shipping to participating laboratories (see Table S4 and
Figure S1 for laboratories and geographical position). The
frozen samples, totaling 15 per laboratory, were sent to
participants within Europe on November first, 2021, and to
participants outside Europe on November fifth, 2021. Within
Europe, samples arrived within 3 days, while for participants
outside Europe ranged from 4 to 7 days. All samples were
analyzed within 3 months from shipping, and all participants but
one stored the samples at —20 °C until analysis.
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Instrumental. For instrumental details, see SI 2 and Table
SS for an easier overview.

All samples were analyzed with LC/HRMS from various
vendors in positive ESI mode, following the NTS workflow of
individual laboratories/institutes. The samples were analyzed
either as single measurements (n = 2), duplicates (n = 9) or
triplicates (n = 30).

Stability Tests. Suspect samples (undiluted and 10X
diluted) and two calibration mixes (high and one concen-
tration), were stored under different conditions: (1) freeze—
thaw cycles (stored in the freezer and thawed for each analysis),
(2) in the fridge (4 °C), (3) at room temperature (20—25 °C),
and (4) in the freezer (—20 °C). These, alongside freshly made
calibration solutions (six concentrations), were analyzed once a
week for 8 weeks, then once every other week for an additional 6
weeks. Concentrations were calculated from the calibration
curve made each week. Analysis was performed using a Dionex
UltiMate 3000 UHPLC - Q Exactive Orbitrap HRMS (Thermo
Fisher Scientific). See SI2 - DS_QDF for further analysis details
and SI 4, Figures S2—S5 and Table S6 for the results.

Data Treatment. Approximately 50% of the participants
received the samples as frozen or below room temperature, and
all except one reported that samples were stored in a freezer until
analysis. Compounds showing signs of degradation when stored
in the freezer (ampicillin, dazomet, and simvastatin) were
removed from all data sets for all samples and were not
considered in the following statistics. In addition, one laboratory
indicated that the samples were stored in a fridge before analysis.
Therefore, compounds showing significant degradation in the
stability experiments when stored in the fridge were removed
from this data set (SI 4, Figures S2—SS and Table S6b).

Reported Data from Participants. All detected compounds
were quantified using the five approaches described in SI 1
(parent—TP approach (see Table S7a for parent-TP pairs),
structurally similar approach (see Table S7b for most similar
assignment, note that for reported results, only top 1 most
similar compound was used), close eluting approach, RandFor-
IE approach, and MLR-IE approach). The first three approaches
were calculated automatically in Excel workbooks provided to all
participants together with the samples (see Supporting Work-
book File SWF1) while the two latter approaches were
calculated using online platforms: Quantem software version
0.3% for RandFor-IE and Semi-Quantification of Emerging
Pollutants application version 1.0.0°" for MLR-IE approaches.
Results from participating laboratories were received as Excel
workbooks with calculated concentrations for all approaches
and their raw data. All automatic calculations were based only on
the peak area of the detected peak, without accounting for ILIS
signal variation, unless implemented by individual participants.
These results are reported as received from the participants. The
data was evaluated using R v. 42.1.°% In total, 41 data sets with
corresponding raw data were received from 37 laboratories. For
three laboratories, the raw data was either inaccessible or
missing, and for one laboratory, only raw LC/HRMS data files
were submitted. All raw files are available in the NORMAN
Digital Sample Freezing Platform.’***

Reprocessed Data. All raw data were reprocessed using
patRoon package v. 2.2.0 in R* Due to the variation in
instrumentation used, the parameters for peak picking and
filtering were optimized individually for all data sets using in-
house scripts. Mainly, parameters regarding signal intensity were
varied, and for a few laboratories, a wider m/z window was used,

see SI 3 for further details and settings used for each data set.
Obtained peak areas were normalized to atrazine-ds (eq 1).

peak area, e

X mean

atrazine —dg

peak area

normalized —
peak area

allsamples
(peak Ared,zine—ds (1)

For quality assessment of the peaks, the normalized peak areas
of calibration compounds were plotted against concentrations.
The graphs were then manually inspected for linearity based on
residual analyses. All nonlinear data points and graphs with
fewer than three data points in the linear range were removed
from further analysis. The expected dead time was estimated for
each laboratory based on column dimensions and flow rate.
Compounds (both calibrants and suspects) with RT shorter
than the estimated dead time were removed. For suspect
compounds, the peak area ratio of high to low concentration
samples for each matrix were computed. Ratios below 5 or above
20 (the theoretical ratio being 10 for measurements in the linear
range) were removed. These points are denoted as out-of-range
ratios throughout the paper. The remaining normalized peak
areas were used to estimate the concentrations according to the
five quantification methods.

Evaluation of Quantification Accuracy. The accuracy of
the quantification approaches was evaluated mainly based on
fold error (eq 2), while log error (eq 3) was used to detect trends
of over- or underpredictions. Throughout this study, fold error
up to 10X (corresponding to log error between —1 and 1) was
considered sufficiently accurate for risk assessment in NTS.

Cpredicted i
c s 1 Cpredicted > Creal
real
fold error = .
1 .
=L otherwise
Cpredicted (2)
Cpredicted
log error = log
Creal (3)

Comparison of prediction errors between data sets and
quantification approaches were guided by visual inspection, and
findings were supported with statistical tests. Due to the non-
normally distributed errors and a varying number of replicates
analyzed by participants, the Friedman test was used to evaluate
the statistical significance of mean fold errors across data sets
and quantification approaches. Since the Friedman test requires
that the groups compared have the same size, incomplete data
sets (ie, where results from one or more quantification
approaches were missing) were omitted from the test. For
quantification approaches, significant Friedman tests were
followed with Nemenyi’s all-pairs comparisons test. The
Wilcoxon signed-rank test with Bonferroni adjusted p-values
was used to evaluate the effects of the matrix. For this, the peak
areas obtained in tap- or surface water were pairwise compared
to peak areas obtained in HPLC-grade water at both
concentration levels separately. HPLC water was considered a
matrix-free medium. Peak areas were used instead of prediction
error to exclude the influence of the quantification approach.
The statistical significance was determined at the 95%
confidence level.

Outliers were investigated by visual inspection of box-and-
whisker plots of fold errors for each approach and data set.
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Outliers were compared across data sets to identify trends of
compounds yielding poor estimates for certain approaches.

B RESULTS AND DISCUSSION

Compound Selection and Stability Evaluation. Com-
pounds were selected based on environmental relevance, with a
focus on water, aiming to cover a wide chemical space. This
included compounds with varying polarity and ionization
potential, as well as those with known TPs. Compounds were
selected from NORMAN SusDat®” and based on information
from the literature.®® Figure la shows the distribution of the
compounds based on response factor (RF) and retention time,
while Figure 1b visualizes the RF distribution of calibration and
suspect compounds for one lab. The RF for each compound was
calculated as the ratio of peak area and concentration, see SI 2 -
DS_QDF for analysis details.
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Figure 1. Distribution of the selected compounds spiked to the water
samples: (a) range of retention times and the response factors of the
compounds in a 25 min gradient (see SI 2 - DS_QDF for analysis
details), and (b) distribution of the response factors of calibration and
suspect compounds.

Concentration Estimates Reported by Participants.
Analysis of the reported concentrations from all participants
revealed some trends. The ionization efficiency-based ap-
proaches generally yielded better quantification accuracy than
the surrogate standard-based approaches. For these two
approaches, the majority of compounds across samples and
data sets had errors within a factor of 10, with some exceptions.
The results for the MLR-IE approach from two data sets
deviated more than the other data sets (Figure 2a). However, the
close eluting approach yielded the overall highest fold errors,
with up to approximately 1,000,000X. Similar general trends
could be seen across data sets despite the use of different
instruments. In Table 1, the mean, median, and 95% quantile
fold error over all data sets and samples, along with the
percentage of estimations within 10X error for the quantification
approaches, is shown (for each data set and sample, please see
Table S8). Analysis of the log error (Figure 2c) revealed that
most approaches were more prone to underprediction,

especially parent-TP and structural similarity approaches. The
ionization efficiency-based approaches and the close eluting
approach were less prone to underpredictions. However, for the
former approaches, almost all outliers were underpredicted.
Underprediction is undesirable, as consistent underpredictions
may result in overlooking compounds present at environmental/
ecotoxicological relevant concentrations. Instead, slight over-
prediction is preferable for quantitative estimates to ensure that
all possible hazardous compounds are included for further
investigations, especially for environmental analysis and risk
assessments.””

Statistically significant differences between the peak areas
obtained in different matrices and concentration levels (adjusted
p-values <0.05, see Table S9) were observed. However, only a
minor effect on the overall results was observed, as the
prediction errors were mostly coherent across the samples
(Figures 2 and S6—S15). The significant but nonsystematic
differences indicate that matrix effects largely depend on the
specific combination of sample and chromatography. Moreover,
for the water samples in this study, the impact of the matrix effect
appears to be smaller than the inaccuracies of the quantification
approaches. The average fold errors were compared across the
data sets using the Friedman test, and statistically significant
differences were observed for all samples (p-value <0.05, see
Table S9a). Similarly, the average fold errors across the
quantification approaches were also statistically different in all
samples (Friedman test followed by Nemenyi’s all-pairs
comparisons test, p-values <0.0S, see Table S9b—h).

Outlier Analysis. To evaluate trends of compounds
frequently associated with high errors, the outliers (points
outside the whiskers, i.e., more than 1.5 times the length of the
box (50th percentile)) from the box and whisker plot (Figure 2)
were investigated. However, due to the variations between data
sets, compounds that were outliers in one data set might yield
high but nonoutlying errors in another data set. On the other
hand, only a few outliers were within 10X error (corresponding
—1to 1 log error), and these were not considered for the outlier
analysis. Since the analysis involved two error metrics (fold error
and log error), five quantification approaches, six samples, and
40 data sets, each compound could be determined as an outlier
with a maximum of 2 400 occurrences, depending on the
detection frequency in each data set. Although no clear trends
were seen, some compounds appeared as outliers across multiple
data sets or occurred with higher frequency but across fewer data
sets. For example, methomyl, atrazine-desethyl-desisopropyl,
sudan I, chlorpyrifos, and benzothiazole occurred as outliers in
the largest number of data sets; 22 (55%), 22 (55%), 20 (50%),
19 (47.5%), and 18 (45%) data sets, respectively. Similarly,
methomyl, butylamine, clotrimazole, naproxen, and chlorpyrifos
were the most frequent outliers, with 98, 41, 57, 49, and S8
occurrences, respectively, corresponding to outlier rates (eq 4)
of 7.8, 5.9, 5.4, 5.3, and 4.2% when considering the detection
frequency.

ncomp oundcountasoutlier

X n

X 100

outlier rate =

2 X

napproaches samples X Nyatasets

(4)

These outliers all belong to different compound classes, with
ion masses ranging from 74 to 350 Da and RT's spanning from
very early to late eluting (Table S12). Therefore, no general
conclusions could be drawn for why these specific compounds
were frequently occurring outliers. Instead, the peak area ratios
between high and low spikes in each sample were inspected to
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Figure 2. Prediction errors of each quantification approach across the data sets for sample sla (high concentrated spike in HPLC water). The green
area shows the 10X error and the equivalent log error. Blue boxes are from analysis on orbitrap HRMS, while orange boxes are from analysis on ToF
HRMS. The fold errors, calculated according to eq 2, for reported data are displayed in (a), and corresponding log errors, calculated according to eq 3,
are shown in (c). (b) and (d) show the corresponding graphs for the reprocessed data.

Table 1. Mean, Median, and 95% Quantile Fold Errors, along with the Percentage of Estimation within 10X Error for the

Quantification Approaches over All Datasets and Samples

mean fold error

median fold error

95% quantile fold error % less than 10X error

approach reported reprocessed reported reprocessed reported reprocessed reported (%) reprocessed (%)
parent-TP 140X 13x 3.9 3.4x 79% 44x 71.8 75.5
structural similarity 100x 17X 4.0x 3.4x 110x S3% 70.4 75.5
close eluting 1200x 150X 6.0X S5.0x 570 180x 60.3 65.1
randFor-IE 15X 5.5 3.0x 2.4X 28X 17X 83.9 91.2
MLR-IE 3 000X 11X 3.6X 2.8X 500x 32X 78.5 83.4

see if compounds with deviating ratios also yielded the highest
errors and thus would be considered outliers. The compounds
with out-of-range ratios were generally not the most frequent
outliers, and vice versa (see Figure S16). Sometimes compounds
with out-of-range ratios were not even considered outliers nor

had particularly high prediction errors. For example, reserpine

was found with a ratio above 20 in the majority of data sets
independent of the matrix but was only found as an outlier in five
data sets. The highest ratio was found in HPLC water, and the
corresponding prediction errors for this data set ranged from
1.2X to 33X depending on the quantification approach, which is
relatively narrow compared to e.g, simazine-2-hydroxy where
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