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Editor: Thomas Kevin V Non-target screening (NTS) based on high-resolution mass spectrometry (HRMS) is considered one of the most
comprehensive approaches for the characterization of contaminants of emerging concern (CECs) in a complex
Keywords: sample. This study evaluated the performance of NTS in aquatic environments (including peak picking, database
NTS matching, product identification, semi-quantification, etc.) based on a self-developed data processing method
PyHRM? . using 38 glucocorticoids as testing compounds. Data-dependent acquisition (DDA) and data-independent
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DIA ing. Results indicate that DDA and DIA mode have their own advantages and can complement each other. The
quantification method based on LC-HRMS has shown the potential to provide a fast and acceptable result for
testing compounds. Finally, a matrix spike analysis was carried out on 66 CECs across different usage categories
in wastewater, surface water, and seawater matrix samples, together with a case study performed for charac-
terizing the whole contaminants in a Pearl River sample, to better illustrate the application potential of NTS
workflow and the credibility of NTS outcomes. This study provides a foundation for novel applications of HRMS
data by NTS workflow to identify and quantify CECs in complex systems.
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1. Introduction

The increasing worldwide release of anthropogenic chemicals into
the aquatic environment has caused serious contamination of human
freshwater resources (Petrie et al., 2015; Tian et al., 2020). Some of
these chemicals have raised considerable toxicological concerns even
present at very low concentrations (Tian et al., 2021). The structural
elucidation of these contaminants of emerging concern (CECs), partic-
ularly when present in a complex environmental matrix, is one of the key
challenges facing environmental analysts (Fisher et al., 2022). Non-
target screening (NTS) approach based on liquid chromatography-high
resolution mass spectrometry (LC-HRMS) has been widely applied to
characterize the organic contaminants in the aquatic environment
(Fisher et al., 2022; Hollender et al., 2017a). HRMS is capable of
providing the accurate mass of thousands of substances with a fast
scanning rate, which facilitates compound identification without
authentic standards (Schymanski et al., 2014b). In addition, the high
throughput detecting ability of LC-HRMS can acquire comprehensive
knowledge of complex environmental samples, making it practicable to
efficiently recognize all existing chemicals and digitally record their
information for retrospective exploration (Alygizakis et al., 2018; Giin-
thardt et al., 2021). The NTS approach, as a complementary tool to
target analysis, can help alleviate the monitoring burden caused by the
uplifted quantity of chemical substances that warrant being concerned.

The data-independent acquisition (DIA) and data-dependent acqui-
sition (DDA) modes are commonly applied during NTS of complex
environmental samples employing LC-HRMS, which can generate MS
fragmentation spectra for compound identification. Generally speaking,
DDA can obtain exclusive MS? spectra for a limited number of precursor
ions, but many potential analytes with relatively lower intensities will
be ignored. To address this concern, the DIA mode was applied to
generate an unbiased MS? spectrum. Among several DIA modes, MSE (i.
e., MSF function in Xevo G2-XS TOF MS, Waters) mode has shown great
potential in obtaining comprehensive spectrometric information of
samples, which has been applied in several studies for the identification
of non-target features (Samanipour et al., 2018; Ren et al., 2022).
Similar to all ions fragmentation (AIF) (Naz et al., 2017; Renaud et al.,
2017), MSE mode sends all ions in MS! to the collision cell for frag-
mentation in the next cycle of scanning, which can obtain both MS! and
MS?2 spectra. The DDA and DIA data can be complementary to each other
and their combination can provide very comprehensive information for
further structural elucidation (e.g., online database matching, in-silico
fragmentation).

Nonetheless, technical bottlenecks remain in NTS analysis for envi-
ronmental samples. One difficulty is the heavy burden of data processing
tasks because the exponentially increased data size requires sophisti-
cated professional data processing software with an appropriate algo-
rithm (Hohrenk et al., 2020). Many open-source and commercial
software programs were developed for automated data processing, such
as XCMS (Smith et al., 2006), MS-DIAL (Tsugawa et al., 2015), MZmine2
(Pluskal et al., 2010), mass profiler professional (Agilent Technologies,
U.S.), Progenesis QI (Waters, U.S.) and Compound Discover (Thermo
Fisher, U.S.), etc. To the best of our knowledge, none of any software can
process both DDA and DIA data, and link the results together. In addi-
tion, although many studies have successfully applied these software
programs to investigate the unknown contaminants in a variety of
aquatic environments (such as rivers (Eysseric et al., 2021), lakes (Yao
et al., 2022), marine waters (Feng et al., 2022; Lara-Martin et al., 2020),
and wastewater treatment plants (Alygizakis et al., 2019; Jeong et al.,
2022)), a comprehensive assessment of NTS data processing method is
still lacking. This lack of assessment undermined the confidence of the
NTS result (Fisher et al., 2022; Peter et al., 2021), and some researchers
have remained skeptical about the reproducibility of this method (Hites
and Jobst, 2018). Thus, there is an urgent need for a comprehensive
assessment of the performance of the data processing method to gain
confidence in this state-of-the-art approach.
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To address these concerns, we have evaluated the performance of the
whole NTS workflow using a self-developed program PyHRMS. This
program supports users in inputting customized database files, avoiding
the high cost and limited autonomy when compelled to use commercial
databases. The testing compounds in this study are 38 glucocorticoids,
which are one group of steroid hormones that were frequently detected
in the aquatic environment and attract the attention of environmental
researchers and public interest (Weizel et al., 2018; Willi et al., 2019).
Peak picking efficiency, MS? matching performance, and quantification
accuracy will be evaluated by these compounds, and a case study using
this NTS workflow for a real water sample was also carried out. Iden-
tification results suggested that DIA and DDA methods are suitable for
matching different kinds of compounds based on their properties, and
the combination of them can maximize the screening efficiency for
samples of limited prior information. The result of this study explores
the boundaries of the NTS approach and will greatly improve confidence
in the environmental contaminants monitoring results by NTS.

2. Materials and methods
2.1. Reagents

Glucocorticoids mix solution in acetonitrile/methanol (1:1)
(Table S1), isotopically-labeled internal standards (ISTD) (Table S2),
and 66 CECs for matrix spike analysis were purchased from Alta Sci-
entific Co. (Tianjin, China). Formic acid at HPLC grade (99 %) was ob-
tained from DiKMA Technologies (CA, U.S.). Ammonium acetate at LC/
MS grade (99 %) was purchased from CNW Technologies (Shanghai,
China). LC/MS-grade solvents, such as water, methanol, n-hexane, and
acetone were purchased from Fisher Scientific (Pittsburgh, PA), and the
ultra-pure water was produced by the Millipore Milli-Q system (U.S.).

2.2. Samples extraction and instrumental methods

Grab samples were collected in precleaned amber glass bottles and
stored under 4 °C for use. All water samples were firstly filtered with
glass fiber filters (0.45 pm, Jinteng, China), then spiked with a mix of
ISTD standard solution, and loaded to solid phase extraction (SPE)
cartridges (Oasis PRiME HLB, 500 mg, 6 cc, Waters, U.S.) for compounds
extraction. All experiments in this study were conducted in triplicates.
Details of sample collection and extraction method were described in
Text S1. The extracts were concentrated at 1 mL and analyzed by a
Waters ACQUITY ultra-performance liquid chromatography (UPLC)
coupled to a quadrupole time-of-flight mass spectrometer (qQTOF-MS,
Xevo G2-XS) with an electrospray ionization source (ESI). Specific in-
formation about LC instrumental settings can be found in Text S2.

2.3. Data processing

For non-target analysis, the primary raw data files were converted to
mzML format by MSConvert (Chambers et al., 2012) and then processed
by PyHRMS (version 3.4, https://pypi.org/project/pyhrms/) for post-
data processing. The primary parameters of PyHRMS for data process-
ing are listed and interpreted in detail in our prior research (Wang et al.,
2023). In conclusion, Chromatographic peaks were generated by the
peak picking function in MS! data and were then prioritized based on the
following criteria: peak area > 500, S/N > 3, fold change (vs. solvent
and lab blanks) >5, and p < 0.05 (vs. solvent and lab blanks). The MS?
information for these prioritized compounds was obtained by data-
independent acquisition (DIA) and data-dependent acquisition (DDA)
modes. A detailed description of these methods is available in Text S3.
The prioritized compounds were then matched by retention time (RT)
and MS? fragments of accurate mass information with an in-house or
online database (e.g., Massbank (MassBank | MassBank of North
America Mass Spectral DataBase, 2022), NORMAN database (NORMAN
Suspect List Exchange (NORMAN-SLE), 2022). The confidence level of
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identification based on Schymanski et al. (Schymanski et al., 2014a) was
assigned to each of these compounds. Level 1 identifications were ach-
ieved by matching the RT, MS!, and MS? with reference standards. Level
2 was assigned by matching major fragment ions with the online MS?
database. The compounds that failed to match the MS? database can be
predicted by in silico fragmentation tools (such as MetFrag (Ruttkies
etal., 2016) and SIRIUS (Diihrkop et al., 2019)), which were assigned to
level 3. For compounds without MS? fragments, but their mass and
isotope distribution can be matched in the merged NORMAN Suspect
List Exchange Database, level 4 was assigned. The rest compounds with
only the mass of interest and RT were assigned to level 5.

Identified features at level 1 confidence were then semi-quantified by
a PyHRMS built-in function based on the relative response factors (RRF)
method (Eq. 1-3). Each compound was assigned an internal standard
(Table S1) based on their chromatographic similarities (Malm et al.,
2021). The accuracy of 38 target compounds in matrix samples at 10 ng/
L and 100 ng/L was evaluated based on calculated results.

(€Y

Response Factor (RF) = Peak area/Concentration

Relative Response Factor (RRF) = RF (target compound)

2
/RF (reference standard) @

Concentration A = (peak area A /peak areaB ) x (1/RRF) x (Concentration B)
3

2.4. Degradation experiment

The photo-degradation experiment was conducted with flumetha-
sone as the target compound to explore the parent-product relationships
based on the diagnostic fragment ion (DFI) strategy. 500 mL 500 pg/L
flumethasone water solution (with 0.1 % methanol to avoid the solvent
effect) was added to a photoreactor equipped with a glass cold trap to
assure light uniformity. A circulating water bath was used for reaction
temperature constancy. The degradation was conducted with a xenon
lamp at 1000 W/m? power and lasted for 30 h to simulate the trans-
formation under natural sunlight, then the reaction solution was
extracted by the method described above. Control samples were run
identically in dark conditions.
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2.5. Quality control and quality assurance

Before instrumental analysis, the detector performance was tuned
using sodium formate, and the mass error remains <1 ppm. Leu-
enkephalin (LE) (m/z at 556.2771 and 554.2615 for ESI™ and ESI™,
respectively) as a calibration compound was injected into the ion source
every 15 s with a real-time mass calibration performed during the whole
analysis. Solvent blanks and isotope-labeled internal standard solution
(Table S2) were analyzed for every 9 samples. For isotope labeled
standards, if RT error > 0.05 min, mass error > 10 ppm, or relative
standard deviation of peak areas >30 %, the instrument was retuned.
Solvent blanks (pure methanol) and lab blanks (DI water) were analyzed
alongside samples (n = 3). The peaks appeared in both samples and
blanks (fold change <5 or p-values >0.05) were removed.

3. Result and discussion
3.1. Mass accuracy for glucocorticoid standards

The mass resolutions for traditional time-of-flight (TOF) mass spec-
trometers are usually in the range of 10,000-40,000 FWHM. There are
two acquisition modes to record the raw data, i.e., profile mode and
centroid mode. For profile mode, mass peaks were formed by continuous
waves, while for centroid mode, the peaks were changed to bars. To
obtain complete information on a mass spectrum, we selected profile
mode to record the data. However, for most data processing tools, the
mass value of a peak was obtained by reading the mass of its highest
point, which might be inaccurate and unstable sometimes (Fig. S1).
PyHRMS can optimize the mass by calculating the middle point for the
full width at half the maximum of a mass peak. Fig. S2 shows the errors
of both the observed and optimized mass of 38 glucocorticoids at various
concentrations between 1 and 500 ng/mL. It illustrated a convincing
result with mass error within +5 ppm for optimized mass despite their
various instrument responses. In contrast, the observed mass error was
much bigger than the optimized mass error and can reach 10 ppm,
especially for compounds of lower intensity. The mass error of repeat-
edly injected ISTD compounds before and after mass optimization was
also summarized in Fig. S3, and most outliers were calibrated to =5 ppm
by our mass optimization function. Thus, the mass optimization by
PyHRMS exhibits good performance and can provide a more precise and
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Fig. 1. Number of prioritized and irrelevant features screened out by peak picking function. Pink dots represent the number of detected glucocorticoids, and blue

dots represent the number of unidentified glucocorticoids.
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convincing matching result for NTS.

3.2. NTS performance for dilution curve of glucocorticoids standard
methanol solution

A dilution curve of glucocorticoid standard methanol solution (5, 10,
20, 50, 100, 200, and 500 ng/mL) was used to evaluate the performance
of peak picking and DDA/DIA analysis. To focus on the peak picking
algorithm without interference by other factors, the recoveries for the
solid extraction method and matrix effect were not considered in this
case but will be investigated later.

3.2.1. Peak picking efficiency

The performance of the peak picking function for glucocorticoids in a
pure solvent system was first evaluated by analyzing a standard dilution
curve prepared in triplicates following the steps described in the method
section. As shown in Fig. 1, the numbers of possible organic compounds
in standard curve samples with S/N > 3 and intensity >500 are in the
range of 4375-5646. When fold change and p-value filters were applied
(i.e., fold change >5 and p-value <0.05 compared with solvent blanks),
the number of prioritized features was reduced to 22-787, which ac-
counts for 0.4 %-13.9 % of total organic compounds in each of the
samples. By compounds, we mean the specific compounds composed of
all possible forms of their own, including isotopes and salt adduct forms,
so this number was not overestimated. As the concentration decreased,
the number of prioritized compounds also decreased, while the number
of detected glucocorticoids (pink dot in Fig. 1) start to decrease when the
concentration was lower than 50 ng/mL. The blue dots in Fig. 1

50 20
Concentration (ng/mL)

Fig. 2. In-house database matching result for glucocorticoids in dilution samples.

exhibited the number of glucocorticoids that failed to be identified at
different concentrations, and the reason for their misidentification was
mainly the decreased peak area not meeting the criteria of over 500. In
total, 220 detected peaks were grouped to true positive results by
manually checking, while the missing of 46 target peaks at lower con-
centrations were confirmed attributing to their faint instrumental re-
sponses and inadequate chromatographic shapes.

Specific standard samples were plotted in Fig. S4, where grey dots
were irrelevant compounds that were removed by fold change and p-
value filter, while the red dots and green dots represented glucocorticoid
compounds and other prioritized compounds, respectively. The other
prioritized compounds might be the impurities present in the gluco-
corticoid stock solution, so their number also decreased as the standard
concentration decreased. The decreased number of glucocorticoids in
samples with a concentration lower than 50 ng/mL was mainly attrib-
uted to the unmet criteria of peak area (>500), fold change (>5), S/N
(>3), etc. For example, at 10 ng/mL, betamethasone failed to be
screened out by the NTS approach because its peak area was only 309
(Fig. S5). This result is reasonable and acceptable for the NTS approach,
because the filter is very important to remove irrelevant or false positive
features in this process, and the parameters (i.e., thresholds of p-value,
fold change, intensity, etc.) should be adjusted according to the NTS
result of a calibration curve to get the best performance and thus built a
solid foundation for the following identification process.

3.2.2. DDA and DIA data analysis
The structural identification of prioritized compounds can be per-
formed by analyzing the MS? information generated by collision-
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induced dissociation (CID) (Horai et al., 2010; Stein, 2012). DDA and
DIA are the two popular acquisition modes to acquire MS? information
during NTS of complex samples using LC-HRMS (Guo and Huan, 2020),
which can greatly reduce the labor of information input for target MS?
acquisition. For DDA mode, we selected the first 7 highest mass peaks to
obtain their MS? spectra for analysis. For DIA mode, we selected the all
ions fragmentation (AIF) approach to make sure that enough data points
were collected for chromatograms from both MS! and MS? (>22 points
for each chromatographic peak) with relatively moderate scanning
speed (5 Hz). The fragmentation information for AIF-based DIA was
obtained by using the peak picking function for MS? data, and the
chromatographic peaks with certain retention time and accurate mass
were assigned to the prioritized compounds in MS! data. For example,
the MS? spectrum of hydrocortisone acetate from DDA shows that it has
fragments of m/z 309.1859, 327.1978, and 241.1591, etc. (Fig. S6a),
while the DIA data also shows the extracted chromatographic peaks at
these fragment mass (Fig. S6b). The consistency of MS? information
from DDA and DIA indicates both methods are suitable for further in-
house or online database matching.

To evaluate the performance of database matching for DDA and DIA
methods, we have built an in-house database with compounds' accurate
mass, retention time, and MS? fragments (Table S1) generated by
detecting the authentic standards at 1000 ng/mL concentration with the
same instrument and setting parameters described in the method sec-
tion. The matching of prioritized compounds with the database must
meet the following criteria: 1) retention time difference < 0.1 min; 2)
precursor mass error < 10 ppm; 3) fragment ion mass error < 0.015 Da;
4) number for matched fragment ion >2. As shown in Fig. 2, the ma-
jority of glucocorticoid compounds in dilution curve samples can be
matched well with the in-house database at relatively high concentra-
tions (>50 ng/mL). This is the ideal situation where all RT, DDA, and
DIA results can be matched with the in-house database (green rectangle
in Fig. 2). However, as the concentration decreased, RT and one of the
DDA/DIA data were matched with the database (yellow or blue rect-
angle in Fig. 2). This result is reasonable because the weak signal of
glucocorticoids at low concentrations might not be enough to rank in the
first 7 highest peaks in MS! for DDA, or cannot generate a decent
chromatographic peak of fragments for DIA. As the concentration
further decreased, these compounds were either matched by RT only or
even not screened out by the peak picking function.

As to the MS2 matching performance of compounds with low con-
centrations, both DDA and DIA have their own advantages over the
others. For example, at 200 ng/mL, the betamethasone (RT: 16.4 min,
m/z: 393.2069 (M + H™)) failed to obtain its fragments by DDA (Fig. 2),
because its MS? intensity only ranked 14th in MS! scan (Fig. S7a). In this
case, DIA demonstrates superior performance in fragment analysis, as it
can produce decent chromatographic peaks for its fragments (Fig. S7b).
Conversely, in the case of dexamethasone, DDA can produce high-
quality MS? spectrums (rank 4th highest peak in MS!, Fig. S8a) while
DIA failed in this regard because these fragments do not exhibit
adequate chromatographic peaks for their faint instrument responses
(Fig. S8b).

For both DDA and DIA analysis, false positive is the major concern
regarding the quality of database matching results. The structural
identification based on MS? (either DIA or DDA) is powerless for iso-
mers. For example, dexamethasone-17-acetate  (InChIKey:
AKUJBENLRBOFTD-RPRRAYFGSA-N) and betamethasone 21-acetate
(InChIKey: AKUJBENLRBOFTD-QZIXMDIESA-N) are two stereoisomers
that have almost the same fragments (Fig. S9). In this case, if one of them
was present in the samples and matched with our database, it will return
two results, which need additional information for structural identifi-
cation (e.g., RT or ion mobility, etc.). In addition to isomers, the back-
ground noise of mass spectra will also increase the possibility of false
positives. Although DDA can generate exclusive MS? fragments, the
background noises need to be removed by an intensity threshold filter
(>300 used in this study). In contrast, the DIA data can solve this
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problem by peak picking in the MS? domain, because most noise mass
cannot generate a decent chromatographic peak at the same RT with the
parent prioritized compounds. In addition, DIA can obtain MS' and MS>
data simultaneously with enough data points for chromatographic
peaks, which exhibit a great potential to replace DDA and minimize the
instrumental acquisition work in the future.

3.2.3. Online and in-house database matching

As database building and development is tedious, costly, and time-
consuming work, most environmental researchers relied on the online
database for the identification of unknown contaminants. The compar-
ison between online and in-house databases is important because it can
increase the reliability of spectrum information when sharing them
among different labs or different LC-HRMS instruments. Compared with
the spectra from GC-EI-MS, the spectra from LC-MS are less reproducible
(Hollender et al., 2017b), especially when different collision energies
were applied. Thus, some online databases (such as Norman-Network)
only recorded the accurate fragment ion mass but omitted their rela-
tive abundance. In this scenario, we have compiled the fragment ion
mass of compounds from two popular databases (i.e., Massbank of North
America (MassBank | MassBank of North America Mass Spectral Data-
Base, 2022) and Norman network database (NORMAN Suspect List Ex-
change (NORMAN-SLE), 2022)) to check the MS? matching performance
of the online database.

A total of 33 glucocorticoids were present in both online and in-
house databases. As shown in Figs. S10 and S11, the performance of
MS? matching for online and in-house are very similar in general but still
different at low concentrations. This small difference is mainly attrib-
uted to the different number of fragments collected in different data-
bases and will not affect the matching accuracy, and this result indicated
that our in-house database is reliable and can be shared with other labs
for MS? matching when an authentic standard was absent.

3.3. NTS performance for glucocorticoid compounds in matrix spike
samples

3.3.1. Peak picking and MS? matching in matrix spike samples

Matrix spikes were prepared by spiking glucocorticoid standards in 1
L Pearl River water (10 and 100 ng/L). The samples were concentrated
in 1 mL methanol solution (named matrix-10 and matrix-100, respec-
tively) by solid phase extraction method as described in the method
section. As shown in Fig. S12a, >7000 features were found in matrix-
100, 2625 of them are prioritized compounds, which include all 38
glucocorticoid compounds. 30 glucocorticoid compounds were screened
out in matrix-10 (Fig. S12b), which is even slightly higher than that in
standard methanol solution at 10 ng/mL (i.e., 25 glucocorticoid com-
pounds in standard-10). For fragments matching, we found that 36
glucocorticoid compounds were successfully matched by RT and frag-
ments (either one of DDA/DIA or both) in matrix-100 (Fig. S13) versus
38 in standard-100 (Fig. 2). Similarly, 4 glucocorticoid compounds were
successfully matched by RT and fragments in matrix-10 (Fig. S13) versus
8 in standard-10 (Fig. 2). This difference in NTS performance in matrix
samples and pure methanol samples can be explained by the combina-
tion of solid phase extraction recoveries (40 %-150 % at 10 ng/L in
ultrapure water, Fig. S14) and suppression of compounds' ionization in
the ion source by the inherently existed matrix. Overall, despite the
matrix effect, our NTS approach still exhibits great power for identifying
the organic compounds in complex real water samples.

3.3.2. Semi-quantification for glucocorticoids by UPLC-HRMS
Quantification of prioritized contaminants identified by NTS is
necessary for evaluating the site eco-risks and serving environmental
management. Using HRMS data is an efficient approach but can only
provide semi-quantification results for its limitations in detecting
sensitivity and accuracy. Owning to limited prior information about the
testing samples, incorporating isotopic-labeled internal standards for all
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components in advance is unfeasible, thus, may result in inaccuracies in
quantitative outcomes. Meanwhile, the inherent high background noise
and narrow linear range of standard curve in TOF-MS instruments may
also attribute to the uncertainty in quantification. Here, by adding
selected internal standards of distinct chromatographic behaviors in real
water samples, we have evaluated the semi-quantification accuracy of
glucocorticoid compounds based on LC-HRMS using the relative
response factor (RRF) method. The relative standard deviations of RRFs
for most glucocorticoid compounds were below 35 % except for pre-
dnicarbate (RRF: 51 %) (Fig. S15), which shows an acceptable quality of
internal standard curve for further semi-quantification practices. As
shown in Fig. 3a, all 38 glucocorticoid compounds were screened out
and the accuracies of 66 % of glucocorticoid compounds in matrix-100
are in the range of 80 %-120 %. However, in the matrix-10 sample, only
30 glucocorticoid compounds were screened out, and the highest devi-
ation of semi-quantification result can reach to 378 % in the case of
methylprednisolone (Fig. 3b). To explore the reason for this high devi-
ation, we have obtained the extracted ion chromatogram of methyl-
prednisolone (m/z: 359.1851) and sulfadimethoxine-D6 (ISTD, m/z:
317.1190). As shown in Fig. S16, the peak areas of methylprednisolone
are 2577 in matrix-10 versus 917 in standard-10, and the peak areas of
sulfadimethoxine-D6 in this matrix-10 and standard-10 are 34,297 and
64,345, respectively. The enlarged peak area of methylprednisolone and
the suppressed signal of ISTD led to the overestimated concentration
(37.8 ng/L).

This example exposed the major flaws of the quantification by the
NTS approach based on LC-HRMS data, especially for compounds at low
concentrations in a complex sample (e.g., 10 ng/L methylprednisolone
in real water samples). Generally speaking, the high background noise
generated in LC-HRMS is an essential problem because it can interfere
with the integration of peak area, which is usually overestimated. In
addition to background noise, the ISTD selected for quantified com-
pounds in NTS workflow is usually not their own isotope labeled com-
pounds, and thus cannot accurately reflect the real recoveries and matrix
effect. Despite these flaws, we are still satisfied with the result of this
semi-quantification method, because even the most deviated results
remained in the same order of magnitude as the true values. From a
realistic perspective, this semi-quantification method exhibited great
potential in future application, and the result is acceptable to provide
insights into the occurrence of eco-risks of prioritized organic
compounds.
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3.4. Parent-product relationships identified by diagnostic fragment ion
strategy

Some CECs in water can easily undergo environmental trans-
formation processes in natural or engineering systems to generate
transformation products (TPs) (Qu et al., 2013). These TPs may possess
equivalent or even stronger toxicity than the parent compounds (Lao
et al., 2022; Tian et al., 2022, 2021), and thus attract additional con-
cerns. The MS? spectra of TPs may share the same fragments with their
parent compounds because environmental transformations do not
necessarily drastically alter their molecular structures. However, the
structure elucidation for these TPs cannot rely on the MS2 matching
because they are most likely not included in the in-house or online da-
tabases. Nonetheless, we can apply the diagnostic fragment ion (DFI)
strategy to build a relationship between TPs and parent compounds
based on their MS? spectra from DDA, and this strategy has been suc-
cessfully applied in TPs identification for specific organic compounds
(Wang et al., 2020; Yang et al., 2023a).

Hormones are one kind of such CECs that are easily transformed into
TPs and escape from traditional monitoring (Pflug et al., 2017; Wammer
et al., 2016; Yost et al., 2014). Here, we select flumethasone (InChIKey:
WXURHACBFYSXBI-GQKYHHCASA-N) as a target contaminant for
artificial photolytic experiment and explore its TPs by DFI strategy in
NTS workflow. As shown in Fig. 4a, 505 features were prioritized by the
non-target screening process for photo-degraded samples at 30 h. Those
features were absent in blanks (lab blanks and solvent blanks) and
control samples (same reaction system at time 0 h), indicating they are
potential TPs of flumethasone. Based on a limited number of MS? spectra
of these prioritized compounds from DDA data, a total of 13 prioritized
compounds were recognized as TPs, which have two or more fragments
in common with parent flumethasone. For example, the MS? spectrum of
TP391 has m/z 171.0804, 235.1120, 261.1247, 275.1432, and
289.1557, etc., which are also present in the MS? spectrum of parent
flumethasone (Fig. 4b). The mass difference between TP391 and flu-
methasone is 20.0084 Da, which is very close to the mass of HF (m/z
20.0062). This further verified that TP391 is the TP of flumethasone by
elimination of HF from its main skeleton. For prioritized compounds that
were not successfully connected with parent compounds by DFI, most of
them failed to obtain their MS? spectra due to low intensities, and some
of them cannot match with any possible formula with elements: C, H, O,
N, P, Cl, F. These may be the TPs of standard impurities or preexist
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Fig. 3. HRMS quantification result of 38 glucocorticoids in matrix spiked samples at 100 ng/L (a) and 10 ng/L (b). The color of the dots represents the standard

deviation of their RRF referred to as the color bar.
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organic compounds in reaction systems (Yang et al., 2023a). Due to the
high uncertainties for those compounds, we didn't consider these com-
pounds as valid TPs of flumethasone. The major transformation path-
ways of flumethasone were summarized in Fig. S17, and we believe the
DFI strategy developed in this case is very effective for identifying po-
tential TPs of known compounds and is very helpful for building a
parent-TPs relationship between unknown compounds in real water
samples.

3.5. NTS case study in actual water samples

3.5.1. Matrix spike analysis in different matrices

Since glucocorticoid compounds are constrained to a narrow interval
of log Kow and may exhibit similar chromatographic and mass spec-
trometric behaviors to some extent, we selected 66 species of commonly
used chemicals in the fields of pesticides, pharmaceuticals, veterinary
medicines, and industrial materials for further validation of the appli-
cability of NTS workflow in CECs identification. These compounds
exhibited a diverse instrumental retention time range of 5.3 to 21.3 min,
and log Kow values spanning from —2.4 to 6.7 (Fig. S18), reflecting
differentiated physical and chemical properties. Detailed information on
these compounds is available in Table S3. Matrix-spiked samples were
prepared using wastewater (WW), seawater (SW), and surface water

(SuW) matrices that represented typical background matrices, as illus-
trated by their total ion chromatograms in Fig. S19. Meanwhile, all
spiked CECs were confirmed to be absent in these matrices.

Fig. S20 and S21 present the identification results of spiked CECs
across three dosage gradients (50, 100, and 500 ng/L), following the
same HRMS data processing process as previously described. At 50 ng/L
spiking dosage, >75 % of CECs were successfully prioritized in all matrix
samples, demonstrating the consistent screening capability of the
applied workflow. Increment in CEC dosage further aids compound
prioritization to over 80 % and 95 % at 100 and 500 ng/L, respectively.
Challenges in prioritization primarily arose from the inability to meet
peak-picking and filtering criteria at lower dosage levels, as exemplified
by dimetridazole with S/N below 3 at 50 ng/L dosage (Fig. S22). At
escalated spiking dosages, CECs' prioritization efficiency improved as
their instrumental response increased, with matrix-induced background
noise in the spectrometer being suppressed to a negligible level. Mean-
while, approximately 50 % of CECs were identified at level 1 confidence
at 50 ng/L dosage, increasing to 80 % at 500 ng/L dosage. Though the
combined fragment-matching approach for both DIA and DDA data
maximizes CEC identification performance, the gap between feature
prioritization and CEC identification that stems from the requirement
for fragment recognition remains apparent, particularly at lower dos-
ages. Despite the screening overlooks in CECs that own low instrument
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response and high matrix background, the applied NTS workflow is able
to consistently deliver reliable results in feature prioritization and CEC
identification across a wide concentration range under varied matrix
conditions, underscoring its capability to provide convincing NTS out-
comes in practical applications.

3.5.2. CECs identification in Pearl River samples by NTS methodology

To explore the application of the whole NTS workflow for real wa-
ters, one water sample was collected in the Pearl River (22°56'45.6" N,
114°4'3.7" E Guangdong, China) and processed by the abovementioned
method. After peak picking and prioritization, 1071 and 868 features
were screened out as characterized compounds in positive and negative
modes, respectively. Fig. 5 shows that 18 and 1 compounds were iden-
tified by authentic standards (level 1) under positive and negative
modes (Fig. S23), respectively. These compounds include pesticides,
pharmaceuticals, personal care products, etc. (Sobus et al., 2018) A
complete list of level 1 and level 2 compounds is shown in Table S4
(ESI™) and S5 (ESIN). In addition to those matched by RT, 141 com-
pounds (including both positive and negative modes) were matched by
online databases (i.e., Massbank (MassBank | MassBank of North
America Mass Spectral DataBase, 2022) and NORMAN (NORMAN Sus-
pect List Exchange (NORMAN-SLE), 2022)), which were assigned to
level 2. However, there are many cases where more than one result was
returned by MS? matching. For example, the compound with m/z
273.1853 at RT 18.13 min matched with two candidates from Massbank
(i.e., estradiol and galaxolidone in Fig. 6a and b, respectively). Although
their structures are much different, the MS? spectra of these two com-
pounds shared at least 7 fragments in common, so the MS? data from
either DDA or DIA (Fig. 6¢) all matched with these two candidates. This
is a good example to demonstrate that database matching may not re-
turn an exclusive result, a false positive is possible.

For compounds with MS2 spectra from DDA but failed to match with
the database, their structures can be predicted by the DFI strategy or in-
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silico fragmentation method. For example, we applied the DFI strategy
and successfully located two compounds that are structurally related to
estradiol (level 2). As shown in Fig. S24, the RT of TP273 (17.97 min) is
very close to that of estradiol, and their MS? spectra are very similar,
indicating they might be stereoisomers. Evidence in previous studies
indicates that estradiol can easily transform into its isomer products in
natural systems (Yang et al., 2023b). In addition, TP259 and estradiol
share two fragments in common (i.e., m/z 129.0691 and 157.1028), and
their mass difference (m/z 14.0144) is very close to the mass of CHy (m/
z 14.0157), indicating TP259 might be a transformation product of
estradiol with a CHj loss. The structures of these two compounds were
predicted by MetFrag and are shown in Fig. S24. However, these pieces
of evidence are insufficient to propose an exact structure (e.g., positional
isomers), and thus the structure of these compounds remains speculative
at level 3. For compounds without MS? spectra, level 4 was assigned if
their mass was matched in Norman Suspect List (Norman Network,
2018), and the rest of the prioritized compounds were assigned to level
5.

The concentrations of compounds with level 1 are shown in Fig. S25,
three compounds (i.e., 4-acetamidoantipyrine, irbesartan, and 4-Formy-
laminoantipyrine) are above 100 ng/L, which are all pharmaceuticals.
The risk quotients (RQ) of these compounds can be calculated accord-
ingly based on these concentrations (if their lowest Predicted No Effect
Concentrations (PNEC) exist (NORMAN Ecotoxicology Database, 2022)
and their environmental risks can be evaluated. Further work is also
necessary to upgrade level 2 or 3 compounds to level 1 and more
analysis can be done regarding the CEC characterization and occurrence
at different sites with different sampling times.

This example presents a complete NTS result based on LC-HRMS, 19
compounds were confirmed with reference standards, and their con-
centration was obtained. However, the compounds with confidence
level 1 and level 2 only account for 13.4 % of total characterized com-
pounds, thus continuous retrospective analysis is necessary for the
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Fig. 6. MS? spectra comparison between DDA data (m/z 273.1853, RT 18.13)
Extracted chromatogram of matched fragments from DIA data.

future. In addition, the NTS based on LC-HRMS is not an ultimate and
universal approach to characterize the whole contaminants in water,
especially for compounds that are not ESI amendable (e.g., polycyclic
aromatic hydrocarbon, polychlorinated biphenyls, dioxins, etc.), other
extraction (e.g., liquid-liquid extraction) and analysis (e.g., GC-HRMS)
methods are also needed.

4. Conclusion

This study has explored the boundaries of the NTS approach for the
identification and quantification of CECs in an aquatic environment
based on LC-HRMS data. Overall, the NTS workflow developed in this
study was shown to be effective in the identification of unknown com-
pounds and quantification of known compounds. This study also
demonstrated the usefulness and applicability of DDA and DIA modes as
well as the in-house and online database for NTS of complex environ-
mental samples. DIA mode based on all ion fragmentation (AIF) and
DDA mode exhibit comparable abilities for MS? matching with database,
despite they have their own advantages over the other in some cases. For
compound quantification, although targeted analysis by LC-MS/MS re-
mains the most reliable approach, it is not feasible to extend this
traditional quantification approach over more than a few hundred
compounds. The quantification method developed in this study can be a
convenient and alternative approach for the quantification of contami-
nants that were identified by the previous non-target screening process.
In addition, the data processing algorithm in PyHRMS can process the
data from the instruments of different brands, which greatly increase the
cross-platform compatibility, and the evaluation of NTS performance for
the different instrument will be the subject of our future studies.
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