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Position-specific isomers ofmonohydroxy
fatty acids in the land-atmosphere
interface: identificationandquantification
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Due to a wide variety and similar physicochemical properties of monohydroxy saturated fatty acids
(OH-FAs) isomers as biomarkers, previously reported OH-FAs in environmental samples were mainly
restricted to the α-, β-, (ω-1)- and ω-OH-FA isomers. Here, N,N-dimethylethylenediamine (DMED)
labeling coupled with ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-
MS) analysis with multiple reaction monitoring mode (MRM) was developed to screen, identify and
quantify position-specific isomers of OH-FAs (C8-C18). An identification strategy of positional
isomers of OH-FAs, including α-, β-, 4 to (ω-2)-, (ω-1)- and ω-OH-FAs, was established by integrating
the characteristics of peak intensity ratios of product ions based on the library of OH-FAs. Meanwhile,
d4-DMED-labeled OH-FA standards as internal standards were adopted for the relative quantification
of positional isomers. The extraction processes were optimized for different interface-environmental
samples. Ourmethod offers a promising tool to investigate position-specific isomers of OH-FAs in the
land-atmosphere interface.

Monohydroxy saturated fatty acids (OH-FAs) arepervasive lipid constituents
found in various organisms1–3 and serve as essential tracers for microorgan-
isms and higher plants in environmental and earth science research4,5. For
several decades, research has been conducted on position-specific isomers of
OH-FAs, utilizing them as environmental tracers crucial for elucidating the
migration processes of microorganisms and metabolites of higher plants in
the surface-earth systems5–7.Thecompositions andconcentrationsofOH-FA
isomers at hydroxyl positions of α, β, andωprovide indications regarding the
contributions from soil microorganisms8,9, gram-negative bacteria (GNB)10,11

and metabolites derived from higher terrestrial plants8,12,13 to environmental
samples, respectively.

However, numerous OH-FA isomers exist in nature, but mid-position
OH-FAs (refer to saturated fatty acids with a hydroxyl group in the middle
of the carbon chain), in particular,were rarely reported4. Recent studies have
highlighted their significant presence in environmental samples14–16. These
mid-position OH-FAs predominantly originated from the biological pro-
cesses of plants17,18, algae19,20 andmicrobes21,22. Theyare integral components
of cell membrane structures18,23 and by-products of metabolic activities20,
and may be released into the surrounding environment in response to
specific physiological or environmental pressures24,25. For example, the

fungal species Mucor rouxii has been specifically identified to specifically
generate 7-OH-C12-FA inoxygen-limited conditions26, thus suggesting that
mid-position OH-FAs could potentially serve as biochemical markers for
certain biological processes, possibly demonstrating microbial
specificity15,27. A comprehensive analysis of OH-FA isomers in the surface-
earth system is pivotal for tracing the migration processes of organisms.
Moreover, since these compounds may arise from stress reactions in
organisms, their detection could signify particular environmental circum-
stances, thereby providing valuable insights into potential environmental
shifts and overall ecosystem health.

However, the comprehensive profiling of OH-FAs has been hindered
by the absence of a robust analytical technique, leaving the composition of
OH-FA pools in various environmental samples largely unexplored. The
prevalentmethod for the detection ofOH-FAs in the surface-earth system is
to employ gas chromatography-mass spectrometry (GC-MS) after silyla-
tion, or amidationderivatization8–10.Nevertheless, this approachonly allows
for the detection of OH-FA isomers at the α, β, and ω hydroxyl positions.
Consequently, OH-FAs at other hydroxyl positions continue to elude the
detection and identification, leading to a significant knowledge gap con-
cerningmid-positionOH-FA isomers,whicharepostulated topossessmore
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distinct origins14,15,26. Liquid chromatography-mass spectrometry (LC-MS)
is a powerful analytical tool for small molecular compounds due to its high
sensitivity and selectivity, and broad adaptability28,29. Most recently, lever-
aging isotope labeling, we developed a set of screening and identification
strategies for OH-FA positional isomers in biological samples based on
liquid chromatography-high resolution mass spectrometry (LC-HRMS),
and the library including the data of 132 position-specific isomers of OH-
FAs was constructed30.

In this work, we improved and developed amore facile method for the
simultaneous screening, identification, and quantification of position-
specific OH-FA isomers in environmental samples (e.g., soil, leaf, pollen,
and microbial samples) by combining the N,N-dimethylethylenediamine
(DMED) labeling with ultra-high-performance LC-triple quadrupole MS
(UHPLC-QqQ MS) technique. First, we established a set of multiple reac-
tion monitoring mode (MRM) screening strategies on QqQMS according
to the fragmentation pattern of DMED-labeled OH-FAs under collision-
induced dissociation (CID). Subsequently, a simple identification process
for OH-FA positional isomers was established by integrating the char-
acteristics of peak intensity ratios of product ions based on the DMED-
labeled metabolite library. Finally, a relative quantitative approach was
established using d4-DMED-labeled OH-FA standards as internal stan-
dards. The established integrated techniques for screening, identification,
and quantification of position-specific isomers were applied in the analysis
of OH-FA pools in the land-atmosphere interface.

Results
In this work, we started from the three aspects of screening, identification,
and quantification of OH-FA positional isomers, and established a simple
and rapid method to study the variations of the OH-FA pool in the land-
atmosphere interface (Fig. 1). The specific method is presented as follows:

Screening strategy for OH-FAs
Our previous studies have demonstrated that DMED labeling is an effective
technique for enhancing the detection sensitivity and selectivity of car-
boxylated compounds in LC-MS29–31. The carboxyl group in chemical
compounds can react with DMED, leading to the formation of amides. The
tertiary amine, incorporated through DMED labeling, exhibits heightened
protonation ability under acidic conditions, thereby improving ionization
efficiency in ESI-MS within a positive ion mode. This amine also displayed
special fragmentation behavior via CID, leading to the loss of either the

dimethylamine neutral fragment or the H2O neutral fragment. Owing to
this distinctive fragmentation, the product ions mass spectra of DMED-
labeled carboxylated compoundswere clearer, and the detection sensitivities
of carboxylatedcompounds could increaseby several tohundredsof times29.
Consequently, DMED was selected for the labeling of OH-FAs in envir-
onmental samples in this study.

For examining the mass spectrometry fragmentation rules of DMED-
labeled OH-FAs, four OH-FA standards (3-OH-C8-FA, 8-OH-C8-FA, 3-
OH-C16-FA, and 12-OH-C16-FA, the information of standards were
presented in Supplementary Table 1) were selected to observe the frag-
mentation pattern (Fig. 2). The fragmentation of DMED-labeled OH-FAs
were consistent with previous studies30, occurring primarily in the amine
C-N bond and hydroxyl group, which caused the loss of the neutral frag-
ment H2O (18 Da) and/or dimethylamine (45 Da). As a result, DMED-
labeled OH-FAs generated three characteristic product ions via CID,
[M+H]+‒18, [M+H]+‒45, and [M+H]+‒63. For example, DMED-
labeled OH-C8-FA could generate two dominant product ions atm/z 186.2
([M+H]+‒45) andm/z 168.2 ([M+H]+‒63), and one minor product ion
at m/z 213.2 ([M+H]+‒18) via CID (Fig. 2a, b).

Based on this special fragmentation behavior, LC-QqQ MS-based
MRM mode was employed for high-sensitivity quantification of OH-FAs.
In thefirst stage (MS1), the precursor ions (referring toDMED-labeledOH-
FAs) were isolated and subsequently fragmented via CID. The information
regarding DMED-labeled OH-FAs (C8-C18) can be obtained from the
DEMD-labeled OH-FA library. In the second stage (MS2), three specific
product ions produced from the precursor ions were separated and selected
by Q3 analyzer. Them/z of product ions of DMED-labeled OH-FAs can be
predicted by subtracting the neutral loss fromm/z of precursor ions. Here,
two product ions, [M+H]+‒45 and [M+H]+‒63, were selected for sub-
sequent analysis and the informationabout selectedproduct ionswas shown
in Supplementary Table 2. When these two precursor-product ion pairs of
anOH-FAweremonitored simultaneously usingMRMmode, its extracted
ion chromatograms (EIC) could be obtained and OH-FAs could be picked
out based on the peak pair with the same retention time (RT) and similar
peak shape (Fig. 3a). Based on this, the LC-MRM-MS strategy was per-
formed for screening OH-FAs.

A two-step identification process
This process was proposed to achieve rapid and accurate identification of
position-specific isomers: library matching and confirmation of the

Fig. 1 | Workflow for isomeric OH-FAs profiling in the land-atmosphere inter-
face. The picture presents the brief process of the developed method, including
selected environmental sample types (including soil, leaf, pollen, and microbial
samples), the general extraction procedure for OH-FAs, the procedure and principle

of isomeric OH-FAs detection (DMED-labeling and LC-MRM-MS analysis), as well
as the overall procedure for screening, identification, and quantification of position-
specific OH-FA isomers.
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intensity ratio of product ions. A library including information on the
structure and m/z of position-specific isomers of OH-FAs, as well as
retention index (RI) andmajor product ions ofDMED-labeledOH-FAs has
previously been established to facilitate the identification. Of the informa-
tion recorded in the library, the RI values could calibrate to some extent the
drift of retention time in the LC-MS analysis of different batches, which
provides comparable chromatographic retention values for the identifica-
tion ofOH-FApositional isomers. Thus, by comparing theRI valuesofOH-
FA candidates from a givenOH-FA class with the RI values provided by the
OH-FA library within the relative error tolerance (RE) range of < 1.5%, we
could achieve a preliminary identification of OH-FA positional isomers.
As an example, 12 peak pairs were screened in the extracted ion chroma-
tograms (EIC) of OH-C13-FAs in samples (Fig. 3a). The RI values of 12
OH-FA isomers were calculated and compared with the library. Within
RE < 1.5%, 9 peak pairs (peak 4–12) were assigned to 12-OH-C13-FA (RE,
1.1%), 10/13-OH-C13-FA (RE, 0.1/0.5%), 9-OH-C13-FA (RE, 0.3%), 8-
OH-C13-FA (RE, 0.7%), 6-OH-C13-FA (RE, 0.7%), 5-OH-C13-FA (RE,
1.2%), 4-OH-C13-FA (RE, 0.9%), and 3-OH-C13-FA (RE, 0.3%), respec-
tively (Fig. 3b).

For further auxiliary identification of the OH-FA positional isomers,
the intensity ratio of the product ions (I[M+H]+→[M+H-63]+/I[M+H]+→[M+H-

45]+, IR) is introduced into the identificationprocess. IR is known to showan
inverse U-shape variation with the hydroxyl position of OH-FAs30. When
the hydroxyl position is closer to (α-/β-) or farther away from ((ω-1)-/ω-)
the carboxylic acid group in the structure of OH-FAs, the neutral fragments
H2O ismore difficult to lose and the intensity of product ion ([M+H]+‒45)
is relatively higher. Since the IR produced by differentmass spectrometers is
not identical, we reconstructed an auxiliary identification system of IR
versus hydroxyl positions applicable to this study by counting the IR values
of 38 OH-FA standards, and initially categorized five intervals of IR values
for α-, β-, 4 to (ω-2)-, (ω-1)-, and ω-OH-FAs (Fig. 3c). This evaluation
criterion of the identification of IR valueswas used for further confirmation.

As an example, the IR values of the peak pairs (peak 4, 6–12, Fig. 3b) all fell
within the intervals of IR values we established using the standards. And the
IR value of peak 5was 3.3,which fell in the IR interval of 4 to (ω-2)-OH-FAs.
Thus, the peak 5 was assigned to 10-OH-C13-FA. In summary, a set of
protocols for the identification of position-specific OH-FA isomers was
carried out (Fig. 3d). Compared with previous methods, this developed
method could detect all OH-FA isomers simultaneously and had relatively
higher sensitivity (Supplementary Table 3).

Relative quantification
In this study, OH-FAs labeled with d4-DMED as internal standards were
added before LC-MS injection to calibrate the shift of mass spectral signals
during LC-MS analysis (Supplementary Table 1). As shown in Supple-
mentary Table 4, the correlation coefficients (R2) for 38 OH-FA standards
were between 0.9851 and 0.9998, illustrating excellent linearities. Given the
constraint of having only 38 internal standards, for each OH-FA class, we
strategically selected one internal standard as the reference to calibrate the
mass spectral signal of other isomers within that class for which no indi-
vidual internal standard was available. The proposed method allows to
obtain relative quantitative information for all detectable OH-FApositional
isomers in a single analysis.

Evaluation of extraction solvents
To design rational extraction processes, four pure solvents and three
extractive mixtures matching the polarity index and solubility of OH-FAs
were selected to obtain the best performance of OH-FAs extraction from
different interface-environmental samples (Fig. 4a). The results showed that
41OH-FAswith ethyl acetate (EtOAc), 18withmethanol (MeOH), 37with
dichloromethane (DCM), 9 with acetonitrile (ACN), 36 with DCM/MeOH
(v/v, 2:1) and 54 with DCM/MeOH (v/v, 9:1) were detected in the extracts
from soil samples. Since more OH-FA positional isomers can be extracted
with DCM/MeOH (v/v, 9:1), this solvent was subsequently used to extract

Fig. 2 | The fragmentation pattern of DMED-labeled OH-C8-FAs and OH-C16-
FAs. MS/MS spectra of DMED-labeled a 3-OH-C8-FA, b 8-OH-C8-FA, c 3-OH-
C16-FA, and d 12-OH-C16-FA at CID voltage of 30 V in AB SCIEX 6500+ triple
quadrupole MS are presented, respectively. The compound abbreviation, the cor-
respondingm/z and the chemical structure afterDMED labeling are presented above

each panel. The blue parts of the chemical structure are the parts lost under collision-
induced dissociation (CID). The m/z of the three fragment ions of the DMED-
labeled OH-FAs and the structures of the fragmented compounds are presented in
panels.
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theOH-FAs from soil samples. There were 41 and 54OH-FAswith EtOAc,
28 and 49 with MeOH, 33 and 52 with DCM, and 26 and 44 with ACN
detected from leaf and pollen, respectively, resulting in EtOAc as an
extraction solution for plant samples.

For microbial samples, the pre-treatment methods for bacteria and
fungi were optimized separately because of differences in cell structure.We
detected 54 and 31 OH-FAs with EtOAc, 39 and 27 withMeOH, 43 and 31
withDCM, 51 and 45withACN, 60 and 54withDCM/MeOH (v/v, 9:1), 47
and 34 with DCM/MeOH (v/v, 2:1), and 63 and 49 with methyl tert-butyl
ether (MTBE)/MeOH/H2O (v/v/v, 10:3:2.5) from bacteria and fungi sam-
ples, respectively. Therefore, MTBE/MeOH/H2O was selected to extract
OH-FAs frommicrobial samples. Polar solvents penetrate cells more easily
than non-polar solvents, allowing better contact between lipids and the
solvent32, but the increase in solvent polarity may not be effective in
extracting more lipids33, and medium-polarity solvents (EtOAc and DCM)
extracted more OH-FA positional isomers (Supplementary Fig. 1). There-
fore, mixed solvents are more suitable for the extraction of OH-FAs from
complex environmental samples.

Evaluation of disruption method
To obtain more position-specific OH-FA isomers from biological cells, a
suitable cell disruption method is needed to enhance the release of intra-
cellular OH-FAs from microbial samples34. Mechanical methods such as
microwave, ultrasonication, autoclaving, and bead-beating, and non-
mechanical ones such as chemical treatments and enzymatic lysis have
been widely used for cell wall breaking35. For avoiding the introduction of
impurities during non-mechanical processes, the four mechanical disrup-
tionmethods forOH-FAs extraction fromdifferent biological samples were
evaluated as described in SupplementaryMethods. The results showed that
sonicationb (sonication using ultrasonic homogenizer; more detailed

information in Supplementary Methods) and temperature difference
methods can effectively separate airbags from pollen and break the main
body of pollen grains (Supplementary Figure 2), and thus more OH-FA
positional isomers were obtained by sonicationb disruption method. For
microorganisms, it can be seen from Fig. 4a that both sonicationb (bacteria:
62, fungi: 52) and autoclaving (bacteria: 63, fungi: 54) methods can detect
more OH-FA isomers. Compared with autoclaving, the product ions in the
mass spectra were cleaner after sonicationb treatment (Supplementary
Figure 3). Thus, sonicationb treatment was selected to disrupt biological
samples.To increase thenumberofOH-FApositional isomersdetected, this
study proposes the extraction protocols of targeted OH-FAs in different
interface-environmental samples for LC-MS analysis by combining optimal
extraction solvents and disruption methods (Fig. 4b). The extraction
recoveries in different interface-environmental samples (i.e., soil, plant, and
microbe) were 76–135%, 71–125%, and 74–129%, which verified that the
proposed methods were effective for extracting OH-FAs (Supplementary
Table 5).

Method application
With the aid of the established UHPLC-MRM-MS method and a two-step
identification process, a total of 58, 39, 57, 63, and 58 species of OH-FA
positional isomers were detected in soil, leaf, pollen, bacteria, and fungi
samples (Fig. 5a and Supplementary Table 6), respectively. Taken together,
among all detected OH-FA positional isomers, 29 isomers have been
extensively studied and 65 isomerswere barely reported in the past (Fig. 5b).
The previously neglected isomers, mainly mid-hydroxyl position OH-FAs,
were speculated to be ubiquitous15. For example, 4-OH-FAs and 5-OH-FAs
mainly appear in the β-oxidation cycle of yeast and fungi36, while 7-OH-
C12-FA is a special compound in Mucor rouxii related to anaerobic
conditions26. In particular, the differences in the isomeric composition of

Fig. 3 | The identification process for OH-C13-FA positional isomers. a Extracted
ion chromatogram of OH-C13-FA. b The comparison of calculated RI values of
OH-C13-FA candidates with the RI values provided by the OH-FA library within

RE < 1.5%. c Distribution of IR values versus hydroxyl positions of 38 OH-FA
standards. d The proposed identification strategy for position-specific OH-FA
isomers.
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Fig. 4 | Optimization of OH-FAs extraction from different interface-
environmental samples. a Detection number of OH-FA positional isomers (C8-
C18) from different interface-environmental samples through different extraction
solvents (solid petals) and cell disruption methods (hollow petals). The larger the
number in the petals, the greater the number of OH-FAs available using the solvent

or disruption method. The optimal solvents and disruption methods are considered
to extract more OH-FA positional isomers in this study, and thus having the largest
number in the petals. b Optimized OH-FAs extraction method for different
interface-environmental samples by combining optimal extraction solvents and
disruption methods based on a.

Fig. 5 | Isomeric OH-FAs compositions in different interface-environmental
samples. a Formula number distribution for position-specificOH-FA isomers in the
land-atmosphere interface. b Common and unique OH-FA positional isomers in
different interface-environmental samples. cThe compositions ofOH-FApositional

isomers in the land-atmosphere interface: the OH-FAs on the dotted lines are
compounds of interest in previous studies8,37. d PCA analysis of OH-FA positional
isomers detected in different interface-environmental samples.
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different environmental samples were mainly found in mid-hydroxyl
position OH-FAs (Fig. 5c). Principal component analysis (PCA) revealed a
greater similarity in the OH-FA pools collected from leaf, pollen, and
microbial samples, while the soil samples exhibit noticeable differences in
this regard. The isomers with substantial loadings on the principal com-
ponents (PC)weremainlyOH-C14-FAs andOH-C16-FAs, suggesting that
their contents may vary significantly between different types of environ-
mental samples (Fig. 5d). According to the uniqueness of the isomers
(Fig. 5b), it can be found that the special isomers in soil samples are mainly
OH-FAs with the hydroxyl group at the terminal position (such as 6-OH-
C9-FA, 8-OH-C10-FA, 12-OH-C13-FA, 14-OH-C15-FA, and 15-OH-
C18-FA), whereas samples collected fromorganisms (including leaf, pollen,
bacteria, and fungi) were primarily characterized by 2-OH-C15/17-FAs and
mid-position OH-C15/17-FAs (such as 9–11-C15-FAs and 9-C17-FAs),
implying their potential specificity.

Meanwhile, Fig. 5a showed that among the even carbon-numbered
OH-FAs, OH-C16-FAs and OH-C18-FAs family were the most common
OH-FAs. Among all odd carbon-numbered OH-FAs, OH-C9-FAs family
showed the richest isomeric diversity, while position-specific OH-C13-FA
and OH-C17-FA isomers seemed to appear less in biological samples.
Previous studies found that even-to-odd carbon preference in concentra-
tions of β- and ω-OH-FAs represented potential microbial origin9,37. A
strong even carbon-numbered predominance (C16 > C18 > C14) with a
proportion of 56–63%was also found in the formula numbers of positional
isomers in this study, possibly also demonstrating a strong microbial
origin12,37,38. However, due to a lack of information on the compositions of
position-specific OH-FA isomers in organisms, it is still unavailable to
conclude whether these isomers are derived from specific organisms or not.

Discussion
Due to numerous position-specific isomers and their similar properties,
previously reported OH-FAs in environmental samples were mainly
restricted to the α-, β-, (ω-1)- and ω-OH-FA isomers. We developed a
comprehensive profiling of OH-FAs using UHPLC-QqQ-MS in MRM
mode. Our current method specifically identified potential OH-FAs by
aligning peaks of two characteristic product ions. For identifying the
hydroxyl position ofOH-FAs, an identification strategywas proposed based
on the OH-FA library and specific MS fragmentation behavior of DMED-
labeled OH-FAs. This method has been well adapted for use in different
environmental samples. Under this method, a total of 94 positional-specific
isomers of OH-FAs were successfully detected and annotated from
interface-environmental samples, among which 38 isomers were further
confirmed by standards.

This study reports the screening, identification, and quantification of
multiple positional isomers including α-, β-, 4 to (ω-2)-, (ω-1)-, andω-OH-
FAs in the land-atmosphere interface. Such position-specific isomers are
closely related to endemic biological materials. Such information is the key
to understanding the role of the emission sources of biological particles in
the ambient air, and the detailed molecular composition of natural organic
matter in soil and air bodies. For example, primary biological aerosols
including airborne pollen, fungal spores, and bacteria are important com-
ponents of organic aerosols in the Earth’s atmosphere, both in the urban
boundary layer and pristine regions39,40. Thus, our study provides a meth-
odology for obtaining a detailed spectrum of lipid biomarkers, which favors
the investigation of migration processes of organisms and their metabolites
in complex environment matrices in the future.

Methods
Chemicals and reagents
The OH-FA standards and saturated fatty acid (SFA) standards were pur-
chased fromSigma-AldrichCorp. (St. Louis,MO,USA), J&KChemicalCo.,
Ltd. (Beijing, China), and Kamel Pharmaceutical Co., Ltd. (Chengdu,
China). The d4-DMED-labeled OH-FA standards and the d4-DMED-
labeled SFA standards were prepared according to the previous reports41,42.
The information on OH-FA standards and SFA standards is presented in

Supplementary Table 1 and Supplementary Table 7, respectively. Analytical
grade 2-chloro-1-methylpyridinium iodide (CMPI), triethylamine (TEA),
DMED, formic acid (FA), HPLC-grade ACN, EtOAc, DCM and MTBE,
and LC/MS-grade MeOH were purchased from Aladdin Chemistry Co.,
Ltd. (Shanghai, China).

Samples preparation
Soil, leaf, pollen, and microbe samples were selected as characteristic sam-
ples in the land-atmosphere interface environment in this study. Soil and
leaf samples (Euonymus japonicus Thunb.) were collected from Tianjin
University campus (39.11°N, 117.16°E). Pine pollen (Pinus tabuliformis
Carr.)was collected inMt.Changbai (42.40°N, 128.47°E; about 736mabove
the ground level). Puremicrobe samples (including bacteriaPantoea vagans
and fungiAspergillus niger) were obtained by purifying themicroorganisms
collected over Tianjin University (39.11°N, 117.16°E). More details on the
sample collection and the OH-FAs extraction are provided in Supple-
mentary Methods. The extracts of OH-FAs from the samples were dried
under a nitrogen stream.

DMED labeling
The dried residues were dissolved in 100 μL ACN, and then 10 μL CMPI
(20mmol L–1) and 20 μL TEA (20mmol L–1) were added. After vortexing
for 3min, 20 μLDMED (20mmol L–1) was added to derivatize OH-FAs for
1 h at 40°C, and then the solution was dried under a nitrogen stream. The
dried DMED-labeled sample was redissolved in 100 μL ACN/water (v/v, 1/
9), which contain 2 μL of 50 μM d4-DMED-labeled OH-FA internal stan-
dards and 1 μL of 50 μMd4-DMED-labeled SFA standards. Finally, 10 μLof
the sample was loaded for UHPLC-MS analysis.

UHPLC−MS analysis
The UHPLC-MS system consists of an ACQUITY UPLC I-Class LC
(Waters, Milford, MA, USA) and an AB SCIEX 6500+ triple quadrupole
MS (AB SCIEX, Framingham, MA, USA). ACQUITY HPLC HSS T3 col-
umn (1.8 μm, 2.1 mm×50mm, Thermo Fisher Scientific, CA, USA) was
selected to separate the target compounds. The mobile phase of (A) FA/
water (v/v, 0.1/100) and (B) ACN were applied to elute the target com-
pounds and the gradient was as follows: 0–3min at 5% B, 3–15min from
22% to60%B, 15–17min at 60%B, 17–24min at 95%B, 24–40min at 5%B.
The flow rate was set at 0.4mLmin–1. Themass spectrometer was equipped
with an electron spray ionization (ESI) source and performed in positive ion
mode with MRM. The parameters for ESI source were as follows: curtain
gas, 35 Lmin–1; collision gas, 8 Lmin–1; ion spray voltage, 5500 V; tem-
perature, 500 °C; ion source gas 1, 50 Lmin–1; ion source gas 2, 45 Lmin–1.
The MRM parameters for every target compound are provided in Supple-
mentary Table 2. Data acquisition and quantification were performed using
SCIEX OS v2.0.1 software. The RI values of OH-FA candidates were cal-
culated using Eq. (1):

RIð%Þ ¼ ½nþ ðtOH�FA � tSFAðnÞÞ=ðtSFAðnþ1Þ � tSFAðnÞÞ� � 100 ð1Þ

where tOH-FA is the RT of the target compound, n and tSFA(n) is the carbon
number and RT of the SFA whose RT is less than the RT of the target
compound, respectively, and tSFA(n+1) is the RT of the SFA whose RT is
greater than the RT of the target compound.

Method performance assessment
The mixture solution of 38 OH-FA standards was used to evaluate the
accuracy of the relative quantification. DMED-labeled OH-FA standards
and d4-DMED-labeled internal standards were mixed at different molar
ratios (1:50, 1:25, 1:10, 1:5, 2:1, 1:1, 5:1, 10:1, and 50:1). The regression curves
were constructed by plotting peak area of light/heavy versus themeanmolar
ratios of light/heavy and calculated using 1/x weight analysis. The good
linear relationship (R2 > 0.98) was shown in Supplementary Table 3. The
recoveries (RR)were calculatedwith standards spiked indifferent extraction
solvents at three different molar ratios (1:10, 1:1, and 10:1) according to the
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following Eq. (2):

RRð%Þ ¼ ½ðMS �MBSÞ=MSTD� � 100 ð2Þ

whereMS andMBS represent themolar ratios of the different analytes in the
spiked and non-spiked solvents, respectively, and MSTD represents the
molar ratio of the different standards. All data about themethod assessment
is shown in Supplementary Tables 4–5.

Statistical analysis
PCA analysis was employed using the Bray-Curtismethod to visually assess
the similarity of compounds among different environmental sample types.
PC1 andPC2were extracted, capturing themost substantial variancewithin
the dataset. PCA plot was then generated, plotting PC1 against PC2,
allowing for the visualization of relationships and potential clusters among
the samples based on their compound profiles. The Veen and PCA plotting
were performed using Origin v8.0.

Data availability
All data that support the findings of this study are available within the
manuscript and supplementary information.
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