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ABSTRACT: Understanding the chemical nature of soil organic
carbon (SOC) with great potential to bind iron (Fe) minerals is
critical for predicting the stability of SOC. Organic ligands of Fe are
among the top candidates for SOCs able to strongly sorb on Fe
minerals, but most of them are still molecularly uncharacterized. To
shed insights into the chemical nature of organic ligands in soil and
their fate, this study developed a protocol for identifying organic
ligands using ultrahigh-performance liquid chromatography-high-
resolution tandem mass spectrometry (UHPLC-HRMS/MS) and
metabolomic tools. The protocol was used for investigating the Fe
complexes formed by model compounds of lignin-derived organic
ligands, namely, ca*eic acid (CA), p-coumaric acid (CMA), vanillin
(VNL), and cinnamic acid (CNA). Isotopologue analysis of 54/56Fe
was used to screen out the potential UHPLC-HRMS (m/z) features for complexes formed between organic ligands and Fe, with
multiple features captured for CA, CMA, VNL, and CNA when 35/37Cl isotopologue analysis was used as supplementary evidence for
the complexes with Cl. MS/MS spectra, fragment analysis, and structure prediction with SIRIUS were used to annotate the
structures of mono/bidentate mono/biligand complexes. The analysis determined the structures of monodentate and bidentate
complexes of FeLxCly (L: organic ligand, x = 1−4, y = 0−3) formed by model compounds. The protocol developed in this study can
be used to identify unknown organic ligands occurring in complex environmental samples and shed light on the molecular-level
processes governing the stability of the SOC.
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■ INTRODUCTION

Association with iron (Fe) minerals is perceived as one of the
important processes that stabilizes soil organic carbon (SOC)
in soils and mediates its biogeochemical cycles. Association
with Fe minerals contributes to up to 37.8% of SOC in forest
soils across a range of temperate ecosystems, grasslands,
wetlands, and Arctic tundra and permafrost soils.1−4

Experimental studies documented the slower metabolism and
respiration of Fe-bound SOC compared to other pools of
SOC.1,5,6 In particular, recent investigations have uncovered
the important roles of Fe minerals and their redox reactions in
the response of permafrost soil to climate change and
processes of SOC during the melting process of permafrost
soils.4,7,8

However, to date, the chemical nature of Fe-bound SOC is
still largely unknown. Synchrotron-based X-ray absorption
spectral analyses have determined that Fe-bound SOC is more
aromatic and phenolic than bulk soils.9,10 High-resolution mass
spectrometry (HRMS) has been used in analyzing the

chemical properties of Fe-bound SOC and its release upon
the redox reactions of Fe.11,12 Results indicate that Fe-bound
OC in general has higher O/C and double bond equivalence
than other SOCs.1−3,13 Upon the reduction of Fe, a more
hydrophobic SOC with more lignin-like components was
released. More investigations into the chemical nature of Fe-
bound SOC can provide in-depth insights into the Fe-
mediated stabilization and cycling of the SOC.

Organic Fe ligands can be top candidates for SOC that
strongly associate with Fe mineral surfaces. Ultrahigh-perform-
ance liquid chromatography-high-resolution mass spectrometry
(UHPLC-HRMS) analysis as well as metabolomic studies were
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used to study the unknown Fe-binding compounds, mostly
siderophores.11,14,15 Together with HPLC-inductively coupled
plasma mass spectrometry (ICP-MS) analysis, HPLC-HRMS
identified the complexes with Fe formed by microbial-
originated siderophores, and further MS/MS analysis deter-
mined the chemical structures for important unknown Fe-
binding OC.11,16,17 Beyond microbial siderophores, there is
limited research about other naturally occurring organic Fe
ligands in soil environments and their complexes with Fe.18,19

Compared to other organic compounds, analysis for organic
ligands and their complexes with Fe are even more challenging,
with additional diCculties, including but not limited to the
absence of standards for complexes, and discrepancies between
MS analysis results and aqueous chemistry studies.20,21

Lignin is one of the major plant macromolecules and
precursors for SOC and can be potentially an important source
for Fe-binding SOC given its phenolic/catechol-dominated
degradation products. Among litter materials, cellulosic tissue
is relatively easily depolymerized into small saccharides or
monosaccharides that are eCciently assimilated by micro-
organisms, whereas lignin is broken down into small
compounds via an energy-intensive process that oxidatively
cleaves chemical bonds.22−25 The resulting degradation
products of lignin are a complex mixture with various oxidation
states and functional groups that may be stabilized by
association with Fe minerals.22,26 Phenolic, catechol, ether,
and other O-containing functional groups are widely occurring
among the lignin degradation products, which makes them
good candidates for Fe-binding ligands, for which there are
limited MS studies about their complexation with Fe.

This study aimed to (1) identify the Fe complexes formed
by model compounds of lignin degradation products; (2)
develop a protocol that can be used to identify molecularly
unknown lignin-derived Fe ligands and corresponding
complexes with Fe. Lignin-derived model compounds, i.e.,
ca*eic acid (CA), p-coumaric acid (CMA), vanillin (VNL),
and cinnamic acid (CNA), were selected based on four criteria:
(a) identification as lignin degradation products,27,28 (b)
presence of functional groups potentially binding with Fe, (c)
molecular weight in the range of 100−1000 Da (suitable for
electrospray-ionization (ESI) MS), and (d) authentic standard
commercially available.

■ MATERIALS AND METHODS

Materials and Sample Preparation. Four model
compounds, i.e., ca*eic acid (CA) (>98%, Sigma-Aldrich),
trans-p-coumaric acid (CMA) (>98%, TCL), vanillin (VNL)
(99%, Acros), and trans-cinnamic acid (CNA) (99%, Thermo
Fisher), were used for this study. Details of model compounds
and their chemical properties are compiled in the SI (Table
S1). All of the model compounds were prepared in HPLC-
grade methanol. FeCl3·6H2O (>97%, Fisher Chemical) salt
solution was prepared with double-deionized (DDI) water
(18.2 MΩ·cm−1). Model compounds were reacted with Fe(III)
at di*erent concentrations (0−1000 μM). The concentration
range of the samples was selected based on their environmental
relevance and instrument limits. The typical Fe(III) concen-
tration in soil ranges from 50 mM to 200 mM; however, this
concentration can be within the range of 20−1600 μM in soil
porewater.8,29 In the case of Cl−, the typical average
concentration in soil is 2.85 mM and it can be as high as
8.67 mM in sediment porewater.30,31 The complex samples
were equilibrated overnight at room temperature. A pH range

of 3−7 was chosen for the analysis. All of the samples were
prepared in duplicates.
LC-Orbitrap MS/MS Analysis. A Vanquish UHPLC

(Thermo Fisher Scientific) coupled to a Q Exactive HF
quadrupole orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) was used for the analysis of
the prepared model compound-FeCl3 samples. The injection
volume of the sample was set to be 10 μL and eluted through a
C18 core−shell column (Kinetex C18, 150 mm × 2.1 mm, 1.7
m particle size, 100 Å pore size, Phenomenex, Torrance). The
samples were eluted with a mobile phase comprised of solvent
A (LC-MS grade H2O + 0.1% formic acid) and solvent B (LC-
MS grade methanol (MeOH) + 0.1% formic acid) with a flow
rate of 500 μL/min for a total method run of 16 min. The
solvent gradient of the mobile phase was set as 40% of solvent
B from 0 to 6 min of the run, a linear gradient from 40 to 50%
of B up to 8 min, then 50−99% of B from 8 to 10 min,
followed by the washout phase for the next 3 min at 99% of B,
and then the last 3 min of re-equilibration phase at 5% of B.
Data-dependent acquisition (DDA) of MS spectra was
performed primarily in negative mode. The parameters for
ESI were set as a sheath gas flow of 50 arbitrary units (arb.
units), the auxiliary gas flow of 12 arb, and the auxiliary gas
temperature of 400 °C. The temperature of the inlet capillary
was 320 °C, while the spray current and voltage were set as
100 A and 2400 V, respectively, for the negative mode. The
scan range for MS was set to 150−1500 m/z with a resolution
at m/z 200 (Rm/z 200) of 120,000 with one microscan. The
maximum ion injection time was set to 100 ms with an
automated gain control (AGC) target of 1.0 × 1006. Up to five
MS/MS spectra per MS1 survey scan were recorded in DDA
mode with Rm/z 200 of 15,000 with one microscan. For the
DDA MS/MS, the maximum ion injection time was set to 100
ms with an AGC target of 5.0 × 1005. The MS/MS precursor
isolation window was set to m/z 1. The normalized collision
energy was stepped from 25 to 35% to 45% with z = 1 as the
default charge state. MS/MS scans were triggered at the apex
of chromatographic peaks within 2−15 s from their first
occurrence. The intensity threshold was set as 8.0 × 1004, and
the dynamic exclusion was 5.0 s. Both isotope peaks and ions
with unspecified charge states were omitted from the MS/MS
acquisition. The selected resolutions for both MS1 and MS/MS
and other parameters for data-dependent MS/MS acquisition
are suCcient for analyzing complex samples.14,32 A subset of
samples were analyzed using an Orbitrap IQ-X quadrupole
mass spectrometer coupled with a Thermo Scientific Vanquish
Horizon UHPLC system using a Phenomenex BioZen XBC18
(2.1 mm × 100 mm with guard column) column. Details of
this analysis can be found in the SI (SI, Text S1.1). Description
of the LC-Orbitrap MS/MS analysis in positive mode can also
be found in the SI (SI, Text S1.2).
Data Processing. Isotopologue Pattern Matching. The

acquired LC-Orbitrap-MS data (in .raw format) was converted
to mzML format using the MSconvert application (ProteoWi-
zard) before the data were analyzed by an in-house algorithm
written in R using the xcms library (code details in SI, Text
S1.3).16,33,34 The developed algorithm searches all of the MS
scans and compiled all of the peaks that have exhibited Fe
isotope pattern (54/56Fe, Δm/z = 1.9953 and intensity ratio =
0.058 in case of only one Fe present in the complex) along
with extracted ion chromatogram (XIC) and defined apo-
ligand XIC. Mass tolerance between the isotopologue was set
to 0.001 (Δm/z of 54/56Fe), whereas the intensity ratio
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tolerance was considered within a factor of 1.3 (54/56Fe
intensity). The parameters and criteria for removing mass sets,
which are the result of background and instrumental noises,
can be found in the previous study.16 Two additional criteria
were included for the current study in the case of consideration
of Fe isotopologue: (1) the XIC of the potential isotopologue
was captured as a feature in MZmine3 (details of MZmine3
can be found in a later section) and (2) the retention time
(RT) of the isotopologue is not too early (<1 min) or late
(>10 min, washout or re-equilibration phase). In addition, the
Cl isotopologue (35/37Cl, Δm/z = 1.997) pattern was also
searched, and based on the intensity ratio, the number of Cl
present in the potential compound was predicted. The
maximum number of Cl present in the singly charged complex
was assumed to be 3. The intensity ratios between the major
pair of Cl isotopologues were 0.97, 0.64, and 0.32 for
35Cl3/

35Cl2
37Cl, 35Cl2/

35Cl37Cl, and 35Cl/37Cl, respectively.
The mass di*erence uncertainty was chosen more stringently
with a mass error of 5 ppm when the uncertainty regarding the
intensity was higher (intensity ratio 54Fe/56Fe = 0.058 ± 0.02).
LC-MS/MS Feature Detection. Before the molecular

formula prediction of the potential complexes, acquired MS
data were processed using MZmine3 (version 3.4.16) (http://
mzmine.github.io/).35 The intensity thresholds of MS1 and
MS/MS spectra were set to 1.0 × 1005 and 1.0 × 1003,
respectively. ADAP chromatogram module was used for the
chromatogram building of MS1 with a scan accuracy (m/z) of
10 ppm.36 Deconvolution of the XIC was performed using the

local minima resolver (LMR) with a retention time tolerance
of 0.2 min, a chromatographic threshold of 0.85, and at least 3
data points were considered for resolving the features. An
isotope filter module was also incorporated to filter out the
same features containing a 13C isotope with an m/z tolerance
of 10 ppm. Join aligner is also performed after all of those
processes. The predicted complex m/z features were manually
searched in the feature list, and their XIC and MS data were
further analyzed. For the MS1 peaks, the m/z values were
reported to four decimal places, whereas for the MS/MS peaks,
they were reported to two decimal places. Molecular formulas
for all of the features were then annotated considering the
presence of C, H, O, Fe, and Cl in the molecule at di*erent
numbers. A simple complementary molecular formula
prediction was also performed using the ChemCal web
application (https://www.chemcalc.org/). Based on the
monoisotopic mass of the predicted complexes and the
potential number of Cl present in the complex (if any based
on the 35/37Cl isotopologue), the molecular formula was
predicted. The apo-ligands were also manually searched in the
feature list, and their XICs were compared with the potential
complex XICs. The feature tables were exported from
MZmine3 for creating fragment analysis in SIRIUS and
molecular networking in Global Natural Product Social
Molecular Networking (GNPS).

Although the current study is a targeted analysis, the spectral
library search was done within GNPS. GNPS was incorporated

Figure 1. Overview of the data analysis process to identify Fe-model compound complexes. For better illustration purposes, a complex of CA (m/z
= 303.899) identified in this study was used as an example throughout the figure. Each step elucidates step-by-step processes that were followed to
figure out the chemical formula and structure of the complex. Searching for apo-ligands is not critical for the model compound but is important for
searching for and identifying unknown ligands in complex environmental samples.
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for library search with a minimum matched peak for the library
search of 4 as well as a minimum cosine value of 0.70.
In Silico Annotation and Molecular Networking. MS/MS

data were further processed, and in silico annotation was done
using SIRIUS (version 5.6.3).37 Fragmentation trees of the list
of potential complexes were created based on the MS/MS data
with an m/z error of 5 ppm. CSI:FingerID module of SIRIUS
was also incorporated during the data analysis process as
dimers or other products originating from parent compounds
may be observed in the prepared samples. SIRIUS can also
predict the structure of the features with MS/MS that may not
be found based on library search, but it should be noted that
complex structures cannot be resolved by SIRIUS. Instead,
SIRIUS was incorporated to predict all of the potential apo-
ligand structure. As stated earlier, exported files from
MZmine3 (feature table file as .csv along with additional pair
data and corresponding MS/MS spectra files as .mgf) were
submitted to GNPS for ion-identity molecular networking
(IIMN) analysis.38 metaCorrelate module in MZmine3 was
utilized with a retention time tolerance of 0.1 min. For the
feature shape correlation, a Pearson correlation value of 0.85
was selected for the minimum shape correlation, and the
feature height correlation was set as 0.70. In addition to the
frequently found adducts, additional adducts of [M+FeCl3]

−

and [M+FeCl2]
− were considered with an m/z tolerance of 10

ppm. The generated files were submitted to GNPS. Cytoscape
(version 3.9.1) was used for visualizing the molecular
networks.39

QA/QC Analysis. For the QA/QC purpose, a mix of
sulfamethazine, sulfamethizole, sulfachloropyridazine, sulfadi-
methoxine, and amitryptiline was prepared to a final
concentration of 10 μg/mL and the final concentration of
coumarin-314 was 20 μg/mL. The instrument was calibrated
to <3 ppm mass accuracy prior to the analysis of the samples.
The detailed table of the compounds and the QA/QC MS
figures can be found in the SI (SI, Table S2 and Figure S1).
Negative control or reference background sample was taken
with an average signal intensity of 1.0 × 1005. Feature list blank
subtraction was also performed after an aligned feature list was
generated by MZmine3 as described in the previous section.
Features present in the blank were subtracted from the final
feature list based on intensity.

■ RESULTS AND DISCUSSION

Overview of the Protocol for Identifying the
Complexes Formed by Model Compounds. A protocol
was developed and used for identifying the Fe complexes
formed by model lignin degradation products with four major
steps (Figure 1): (1) screening of 54/56Fe isotopologue
followed by 35/37Cl isotopologue for potential metal complexes:
54/56Fe isotopologue will be screened as a primary benchmark
for the complexes with Fe when 35/37Cl isotopologue is used as
an additional evidence as hybrid complexes can often occur;
(2) identification of features from MS1 data using MZmine3
and annotation of molecular formula: based on the m/z value
of the potential complex feature combined with Fe and an
additional atom’s isotope pattern, a list of molecular formulas
were predicted for potential complexes; (3) fragmentation
analysis using SIRIUS based on the MS/MS spectra: the
structure of the complexes can be resolved and explained by
scrutinizing fragmentation trees generated by SIRIUS; and (4)
ion-identity molecular networking analysis (IIMN) and
complementary library search using HRMS/MS database

(e.g., GNPS): IIMN and library search can reveal additional
potential complexes and related apo-ligands.

Results reported in the main text are based on the (−) MS
analysis results, whereas complementary (+) MS results can be
found in the SI. The complexes and apo-ligands reported in
both modes were singly charged. The major analyses were
focused on results for samples with 250 μM model compounds
and 500 μM FeCl3 at pH of 3.14−3.31 when the results for
other concentrations and pH setups were used for analyzing
the impact of analyte concentrations and solution pH (SI, Text
S1.4 and 1.5). This analysis protocol was developed with the
aim of identifying unknown organic ligands in complex
environmental samples and validating using the model
compounds (Figure 1). All of the mass spectral data are
publicly available in Mass spectrometry Interactive Virtual
Environment (MassIVE) (https://massive.ucsd.edu/) (SI,
Table S3).
Isotopologue Pattern Screening Analysis. The results

of 54/56Fe isotopologue analysis revealed 25−106 unique
features (MS1 signal intensity >1 × 1005) at di*erent retention
times, likely with associated Fe for all four model compounds
(SI, Figure S2). After cleaning up, i.e., background removal (S/
N > 10 at various concentration ratios), and validation in
replicates, there were 5, 4, 10, and 6 features with 54/56Fe
isotope patterns for samples of CA, CMA, VNL, and CNA,
respectively, showing the coelution of monoisotopic peaks
containing 54Fe and 56Fe. As the next step, molecular formulas
were successfully assigned for 2, 2, 3, and 1 features of
complexes for CA, CMA, VNL, and CNA, respectively. CA
had 2 peaks with m/z values of 303.8987 and 411.9872 at a
retention time of 2.82 and 2.88 min, respectively, with 54/56Fe
isotope patterns (SI, Figure S3), while CMA also had 2 peaks
with m/z of 451.9531 and 708.0937 at a retention time of 3.67
min.

In parallel to compilation of the potential m/z matching of
the natural abundance Fe isotope pattern, MS1 peaks were
searched independently for the 35/37Cl isotope for possible
complexes with Cl. The most likely number of Cl present in
the complex was determined by comparing the isotopologue
pattern of molecules with those with di*erent numbers of Cl
using an in-house R script (SI, Figure S4). In the case of CA,
18−38, 19−36, and 24−42 unique features with
35Cl3/

35Cl2
37Cl, 35Cl2/

35Cl37Cl, and 35Cl/37Cl isotopic patterns
were observed, respectively, for samples with di*erent
concentration ratios of Fe and CA. As an example, for CNA,
m/z = 307.8867, 309.8838, and 311.8809 triads showed Δm/z
= 1.997 among them and the intensity ratios were 0.93 (peak
intensity of 309.8838/307.8867) and 0.27 (peak intensity of
311.8809/307.8867), matching the isotopic pattern of a
molecule with 3 Cl (SI, Figure S5). Such kinds of Fe
complexes containing Cl were also observed in previous
studies.20,40 Beck et al.20 found complexation between organic
acids (e.g., oxalic acid, malic acid) and FeCl3 resulted in [M−

H+ FeCl3]
−, [M−2H+FeCl2]

−, and [M−3H+FeCl]− complex
species.
Molecular Formula Prediction and Capturing of Apo-

Ligands. For predicting the molecular formula of the potential
complexes, C, H, and O atoms were considered along with Fe,
and the number of Cl atoms in the complexes was taken into
account. A mass error below 3 ppm was observed compared to
the theoretical exact mass (SI, Figure S6). When molecular
formulas were assigned for complexes, a lower mass error was
observed when considering Fe and Cl, as opposed to when
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they were disregarded. It reinforced their presence within the
molecule, complementing their isotopic pattern as evidence.
For instance, the predicted molecular formula for the feature
with m/z = 544.0231 (a potential complex of VNL, which
exhibited isotopologue of 54/56Fe and 35/37Cl) presuming the
presence of Fe and Cl in the complex was [C24H21O9FeCl]−

with an m/z error of 1 ppm, whereas without considering Fe
and Cl, the predicted formula was [C27H12O13]

− with 9 ppm
error assuming common annotation rules.41,42 Similar out-
comes for all of the annotated molecular formulas were
observed, with the absolute mass error ranging from 0.86 to 3.1
ppm for complex features when considering both Fe and Cl
when the error was 3.6 ppm or higher when calculated with
only C/H/O (SI, Figure S7).

A range of complexes ([FeLxCly]
−, L indicates organic

ligands, x = 1−4, y = 0−3) were observed for model
compounds (Table 1). CA formed monoligand bidentate
complexes of [(C9H6O4)FeCl2]

− and biligand bidentate
complexes of [(C9H6O4)2Fe]

−, which dominated with an
intensity of 1.78 × 1007. It is reasonable given the configuration
is stereometrically favored as bidentate catechol ligands and
Fe(III) can form very stable complexes.43,44 CMA formed
biligand monodentate complex ([(C9H7O3)2FeCl2]

−) and
quadra-ligand complexes ([(C9H7O3)4Fe]

−). VNL formed
biligand monodentate complex [(C8H7O3)2FeCl2]

−, triligand
monodentate complex ([(C8H7O3)3FeCl]−), and quadra-
ligand complex ([(C8H7O3)4Fe]

−). Only the monoligand
monodentate complex ([(C9H7O2)FeCl3]

−) was observed for
CNA. Bidentate complexes were only observed for CA, and for

Table 1. List of High-Performance Liquid Chromatography (HPLC)-High-Resolution Tandem Mass Spectrometry (HRMS/
MS) Features Exhibiting 56/54Fe (and 35/37Cl Isotope Pattern if Present) and Their Predicted Molecular Formula with Mass
Error in Negative Modea

model
compounds

retention
time
(min)

m/z of
potential
complex possible formula intensity

exact mass of
potential
complex

mass
error
(ppm)

m/z of
apo-

ligands

mass error
for apo-
ligands

MS/MS for
complex and apo-

ligands?

CA 2.82 303.8987 [(C9H6O4)FeCl2]
− 8.99 × 1005 303.8992 1.61 179.0339 3.28 Yes

2.88 411.9872 [(C9H6O4)2Fe]
− 1.78 × 1007 411.9882 2.47 179.0339 2.95 Yes

CMA 3.67 451.9531 [(C9H7O3)2FeCl2]
− 4.72 × 1005 451.9517 3.11 163.0402 4.34 Yes

3.67 708.0937 [(C9H7O3)4Fe]
− 2.27 × 1006 708.0931 0.86 163.0396 0.96 Yes

VNL 3.38 427.9522 [(C8H7O3)2FeCl2]
− 2.19 × 1006 427.9517 1.22 151.0397 1.15 Yes

3.38 544.0231 [(C8H7O3)3FeCl]− 7.99 × 1006 544.0224 1.39 151.0397 1.26 Yes

3.38 660.0939 [(C8H7O3)4Fe]
− 7.30 × 1006 660.0930 1.34 151.0397 1.34 Yes

CNA 5.66 307.8867 [(C9H7O2)FeCl3]
− 1.70 × 1006 307.8861 1.91 147.0452 3.93 Yes

aAll of the possible formulas contain a single negative charge. The intensity and mass error of the complexes in the table compiled are based on 250
μM model compounds: 500 μM FeCl3 concentration samples. Mass errors are shown as absolute values.

Figure 2. (A) LC-Orbitrap MS chromatogram of VNL in the −ve mode; the parent peak and the potential complex peaks were found at marked
3.36 min RT, (B) MS1 spectrum at an RT of 3.36 min; 151.0392 is the VNL peak in the -ve mode, whereas the other three marked peaks are
potential complex peaks, (C) MS/MS spectra of m/z = 427.9522, and (D) MS/MS fragment analysis of VNL complex (m/z = 427.9522) based on
SIRIUS and its potential molecular structure.
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CA only bidentate complexes were captured. Hybrid
complexes with organic ligands and Cl− were observed, with
the signal intensity determined by the stability constants,
which are unavailable for these organic ligands at this point.

The prediction of the apo-ligand molecular formula based
on MZmine3 and ChemCal matched the molecular formula of
model compounds or their derivatives. For example, the
calculated m/z errors of VNL as apo-ligands from [2M−2H
+FeCl2]

−, [3M−3H+FeCl]−, and [4M−4H+Fe]− were 1.05−

1.55, 1.26−1.66, and 1.24−1.55 ppm, respectively. All of these
complex species eluted at retention times similar to those of
their parent ligands (Figure 2A,B): apo-ligands and complexes
of CA, CMA, VNL, and CNA were eluted at 2.82−2.89, 3.67−

3.71, 3.36, and 5.66 min, respectively. Such a trend was also
observed in previous studies for Fe-binding ligands.14 TIC and
XICs of the potential complexes of CMA and CNA as well as
MS1 peaks at that retention time are illustrated in the SI (SI,
Figure S8).

In the +ve mode, however, Cl was not observed as a ligand
in the predicted complexes. Instead, OH was observed to be
present as a ligand in the complexes. The general configuration
for the complexes in the + ve mode was determined as

[FeLx(OH)y]
+, where x = 1−4, y = 0−3 (SI, Table S4). Similar

to the -ve mode, the complexes and apo-ligands coeluted as the
similar retention time. Most of the complexes exhibited 54/56Fe
isotope patterns and have MS/MS fragmentation data except
CA (SI, Figure S9 and Table S4). Although CA complexes
listed in the table did not always have a clear isotope pattern,
their XICs at the same retention time as their parent peak and
accurate formula assignment (<2 ppm for most of the species)
strengthen the fact of the existence of such complexes.
Fragmentation Analysis and Prediction of Molecular

Structure for Complexes and Apo-Ligands. The predicted
formulas of the complexes were corroborated by the analysis of
MS/MS data using SIRIUS. MS/MS data of the complexes
were utilized for making fragmentation trees with predicted
formulas for all of the major fragment peaks. VNL complexes
with Fe were illustrated where fragmentation trees of
[(C8H7O3)2FeCl2]

− (Figure 2C,D) and [(C8H7O3)3FeCl]−

(SI, Figure S10) were built based on the major MS/MS
fragment peaks. SIRIUS can corroborate the predicted
structures of the detected complexes by explaining the major
MS/MS fragments and neutral losses of complexes. For CA
complexes with Fe, the fragmentation tree is more complicated

Figure 3. (A) Overall ion-identity molecular network (IIMN) results for VNL in the −ve mode, (B) a cluster where three of the identified VNL
complexes were found along with potential complexes, (C) IIMN for CMA, and (D) cluster with identified CMA complexes. The black bold
numbers represent the m/z value of each node, whereas the red numbers in between the nodes represent the mass di*erence between the
highlighted nodes. The predicted molecular formula and the absolute value of m/z error in ppm are also shown for each node.
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as depicted for [(C9H6O4)2Fe]
− with more branches and

fragment species (SI, Figure S11). SIRIUS also successfully
interpreted the MS/MS and fragmentation for apo-ligands (SI,
Figure S11). As a demonstration for identifying unknown
ligands with standard available (“unknown (for their
generation in lignin degradation or binding capacity for Fe)
known (MS library for standard available)”), apo-ligands of
CA, CMA, CNA, and VNL were matched with the standard
through GNPS annotation (cosine value = 0.94−0.98, m/z
error <1 ppm). Such success laid the foundation for annotating
the MS1 and MS/MS data to be collected for the unknown
ligands and complexes detected in the environmental samples.

SIRIUS was also valuable for annotating the structures of the
dimers or other derivative compounds that originated from the
model compounds. For example, one of the CA derivatives
(dehydrodica*eic acid dilactone, C18H13O8

−, m/z = 357.0603,
retention time = 4.80 min) was found in FeCl3-spiked CA
samples based on SIRIUS prediction (similarity score =
95.3%). It was reported that dehydrodica*eic acid dilactone
can be generated when CA is oxidized. Huber et al.45 validated
the structure of dilactone dimer of CA with an authentic
standard and showed that this compound can be a
biotransformation product of CA when secretome generated
from Botrytis cinerea was introduced in CA samples.
Dehydrodica*eic acid dilactone was likely produced due to
the oxidation of CA by FeCl3 as it has been reported that Fe3+

ion can stimulate the process.46

Additional library matchings were found for samples of
complexes for CA (6), CMA (1), VNL (2), and CNA (1)
based on a GNPS library search (SI, Table S5). For instance,
based on annotation using GNPS, dehydrodica*eic acid
dilactone (intensity of 6.86 × 1007, retention time = 4.80
min) and 4-(3,4-dihydroxyphenyl)-6,7-dihydroxynaphthalene-
2-carboxylic acid (intensity of 1.36 × 1007, retention time =
4.55 min) were captured with higher cosine value (>0.75) (SI,
Figure S12). The intensity of dehydrodica*eic acid dilactone
(m/z = 357.0603, retention time = 4.80 min) was 6.95 × 1007

in spiked samples, whereas it was 2.95 × 1005 (closer to
background level) in the CA only sample suggesting the
oxidation of CA by Fe(III). Although it has been reported that
these compounds can originate from CA, the exact generation
pathways from the reactions between CA and FeCl3 are
unknown.47,48 A similar case was observed for 4-(3,4-
dihydroxyphenyl)-6,7-dihydroxynaphthalene-2-carboxylic acid
(intensity of CA only sample is 3.88 × 1005). In the case of the
other three model compounds, library hits were very limited.
CMA was found in CNA samples as a library hit with a
retention time of similar length (3.37 min). The generation of
CMA as a result of hydroxylation of CNA is well-known.49 For
additional compounds captured from the library search, their
possible Fe complexes based on the configuration determined
for the known ligands were also searched. The complex of
dehydrodica*eic acid dilactone as a configuration of
[(C18H12O8)2Fe]

− was observed, eluting at the same retention
time (4.80 min) as its parent compound (SI, Figure S13). 54Fe
isotope of the complex was not observed, likely due to its
potential low intensity (4.55 × 1005), which is a limiting factor
when using isotopologues for screening. Although 4-(3,4-
dihydroxyphenyl)-6,7-dihydroxynaphthalene-2-carboxylic acid
also complexed with Fe as [(C17H10O6)2Fe]

−, no complexes
were detected for the library-matched compound of 1,5-
dihydroxy-2,3-dimethoxyxanthone in the FeCl3-spiked VNL
sample. For complex environmental samples with unknown

ligands, such annotation and library matching will enable the
identification of the presence of compounds with reported MS.
Networking Analysis for Additional Complexes and

Ligands. Networking analysis performed using GNPS
uncovered additional complexes and ligands as well as related
compounds or their transformation products. Clusters were
built based on the MS1 characteristics and MS/MS similarities
among the apo-ligands and their corresponding complexes.38

All of the networks in both + ve and -ve modes can be accessed
using the links provided in the SI (SI, Table S6).

The overall IIMN (Figure 3A,B), with linkage based on the
mass di*erence of nodes, of VNL showed multiple clusters,
w i t h one i n c l ud i n g t h e i d en t i fi ed comp l e x e s
( [ (C 8H 7O 3 ) 2FeC l 2 ]

− , [ (C 8H 7O 3 ) 3FeC l ]− , a n d
[(C8H7O3)4Fe]

−). Based on the mass di*erence, the molecular
formulas of connected nodes were annotated. For instance, the
mass di*erence of 116.0709 (Δm/z between VNL− and Cl−)
between node n with m/z = 427.9522 and m with m/z =
544.0231 nodes indicated the introduction of another VNL in
the complex, and another VNL could be added for the node l
with m/z = 660.0939. Using such rules with Cl, COOH (from
formic acid), and OH as possible ligands, all of the nodes were
annotated with the molecular formula of [(C8H7O3)xFe-
(COOH)y(OH)zClw]

−, where w, x, y, and z can be 0−4, with a
mass error of <2 ppm. The feature for all nodes was eluted at
the same retention time of 3.36 min, as the parent ligand of
VNL and identified complexes, when the MS1 intensities of the
annotated nodes were relatively low for many peaks; therefore,
54/56Fe and/or 35/37Cl isotopologue screening did not identify
these features. The retention time of these features, their
absence in the sample of ligand only, and only presence for the
corresponding ligand mixture with FeCl3, as well as the
accurate determination of their molecular formula, served as
solid evidence for the presence of these complexes with VNL.
Similarly, additional complexes of [LxFe(COOH)y(OH)zClw]

−

(L indicates ligands) were also captured for CA, CMA, and
CNA (SI, Table S7). As portrayed in Figure 3C,D, additional
complexes of CMA were also unveiled (nodes a−d). The
clusters containing complexes can be more complicated with a
copious number of nodes, as shown in the network of CA in SI
(SI, Figure S14). In addition, for CA, dimer and complexes
with dimer were also detected. For environmental samples with
unknown ligands, such networking analysis can provide
supplemental evidence for the detection of target complexes,
when the isotopologue analysis can identify the top species of
complexes and ligands. For the next step, native metabolomics
making uses of postcolumn pH adjustment and metal infusion
can be a very useful tool to identify and connect apo-ligands
and their metal-bond species in complex environmental
samples, where most of the nodes may not be explained
based on known available standards. Aron et al.14 have
successfully demonstrated that IIMN can be applied to identify
apo-ligand and complexes in ultracomplex surface ocean
samples. They identified and verified apo-ligand domoic acid
with authentic standards and found its dimer complex [2M
+Cu2+-H]+ using native metabolomics and IIMN. Overall
molecular networking has been proven to be an e*ective way
to predict from the association of siderophores with metal to
annotate the structure of unknown metabolites.50−52

Environmental Implication. This study developed a
protocol for identifying unknown complexes and ligands, as
well as predicting their molecular structures. It has been
evident that the isotopologue pattern is a useful tool for
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screening the Fe-binding compounds and can be utilized to
search for organic ligands in complex environmental samples
when the structures of complexes can be well annotated based
on MS1 and MS/MS data (SI, Figure S15). When the
undeniable compound validation is limited to the available
authentic standards, IIMN analysis can recognize a range of
additional complexes and ligands, including derivatives, dimers,
and possible transformation products of identified ligands and
complexes. In addition to the successful development of this
protocol, the molecular formula and structure determined for
the model compounds representing degradation products of
lignin built up a crucial database and a roadmap for searching
for important lignin-derived compounds in complex environ-
mental samples.

The developed methods can be used to search for organic
ligands in complex soil environments and comprehensively
understand the impact of climate change. As association with
minerals plays an essential role in the stability of organic
carbon and its response to climate change, organic ligands,
with the potential to strongly bind with minerals, are key for
the stability of organic carbon. Our study aimed to develop a
protocol that can be applied to complex environmental
samples, including but not limited to actual degraded lignin
samples and various soil samples such as permafrost soil and
wildfire-a*ected soil. Additionally, the molecular formula and
stoichiometry of the model complexes laid a solid foundation
for identifying potential ligands and corresponding complexes
in real complex environmental samples.
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Nothias, L.-F.; Wang, M.; Oresǐc,̌ M.; Weng, J.-K.; Böcker, S.;
Jeibmann, A.; Hayen, H.; Karst, U.; Dorrestein, P. C.; Petras, D.; Du,
X.; Pluskal, T. Integrative Analysis of Multimodal Mass Spectrometry
Data in MZmine 3. Nat. Biotechnol. 2023, 41 (4), 447−449.
(36) Myers, O. D.; Sumner, S. J.; Li, S.; Barnes, S.; Du, X. One Step

Forward for Reducing False Positive and False Negative Compound
Identifications from Mass Spectrometry Metabolomics Data: New
Algorithms for Constructing Extracted Ion Chromatograms and

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c03608
Environ. Sci. Technol. 2024, 58, 15090−15099

15098

https://doi.org/10.1016/j.geoderma.2021.114974
https://doi.org/10.1016/j.geoderma.2021.114974
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.1038/s41467-020-20102-6
https://doi.org/10.1021/es203901u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es203901u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0038-0717(98)00060-1
https://doi.org/10.1016/S0038-0717(98)00060-1
https://doi.org/10.1021/acs.est.9b06558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b06558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c06937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemgeo.2016.03.013
https://doi.org/10.1016/j.chemgeo.2016.03.013
https://doi.org/10.1016/j.gca.2017.06.017
https://doi.org/10.1016/j.gca.2017.06.017
https://doi.org/10.1039/C8MT00252E
https://doi.org/10.1039/C8MT00252E
https://doi.org/10.1039/C8MT00252E
https://doi.org/10.1021/acs.est.1c01135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01135?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1314641111
https://doi.org/10.1073/pnas.1314641111
https://doi.org/10.1073/pnas.1314641111
https://doi.org/10.1038/s41557-021-00803-1
https://doi.org/10.1038/s41557-021-00803-1
https://doi.org/10.1039/C6MT00201C
https://doi.org/10.1039/C6MT00201C
https://doi.org/10.1039/C6MT00201C
https://doi.org/10.1039/C5MT00005J
https://doi.org/10.1039/C5MT00005J
https://doi.org/10.1039/C5MT00005J
https://doi.org/10.1039/C5MT00005J
https://doi.org/10.1021/acs.est.7b05469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b05469?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0130557
https://doi.org/10.1371/journal.pone.0130557
https://doi.org/10.1371/journal.pone.0130557
https://doi.org/10.1021/acs.analchem.2c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2019.125025
https://doi.org/10.1016/j.chemosphere.2019.125025
https://doi.org/10.1016/j.chemosphere.2019.125025
https://doi.org/10.1016/j.copbio.2010.10.009
https://doi.org/10.1016/j.copbio.2010.10.009
https://doi.org/10.1016/j.copbio.2010.10.009
https://doi.org/10.1016/S0146-6380(01)00144-9
https://doi.org/10.1016/S0146-6380(01)00144-9
https://doi.org/10.1016/j.soilbio.2016.08.011
https://doi.org/10.1016/j.soilbio.2016.08.011
https://doi.org/10.1016/j.soilbio.2016.08.011
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1016/j.soilbio.2010.03.017
https://doi.org/10.1021/acs.est.9b01834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b01834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biortech.2016.08.016
https://doi.org/10.1016/j.biortech.2016.08.016
https://doi.org/10.1007/s11356-018-1633-y
https://doi.org/10.1007/s11356-018-1633-y
https://doi.org/10.1007/s11356-018-1633-y
https://doi.org/10.2138/rmg.2005.59.5
https://doi.org/10.1016/j.envexpbot.2018.10.035
https://doi.org/10.1016/j.envexpbot.2018.10.035
https://doi.org/10.1038/s41598-021-90603-x
https://doi.org/10.1038/s41598-021-90603-x
https://doi.org/10.1038/s41598-021-90603-x
https://doi.org/10.1021/acs.analchem.3c01202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c01202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1021/ac051437y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051437y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1021/acs.analchem.7b00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.7b00947?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c03608?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Detecting Chromatographic Peaks. Anal. Chem. 2017, 89 (17), 8696−

8703.
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