Downloaded via UPPSALA UNIV on April 7, 2026 at 10:44:01 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

i

This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/est

Functional Group Distribution Shapes Chemical Properties of
Degraded Terrestrial and Marine Dissolved Organic Matter

Rebecca R. Matos,* Alexander Craig, Boris P. Koch, Jeffrey Hawkes, Lindon W. K. Moodie,
Arina Ivanova, Gerd Gleixner, Patrick Guth, Klaus-Holger Knorr, Jan Tebben, Thorsten Reemtsma,

Alexander Zherebker, and Oliver J. Lechtenfeld™*

Cite This: Environ. Sci. Technol. 2025, 59, 26539-26549

I: I Read Online

ACCESS |

[l Metrics & More | Article

Recommendations | @ Supporting Information

ABSTRACT: Dissolved organic matter (DOM) plays a crucial
role in global carbon cycling, yet its molecular complexity and the
factors governing its turnover and degradation in different
ecosystems are poorly understood. Here, we provide an
experimental assessment of structural diversity in terrestrial and
marine DOM, using a multimethod approach. Terrestrial peat pore
water (PPW) exhibited a similar number of COOH-groups, two
times more noncarboxylic oxygen atoms (non-COOH-O, up to n
= 20) as compared to surface seawater (SSW; up to n = 10), and
significantly higher isomeric dispersity indices (2.5—3.0 vs 1.3—
1.5), highlighting its greater structural complexity and isomeric
diversity. At the level of individual molecular formulas of the widely
used DOM degradation index (Ippg), we found that POS;ppg
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molecular formulas representing fresh DOM (i.e., they were positively correlated with radiocarbon content) share similar structural
characteristics in both environments (e.g,, low number of carboxyl-groups). In contrast, NEGpg markers for degraded DOM (i.e.,
negatively correlated with radiocarbon content) displayed a higher number of carboxyl-groups in the least acidic fraction for PPW
but in the most acidic fraction for SSW. Our results indicate ecosystem-specific degradation pathways emphasizing how global

carbon cycling is influenced by the molecular structure of DOM.
KEYWORDS: degradation markers,

dissolved organic matter (DOM), acidity-based fractionation, sequential solid-phase extraction (SSPE),
liquid chromatography Fourier transform ion cyclotron resonance mass spectrometry (LC-FT-ICR MS),
proton nuclear magnetic resonance spectroscopy (‘H-NMR), molecular tagging, deuteromethylation, functional groups

B INTRODUCTION

Dissolved organic matter (DOM) plays a major role in the
global carbon cycle, contributing to both long-term storage of
carbon in the oceans and terrestrial systems, which are
connected via the hydrological cycle.' > Despite its impor-
tance, DOM molecular composition and thus its reactivity
remains poorly understood, largely due to its molecular
complexity.”> DOM consists of a complex mixture of
structurally diverse compounds spanning large gradients of
size, age, and biogeochemical transformations.’ These trans-
formations are driven by both microbial activity and abiotic
processes and are further controlled by the source of the
organic material.” For instance, in peatlands, the organic
matter from plant litter accumulates under anoxic conditions,
where it decomposes slowly via microbial processes and
produces DOM enriched with highly unsaturated polyphenolic
and lignin-type compounds.”™'" Conversely, marine DOM in
the upper ocean is composed of labile algal-derived organic
matter, and microbial processes further shape its composition
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to a more recalcitrant pool of molecules."' ™" A fraction of
DOM in surface and deep seawater is composed of carboxyl-
rich alicyclic molecules (CRAM) whereas linear terpenoid-type
(MDLT) or carotenoid derived substances are likely
contributing to DOM in both ecosystems.'*™"” If analytically
resolved, molecular-level changes between terrestrial and
marine DOM may provide new insights into the fate of
organic matter across different ecosystems.

Understanding and resolving the structural complexity of
DOM remain ongoing challenges. Yet, the term “structural
complexity” lacks a universal definition and varies with the
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molecular properties investigated. Bulk structural complexity is
accessible via nuclear magnetic resonance spectroscopy
(NMR),”*"*7"" e.g, in combination with acidity-based
sequential solid-phase extraction (SSPE).'"® At a molecular
level, the application of Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS) in combination
with derivatization techniques has provided insights into
functional groups and structural motifs (i.e., the type and
distribution of functional groups in individual molecular
formulas (MF))."””>" This approach allows differentiation
between carboxylic acids (COOH-groups) and other oxygen-
containing functional groups. Isomeric diversity can be
characterized both statistically, based on the number of
isomers (e.g, by applying the central limit theorem),””** and
structurally, by analyzing chromatographic or fragmentation
information.”*™>” Here, we focus on understanding the
isomeric structural composition. The combination of high-
dimensional approaches (e.g., NMR, FT-ICR MS) provides a
holistic perspective on the structural complexity of DOM in
different environments™*® and can be further refined using
functional-group tagging via derivatization.”

Originally developed for marine systems, the degradation
index (Ipgg) is defined as the ratio between mass peak
intensities of MF positively (POS) and negatively (NEG)
correlating with bulk radiocarbon content.’>*' Despite the
possibility that Ipgg in terrestrial environments may be affected
by processes other than aging, it has been successfully applied
for terrestrial DOM as an indicator of the relative degradation
state of a given data set.>> %7 Both, for terrestrial and marine
DOM, Ipgg consistently increases with radiocarbon age
pointing toward a generalizability of the index.””™>” However,
despite extensive application of Ippg, no molecular level
structural information for Iz MF has been obtained to date.
This information is crucial for our understanding of how DOM
degrades in marine and terrestrial settings, assuming that the
Ipgg formulas are representative degradation markers in marine
and terrestrial DOM.

In this study, we investigated whether structural diversity
differs between two contrasting environments: a marine system
represented by North Sea surface seawater (SSW) and a
terrestrial system represented by peat pore water (PPW). We
combined offline acidity-based SSPE followed by derivatization
of COOH-groups of extracted DOM and analysis by reversed-
phase (RP) liquid chromatography (LC)-FT-ICR MS. The
structural interpretation of the acidity-fractionated DOM was
supported by bulk 'H NMR and electron exchange capacity
measurements. Chemical structural complexity was inves-
tigated in SSPE fractions in terms of (a) functional group
distribution on a bulk level (using '"H NMR), (b) oxygenated
functional group distribution at the individual MF level (using
LC-FT-ICR MS and enumeration of COOH-groups), and (c)
distribution of isomers across polarity ranges derived from RP-
LC.

This new strategy was applied to the MF contributing to
Ingg (NEGppgg and POSpppg) to investigate the structural
differences between markers and environments. We hypothe-
size that NEGpgg, markers of degraded DOM, exhibit a higher
number of COOH-groups, although O/C ratio is similar for
NEGpgg and POSpprg.”" We also expect that degraded MF
progressively converge toward a common structural composi-
tion as previously reported.’® The results presented here
provide a novel and detailed view of DOM structural
complexity by directly addressing oxygenated functionalities

at the individual MF level, as well as the polarity ranges of their
isomers. This methodological framework will lay the
foundation to ultimately decipher DOM biogeochemical
processes and carbon cycling in different ecosystems.

B METHODS

Samples. We investigated samples from two distinct
regions of Germany: A peat pore water sample (PPW) from
a raised bog (52°10'28.9"N 6°57'26.1"E), 42 m above sea
level, dominated by terrestrial vascular plan debris, and a
surface seawater sample (SSW) from the North Sea
(54°08'39.0"N, 7°51'14.4"E, 25 m water depth). The pH of
PPW was 4.40 and the pH of SSW was 8.22 (further details
can be found in Section SI1.1: Sample sites and sampling
description). For a full scheme of the sample preparation,
analyses and data processing refer to Section S2: Sample
preparation and analysis workflow.

Acidity-Based Sequential Solid-Phase Extraction. To
fractionate DOM based on the compound’s acidity, we
performed sequential extractions at three pH values: 6, 4,
and 2 (Figures S1 and S2). The procedure was adapted from
Zherebker et al.”” The SSW was adjusted to pH 6 with 30%
hydrochloric acid (HCl, ultrapure; Merck) while PPW was
adjusted to the same pH with 2 M sodium hydroxide (NaOH,
ultrapure; Merck). No precipitation was observed for SSW and
PPW. Both samples were manually extracted using styrene-
divinyl-benzene sorbent cartridges (Bond Elut PPL, S g,
Agilent, Santa Clara, U.S.A) after conditioning with 2 X 60 mL
of methanol (HPLC grade, Merck) and 2 X 60 mL of pH-
adjusted ultrapure water (MQW, Milli-Q Integral S, Merck,
Darmstadt, Germany) according to the manufacturer’s guide-
lines. The permeates were collected and acidified to pH 4 and
extracted as described for pH6. Finally, the permeate from pH
4 was acidified to pH 2 and extracted. After sample loading, the
cartridges were washed with 2 X 60 mL of pH-adjusted MQW
and dried under N,. Each cartridge was eluted with 60 mL of
methanol (one barrel volume) and stored in precombusted
vials at —21 °C to prevent methylation.”® Extraction bias was
limited by keeping a carbon:PPL mass ratio of approximately
(0.4 + 0.05)% (Table S1).*' Aliquots of fractions and
permeates were dried under N, flow, resuspended in acidified
MQW (pH 2.0), and further analyzed for total organic carbon
(TOC) (Tables Sland S2). For the blanks, 2 L of MQW was
sequentially extracted with 50 mg PPL cartridges.

COOH-Group Derivatization Reaction. To experimen-
tally enumerate the carboxylic acid groups, the SSPE fractions
were derivatized via deuteromethylation with an adapted
procedure from Zherebker et al.** (Figures S1 and S2). Briefly,
the volume corresponding to 1 mg of C of each methanolic
fraction was dried under a N, flow. Then, 120 uL of thionyl
chloride (SOCI,, reagent grade, 97%, Merck) was added
dropwise to the fraction previously redissolved in 3 mL of
CD;0D (>99.8 at. %D, Merck) under continuous stirring and
ice-cooling. The resulting mixture was then refluxed for 6 h.
Aliquots of the derivatized fractions were dried under N, flow,
resuspended in acidified MQW (pH 2), and further analyzed
for TOC (Table S3). Afterward, the derivatized fractions were
directly analyzed by LC-FT-ICR MS without further
extraction.

LC-FT-ICR MS. To separate DOM according to polarity, we
used LC-FT-ICR MS as previously described.”’ For details
refer to Section S1.2: LC-FT-ICR MS and data treatment.
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Figure 1. Main chemical and structural characteristics of sequential solid-phase extracted peat pore water (PPW) and surface seawater (SSW)
fractions. RP LC-FT-ICR MS-derived chromatograms depicting the sum of intensity of all MF found in pH 2 (blue), pH 4 (yellow) and pH 6
(green) divided by ion accumulation time of PPW (A) and SSW (B). Weighted average retention time (RT,,,) and its standard deviation (Std) is
indicated below each chromatogram. '"H NMR spectra at 600 MHz in methanol-D, of PPW (C) and SSW (D). The three pH fractions are
superimposed using the same pH-based colors as in panel A. The gray and white boxes represent the section integrals (percent of total integral on
top) as defined by key functional groups:**” Aliphatic HCCC (0.60—1.90 ppm): alkyl functionality, e.g., as polymethylene, methyl; Functionalized
HCCO (1.90—3.10 ppm): two bonds away from a heteroatom, e.g,, as N- and O-substituted aliphatics; oxygenated HRCO (3.10—3.20 + 3.40—
4.10 ppm): one bond away from a heteroatom, e.g., as O-alkyl; functionalized HCOO (4.10—4.80 ppm): one bond away from two heteroatoms,
e.g., peptide a-proton; aromatic HC,, and unsaturated HC= (5.30—10.0 ppm): alkenes, aromatics; the residual methanol solvent peak is observed

at 3.34 ppm.

Data Treatment. Chromatograms were averaged into one
minute wide segments based on distinct DOM elution profiles
(Figures SS and S10) and treated as single spectra, with
parameters adjusted to ensure accurate MF assignments.
Derivatized samples were calibrated separately to account for
deuterium incorporation, and MF assignments followed
defined element constraints (for details refer to Section S1.2.
LC-FT-ICR MS and data treatment and Figure S3). An isomer
was defined as an MF detected multiple times over the course
of the chromatographic run and across the three different pH
fractions. The dispersity index was calculated as the standard
deviation of retention time in which one MF was found
providing a measure of polarity difference between isomers.”*
Low dispersity index values suggest smaller structural differ-
ences within isomers causing minimal shifts in retention, as
short-range variations in the position of heteroatoms or carbon
branches (e.g., @, 5, and ¥ positional changes) or carbon chain
modifications with little effect on polarity. In contrast, a high
dispersity index indicates larger structural differences between
the isomers of the same pH fraction, likely manifesting
differences in carbon skeleton, functional group composition,
or position of these functional groups.

To enhance confidence and limit false assignments due to D
incorporation, samples were injected in triplicate and MF
subjected to general filtering and extra D and multiple

26541

assignment filters** (details can be found in Section S1.2:
LC-FT-ICR MS and data treatment). The maximum number
of detected esters are used as an estimate of the maximum
number of COOH-groups in a MF. More information
regarding the calculation and limitations can be found in
Section S4: Method assessment: COOH derivatization
reaction. Details on the data processing workflow are found
in Figures S3 and S19.

The experimental double bond equivalent to carbon ratio
(DBE/ C)exp (eq 1) was calculated adapting the DBE/C
formula. It represents the unsaturation excluding double bonds
from COOH-§roups, which were experimentally obtained via
derivatization. ™*°

(non-COOH-C) + ~>+ + 1
(non-COOH-C) (1)

(DBE/C),y, =

non-COOH—C is the total number of carbon atoms in an MF
of which the number of carbon atoms in the COOH-groups
was subtracted. The same way, the maximum number of non-
COOH-group oxygen atoms (non-COOH—O) was calculated
by subtracting the number of oxygens of a MF by the number
of oxygens devoted to COOH-groups in any given MF.
Acidity-Based SSPE and Derivatization LC-FT-ICR MS
Method Assessment. The carbon mass balance during SSPE
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(Table S1), robustness of SSPE extracted at varying pH levels
(Table S2 and Figure S4) and intermediate precision of MF
intensities after LC-FT-ICR MS analysis (Table S2) were
evaluated (Section S3: Method assessment: acidity-based
SSPE). To understand the completeness of the derivatization
reaction, the seawater DOM reference material TRM-0522""
was consecutively submitted to the derivatization reaction (two
times) followed by LC-FT-ICR MS analysis (Figure S7).
CRAM reference standards were derivatized following the
same derivatization method (see Section S4: COOH
derivatization reaction section). The derivatized CRAMs and
the correspondent reference standards were then analyzed
using a previously described protocol*® (Figure S6 and Table
S4). More details are found in Section S4: Method assessment:
COOH derivatization reaction. For the SSW and PPW
samples, SSW exhibited a higher frequency of MFs containing
COOH groups at pH 2 and 4 (Figure S8).

'"H NMR. The bulk structural composition of each SSPE
fraction was assessed with solution-state "H NMR spectrosco-
py. More details are provided in Section S1.3: '"H NMR.

Electrochemistry. The electron-accepting (EAC) and
electron-donating (EDC) capacities of SSPE fractions were
quantified using mediated electrochemical reduction (MER)
and oxidation (MEO)." We use EAC/EDC to quantify redox-
sensitive functional moieties (e.g., quinones, but also
aldehydes, and thiols) and the oxidation index (OI = EAC/
[EAC + IEDCI]) to estimate the proportion of reduced versus
oxidized functional groups. More details on the method and
results can be found in Section SS: Electrochemistry.

Radiocarbon 'C. Radiocarbon analysis was performed to
obtain the overall degradation state of each fraction following a
previously described protocol.”® More details on the method
and results can be found in Section S6: Radiocarbon analysis.

B RESULTS AND DISCUSSION

Bulk Chemical Characterization of DOM Fractions.
Surface seawater (SSW) and peat porewater (PPW) represent
two distinct DOM sources, both containing mostly degraded
but also labile DOM. We recovered more DOM from PPW
and SSW by applying the acidity-based SSPE compared to the
standard SPE method, reaching a combined yield for all three
pH levels of 70%. The yields for the same samples directly
extracted in a single step at pH 2 were 49% for PPW and 50%
for SSW (Table S1). The applied SSPE method is robust and
repeatable, resulting in clearly distinct molecular fractions
(Section S3). Both terrestrial and marine DOM represent
highly aged systems with bulk radiocarbon contents of 0.8541
Fm (A™C = —153.4) for PPW and 0.7963 Fm (AYC =
—210.8) for SSW across the pH levels (Table S6). For both
sources, the Ipgpg values decrease with increasing pH: 0.772,
0.626, and 0.567 for PPW and 0.792, 0.607, and 0.333 for SSW
for the pH levels 2, 4, and 6, respectively. Of note, Ipg values
cannot be directly transferred to other data sets, as differences
in extraction procedures (here: SSPE at three pH levels) and
instrumental setups (here: LC-FT-ICR MS) affect the values.’"
Here, we use Ippg to compare DOM eluted at different pH
values (i.e, within the same environment) and not to
differentiate between the two environments as both samples
represent degraded DOM.

Acidity-Based SSPE Fractionates DOM Based on Key
Functional Groups and Polarity. SSPE fractions of both
samples occupied distinct RT ranges in RP-LC (Figure 1A,B).
The pH 6 fractions from both samples were less polar and

eluted at later RT (intensity weighted retention time, RT,:
18.9 min for PPW and 19.8 min for SSW) while more polar
compounds were retained at pH 2 and eluted earlier (RT,:
15.0 min for PPW and 16.7 min for SSW). The distinction
between pH fractions was clearly observed in the composi-
tional space, revealing a shift toward higher O/C and lower H/
C ratios as pH decreased (Figure S11). Previous studies also
showed that MF with high O/C and low H/C ratios are more
acidic, indicating that acidity-based SSPE generally separated
molecules based on their acidity/pK, values.”” As for the
detected m/z ranges, a similar pattern was observed across the
three pH fractions of both samples, consistent with previous
LC-FT-ICR MS analyses;"”>* both early and late retention
times exhibited lower intensity weighted m/z values, whereas
mid retention times tended to show higher intensity weighted
m/z values(Figure S12).

The clear abundance shift of the major functional groups
between the SSPE fractions was confirmed by "H NMR spectra
(Figure 1C,D). In PPW, unfunctionalized aliphatic groups
(0.6—1.9 ppm) and functionalized aliphatic groups two to
three bonds away from oxygen and nitrogen functionalities
(1.9-3.1 pm) dominated the pH 6 fraction, while the relative
proportion of aromatic/alkene groups (5.3—10 ppm) was
prevalent in the pH 2 fraction, and hydrogen atoms one bond
away from a heteroatom (3.1—4.1 ppm) also increased. This
aligns with the trend observed in PPW’s O/C and H/C ratios
(Figure S11A), confirming a shift from aliphatic to aromatic
substructures (evidenced by a decrease in the H/C ratio from
pH 6 to pH 2) and an increase in oxygen-containing functional
groups (reflected in the corresponding rise in the O/C ratio).
Acidity-based SSPE performed on Leonardite humic material
also separated aliphatic and aromatic components with
aliphatic functional groups dominating at higher pH.'® High
EAC and EDC values were observed for PPW across all pH
fractions, indicating a large number of functional groups that
can be reduced or oxidized within the range of naturally
occurring redox conditions (Eh: +0.68 to —0.36 V), such as
quinones and partially phenols and aldehydes (Table SS). The
values are within reported values for peat systems.'”>?

Although the 'H NMR spectra for SSW did not indicate an
increase in aromatic/alkene content from the pH 6 to 2
fraction (Figure 1D), the (H/C),, decreased with decreasing
pH from 1.45 to 1.28 (Figure S11B). Therefore, double bond
equivalents in SSW must be attributed to other functional
groups, such as carbonyl groups (where CHx or OH is
replaced by CO/COOH), ring formation (e.g, hexane to
cyclohexane), or fully substituted alkenes or aromatics. Lower
EAC/EDC values in SSW as compared to PPW suggest
functional groups that are redox-insensitive within the Eh
range covered, e.g., carboxylic acids.”* The consistently lower
oxidation index confirms a larger proportion of reduced
functional groups in PPW compared to the highly oxidized
SSW (Table SS).

Opverall, stark differences in molecular composition and key
functional groups confirmed that acidity-based SSPE separated
DOM into chemically distinct fractions. At the most alkaline
fraction (pH 6), both samples were rich in alkyl substructures.
The more acidic fractions (pH 4 and 2) revealed that PPW was
dominated by aromatic substructures (i.e, quinones and
phenols, typically for lignin- and tannin-derived compounds)
with low content of aliphatic protons, while SSW was enriched
with carbonyl and nonaromatic rings contributing to molecule
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unsaturation (as found in e.g, material derived from linear
terpenoids, MDLT, and CRAM).

Higher Diversity of Oxygen-Containing Functional
Groups in Terrestrial than in Marine DOM. While the
overall aggregated molecular information from 'H NMR and
polarity separation via LC-FT-ICR MS provides a useful
overview of the distribution of key functional groups, the
derivatization of the COOH-groups revealed structural differ-
ences in molecules with identical MF across different fractions.
COOH-group derivatization was performed experimentally
through a reaction with deuterated methanol in each of the
SSPE fractions and analyzed using LC-FT-ICR MS without
further extraction. Consequently, elemental composition of
PPW and SSW constituents was refined by structural features:
the estimated number of COOH-groups and the number of
oxygen and carbon atoms not bound as COOH-groups (i.e.,
non-COOH—-O0 and non-COOH—C). Control labeling studies
using model CRAM compounds highlighted that complete
labeling was observed for triacid compounds, but only three
out of a possible four OCD; labels were incorporated for tetra-
acid standards with a 1,1, diacid functionality (Section S4). As
such, it is possible that labeling of SSPE fractions slightly
underestimated the upper limit of total carboxylic acid
functionalities for any given isomer. Notably, for all model
compounds formulas representing one and two OCD; labels
were observed. Such series of labeled MF within SSPE extracts
may represent multiple derivatives of one isomer, as
anticipated.”® However, this feature of the data was
incorporated into our interpretation, which only considers
the highest number of labels and is therefore unlikely to affect
the interpretation of differences between SSPE samples, as
incomplete labeling in this manner will occur in all extracts.
Derivatization of COOH-groups thus provides reasonable
estimates of the number of COOH groups in terrestrial and
marine molecules.

Non-COOH—-O accounted for twice as many oxygen atoms
in PPW compared to SSW (up to 20 in PPW, Figure 2A). This
is further supported by the higher EEC values in PPW,
indicating the presence of redox-sensitive oxygen function-
alities such as quinones, aldehydes, and phenols (Table SS). In
the pH 6 fraction of PPW, a high number of COOH-groups
was associated with fewer non-COOH—O and low unsatura-
tions (average DBE/C,,, value of 0.4), indicating that these
COOH-groups are attached to saturated alkyl chains. This is
further supported by 'H NMR data, which showed a high
proportion of alkyl functionalities at pH 6 (Figure 1C).

As the pH decreased, unsaturation increased (average PPW
DBE/C,, at pH 4 of 0.5 and at pH 2 of 0.6, Figures 2A,
S13and S14) while the number of COOH-groups per MF
remained consistent across pH levels (ranging from 0 to 6).
Highly unsaturated molecules with a high number of COOH-
groups suggest that COOH-groups are more likely directly
linked to aromatic systems. There is a consistent difference in
molecule unsaturation between sources, with PPW having
higher DBE/C,,, values than SSW, yet both samples share the
same MS-derived mass range. This suggests that the low DBE/
Ceyp in SSW reflects the absence of aromatic systems rather
than an artifact of a lower carbon number (Figure S15). Given
that the DBE/C,,, values found for PPW at pH 4 and 2 were
higher than those typically associated with one aromatic ring
(DBE/C > 0.5)* and that the number of non-COOH—O was
also high, it is likely that PPW carried other oxygenated
functions bound to both sp2 carbons (phenols, ketones, esters,

pH 2 pH 4 pH 6
201 ppw
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201 sSsw
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(&)}

Non-COOH-O
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DBE/C,, .
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Number of COOH-groups per MF

Figure 2. Distribution of carboxylic acid groups and oxygen atoms not
bound as carboxylic acid groups. The number of carboxylic acid
groups (COOH-groups) was obtained via derivatization of acidity-
based sequential solid-phase extracted DOM from (A) peat pore
water (PPW) and (B) surface seawater (SSW). The number of non-
COOH oxygen (non-COOH-O) atoms was calculated from the
respective MF. Each bin is colored by the average experimental
double bond equivalent to carbon ratio (DBE/ Ceys cf. method
section) of the underlying MF. White bins indicate the absence of MF
in that category. The number of MF per bin ranged from 1 to 890.
Higher DBE/C,,, values in PPW compared to SSW and the increase
in DBE/ Cexp with decreasing SSPE pH suggest a greater contribution
of aromatic and unsaturated compounds in PPW, particularly for the
more acidic fractions.

and aldehydes, typically associated with polyphenols and lignin
degradation products) and partly also sp® carbons (alcohols
and ethers). This aligns with the observation from RP
retention times of oxygen-functionalized CRAM model
compounds and chemical databases, suggesting that alcohols
are important functional groups driving molecule polarity.”**”
COOH-groups are (mostly) protonated at pH-values typically
used in RP-LC (here: pH 3) facilitating retention. In contrast,
polyols (e.g., sugars) are known to have poor SPE recovery at
pH 2 and p-glucuronic acid (logD = —3.7) used in previous
applications of our LC-method showed a low RP-LC retention
at this pH. A higher contribution of alcohols can explain the
lower RT,, values of PPW as compared to SSW at same
extraction pH values (Figure 1A,B).*”*® Overall, in terrestrial
DOM, highly carboxylic acid-functionalized molecules tend to
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be aliphatic and with lower RP-LC-based polarity, while the
more acidic and highly polar DOM fractions revealed
increasingly unsaturated and aromatic molecules with more
variable oxygen functional group compositions.

For the SSW fractions, DBE/C,,, decreased with an
increasing number of COOH-groups in the more acidic
fractions (pH 2 and 4, from DBE/C,, = 0.50 and 0 COOH-
groups to DBE/C,,, = 0.32 and up to 6 COOH-groups at pH
2, Figure S14). Particularly for higher numbers of COOH-
groups per MF and smaller molecules, the double bonds are
more likely to be confined to the C=O bond of the COOH-
group (Figures 2B and S16B). As a result, the remaining
oxygen atoms were more likely bound to sp® carbons as
alcohols or ethers, confirmed by 'H NMR (Figure 1D).
Consequently, an increasing number of COOH-groups leads
to a narrower range of possible functional group distributions,
which is reflected in the low mean and range of DBE/C,,
values (Figures S13 and S14). Our results for SSW are in good
agreement with the proposed structural features of CRAM.>*
Notably, here, we provide experimental evidence for CRAM
structural features of individual molecules using derivatization
combined with LC-FT-ICR MS.

In contrast to PPW, the COOH-groups accounted for most
of the unsaturation in SSW, confining other oxygenated
functionalities bound to sp*-carbons. Overall, our results show
that the variability of oxygen-containing functional groups is
lower in marine compared to terrestrial DOM, confirming a
transition from functionally diverse, aromatic-rich terrestrial
DOM to less functionally complex, alkyl-dominated marine
DOM.

Higher Isomeric Complexity in Terrestrial than in
Marine DOM. We used the dispersity index as a measure of
the retention (i.e, polarity) difference between structural
isomers in RP-LC.”* While a high dispersity index can be
associated with a large isomeric complexity, a low dispersity
index reflects more similar structures.

Dispersity index distributions revealed pronounced differ-
ences between the samples and pH fractions. SSW covered a
narrower RT range per MF within the most acidic fractions
(pH 2 and 4) when compared to PPW (Figure 3). The
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w b
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Figure 3. Isomeric complexity in peat pore water (PPW) and surface
seawater (SSW) as a function of extraction pH. Dispersity index
distribution of SSW (left, darker colors) and PPW (right, light colors)
for SSPE at pH 2 (blue), pH 4 (yellow), and pH 6 (green). The
dotted lines indicate the modes, i.e., most repeated values of dispersity
indices.

dispersity index modes (ie., the most frequently observed
dispersity index values) were 1.30 and 1.48 for SSW at pH 2
and 4, respectively, but 2.45 and 3.02 for the same PPW
fractions. This suggests that within SSW fractions, isomers
most likely represented more similar chemical structures as
compared to PPW, eluting in a narrow polarity range (ie.,

within few 1 min segments). The number of COOH-groups
only had a minor effect on dispersity (Figure S17B), implying
that isomers in SSW reflect a more constrained core structure.
Positional isomers (same carbon chain structure but differing
position of functional groups) or chain isomers (differing
arrangement of the carbon skeleton while retaining type and
number of oxygen functional groups) likely prevailed in the
acidic fractions of SSW (pH 2 and 4), suggesting that next to
the type of functional group, their position in relation to the
carbon core impacts the polarity differences (i.e., dispersity
values).

Two distinct groups of molecules (cf. two modes in Figures
3 and S18B) were observed in PPW at pH 4 and 6, while SSW
showed just one mode across all pH fractions. High dispersity
indices (between 2.5 and 4) dominated in PPW for MF with
high DBE-O values, between —3 and 5, while MF with DBE-O
values <—3 corresponded to lower dispersity index values
(<2.5) (Figure S19B). This indicates that an increasing
number of double bonds and/or a low number of oxygens in
a MF results in striking structural differences that affect the
polarity distribution of the isomers in PPW (Figure S18A).
The broad dispersity range observed for the same number of
COOH-groups in PPW (Figure S17) suggests that isomers
were not limited by a core structure but rather were influenced
by the substantial variability of non-COOH oxygen function-
alities, supporting the evaluation of the oxygen functionalities
above. The dispersity index increased for MF with up to 3
COOH-groups and decreased again with higher number of
COOH-groups. In the most alkaline fraction (pH 6) of both
samples, the dispersity index increased to higher values (>2.5).
The high content of alkyl functionalities (Figure 1C,D) found
at pH 6 supported a high number of isomers with a large RT
range.

Previous studies have suggested that a high dispersity and
similar fragmentation spectra (due to chimeric MS/MS
averaging) indicate large structural diversity.””*******° Our
results allow us to differentiate functional group isomers from
positional/chain isomers, showing that both types are more
pronounced in terrestrial than in marine DOM. While our
approach can approximate the type and chemical character-
istics of isomers, it still cannot determine the exact number of
isomers. Even a small number of functional group types, such
as in CRAM, can lead to a large number of potential isomers,"*
which share similar chemical properties (e.g, polarity) and
reactivity (e.g., bioavailability).

Opverall, isomeric complexity transitions from structurally
diverse, likely functional isomers in PPW to simpler, more
uniform positional and chain isomers in SSW. The high
dispersity indices in PPW were linked to greater structural
complexity, as isomers display significant differences in
polarity, driven by an increased number of double bonds and
non-COOH—-O functionalities. This suggests that PPW
isomers exhibit a high degree of complexity due to the
diversity of oxygenated functional groups and larger differences
in the core structure. In contrast, SSW shows lower dispersity,
with isomers, limited by a more confined core structure,
covering a narrower polarity range, where COOH-groups and
other oxygenated functionalities are balanced.

NEG,pe MF have a Higher Number of COOH-Groups
than POSpgg. Our multimethod approach using SSPE,
derivatization, and LC-FT-ICR MS allows us to pinpoint
structural groups and isomeric complexity of individual
oxygenated compounds within complex DOM. We chose an
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Figure 4. Proposed chemical structures for the NEGppg MF C;oH,,0y (m/z 409.1130). Extracted ion chromatograms (EICs, top left) are shown
for (A) peat pore water (PPW) and (B) surface seawater (SSW) extracted at pH 6 (green), 4 (yellow), and 2 (blue). For each sample and pH, the
maximum number of carboxylic acid groups detected for each isomer (for details about the counting of isomers, refer to Figure S9) is shown in the
top right. The total number of isomers (i.e., retention time segments as lower estimate of isomers) in which the MF was found at each pH is
indicated by “n”. Below, chemical structures for CgH,,0,, suggested from multiple analytical techniques: The number of COOH-groups
(highlighted in red on the structures) was derived from the derivatization (cf. Figure 2, with isomer containing the highest number of COOH-
groups shown (PPW pH 4:3; PPW pH 6:5; SSW pH 4 and pH 2:4). Indications from electrochemical data are overlaid in blue, and values for DBE
and O balance after COOH-derivatization are shown in purple (cf. Figure 2). Core structural motifs (gray boxes) were proposed based on 'H
NMR data and dispersity index analysis (cf. Figures 1 and 3). Note that the exact positions of functional groups and the distribution of O atoms to
non-COOH groups could not be determined.

exemplary MF (C,oH,,0;, with O/C = 0.52, H/C = 1.16,
DBE = 9), which represents a marker for degraded DOM with
even number of oxygens atoms (i.e, a NEGpps MF that
increases in relative abundance with age),’” to depict possible
chemical structures of isomers in terrestrial and marine DOM
(Figure 4). Here, the co-occurrence of the same MF in
multiple 1 min segments at the same or different pH fractions

26545

was treated as putative distinct isomers. This still represents a
lower limit since we expect that isomers coelute during a 1 min
RT segment (Figure S6).

A high number of COOH-groups per isomer of C;gH,,0,
was observed for the least acidic fraction in PPW (up to 3
isomers with S COOH-groups at pH 6), while SSW had the
highest number of COOH-groups per isomer in the most

https://doi.org/10.1021/acs.est.5c01998
Environ. Sci. Technol. 2025, 59, 26539—26549


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c01998/suppl_file/es5c01998_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c01998/suppl_file/es5c01998_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

acidic fraction (up to 1 and 2 isomers with 4 COOH-groups at
pH 2 and 4). The high dispersity indices for C,sH,,0} in
PPW (3.02 at pH 4 and 6 and 2.16 at pH 2) suggested
significant changes in the structure and distribution of
functional groups of the underlying isomers, likely contributing
to its broad chromatographic elution (Figure 4A). In addition
to its high number of double bond equivalents (DBE/C = 0.5),
C1oH,,0, likely contained a mix of sp® and sp* hybridized
carbons bound to oxygens, reflecting its greater isomeric
structural diversity. Notably, at pH 2, we did not detect
COOH-groups for this MF in PPW (Figure S19), indicating
that the isomers in the most acidic fraction were driven by
polyphenolic or other oxygen-containing aromatic compounds.
It must be noted that only compounds not extracted at pH 6
and pH 4 can be expected in the pH 2 extract. Our results also
suggest that COOH-rich compounds from PPW were less
acidic as their SSW counterparts (i.e., are already retained at
higher pH) and that only the most polar, polyphenols/polyols
remain in the pH 2 extract. Absence of COOH-groups is a
consistent pattern also observed for most POSpz MF at pH 2
(Figure S19).

In contrast, the lower dispersity indices for C;oH,,0,, in
SSW (2.16 at pH 2 and 6 and 1.17 at pH 4) suggest that
isomers of this NEGpr; MF have minimal variations in the
types or positions of functional groups which consequently did
not cause significant shifts in retention time, particularly
evident at pH 4 (Figure 4B). In the acidic fractions (pH 2 and
4), double bonds were confined to COOH-groups (up to 4
COOH groups), carbon—carbon double bonds, and rings,
while the remaining non-COOH—O atoms were likely bound
to sp® hybridized carbons, forming alcohols and ethers (see
section Higher diversity of oxygen-containing functional
groups in terrestrial than in marine DOM). Of note, the
differences in structures of isomers will also have an
implication for its mass spectrometric ionization and
detection® as well as fragmentation pattern”®*® as can be
assumed for the pH fractions with and without COOH-groups.

The other MF contributing to NEGpgg showed similar
chromatographic behavior and functional group distribution
pattern as C,oH,,0,, i.e,, a high number of COOH-groups in
acidic fractions for SSW but more alkaline fractions for PPW
(Figure S18), suggesting that they represent biogeochemically
similar markers. NEGpgg MF have been shown to accumulate
over time and with advancing degradation as compared to
POS;ppg MFE.2%?13¢ A high proportion of COOH-groups for
NEGpgg MF indicates progressive oxidation, as ex}o)ected for
highly recalcitrant, degradation-resistant molecules.””*"%**

For both, terrestrial and marine DOM, NEGpg MF were
associated with a higher number of COOH-groups as
compared to POS;pp; MF. Since POS;prg MF are removed
as degradation progresses,‘w the lability of POSpgg MF can
thus be linked to the lack of carboxylic acids groups in the
individual molecules. Our findings align with a recent work
suggesting that CRAM-like DOM increase in relative
abundance as DOM undergoes degradation in aquatic
environments.*

NEG,pe; Are Structurally Diverse while POS,p; Are
Uniform in Terrestrial and Marine DOM. The different
dispersity indices for the NEGppg MFs between terrestrial and
marine DOM highlight the contrasting structural complexity
and variability of isomers in each environment. While PPW
shows greater isomeric diversity due to molecule unsaturation
and a variety of oxygenated functionalities, SSW is

characterized by a less diverse core structure and oxygen-
bearing groups, leading to a more uniform chromatographic
behavior. For the first time, our experiments provide structural
information at the individual MF level about DOM
degradation markers, highlighting the stark differences on the
structural level. This observation calls for a cautionary use of
Ipgg when comparing diverse ecosystems. While Ijgg has been
found to provide robust estimates on the degradation state of
DOM across environments,””> it may not indicate similar
degradation pathways.

In contrast to NEGpgg, the molecular marker for fresh
DOM (i.e, POS;ppg MF, Figure S18) exhibits a more uniform
functionalization (with overall low number of carboxylic acids
estimated per isomer; <3 COOH-groups), similar polarity
(RT,,) across pH fractions, and hence presumably more
similar structures in both marine and terrestrial environments.
Although both samples from this study represent extensively
degraded DOM (Table S6), individual DOM compounds are
expected to represent a continuum of degradation states.”*!
POSpgg markers indicate younger, more labile DOM that is
consumed over time, while NEGypgg represents signatures of
reworked and more degraded organic matter. The structural
differences between POS g and NEGypg( support the idea of
increasing molecular richness during degradation and mixing.61
However, the distinct chemical structures of NEGpgg in
marine versus terrestrial DOM suggest contrasting degradation
pathways and an accumulation of site-specific DOM
compounds as degradation advances contrasting earlier
observations of a decrease in site-specific DOM.>

In summary, the high COOH-group content and large
structural diversity of NEGpg; MF reaffirm their recalcitrant
nature, particularly in terrestrial environments. POS;pz; MF,
on the other hand, reflects more labile, structurally less diverse
components that degrade more readily in both marine and
terrestrial environments, though their exact chemical structures
and degradation pathways may vary across these systems.

Biogeochemical Implications. This study utilizes ad-
vanced analytical methods (radiocarbon dating, electro-
chemical oxidation/reduction, NMR, and LC-FT-ICR MS)
and functional group derivatization to experimentally assess the
structural complexity of two DOM samples representing
terrestrial and marine environments at the level of isomers.
The methodology advances the analysis of DOM chemical
space beyond MF and incorporates direct structural
information about oxygen-containing functional groups as
well as about unsaturation for chemically distinct isomeric
groups. Our results based on individual MF highlight that each
MF represents a multitude of oxygen-containing functional
groups and isomers with structures differing strongly between
terrestrial and marine DOM. Oxygen-containing functional
groups are crucial to understand DOM cycling and
degradation, as they are involved in manifold biological (e.g.,
bioavailability, metabolic energy yield) and abiotic reactions
(e.g., aquatic mobility and adsorption to surfaces).

We showed that terrestriall DOM is more susceptible to
changing redox conditions (higher number of non-COOH—
O), resembling signatures of its unique structural sources (high
aromatic/phenolic content), even for the most degraded
fraction. Apparent low COOH content of the most acidic
fractions in PPW suggests that solubility and mobility are at
least partially controlled by aromatic units and polyols
suggesting cosolubilization of molecules in high DOM
concentration systems.
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Marine DOM showed fewer functional group types but
more oxygen atoms and double bonds associated with
carboxylic acids. We can, for the first time, structurally address
CRAM-type molecules at the individual MF level. A lower
isomeric complexity in marine compared to terrestriall DOM
was manifested by lower retention time variability, suggesting
that degradation in marine systems favors a more uniform and
chemically similar DOM pool, which, however, exists at minute
concentrations.

A high number of COOH-groups in NEGpg; markers
confirms that oxidation of DOM is a major driver for its
persistence with, again, stark differences between environ-
ments. Surprisingly, the occurrence of COOH-rich NEGpgg
isomers in PPW in higher pH fractions than isomers with lower
number of COOH suggests that this fraction of terrestrial
DOM may be lost during land-ocean transfer (e.g, low
solubility at high ionic strength, photolysis) or that initially
polar, polyphenol-like compounds are transformed via
oxidative dearomatization and oxidation of non-COOH-C
resulting in CRAM-like compounds with consequently higher
acidity (and RP-LC retention at pH 3).'° The structural
divergence between POS;ppg—simpler, more uniform chem-
ical structures with fewer COOH-groups—and NEGipgg
markers can be utilized to better understand and exper-
imentally assess the distinct geochemical processes governing
DOM turnover in marine and terrestrial ecosystems.
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Data Availability Statement

Processed and quality-checked data for all samples and
segments of LC-FT-ICR MS of SSPE and derivatized extracts,
as well as 1H NMR of SSPE extracts and CRAM LC-Orbitrap
MS before and after derivatization, are available from the UFZ
Data Investigation Portal: 10.48758/ufz.16221. Raw MS files
can be shared upon request.

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5c01998.

Additional information regarding sample collection,
preparation, and analysis performed, data processing
workflow, DOC determination, SSPE method assess-
ment, COOH-group derivatization method assessment,
CRAM reference material chromatograms, LC TIC
chromatograms, electrochemistry data, radiocarbon data,
Van Krevelen diagrams of SSPE extracts, new calculated
descriptors of derivatized data, and IDEG LC EIC
chromatograms (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Rebecca R. Matos — Department of Environmental Analytical
Chemistry, Helmholtz Centre for Environmental Research —
UFZ, Leipzig D-04318, Germany; ® orcid.org/0000-0002-
5577-1959; Email: rebecca.matos@ufz.de

Oliver J. Lechtenfeld — Department of Environmental
Analytical Chemistry, Helmholtz Centre for Environmental
Research — UFZ, Leipzig D-04318, Germany; © orcid.org/
0000-0001-5313-6014; Email: oliver.lechtenfeld@ufz.de

Authors
Alexander Craig — Department of Chemistry BMC, Analytical
Chemistry, Uppsala University, Uppsala 752 37, Sweden;

Department of Medicinal Chemistry, Drug Design and
Discovery, Uppsala University, Uppsala 752 37, Sweden

Boris P. Koch — Ecological Chemistry, Alfred-Wegener-Institut
Helmholtz Zentrum fiir Polar- and Meeresforschung,
Bremerhaven 27570, Germany; Hochschule Bremerhaven,
University of Applied Sciences, Bremerhaven 27568,
Germany; © orcid.org/0000-0002-8453-731X

Jeffrey Hawkes — Department of Chemistry BMC, Analytical
Chemistry, Uppsala University, Uppsala 752 37, Sweden;

orcid.org/0000-0003-0664-2242

Lindon W. K. Moodie — Department of Medicinal Chemistry,
Drug Design and Discovery, Uppsala University, Uppsala
752 37, Sweden; © orcid.org/0000-0002-9500-4535

Arina Ivanova — Department of Biogeochemical Processes,
Max Planck Institute for Biogeochemistry, Jena 07701,
Germany

Gerd Gleixner — Department of Biogeochemical Processes,
Max Planck Institute for Biogeochemistry, Jena 07701,
Germany; © orcid.org/0000-0002-4616-0953

Patrick Guth — Institute for Landscape Ecology, University of
Miinster, Munster 48149, Germany

Klaus-Holger Knorr — Institute for Landscape Ecology,
University of Miinster, Munster 48149, Germany;

orcid.org/0000-0003-4175-0214

Jan Tebben — Ecological Chemistry, Alfred-Wegener-Institut
Helmholtz Zentrum fiir Polar- and Meeresforschung,
Bremerhaven 27570, Germany

Thorsten Reemtsma — Department of Environmental
Analytical Chemistry, Helmholtz Centre for Environmental
Research — UFZ, Leipzig D-04318, Germany; Institute of
Analytical Chemistry, University of Leipzig, Leipzig 04103,
Germany; 0rcid.0rg/0000-0003—1606—0764

Alexander Zherebker — Yusuf Hamied Department of
Chemistry, University of Cambridge, Cambridge CB2 1EW,
UK,; © orcid.org/0000-0002-3481-4606

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5¢01998

Funding

R. R. M. received funding provided from the German Research
Foundation, DFG, project number 45025664 and the
Helmholtz Association (HiDA, project number 14256) that
allowed this research to be conducted. AC/JH/LM work was
funded by FORMAS, Sweden (grant number 2021-00543).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank Johann Wurz and Shuxian Gao for software
development and Jan Kaesler for help with the FT-ICR MS
measurements. We acknowledge Ronald Krieg for providing
samples from the Holtemme River (HRW) as well as the
BioGeoOmics members Michel Gad, Konstantin Stumpf,
Elaine Jennings, and Carsten Simon for the valuable scientific
discussions throughout the elaboration of this paper. The
captain and crew of the research vessel Uthorn are acknowl-
edged for their kind support. We are grateful for the use of the
analytical facilities of the ProVIS Centre for Chemical
Microscopy within the Helmholtz Centre for Environmental
Research Leipzig, which is supported by European Regional
Development Funds (EFRE — Europe funds Saxony) and the
Helmholtz Association. Finally, we thank the editor, Prof. Dr.

https://doi.org/10.1021/acs.est.5c01998
Environ. Sci. Technol. 2025, 59, 26539—26549


https://doi.org/10.48758/ufz.16221
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c01998/suppl_file/es5c01998_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rebecca+R.+Matos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5577-1959
https://orcid.org/0000-0002-5577-1959
mailto:rebecca.matos@ufz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+J.+Lechtenfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5313-6014
https://orcid.org/0000-0001-5313-6014
mailto:oliver.lechtenfeld@ufz.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Craig"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boris+P.+Koch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8453-731X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeffrey+Hawkes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0664-2242
https://orcid.org/0000-0003-0664-2242
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lindon+W.+K.+Moodie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9500-4535
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arina+Ivanova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerd+Gleixner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4616-0953
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Guth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus-Holger+Knorr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4175-0214
https://orcid.org/0000-0003-4175-0214
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Tebben"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thorsten+Reemtsma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1606-0764
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Zherebker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3481-4606
https://pubs.acs.org/doi/10.1021/acs.est.5c01998?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Gregory Lowry, as well as two anonymous reviewers for their
constructive comments that greatly improved the manuscript.

B REFERENCES

(1) Jiao, N.; et al. Microbial production of recalcitrant dissolved
organic matter: Long-term carbon storage in the global ocean. Nat.
Rev. Microbiol. 2010, 8, 593—599.

(2) Hertkorn, N.; et al. Characterization of a major refractory
component of marine dissolved organic matter. Geochim. Cosmochim.
Acta 2006, 70, 2990—3010.

(3) Kellerman, A. M.; Dittmar, T.; Kothawala, D. N.; Tranvik, L. J.
Chemodiversity of dissolved organic matter in lakes driven by climate
and hydrology. Nat. Commun. 2014, S, 3804.

(4) Hertkorn, N.; Harir, M.; Koch, B. P.; Michalke, B.; Schmitt-
Kopplin, P. High-field NMR spectroscopy and FTICR mass
spectrometry: Powerful discovery tools for the molecular level
characterization of marine dissolved organic matter. Biogeosciences
2013, 10, 1583—1624.

(5) Hedges, J. L; et al. The molecularly-uncharacterized component
of nonliving organic matter in natural environments. Org. Geochem.
2000, 31, 945-958.

(6) Amon, R. M. W.; Fitznar, H. P.; Benner, R. Linkages among the
bioreactivity, chemical composition, and diagenetic state of marine
dissolved organic matter. Limnol. Oceanogr. 2001, 46, 287—297.

(7) Mcdonough, L. K.; Andersen, M. S.; Behnke, M. I; Rutlidge, H.;
Oudone, P.; Meredith, K.; O’Carroll, D. M.; Santos, I. R.; Marjo, C.
E.; Spencer, R. G. M; et al. A new conceptual framework for the
transformation of groundwater dissolved organic matter. Nat.
Commun. 2022, 13, 2153.

(8) Qi, Y;; Fu, P,; Li, S.; Ma, C,; Liu, C.; Volmer, D. A. Assessment
of molecular diversity of lignin products by various ionization
techniques and high-resolution mass spectrometry. Sci. Total Environ.
2020, 713, 136573.

(9) Blodau, C. Carbon cycling in peatlands - A review of processes
and controls. Environ. Rev. 2002, 10, 111—134.

(10) Guth, P,; Gao, C.; Knorr, K. H. Electron Accepting Capacities
of a wide variety of peat materials from around the Globe similarly
explain CO2 and CH4 production. Global Biogeochem. Cycles 2022,
37, 1-20.

(11) Ogawa, H.; Amagai, Y.; Koike, I; Kaiser, K; Benner, R.
Production of Refractory Dissolved Organic Matter by Bacteria. Sci.
Rep. 2001, 292, 917-920.

(12) Hansell, D. A; Carlson, C. A; Repeta, D. J; Schlitzer, R.
Dissolved organic matter in the ocean. A controversy stimulates new
insights. Oceanography 2009, 22, 202—211.

(13) Barber, R. T. Dissolved Organic Carbon from Deep Waters
resists Microbial Oxidation. Nature 1968, 220, 274—275.

(14) Hertkorn, N.; Ruecker, C.; Meringer, M.; Gugisch, R;
Frommberger, M.; Perdue, E. M.; Witt, M,; Schmitt-Kopplin, P.
High-precision frequency measurements: indispensable tools at the
core of the molecular-level analysis of complex systems. Anal. Bioanal.
Chem. 2007, 389, 1311—1327.

(15) Li, S.; et al. Dearomatization drives complexity generation in
freshwater organic matter. Nature 2024, 628, 776—781.

(16) Lam, B.; Baer, A.; Alace, M.; Lefebvre, B.; Moser, A.; Williams,
A.; Simpson, A. J. Major Structural Components in Freshwater
Dissolved Organic Matter. Environ. Sci. Technol. 2007, 41, 8240—
8247.

(17) Arakawa, N.; Aluwihare, L. L; Simpson, A. J.; Soong, R;
Stephens, B. M.; Lane-Coplen, D. Carotenoids are the likely precursor
of a significant fraction of marine dissolved organic matter. Sci. Adv.
2017, 3, No. e1602976.

(18) Zherebker, A.; et al. Separation of benzoic and unconjugated
acidic components of Leonardite humic material using sequential
solid-phase extraction at different pH values as revealed by Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry and
Correlation Nuclear Resonan. J. Agric. Food Chem. 2018, 66,
12179—-12187.

(19) Zherebker, A.; et al. Refinement of Compound Aromaticity in
Complex Organic Mixtures by Stable Isotope Label Assisted
Ultrahigh-Resolution Mass Spectrometry. Anal. Chem. 2020, 92,
9032-9038.

(20) Mitschke, N.; Vemulapalli, S. P. B,; Dittmar, T. Dissolved
Organic Matter Contains Ketones Across a Wide Range of Molecular
Formulas. Environ. Sci. Technol. 2024, 58, 15587—15597.

(21) Baluha, D. R; Blough, N. V.; Del Vecchio, R. Selective mass
labeling for linking the optical properties of chromophoric dissolved
organic matter to structure and composition via ultrahigh resolution
electrospray ionization mass spectrometry. Environ. Sci. Technol. 2013,
47, 9891-9897.

(22) Zark, M.; Christoffers, J.; Dittmar, T. Molecular properties of
deep-sea dissolved organic matter are predictable by the central limit
theorem: Evidence from tandem FT-ICR-MS. Mar. Chem. 2017, 191,
9—-18S.

(23) Hawkes, J. A,; Patriarca, C.; Sjéberg, P. J. R; Tranvik, L. J;
Bergquist, J. Extreme isomeric complexity of dissolved organic matter
found across aquatic environments. Limnol. Oceanogr. Lett. 2018, 3,
21-30.

(24) Boiteau, R. M.; et al. Relating Molecular Properties to the
Persistence of Marine Dissolved Organic Matter with Liquid
Chromatography-Ultrahigh-Resolution Mass Spectrometry. Environ.
Sci. Technol. 2023, 58, 3267—3277.

(25) Witt, M.; Fuchser, J.; Koch, B. P. Fragmentation studies of
fulvic acids using collision induced dissociation Fourier transform ion
cyclotron resonance mass spectrometry. Anal. Chem. 2009, 81, 2688—
2694.

(26) Simon, C.; et al. Mass Difference Matching Unfolds Hidden
Molecular Structures of Dissolved Organic Matter. Environ. Sci.
Technol. 2022, 56, 11027—11040.

(27) Leyva, D.; Jaffe, R; Fernandez-Lima, F. Structural Character-
ization of Dissolved Organic Matter at the Chemical Formula Level
Using TIMS-FT-ICR MS/MS. Anal. Chem. 2020, 92, 11960—11966.

(28) Seidel, M.; et al. Seasonal and spatial variability of dissolved
organic matter composition in the lower Amazon River. Biogeochem-
istry 2016, 131, 281—302.

(29) York, R; Bell, N. G. A. Molecular Tagging for the Molecular
Characterization of Natural Organic Matter. Environ. Sci. Technol.
2020, 54, 3051—3063.

(30) Flerus, R.; Lechtenfeld, O. J.; Koch, B. P.; McCallister, S. L.;
Schmitt-Kopplin, P.; Benner, R.; Kaiser, K; Kattner, G. A molecular
perspective on the ageing of marine dissolved organic matter.
Biogeosciences 2012, 9, 1935—19S5.

(31) Lechtenfeld, O. J.; et al. Molecular transformation and
degradation of refractory dissolved organic matter in the Atlantic
and Southern Ocean. Geochim. Cosmochim. Acta 2014, 126, 321—337.

(32) Deng, P; Zhou, Q; Luo, J; Hu, X; Yu, F. Urbanization
mediates dissolved organic matter characteristics but 2 microbes affect
greenhouse gases concentration in lakes. Sci. Total Environ. 2024, 912,
1-26.

(33) Martinez-Pérez, A. M,; et al. Linking optical and molecular
signatures of dissolved organic matter in the Mediterranean Sea. Sci.
Rep. 2017, 7, 1—11.

(34) Jiang, B; Zhao, J.; Li, D.; Zhan, L.; Gao, Z.; Sun, H.; Zhou, Y,;
Pan, J; Sun, Y. Molecular Composition Evolution of Dissolved
Organic Matter With Water Depth in Prydz Bay of East Antarctic:
Carbon Export Implications. ]. Geophys. Res. C Oceans 2024, 129,
No. €2023]JC020571.

(35) Waska, H.; Simon, H.; Ahmerkamp, S.; Greskowiak, J.; Ahrens,
J; Seibert, S. L.; Schwalfenberg, K; Zielinski, O.; Dittmar, T.
Molecular Traits of Dissolved Organic Matter in the Subterranean
Estuary of a High-Energy Beach: Indications of Sources and Sinks.
Front. Mar. Sci. 2021, 8, 607083.

(36) Roth, V. N,; et al. Persistence of dissolved organic matter
explained by molecular changes during its passage through soil. Nat.
Geosci. 2019, 12, 755—-761.

https://doi.org/10.1021/acs.est.5c01998
Environ. Sci. Technol. 2025, 59, 26539—26549


https://doi.org/10.1038/nrmicro2386
https://doi.org/10.1038/nrmicro2386
https://doi.org/10.1016/j.gca.2006.03.021
https://doi.org/10.1016/j.gca.2006.03.021
https://doi.org/10.1038/ncomms4804
https://doi.org/10.1038/ncomms4804
https://doi.org/10.5194/bg-10-1583-2013
https://doi.org/10.5194/bg-10-1583-2013
https://doi.org/10.5194/bg-10-1583-2013
https://doi.org/10.1016/S0146-6380(00)00096-6
https://doi.org/10.1016/S0146-6380(00)00096-6
https://doi.org/10.4319/lo.2001.46.2.0287
https://doi.org/10.4319/lo.2001.46.2.0287
https://doi.org/10.4319/lo.2001.46.2.0287
https://doi.org/10.1038/s41467-022-29711-9
https://doi.org/10.1038/s41467-022-29711-9
https://doi.org/10.1016/j.scitotenv.2020.136573
https://doi.org/10.1016/j.scitotenv.2020.136573
https://doi.org/10.1016/j.scitotenv.2020.136573
https://doi.org/10.1139/a02-004
https://doi.org/10.1139/a02-004
https://doi.org/10.1002/essoar.10511394.1
https://doi.org/10.1002/essoar.10511394.1
https://doi.org/10.1002/essoar.10511394.1
https://doi.org/10.1126/science.1057627
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.5670/oceanog.2009.109
https://doi.org/10.1038/220274a0
https://doi.org/10.1038/220274a0
https://doi.org/10.1007/s00216-007-1577-4
https://doi.org/10.1007/s00216-007-1577-4
https://doi.org/10.1038/s41586-024-07210-9
https://doi.org/10.1038/s41586-024-07210-9
https://doi.org/10.1021/es0713072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0713072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.1602976
https://doi.org/10.1126/sciadv.1602976
https://doi.org/10.1021/acs.jafc.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.8b04079?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c01208?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c02593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c02593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c02593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402400j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402400j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402400j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402400j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.marchem.2017.02.005
https://doi.org/10.1016/j.marchem.2017.02.005
https://doi.org/10.1016/j.marchem.2017.02.005
https://doi.org/10.1002/lol2.10064
https://doi.org/10.1002/lol2.10064
https://doi.org/10.1021/acs.est.3c08245.s001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c08245.s001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c08245.s001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac802624s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac802624s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac802624s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c01332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.2c01332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c02347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10533-016-0279-4
https://doi.org/10.1007/s10533-016-0279-4
https://doi.org/10.1021/acs.est.9b04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b04737?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.5194/bg-9-1935-2012
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.1016/j.gca.2013.11.009
https://doi.org/10.2139/ssrn.4563730
https://doi.org/10.2139/ssrn.4563730
https://doi.org/10.2139/ssrn.4563730
https://doi.org/10.1038/s41598-017-03735-4
https://doi.org/10.1038/s41598-017-03735-4
https://doi.org/10.1029/2023jc020571
https://doi.org/10.1029/2023jc020571
https://doi.org/10.1029/2023jc020571
https://doi.org/10.3389/fmars.2021.607083
https://doi.org/10.3389/fmars.2021.607083
https://doi.org/10.1038/s41561-019-0417-4
https://doi.org/10.1038/s41561-019-0417-4
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(37) Kellerman, A. M.; et al. Unifying Concepts Linking Dissolved
Organic Matter Composition to Persistence in Aquatic Ecosystems.
Environ. Sci. Technol. 2018, 52, 2538—2548.

(38) Zark, M.; Dittmar, T. Universal molecular structures in natural
dissolved organic matter. Nat. Commun. 2018, 9, 3178.

(39) Zherebker, A.; et al. Optical Properties of Soil Dissolved
Organic Matter Are Related to Acidic Functions of Its Components as
Revealed by Fractionation, Selective Deuteromethylation, and Ultra-
high Resolution Mass Spectrometry. Environ. Sci. Technol. 2020, 54,
2667—-2677.

(40) Flerus, R.; Koch, B. P.; Schmitt-Kopplin, P.; Witt, M.; Kattner,
G. Molecular level investigation of reactions between dissolved
organic matter and extraction solvents using FT-ICR MS. Mar. Chem.
2011, 124, 100—107.

(41) Kong, X.; Jendrossek, T.; Ludwichowski, K. U.; Marx, U.; Koch,
B. P. Solid-Phase Extraction of Aquatic Organic Matter: Loading-
Dependent Chemical Fractionation and Self-Assembly. Environ. Sci.
Technol. 2021, 55, 15495—15504.

(42) Zherebker, A.; et al. Enumeration of carboxyl groups carried on
individual components of humic systems using deuteromethylation
and Fourier transform mass spectrometry. Anal. Bioanal. Chem. 2017,
409, 2477-2488.

(43) Han, L,; Kaesler, J.; Peng, C.; Reemtsma, T.; Lechtenfeld, O. J.
Online counter gradient LC-FT-ICR-MS enables detection of highly
polar natural organic matter fractions. Anal. Chem. 2021, 93, 1740—
1748.

(44) Gao, S; Jennings, E. K; Han, L.; Koch, B. P.; Herzsprung, P.;
Lechtenfeld, O. J. Detection and Exclusion of False-Positive
Molecular Formula Assignments via Mass Error Distributions in
UHR Mass Spectra of Natural Organic Matter. Anal. Chem. 2024, 96
(25), 10210—10218.

(45) Koch, B. P.; Dittmar, T. From mass to structure: An aromaticity
index for high-resolution mass data of natural organic matter. Rapid
Commun. Mass Spectrom. 2006, 20, 926—932.

(46) Hockaday, W. C.; Grannas, A. M.; Kim, S.; Hatcher, P. G.
Direct molecular evidence for the degradation and mobility of black
carbon in soils from ultrahigh-resolution mass spectral analysis of
dissolved organic matter from a fire-impacted forest soil. Org.
Geochem. 2006, 37, 501-510.

(47) Felgate, S. L.; Craig, A. J; Moodie, L. W. K; Hawkes, J.
Characterization of a Newly Available Coastal Marine Dissolved
Organic Matter Reference Material (TRM-0522). Anal. Chem. 2023,
95, 6559—6567.

(48) Craig, A. J; Moodie, L. W. K.; Hawkes, J. A. Preparation of
Simple Bicyclic Carboxylate-Rich Alicyclic Molecules for the
Investigation of Dissolved Organic Matter. Environ. Sci. Technol.
2024, 58, 7078—7086.

(49) Aeschbacher, M.; Sander, M.; Schwarzenbach, R. P. Novel
electrochemical approach to assess the redox properties of humic
substances. Environ. Sci. Technol. 2010, 44, 87—93.

(50) Benk, S. A.; Yan, L.; Lehmann, R.; Roth, V. N.; Schwab, V. F.;
Totsche, K. U,; Kiisel, K; Gleixner, G. Fueling Diversity in the
Subsurface: Composition and Age of Dissolved Organic Matter in the
Critical Zone. Front. Earth Sci 2019, 7, 296.

(51) Lechtenfeld, O. J.; Kaesler, J.; Jennings, E. K; Koch, B. P.
Direct Analysis of Marine Dissolved Organic Matter Using LC-FT-
ICR MS. Environ. Sci. Technol. 2024, 58, 4637—4647.

(52) Jennings, E.; Kremser, A.; Han, L.; Reemtsma, T.; Lechtenfeld,
O. J. Discovery of Polar Ozonation Byproducts via Direct Injection of
Effluent Organic Matter with Online LC-FT-ICR-MS. Environ. Sci.
Technol. 2022, 56, 1894—1904.

(53) Teickner, H.; Gao, C.; Knorr, K. H. Electrochemical Properties
of Peat Particulate Organic Matter on a Global Scale: Relation to Peat
Chemistry and Degree of Decomposition. Global Biogeochem. Cycles
2022, 36, No. e2021GB007160.

(54) Pelzer, K. M.; Cheng, L,; Curtiss, L. A. Effects of functional
groups in redox-active organic molecules: A high-throughput
screening approach. J. Phys. Chem. C 2017, 121, 237—24S.

26549

(55) Zherebker, A.; Rukhovich, G. D.; Sarycheva, A.; Lechtenfeld, O.
J.; Nikolaev, E. N. Aromaticity Index with Improved Estimation of
Carboxyl Group Contribution for Biogeochemical Studies. Environ.
Sci. Technol. 2022, 56, 2729—2737.

(56) Moye, F.; Bareth, M.; Koch, B. P.; Tebben, J.; Harder, T. From
Retention Time to Functional Group Assignment: A Chemical
Database-Driven Approach for High-Resolution Mass Data of Marine
Dissolved Organic Matter. Rapid Commun. Mass Spectrom. 2025, 39,
No. e10043.

(57) Hawkes, J.; Flygare, A.; Moodie, L. W. K.; Craig, A. Enhanced
Structural Understanding of Dissolved Organic Matter through
Comparative LC/MS2 Analysis with Synthetic Carboxylate Rich
Alicyclic Molecules. Anal. Chem. 2025, 97, 18612—18620.

(58) Raeke, J.; Lechtenfeld, O. J; Wagner, M.; Reemtsma, T.
Environmental Science Selectivity of solid phase extraction of
freshwater dissolved organic matter and its effect on ultrahigh
resolution mass spectra. Environ. Sci. 2016, 7, 918—927.

(59) Riedel, T.; Zark, M.; Vihitalo, A. V.; Niggemann, J.; Spencer,
R. G. M, Hernes, P. J,; Dittmar, T. Molecular Signatures of
Biogeochemical Transformations in Dissolved Organic Matter from
Ten World Rivers. Front. Earth Sci. 2016, 4, 85.

(60) Rodrigues Matos, R.; Jennings, E. K.; Kaesler, J.; Reemtsma, T;
Koch, B. P,; Lechtenfeld, O. J. Post column infusion of an internal
standard into LC-FT-ICR MS enables semi-quantitative comparison
of dissolved organic matter in original samples. Analyst 2024, 149,
3468—3478.

(61) Mentges, A.; Feenders, C.; Seibt, M.; Blasius, B.; Dittmar, T.
Functional molecular diversity of marine dissolved organic matter is
reduced during degradation. Front. Mar. Sci. 2017, 4, 194.

CAS BIOFINDER DISCOVERY PLATFORM™

ELIMINATE DATA
SILOS. FIND
WHAT YOU
NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

S

https://doi.org/10.1021/acs.est.5c01998
Environ. Sci. Technol. 2025, 59, 26539—26549


https://doi.org/10.1021/acs.est.7b05513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b05513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-05665-9
https://doi.org/10.1038/s41467-018-05665-9
https://doi.org/10.1021/acs.est.9b05298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.marchem.2010.12.006
https://doi.org/10.1016/j.marchem.2010.12.006
https://doi.org/10.1021/acs.est.1c04535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04535?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00216-017-0197-x
https://doi.org/10.1007/s00216-017-0197-x
https://doi.org/10.1007/s00216-017-0197-x
https://doi.org/10.1021/acs.analchem.0c04426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c04426?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.4c00489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1002/rcm.2386
https://doi.org/10.1016/j.orggeochem.2005.11.003
https://doi.org/10.1016/j.orggeochem.2005.11.003
https://doi.org/10.1016/j.orggeochem.2005.11.003
https://doi.org/10.1021/acs.analchem.2c05304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c05304?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.4c00166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es902627p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es902627p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es902627p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/feart.2019.00296
https://doi.org/10.3389/feart.2019.00296
https://doi.org/10.3389/feart.2019.00296
https://doi.org/10.1021/acs.est.3c07219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c07219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2021gb007160
https://doi.org/10.1029/2021gb007160
https://doi.org/10.1029/2021gb007160
https://doi.org/10.1021/acs.jpcc.6b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b11473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c04575?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/rcm.10043
https://doi.org/10.1002/rcm.10043
https://doi.org/10.1002/rcm.10043
https://doi.org/10.1002/rcm.10043
https://doi.org/10.1021/acs.analchem.5c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.1039/C6EM00200E
https://doi.org/10.3389/feart.2016.00085
https://doi.org/10.3389/feart.2016.00085
https://doi.org/10.3389/feart.2016.00085
https://doi.org/10.1039/d4an00119b
https://doi.org/10.1039/d4an00119b
https://doi.org/10.1039/d4an00119b
https://doi.org/10.3389/fmars.2017.00194
https://doi.org/10.3389/fmars.2017.00194
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c01998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

