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Introduction

Post column infusion of an internal standard into
LC-FT-ICR MS enables semi-quantitative
comparison of dissolved organic matter in original
samplest

Rebecca Rodrigues Matos, (2 Elaine K. Jennings,® Jan Kaesler,?
Thorsten Reemtsma, 2@ Boris P. Koch“® and Oliver J. Lechtenfeld () *2©

Ultrahigh resolution mass spectrometry hyphenated with liquid chromatography (LC) is an emerging tool
to explore the isomeric composition of dissolved organic matter (DOM). However, matrix effects limit the
potential for semi-quantitative comparison of DOM molecule abundances across samples. We introduce
a post-column infused internal standard (PCI-IS) for reversed-phase LC-FT-ICR MS measurements of
DOM and systematically evaluate matrix effects, detector linearity and the precision of mass peak intensi-
ties. Matrix effects for model compounds spiked into freshwater DOM samples ranging from a headwater
stream to a major river were reduced by 5-10% for PCI-IS corrected mass peak intensities as compared
to raw (i.e., untransformed) intensities. A linear regression of PCI-IS corrected DOM mass peak intensities
across a typical DOM concentration range (2-15 mg dissolved organic carbon L™) in original, non-
extracted freshwater samples demonstrates excellent linearity of the detector response (r* > 0.9 for 98%
of detected molecular formulas across retention times). Importantly, PCI-IS could compensate for 80% of
matrix effects across an environmental gradient of DOM composition from groundwater to surface water.
This enabled studying the ionization efficiency of DOM isomers and linking the observed differences to
the biogeochemical sources. With PCI-IS original, non-extracted DOM samples can be analysed by
LC-FT-ICR MS without carbon load adjustment, and mass peak intensities can be reliably used to semi-
quantitatively compare isomer abundances between compositionally similar DOM samples.

nique to analyse DOM composition is ultrahigh resolution
mass spectrometry, such as Fourier transform ion cyclotron

Even though dissolved organic matter (DOM) is the major
form of organic carbon in oceans and freshwater, its individ-
ual molecular constituents are still incompletely identified
and characterized.'® The extreme complexity of this mixture
and the low concentration of its individual constituents are
the main obstacles in the complete decoding of DOM mole-
cular and structural composition.* The state-of-the-art tech-
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resonance (FT-ICR) or Orbitrap mass spectrometry, routinely
detecting more than 10000 molecular formulas (MF) in a
single sample.”®

The commonly used workflow for non-targeted DOM ana-
lysis is pre-concentration and desalting of samples using solid
phase extraction (SPE)’ followed by direct infusion mass spec-
trometry (DI-MS). While DI-MS allows for simultaneous and
sensitive detection of many DOM molecules, this technique is
prone to matrix effects,* " caused by the competitive ioniza-
tion and/or transfer from the liquid to the gas phase of co-
eluting analytes and sample constituents.® In addition, the
structural information obtained from a DI mass spectrum is
limited since it is not possible to differentiate between
isomers and every MF in DOM is likely to represent a large
number of different structures.>'? Thus, the magnitude of a
single mass peak in a DI mass spectrum of highly complex
mixtures such as DOM corresponds to the concentration-
weighted average of response factors of isomers with yet
unknown proportions.’®"® As a consequence, the relative
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intensities (e.g. normalized to the base peak or the sum of all
assigned peaks) are extensively used to evaluate compositional
differences between DOM components.'®'> However, this
approach lacks a quantitative dimension to extract predomi-
nant environmental processes as large (relative) intensity
differences may also be caused by variable ionization
(efficiency), extraction biases or matrix effects.'°

Liquid chromatography (LC) coupled with FT-ICR or
Orbitrap MS is increasingly applied to study DOM because it
increases the amount of molecular-level information, particu-
larly for heteroatom-containing molecules and those of very
high or low polarity, and improves the sensitivity to disentan-
gle complex environmental processes.>'*'”'® In addition, the
isomeric composition, along with the physico-chemical pro-
perties of the respective DOM isomers, can be explored
simultaneously.’>'”'® An additional benefit for LC-MS
approaches in general is that chromatographic separation
reduces matrix effects caused by competitive ionization of co-
eluting analytes and sample constituents.>**° Matrix effects
decrease the accuracy of a measurement and potentially decou-
ple signal intensity from concentration.”***' Organic trace
analysis and many “omics” fields commonly utilize LC-MS to
reduce matrix effects.?>®> However, for DOM research, the
benefit of matrix effect reduction by LC-MS has not been sys-
tematically explored.

At the compound level, the response of a given analyte
obtained by MS detection is a combination of random and sys-
tematic errors, matrix effects, as well as ionization efficiency
and concentration of the analyte.”>* When chromatography is
applied, the above-mentioned factors may thus all influence
the intensity and shape of the chromatographic peak, impact-
ing the accuracy and precision of the analytical results. To
study and compensate for matrix effects, as well as the instru-
ment and sample preparation variability in LC-MS, an internal
standard (IS) - a target analyte’s structural analogue not
expected to be present in the analysed sample - is usually
spiked to the sample.”® Typically, the standard addition along
with the standard curve allows for absolute quantification of
the target compound.”® However, since DOM is an extremely
complex mixture of potentially millions of structurally
unknown components, analyte-matched internal standardiz-
ation is still not feasible.

As an alternative approach, an IS can be continuously
infused after the chromatography column (here referred to as
the post-column infused internal standard, PCI-IS) and before
electrospray ionization (ESI).>”>° This ensures volumetric
mixing and that both - IS and analyte - ionize at the same
flow rate and solvent composition.*® In addition, the IS signal
can be tracked throughout an entire chromatographic run, and
matrix effects can be simultaneously compensated for various
analytes. It has been demonstrated that matrix effects in elec-
trospray ionization are comparable even for analytes of
different physicochemical properties that elute at the same
retention time.>" Accordingly, matrix effects may be considered
in part to be retention time dependent rather than solely
analyte dependent. As a result, one IS may compensate for
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matrix effects even of structurally different analytes.*” In par-
ticular, for non-targeted metabolomics where severe matrix
effects are common (e.g. urine and blood fluids), PCI-IS
improves the reliability of analyses and quantitative compari-
sons, although individual standards are not available.”>** This
fact is especially attractive to DOM research since the chemical
structure of individual DOM molecules and isomers is yet
unknown. While this approach may not be as accurate and
robust as analyte-matched internal standardization, we expect
that PCI-IS will improve the robustness of analysis (e.g. during
multi-day sequences) and will enable semi-quantification (i.e.
the evaluation of concentration differences) of DOM molecules
across samples.

Here, we report on the first application of a PCI-IS com-
bined with LC-FT-ICR MS with the aim to enable semi-quanti-
tative non-targeted analysis of original DOM samples (i.e.,
non-extracted and not concentration adjusted). As PCI-IS we
use stable isotope labelled Naproxen reflecting structural
motifs in terrestrial DOM. First, we tested the compensation of
matrix effects and inter-sample variability by PCI-IS and evalu-
ated the accuracy (based on chromatographic peak areas) of a
set of model compounds (MCs) in various DOM matrices.
Second, we tested the compensation of instrument variability
and evaluated the repeatability for PCI-IS transformed DOM
mass peak intensities from repeat injections of a DOM refer-
ence sample. Third, we tested the ability to use variable
sample concentration with a concentration series of a DOM
reference sample and evaluated the linearity of the detector
response. Fourth, we tested the potential for semi-quantifi-
cation of single DOM compounds with two non-extracted
freshwater samples from a forest stream and a large river,
representing a variable sample matrix and structurally diverse
compounds, and a mixture of both and evaluated the compen-
sation of matrix effects by comparing theoretical and
measured detector response factors. Our approach can be
readily extended to other non-targeted analyses of complex
mixtures, such as metabolomics and petroleomics, where
molecule abundance estimates rely on robust peak intensity
determination.

Materials and methods

Chemicals

Ultrapure water (MQW, 18.2 MQ, <5 ppb TOC; Milli-Q system,
Merck, Darmstadt, Germany) was used to dissolve Suwannee
River fulvic acid (SRFA, International Humic Substances
Society, SRFA II; 25101H) for a stock solution of 1 mg mL™".
MQW and methanol (HPLC grade; Lab-Scan) were used as sol-
vents for LC-FT-ICR MS both with 0.1% formic acid (Sigma-
Aldrich). Model compounds (MCs) - originally introduced by
Patriarca et al.'* for QC - p-glucuronic acid, 2-(4-(2,2-dicarboxy-
ethyl)-2,5-dimethoxy-benzyl )-malonic acid, fraxin, isoferulic
acid 3-O-B-p-glucuronide, leu-enkephalin, and vanillic acid
were analytical grade (Table SI 1.1t). The MCs 2-(4-(2,2-dicar-
boxy-ethyl)-2,5-dimethoxy-benzyl)}-malonic acid, fraxin, and
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isoferulic acid 3-O-f-p-glucuronide are isomers and are there-
fore important to demonstrate suitability of the PCI-IS
approach. Naproxen-D; (Sigma-Aldrich) was diluted to a final
concentration of 50 ng mL~". Naproxen-D; was selected as IS
because its structural motifs — an aromatic ring, methoxy
group and carboxylic acid - are common among DOM and the
mass of the tri-deuterated variant is not expected to be detect-
able in DOM.

Samples

The SRFA stock solution (1 mg C L™ in MQW) was diluted to
the following final dissolved organic carbon (DOC) concen-
trations: 2.0, 2.5, 5.0, 10, 15, and 20 mg C L™, covering a
typical DOC concentration range in terrestrial surface waters.**
Samples were collected from the Strobecker Fliep (“Strob.”,
2.40 mg C L"), a small creek draining agricultural fields, the
spring of the river Holtemme (6.39 mg C L") in the forested
catchment of mid-range mountains and the river Elbe
(5.27 mg C L") (details of samples and sampling sites can be
found in ESI SI 1.1 and Fig. SI 1.1%). Samples were collected in
pre-combusted glass bottles (400 °C, 4 h), transferred to the
lab and filtered through glass fiber filters (GF/F, 0.7 pm,
Whatman) within 24 h after sampling. DOC concentrations
were determined with the high temperature combustion
(HTCO) method (DIMATOC 2100, Dimatec Analysentechnik,
Essen, Germany) following DIN EN 12260 (total organic
carbon, TOC). The three freshwater samples were used at their
original concentration without extraction.

Furthermore, the samples from Elbe, Holtemme, and a
1:1 mixture of Elbe and Holtemme (Elbe: Holtemme) were
prepared as dilution series with the following concentrations:
Elbe: 5.27, 4.27, 3.27, 2.77, and 2.27 mg C L™'; Holtemme:
6.39, 5.39, 4.39, 3.39, and 2.39 mg C L™'; and Elbe : Holtemme:
5.83, 4.83, 3.83, 3.33, and 2.83 mg C L™,

All MCs were spiked in MQW, SRFA 10 mg C L™, Elbe, and
Strob. at the following concentrations: p-glucuronic acid: 12.5,
25, 37.5, 50, and 75 ng mL™"; 2-(4-(2,2-dicarboxy-ethyl)-2,5-
dimethoxy-benzyl)malonic acid: 2, 4, 6, 8, 10, and 12 ng mL™;
fraxin: 4, 8, 12, 16 and 24 ng mL™"; isoferulic acid 3-O-f-p-glu-
curonide: 2, 4, 6, 8, 10, and 12 ng mL™"; leu-enkephalin: 2.5, 5,
7.5, 10, and 12.5 ng mL™"; vanillic acid: 25, 50, 75, 100, and
150 ng mL™". Each sample was injected in triplicate (n = 3) and
samples were analysed from low to high concentrations.

PCI-IS-LC-FT-ICR MS

A reversed phase liquid chromatography method developed in
our lab was adapted to implement the PCI-IS."® Briefly, an
ultrahigh performance liquid chromatography system (UHPLC;
UltiMate 3000RS, Thermo Fisher Scientific, Waltham, MA, U.S.
A.) equipped with a reversed-phase polar end-capped Cig
column (ACQUITY HSS T3, 1.8 pm, 100 A, 150 x 3 mm, Waters,
Milford, U.S.A.) and a guard column (ACQUITY HSS T3
VanGuard, 1.8 pm, 100 A, 2.1 x 5 mm, Waters) was used to sep-
arate the DOM. The flow of the main system was combined
after the RP column with the flow from a second HPLC pump
(LPG-3400SD) to add a counter gradient that mirrors the main
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gradient yielding a constant MQW/MeOH ratio at the ESI
source. The PCI-IS (naproxen-D;) was added to the solvent
bottles of the second pump solvents (A: MQW, and B: MeOH)
at a concentration of 50 ng mL ™" (Fig. 1). The sample injection
volume was 100 pL.

The flow from the LC was continuously introduced into an
FT-ICR mass spectrometer equipped with a dynamically har-
monized analyzer cell (solariX XR, Bruker Daltonics, Billerica,
MA, U.S.A), a 12 T refrigerated actively shielded superconduct-
ing magnet (Bruker Biospin, Wissembourg, France), and an
electrospray ionization source (ESI, Apollo II, Bruker Daltonics;
capillary voltage: 4.3 kV, nebulizer gas pressure: 1.0 bar, dry
gas temperature: 250 °C, dry gas flow rate: 8.0 L min™"). All
samples were analyzed in negative ionization mode, with an
ion accumulation time of 200 ms, a data size of 2 MWord
(~0.84 s transients, Fig. SI 1.2}), and broadband detection in
magnitude mode (m/z 150 to 1000).

Data processing

Full profile LC-MS chromatograms were split into one minute
segments between 11 min and 18 min retention time (RT) for
SRFA samples and between 11 min and 17 min for Elbe,
Holtemme and Elbe:Holtemme samples. These narrow RT
ranges as compared to previous work were chosen because, at
the lowest prepared concentrations, the number of shared mole-
cular formulas in earlier (<11 min) and later segments (>17/
18 min) was small (n < 120) and thus omitted for statistical ana-
lysis. All scans in each minute (64 scans) were averaged using
DataAnalysis (version 5.0, Bruker Daltonics) and treated as a
single spectrum resulting in six — seven mass spectra per sample.
The peak picking signal-to-noise (S/N) threshold was set to 4, and
each spectrum was calibrated with masses commonly found in
NOM (n = 232, Table SI 1.2}). The resulting root-mean-squared
mass error was less than 0.20 ppm (n = 120).

Main pump
A—-MQW + 0.1% FA
B — MeOH + 0.1% FA

2"d pump
A—-MQW + 50 ng mL" IS
B — MeOH + 50 ng mL-" IS

Flow rate \l/ \l/ Flow rate: 0.2 mL min-!
0.2 mL min-! _ioi

Pre-column and efaint

column

DAD Flow rate: 0.3 mL min- Spifier
\l/ Flow rate: 0.1 mL min-!
ESI
FT-ICR MS
Fig. 1 Instrumental setup of the LC-FT-ICR MS with counter gradient

and PCI-IS introduced by the second (2"%) pump. The flow of the 2™
pump (0.2 mL min~?) containing naproxen-Ds (50 ng mL™) is mixed into
the main pump flow (0.2 mL min™Y) after the chromatography column.
As the solvent gradient of the 2"¢ pump mirrors the gradient of the first
pump (including a delay time to compensate for the different void and
LC column volumes) resulting in a 1:1 MQW : MeOH ratio after the
T-joint. The summed flow is then split, and 0.3 mL min~! is directed to
the DAD detector while 0.1 mL min~ is transferred to the ESI source of
the FT-ICR MS.
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In-house software was used to assign molecular formulas
(MF) to the mass peaks using the following configuration: m/z
range between 150-1000, relative mass error + 0.5 ppm,
elemental ranges C: 1-60, "*C: 0-1, H: 1-122, N: 0-2, O: 0-40,
S: 0-1, **S: 0-1, and elemental ratios 0.3 < H/C < 3, 0 < O/C <
1.2, 0 < N/C < 1.5, 0 < DBE (double bond equivalent) < 25, and
—-10 < DBE-O (double bond equivalent minus oxygen) < 10.%
An MF was excluded if it was found in the blank with higher
peak magnitude than the same MF in the sample (at the
respective RT).

The chromatographic peaks of the MCs’ m/z were manually
extracted and their intensity averaged using DataAnalysis. The
MC baseline was corrected based on the intensity of the
respective m/z in a non-spiked sample.

PCI-IS method evaluation

Throughout this work, we use the term (mass peak) magnitude
for the raw mass peak magnitudes (abbreviated RAW).
Naproxen-D; (m/z 232.1056) was used to transform the DOM
RAW values by dividing with the naproxen-D; peak magnitude
to obtain an internal standard normalized peak intensity
(ISN). Since the PCI-IS was infused after the chromatography
column, naproxen-D; could be detected across all RTs and the
calculation of the ISN was done for each segment individually.
We evaluated the applicability of the method in the following
ways:

i. Matrix effects. Matrix effects caused by the presence of
DOM compounds were quantified with the MCs since they
were present in the samples with known concentrations. The
matrix effect is defined as the ratio between the measured
intensity value of a MC in a sample matrix (e.g. SRFA) and the
respective intensity in MQW (eqn (1)).

MC intensity in sample
MC intensity in MQW

Matrix effects(%) = x 100% (1)
Matrix effects were calculated both for RAW and ISN values.
Furthermore, matrix effects were also assessed as the differ-

ence of the slopes of the analytical curve calculated as linear
regression of the (transformed) intensity of a MC against its
concentration between a sample matrix and in MQW. Using
the slopes instead of individual concentrations allowed study-
ing the concentration dependence of matrix effects as an
important prerequisite for semi-quantitative comparisons of
mass peak intensities without adjusting the DOC concen-
tration to same values before injection into the LC.

ii. Repeatability. The repeatability of the method was evalu-
ated with the coefficient of variation (CV, ie., standard devi-
ation of the intensity divided the mean of triplicate injections)
and CV values of ISN values were compared against the RAW
ones. To this end, we only used testable DOM peaks (i.e., MF
that were found three times within the triplicate measure-
ments; Fig. SI 1.3, Table SI 1.27).

iii. Linearity. The linearity of the method was evaluated by
a linear regression of the SRFA RAW and ISN values of individ-
ual peaks against the carbon concentration (with fixed instru-
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ment parameters). The analytical curve was constructed using
individual values from the triplicate injections to ensure a
higher degree of freedom and the slopes’ significance (p-value
of linearity, @ = 0.05) and residuals were evaluated. The linear
equation was then calculated for the testable MF (i.e., an MF
must present in at least 10 out of 15 mass spectra, Table SI
1.31), and their model fit (Pearson’s correlation coefficient, p)
was obtained. For the Kendrick mass defect (KMD)***” com-
parison, only MFs with p-values < 0.005, strong positive linear
correlation (Pearson’s correlation coefficient r > 0.8) and
homoscedastic behaviour - observed by residuals against
fitted value analysis — were considered.

The linearity for non-extracted freshwater samples (Elbe,
Holtemme, Elbe : Holtemme) was evaluated as above using all
concentration levels (Fig. SI 1.4}). Due to the expected compo-
sitional differences between Elbe and Holtemme, the expected
slope of the Elbe : Holtemme sample was calculated according
to (eqn (2)) considering only the MFs shared between the three
samples.

Expected slope Elbe : Holtemme

__Slope Holtemme + Slope Elbe
B 2

(2)

The remaining matrix effects were evaluated by plotting the
expected slope against the experimentally determined slope
from the measurement of the concentration series of the
Elbe : Holtemme mixture. A deviation from the 1:1 line then
indicates uncompensated matrix effects.

iv. Ionization effect. Finally, it was evaluated whether the
PCI-IS may cause enhancement or suppression of DOM ana-
Iytes, since it continuously co-ionizes with the DOM. For this,
SRFA (2 mg C L™') was measured with and without PCI-IS and
the ratio of the RAW intensities derived for shared MFs was
assessed.

Results and discussion
Performance of the PCI-IS for variable sample concentrations

Even with the use of separation techniques like LC, matrix
effects and instrument variability impact the MS analysis of
complex mixtures like DOM and should be compensated for.
For this purpose, an IS was continuously infused after the
chromatographic separation. During the main DOM elution
(10-18 min), the total ion chromatogram (TIC) magnitude of
SRFA increased with the injected amount of carbon (Fig. 2A).
More importantly, the sum of intensity of all assigned peaks
detected over all studied RT segments increased linearly with
the SRFA concentration (Fig. 2C). This linear increase indi-
cated that for the applied measurement conditions and
selected carbon concentration range (i.e., 2.0-15 mg C L),
ion detection was within the linear dynamic range of the ICR
cell. Notably, if higher amounts of carbon are injected, the ICR
cell might suffer from overloading effects and a deviation from
the linear relationship can be observed, eventually requiring

Analyst, 2024,149, 3468-3478 | 3471
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A X’ TAC SRFA

15mg L
10 mg L

2.5 mg L

Magnitude

5.0 mg L'

x107)

Pearsons’s r: 0.95
p-value < 0.001

IS
[

B Eic pclis

m/z 232.1056

15 runs overlaid Y Sy

Magnitude

Magnitude sum
iy

\ 0 5 10 15

Retention time (min)

6 8 10 12 14 16 18 ' 20 ' 22

SRFA carbon concentration (mg L-1)

Fig. 2 (A) Total assigned chromatogram (TAC) of SRFA (raw peak magnitudes, RAW) at different concentrations (2.0, 2.5, 5.0, 10, and 15 mg C L™}
and model compounds (MCs, green): 1: p-glucuronic acid; 2: 2-(4-(2,2-dicarboxy-ethyl)-2,5-dimethoxy-benzyl)malonic acid; 3: fraxin, 4: isoferulic
acid 3-O-B-p-glucuronide; 5: leu-enkephalin; 6: vanillic acid, (B) extracted ion chromatogram (EIC) of naproxen-Dsz (PCI-IS) from 15 consecutive
injections using the SRFA concentration in (A), and (C) linear regression of sum of all assigned peak magnitudes versus SRFA carbon concentration.
The grey area in (A) and (B) represents the retention time range considered in this work.

adaptation of the ion accumulation time or dilution of the
samples (Fig. SI 2.17).

Despite variable SRFA concentrations, the extracted ion
chromatogram (EIC) of the PCI-IS naproxen-D; was highly
reproducible with a largest CV of its intensity of 14% at 11 min
(Table SI 2.1}). However, we observed a variable naproxen-Ds
intensity across the run (Fig. 2B) also previously observed*®
that may be attributed to variations in system pressure during
gradient elution. However, the use of naproxen-D; as PCI-IS
has little impact on the ionization of DOM (average ratio
between DOM RAW intensity with and without naproxen-D;
ranges from 0.8 to 1.1; Fig. SI 2.2%), pointing to moderate co-
ionization effects with DOM.

Compensation of matrix effects by PCI-IS

The potential to compensate matrix effects by PCI-IS was
assessed based on six MCs spiked into SRFA of varying carbon
concentrations and into two non-extracted freshwater samples
(Elbe and Strob.). Using RAW intensities, a signal suppression
in SRFA as compared to MQW was observed for five out of six
MCs, with increasing suppression for increasing carbon con-
centrations (Fig. 3). Vanillic acid showed a signal enhancement
(despite baseline correction due to co-eluting DOM with the
same m/z value) also observed for other acidic compounds in
SRFA."" The use of ISN reduced matrix effects by 5 to 10% -
resulting in matrix effects closer to 100% for all MCs. This
indicates that a PCI-IS can effectively diminish matrix effects
caused by variable DOM carbon concentrations.

Also, for the two non-extracted samples, the matrix effects
were smaller using ISN (median = 93%) as compared to RAW
(median = 88%, n = 12) for all MCs (Fig. 3). Notably,
p-glucuronic acid (co-elution with salt close to the void
volume) and leu-enkephalin (last eluting MC) were suppressed
by the sample matrix and this effect could not be fully com-

3472 | Analyst, 2024,149, 3468-3478

pensated by the PCI-IS. This indicates that different DOM com-
positions — represented by the non-extracted samples - lead to
more pronounced matrix effects at the beginning and end of
the chromatography run, potentially exaggerated by the lower
response of the naproxen-D; in this RT range. For the three
isomers of m/z 369 (2-(4-(2,2-dicarboxy-ethyl)-2,5-dimethoxy-
benzyl)-malonic acid, fraxin, isoferulic acid 3-O-p-b-glucuro-
nide) and vanillic acid, matrix effects for ISN transformed
intensities were smaller (>95%) as compared to RAW intensity
(<95%). Considering that these four MCs elute in the same RT
range as the majority of DOM (i.e., between 14 and 16.5 min),
the PCI-IS can likely compensate the matrix effects for a large
range of DOM constituents.

Overall these results suggest that we can consider two types
of matrix effects in LC-FT-ICR MS analyses of DOM. Firstly, for
the same sample (e.g. SRFA) where the chemical composition
is unaffected with changing carbon concentration an increas-
ing suppression or enhancement of individual analytes related
to an increasing number of DOM ions eluting at the same
time is observed (“ME type I"). Secondly, changes in the chemi-
cal composition (e.g. comparison of Elbe and Strob.) of DOM
impact the MC intensity differently (“ME type II”). In both
cases, matrix effects can be effectively controlled by ISN.
However, our results also indicate that an accurate assessment
of matrix effects needs to consider both, the concentration-
dependent ME type I (in the case where samples are injected at
variable carbon concentrations) and the composition-depen-
dent ME type II (in the case where the sample matrix changes,
which is likely for environmental gradients), in order to accu-
rately represent individual molecule concentrations (differ-
ences) by their mass peak intensities.

Matrix effects of the set of MCs were further quantified
with SRFA and the two non-extracted samples (Strob. and
Elbe) as matrices by comparing the slopes obtained from the

This journal is © The Royal Society of Chemistry 2024
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of the non-extracted samples Strob. and Elbe (Fig. Sl 3.27).

detector response across the MC concentration range (Table SI
3.11). Compared to MCs in MQW we observed smaller slopes
for 5 out of 6 MCs. The lower response is in line with the
results from a single concentration level (¢f Fig. 3). Across the
three different DOM types, the mean slope for all MCs in the
two non-extracted samples was 78 + 30 (72 = 39) % for ISN
(RAW) as compared to the respective slopes of MCs (except for
p-glucuronic acid) in MQW (considered 100%, Table SI 3.17).
The lower mean value and larger spread of slopes for the RAW
as compared to ISN points to a strong effect of co-eluting/co-
ionizing sample matrix on the sensitivity of the measurement
(ME type II). 1t is noted that such sample dependent matrix
effects have also shown to impact DI-MS measurements after
SPE."° The relative intensity of MC spiked into various samples
was found to vary across different types of matrices and carbon
loads in DI-MS analyses; e.g. it decreased more than 15% with
increasing SRFA carbon concentrations (0-40 mg C L%,
suggesting that the peak intensities do not correlate with com-
pound concentration. Our results with LC-FT-ICR MS, on the
other hand, indicate that the combination of matrix and DOM
separation via RP-LC with counter gradient and PCI-IS can
reduce these two types of matrix effects, similar to other
LC-ESI-MS approaches.?®*° This enables semi-quantitative
comparisons of the same molecular features (m/z x RT) across
samples, even though individual DOM molecule standards are
not available for absolute quantification.

This journal is © The Royal Society of Chemistry 2024

Repeatability and effect of PCI-IS on DOM MFs

The variability of peak intensities beyond MCs was assessed
using the set of shared MF between triplicate measurements
of SRFA. The mean and maximum CV of peak intensities were
13% (13%) and 52% (54%) for ISN (RAW), respectively (Fig. 4,
Table SI 4.17). The variability of low intensity peaks was inher-
ently higher as compared to higher intensity peaks, as pre-
viously observed.*° This pattern was observed regardless of the
SRFA concentration and RT (Table SI 4.1%). Also, a good agree-
ment between the CV values using ISN and RAW was found
(Fig. 4) indicating that for extracted samples, the concentration
related matrix effects are only minor in LC-FT-ICR MS. The
results also indicate that while the inclusion of a counter gra-
dient stabilizes the ESI spray and helps to improve sample-to-
sample repeatability, the major source of intensity variability
is directly related to the measured mass peak intensities or
S/N ratios (and hence independent of the LC)."* Nevertheless,
PCI-IS will aid in compensating instrument variability and
increasing the accuracy and comparability of data acquired
over a longer period of time.*!

Linearity of DOM MF peak intensities

The linear correlation between the sum of the total assigned
intensity and carbon concentration indicated a linear detector
behaviour within the considered concentration range (Fig. 2).
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Fig. 4 Coefficient of variation (CV) for individual molecular formulas
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treatments. The black line indicates the 1: 1 ratio. MFs are colored by the
intensity percentiles (25", 50", 75", 100%"). All segments (n = 8, RT: 11 —
18 min) were combined. The mean CV of testable MFs is available in
Table Sl 4.1.1

However, as ion suppression and space charge effects in the
analyser cell are a known phenomenon in ICR, the linear
relationship between individual peak intensities and carbon
concentration needed to be tested.

Within the considered range of SRFA carbon concentrations
(2-15 mg C L"), the linear regression of ISN values versus
sample carbon concentration was significant (with > > 0.9, a =
0.005) for 98% of testable MFs (Fig. 5) and slightly better as
compared to RAW (96% of testable MFs, Fig. SI 5.1%). Similar
to the instrument variability, the fit of the regression
decreased with decreasing peak intensity (Fig. 5) but even for
low intensities (25" percentile) the 7* values of the linear
regression were significant and above 0.8 (p < 0.005).

Likewise, for the non-extracted samples (Elbe, Holtemme,
Elbe : Holtemme), the linear regression of ISN values versus
sample carbon concentration was significant (with > > 0.9, a =
0.005) for 80% of testable MFs and better as compared to RAW
(75% of the testable MFs; Fig. SI 5.21) and no trend was
observed for different RTs (11-18 min; Fig. SI 5.31). Overall,
these results indicate that for LC-FT-ICR MS measurement of
DOM, the observed peak intensity of a particular MF correlates
well with the sample’s carbon concentration as has been
observed with DI (¢f ESI Fig. 3 in Osterholz et al. (2015)").
However, the non-extracted samples revealed a pronounced
non-linear pattern when comparing the correlation coefficients
calculated for ISN and RAW (Fig. SI 5.2%), pointing to an
impact of the sample matrix on the measured peak intensities
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(here RAW). Since, in case of a concentration series, the matrix
is the same this effect can be attributed to concentration
differences (ME type I) and the general improvement of the cor-
relation coefficients when using ISN confirms that this type of
matrix effect can be efficiently compensated by PCI-IS. Further
matrix effect related to different sample composition (ME type
II) will be discussed in the next section.

Matrix effects in original, non-extracted freshwater samples

To test the matrix effect compensation by PCI-IS caused by
different sample matrices and compositions (ME type II), the
dilution series of two non-extracted samples Elbe, Holtemme,
and Elbe : Holtemme was used (Fig. SI 1.3}). The slopes (linear
regression of ISN versus sample’s carbon concentration) of MF
shared between the two contrasting freshwater samples were
0.8 + 0.5 times larger for Elbe than for the Holtemme sample
(Fig. 6A). This is expected due to the differing DOM sources
and hence DOM composition in both samples, resulting in
different mixtures of DOM chemical structures and accord-
ingly, different ionization efficiencies (see ‘Response factors of
individual DOM MF and its relationship with molecule
polarity’).

Along environmental gradients (e.g. surface water flow
along increasing catchment sizes or baseflow-event flow
gradients),*>** the DOM composition and the matrix changes,
potentially affecting analysis of (non-extracted) samples span-
ning large gradients. To evaluate the impact of variable sample
matrices on peak intensities (ME type II), the expected slopes
of Elbe : Holtemme (calculated from the individual slopes in
Elbe and Holtemme) were plotted against the experimental
slopes (Fig. 6B). Between 12 and 17 min, sample-derived
matrix effects within the compositional gradient between

This journal is © The Royal Society of Chemistry 2024
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segment.

Holtemme and Elbe were well compensated, with Asl ranging
from —0.26 (16 min) to —0.39 (13 min). Of note, the strong Asl
of —0.86 at 11 min was possibly caused by the sample hand-
ling (Fig. SI 1.3b:} chromatographic peaks at 11 min), high-
lighting that the most polar segment might be more prone to
strong matrix effects due to the co-eluting (in-)organic matrix
as commonly observed for LC-MS."”"® Our results indicate
that matrix effects in DOM can be substantially improved
using PCI-IS.

Overall, PCI-IS transformed peak intensities (ISN) for non-
extracted samples can be used as a representative measure of
the (relative) concentration of the underlying DOM com-
pounds. Furthermore, a comparison of ISN derived intensities
allows semi-quantitative assessment of concentration differ-
ences between samples, provided that the compositional and
matrix gradients are not too large. This can be readily tested
by the presented approach of end-member mixing and
regression slope analysis. Further assessment of matrix effects
and their compensation by PCI-IS might be required for other
sets of samples to confirm the semi-quantitative aspect along
(larger) environmental gradients (e.g. across the land-ocean
aquatic continuum).

Response factors of individual DOM MF and their relationship
with molecule polarity

Next to the quantitative aspect, the slopes of the linear
regression analysis of carbon concentration against ISN can
provide additional information on the ionization efficiency
and structure of underlying DOM compounds (here for

This journal is © The Royal Society of Chemistry 2024

Holtemme and Elbe). Generally, for a given sample and MF,
the slope obtained from the linear regression of the sample
between the concentration and RAW represents the analytes’
response factor. However, if ISN is used (and matrix effects are
thus minimized) the slopes are a proxy of the ionization
efficiency of the underlying compounds. In addition, the com-
bination of PCI-IS with the constant solvent composition pro-
vided by the counter gradient also allows comparison of the
response factors of the same MF observed across different
datasets and even investigation of the ionization behaviour of
DOM homologous series within one RT segment.

Overall, slopes of the Elbe river sample were larger than
those of the Holtemme sample - reaching a magnitude of 0.03
and 0.01 for Elbe and Holtemme at RT 15 min, respectively
(Fig. 6 and 7). This indicates that the underlying DOM com-
pounds in the Holtemme sample have lower ionization
efficiency compared to DOM compounds in the Elbe sample.
The river Elbe drains a large range of land use types: forested,
agricultural, and mixed catchments, thus integrating different
DOM sources (with additional input from photoautotrophic
DOM).** This translates into an increased percentage of
heteroatoms (up to 40% of CHNO in early RTs and 25% in late
RT) and a higher number of MFs with relatively low masses
across the polarity range (Fig. SI 6.1a and bt). The Holtemme
spring, in contrast, represents groundwater originating from a
mountain range with mostly coniferous vegetation*® contribut-
ing DOM characterized by higher aromaticity (larger aromati-
city index) and unsaturation (lower H/C ratios) (Fig. SI 6.1d
and et). The steeper slopes obtained for the Elbe river agrees
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with a study of the ionization efficiency of negatively charged
compounds where less aromatic and low molecular weight
DOM compounds show greater ionization efficiency.>*

A detailed inspection of the slopes within a KMD series
revealed that the slopes were dependent on the number of CO,
units (Fig. 7). For a particular KMD series, the slope first

3476 | Analyst, 2024, 149, 3468-3478

increased and then decreased, generally corresponding to the
intensity pattern across a KMD series and potentially related to
the lower ionization efficiency of larger, less polar molecules.'*
This indicates that not all oxygens atoms in a DOM MF con-
tribute to the ionization process (since the most oxygen-rich
molecules do not have the largest slopes), and that the

This journal is © The Royal Society of Chemistry 2024
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observed intensity pattern across KMD series or nominal
masses may be a representation of ionization efficiencies and
not solely of relative molecule abundance.®™*® This is further
confirmed by the fact that even hydrophilic fractions contain
MF with high O/C ratios (Fig. SI 6.17), pointing to a potential
masking of oxygen in non-carboxylic functional groups.

Conclusion

The use of PCI-IS for LC-FT-ICR MS analysis of DOM results in
an improved comparability of mass peak intensities enabling
semi-quantitative analysis of samples with variable carbon
concentrations - here ranging from 2 to 15 mg C L™ as
usually found in terrestrial waters — without adjusting instru-
mental settings or carbon concentration/injection volumes.
Matrix effects caused by different sample compositions can be
compensated by using PCI-IS transformed intensities and the
regression analysis performed on the non-extracted samples
showed good linearity for most of the MFs. Overall, LC-FT-ICR
MS with PCI-IS opens the possibility to move beyond compo-
sitional comparison of DOM samples and instead apply semi-
quantification of single DOM molecules, since matrix effects
are largely reduced (which would otherwise also contribute to
intensity changes). This may be useful in extracting key fea-
tures of DOM that indicate quantitatively most important com-
positional changes, e.g. during incubation or manipulation
experiments (sorption, UV degradation).

Analysing the slopes of DOM molecules (by using concen-
tration series) allows the study of their ionization behaviour
and gaining further insights into DOM functional groups
across samples and polarity ranges. This approach can easily
be adapted for other non-targeted analyses of complex mix-
tures (e.g. petroleomics, metabolomics) where authentic stan-
dards are not available for quantification. Since the use of
PCI-IS helps in reducing instrument variability (caused by
different tunings) and compensates for sensitivity changes
during longer measurement sequences, it may also help to
improve inter-lab comparability. In addition, a PCI-IS can also
be used as an internal calibrant when lock masses are not
found in a given RT. For this purpose, the performance of
other internal standards with different masses and structures
can be tested to widen the range of internal calibrants and to
extend the compensation for matrix effects of different com-
pound classes.
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