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Abstract

An in-depth structural characterization of marine dissolved organic matter (DOM) is crucial for a better
understanding of its connection to marine and global biogeochemical cycles. High-field nuclear magnetic reso-
nance (NMR) spectroscopy in general and two-dimensional (2D) correlation spectroscopy (COSY) in particular
are powerful tools for the molecular level structural analysis of marine DOM. These 2D NMR experiments
demand prolonged experimental times of days to weeks per sample due to the requirement of a large number of
experiments to record the second dimension (f;) of the 2D NMR experiment. Herein, we demonstrate the effi-
cacy of nonuniform sampling (NUS) in 2D COSY, which (i) reduces the measurement time by half without
compromising spectral quality and (ii) enhances the signal intensity for the given experiment time. This
approach can lead to substantial progress in the structural analysis of previously poorly characterized marine
DOM. NUS COSY has been exemplified on two solid-phase extracted DOM samples from the surface and deep
ocean at 800 MHz and 1.2 GHz instruments. A dramatic improvement in sensitivity and spectral resolution is
observed in NUS COSY spectra recorded at 1.2 GHz instrument when compared to 800 MHz instrument. NUS
COSY NMR is versatile and anticipated to have significant potential for uncovering the hidden molecular diver-
sity of DOM from various aquatic environments within a reasonable timeframe. The introduction of NUS into
the environmental sciences was long overdue, and our study now opens the door for a wide field of new appli-
cations of NMR in the marine and aquatic sciences.

Uncovering the thus far hidden molecular diversity of dis-
solved organic matter (DOM) in marine and aquatic ecosys-
tems is an actively evolving field of research and is expected
to provide further insights into the source, transportation, and
millennial persistence of one of the largest exchangeable car-
bon reservoirs (Carlson and Hansell 2015; Dittmar 2015;
Repeta 2015; Ridgwell and Arndt 2015). Marine DOM is
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among the most complex organic mixtures with at least hun-
dreds of thousands of different compounds residing in each
liter of seawater (Zark et al. 2017). The remarkable complexity
of marine DOM and indicated low concentration of individual
components in seawater (Arrieta Jesus et al. 2015) pose chal-
lenges to the structural characterization using current analyti-
cal techniques. Ultrahigh-resolution Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR-MY) is a well-
established technique for the molecular characterization of
marine DOM. The molecular diversity of marine DOM across
the oceanic provinces has been extensively studied on a
molecular formula level using FT-ICR-MS (Koch et al. 2005;
Hertkorn et al. 2013; Riedel and Dittmar 2014; Zark
et al. 2017; Zark and Dittmar 2018), and ten-thousands of
molecular formulae of individual DOM constituents have
been identified so far via FT-ICR-MS (Riedel and Dittmar 2014).
Yet, FT-ICR-MS fails to distinguish between the many isomeric
structures that exist for each molecular formula (Zark
et al. 2017). A single molecular formula observed in an
ultrahigh-resolution FT-ICR-MS spectrum represents a multi-
tude of distinct isomers of unknown proportion, because the
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lack of suitable reference compounds prevents the determina-
tion of ionization efficiencies in mass spectrometry (Zark
et al. 2017). Thus, the structural composition of DOM from dif-
ferent oceanic provinces appears highly similar on a molecular
formula level due to isomeric averaging in FT-ICR-MS (Zark and
Dittmar 2018). In this regard, high-field NMR spectroscopy is a
promising complementary tool for the molecular-level struc-
tural characterization of marine DOM. In general, NMR can dis-
criminate between isomeric structures (except enantiomers) of
a given molecular formula by exhibiting characteristic chemical
shifts and J-coupling multiplet patterns in proton NMR, as pro-
tons in each isomer experience different chemical environ-
ment. Given the complexity of marine DOM, it is impossible to
identify individual isomeric structures using NMR. But we gain
detailed structural information of marine DOM, which is
impossible with FT-ICR-MS. So far, aliphatic, carboxyl-rich ali-
cyclic molecules (CRAM; Hertkorn et al. 2006), material derived
from linear terpenoids (Lam et al. 2007), carotenoid degrada-
tion products (Arakawa et al. 2017), carbohydrate, olefinic, and
aromatic structural-feature groups have been identified as major
components of dissolved organic matter using comprehensive
ultrahigh-resolution mass spectrometry and nuclear magnetic
resonance (NMR) spectroscopy.

Two-dimensional (2D) 'H-'H COSY (correlation spectros-
copy) is a valuable NMR experiment (Mopper et al. 2007; Woods
et al. 2011; Hertkorn et al. 2013; Dutta Majumdar et al. 2017;
Seidel et al. 2022), providing information on the neighboring
protons connected via scalar through-bond couplings (J-cou-
plings; Jeener 1971; Aue et al. 1976) conveniently connecting
protons that are usually not more than 3 bonds apart. The dou-
ble-quantum filtered (DQF) COSY (Rance et al. 1983) is widely
used for the structural elucidation of individual isolated com-
pounds and determination of coupling constants from the mul-
tiplet structure. This comes at the expense of v/2 reduced signal
to noise to avoid the double dispersive in-phase diagonal
peaks that would deteriorate spectral quality. For mixtures in
which there is severe overlap, the antiphase patterns of differ-
ent peaks overlapping tend to cancel each other out
(Supporting Information Fig. S1). These limitations restrict the
application of this technique for structural analysis of com-
plex mixtures, particularly mass-limited (~1 mg) marine DOM.
Therefore, the magnitude COSY method is highly preferred
for complex mixtures compared to DQF COSY recorded and
processed with pure phases (Supporting Information Fig. S1).
Peak picking in the magnitude COSY is straightforward and
can be analyzed using multivariate statistical methods (Seidel
et al. 2022). Magnitude COSY provides a higher level of
metabolomic informative content (Féraud et al. 2015; Feraud
et al. 2019) compared to 1D "H NMR spectra, as indicated by
the peak capacity (Shen and Lee 1998; Hertkorn et al. 2007).

The use of multidimensional NMR spectroscopy for the
analysis of environmental samples has been limited to very
few studies due to the long measurement times required (Bell
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et al. 2015; Bell et al. 2016; Mitschke et al. 2023). Particularly,
for mass-limited DOM samples, which is usually the case for
samples from remote and deep ocean locations, one has to
acquire a high number of scans per t; increment (number of
experiments to sample the second dimension of the 2D exper-
iment) to maximize the sensitivity and resolution. This results
in several days of measurement time per sample for each
COSY spectrum (Hertkorn et al. 2013; Seidel et al. 2022). One
of the comprehensive high-field NMR studies of marine DOM
reported eight different 2D and three 1D 'H and '*C NMR
experiments, with a total measurement time of ~50 d per sam-
ple (Hertkorn et al. 2013). This amount of instrument time is
rarely available on high-field NMR spectrometers.

Setting the stage for detailed structural analysis of marine
DOM, Seidel et al. (2022) have successfully reduced the experi-
mental time to 2d per COSY spectrum and the sample
amount to only ~1mg solid-phase extracted DOM (SPE-
DOM) by employing a high-field NMR instrument equipped
with a 1.7 mm helium-cooled microcryoprobe. Although the
molecular composition of SPE-DOM from different marine
provinces is highly similar on a molecular formula level, 2D
COSY NMR analysis revealed that DOM is very dissimilar on
the molecular structural level (Seidel et al. 2022). However,
the full potential of 2D COSY NMR is underutilized for the
structural analysis of marine DOM, predominantly due to very
limited access to the high-field NMR instruments equipped
with sensitivity-improved small diameter cryogenic probes. To
circumvent this issue, there is a need for the development of
advanced NMR methods to enhance the sensitivity and reduce
the measurement time.

Herein, we present 2D nonuniform sampling (NUS) COSY
as a simple and efficient tool for accelerating the molecular-
level structural characterization of marine DOM. NUS (Barna
et al. 1987; Hyberts et al. 2014; Delaglio et al. 2017) is an
acquisition method for multidimensional NMR experiments
that measures only a subset of systematically arranged t; incre-
ments. Thereby, NUS reduce measurement time, while keep-
ing the desired spectral resolution and sensitivity (Mobli and
Hoch 2014; Le Guennec et al. 2015; Schlippenbach
et al. 2018). Due to the existing gaps in the indirect dimen-
sion, alternative reconstruction approaches must be employed
instead of regular Fourier transformation for processing non-
uniformly sampled NMR data (Hyberts et al. 2012a). Appropri-
ate choice of NUS schedules and reconstruction approaches
results in sensitivity improvement (Rovnyak et al. 2011;
Hyberts et al. 2013; Palmer et al. 2015) comparing to conven-
tionally acquired multidimensional NMR spectra. NUS can
provide a sensitivity boost by adapting the sampling density
to match the signal’s envelope in the indirect dimension. In
addition, distance-restrained samplings, such as Poisson-gap,
offer advantages beyond matched sampling density. The com-
bination of Poisson-gap sampling and compressed sensing
(CS) reconstruction has been reported to outperform other
methods for spectra exhibiting “clustered sparsity,” as
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described by Kasprzak et al. (2021). The COSY spectra of
marine DOM exhibit this clustered sparsity, which may
explain the success of Poisson-gap sampling and CS recon-
struction in our study. Depending on the sparsity of NUS, a
2D COSY NMR spectrum of marine DOM sample might be
recorded in reduced measurement time of several folds. The
number of NUS points should be higher than the number of
signals in the spectrum (Delaglio et al. 2017). The iterative soft
thresholding (IST) method follows the CS theory. It says that
the minimum number of samples required to reconstruct the
2D spectrum is proportional to Klog(N/K), where K is the
number of significant points in the spectrum and N is the size
of a full grid. As the reconstruction of the 2D spectrum is per-
formed as a series of 1D reconstructions, the IST algorithm
requires a minimum number of 1D spectra that is proportional
to Klog(N/K) in order to accurately reconstruct the 2D spec-
trum (Shchukina et al. 2017; Monajemi and Donoho 2019).
For the marine DOM 2D COSY spectra, the number of points
(K) sampled in the indirect dimension is adapted to the num-
ber of significant points in the most crowded F; trace.
Together with the theoretically improved sensitivity and reso-
lution provided by technological developments such as high-
field magnets, helium-cooled small-volume cryoprobes, and
advanced radio frequency electronics, NUS could greatly facili-
tate the acquisition of 2D COSY NMR spectra of hundreds of
DOM samples across various oceanic and freshwater ecosys-
tems within a reasonable timeframe, thus providing better
insights in DOM biogeochemistry. Here, we present a suitable
2D NUS COSY method for marine DOM and experimentally
demonstrate the advances on two oceanic SPE-DOM samples
from the surface and abyssal North Pacific at 800 MHz and
1.2 GHz NMR instruments. A detailed structural analysis of
marine DOM is outside of the scope of this paper.

Materials and procedures

Two DOM samples (Natural Energy Laboratory of Hawaii
Authority) from the surface (21 m sampling depth) and deep
ocean (674 m sampling depth) were used in the current study
(Green et al. 2014). The latter is North Equatorial Pacific Interme-
diate Water. Filtered water was desalted and concentrated with
SPE using PPL cartridges following the protocol described by
Dittmar et al. (2008) and Green et al. (2014). Sixty-one percent
of bulk dissolved organic carbon (DOC) was recovered via SPE
(Green et al. 2014). SPE-DOC concentrations were determined
via high-temperature catalytic oxidation using a Shimadzu TOC-
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VPCH total organic carbon analyzer. A hundred milligrams of
SPE-DOC for each sample was dissolved in 200 uL of 99.95%
CD30D solvent and transferred to 3 mm NMR tubes. NMR sam-
ples were stored before and after the measurements at —21 °C.

NMR spectra were recorded on Bruker Avance Neo
800 MHz and 1.2 GHz (*H resonance frequency) spectrometers
equipped with 3 mm TCI (triple resonance cryogenically
cooled inverse detection) cryoprobes optimized for inverse
detection. All experiments were performed at 298 K. Tempera-
ture calibration was carried out using the Bruker standard
99.8% CD3OD sample. 1D 'H NMR spectra of SPE-DOM sam-
ples were acquired by employing 1D version of noesyprph
(Ic1pngpf2) pulse sequence for double solvent suppression
during 2.4 s relaxation delay and 80ms mixing time using F;
and F, channels. A 10 Hz radio frequency field was used for
presaturating the protonated methanol and H,O signals. The
time-domain points, spectral width, and transmitter frequency
offset were adjusted to 128 k, 19.8 ppm (parts per million),
and 5.263 ppm, respectively. A 30 s total relaxation delay
including acquisition time was used. Accumulation of 64 tran-
sients with 4 dummy scans resulted in an experiment time of
30 min.

A conventional uniformly sampled magnitude-mode 2D
'H-'H COSY was recorded using a modified Bruker pulse
sequence (cosygpppqf) with off-resonance selective solvent
suppression, prior to optimizing NUS 2D 'H-'H COSY. Key
acquisition parameters for 2D conventional and NUS COSY
spectra are summarized in Table 1.

NUS is not a readily available technique and if not
implemented correctly, NUS results in spectra full of artifacts,
making them unsuitable for further analysis. NUS optimization
requires extensive experimentation, optimization, and analysis
of various NUS schemes and reconstruction algorithms to
employ the most effective combination for the given sample.
To identify the optimal combination of NUS scheme and
reconstruction algorithm for highly complex marine DOM
samples, several NUS sampling schedules were carefully evalu-
ated, including Bruker default sampling, sinusoidal-weighted
Poisson-gap sampling, sine-burst sampling and sine-gap sam-
pling schemes, and paired each scheme with two different
reconstruction algorithms, namely the CS approach employing
IST (CS-IST) and iterative re-weighted least squares (CS-IRLS), to
evaluate the effectiveness of each individual sampling scheme
(Supporting Information Fig. S2). We found that the sinusoidal-
weighted Poisson-gap sampling scheme combined with the CS-
IST reconstruction algorithm produced the best results for our

Table 1. Key acquisition parameters used for recording 2D 'H-'H COSY spectra.

Pulse sequence TD, TD; SW, (ppm) SW; (ppm)

olp (ppm)

D1(s) NS DS NUS schedule

Modified-cosygpppgf 8192 1024  13.9 13.9

5.307 2 32 32

Sinusoidal-weighted Poisson-gap

TD, and TD4, time-domain points in F, and F; dimensions, respectively; SW, and SW;, spectral width in F, and f; dimensions, respectively; o1p, transmit-
ter frequency offset; D1, relaxation delay; NS, number of scans per t; increment; DS, number of dummy scans.
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experimental setup. With the protocol presented here, it is now
straightforward for Environmental researchers to adopt this ele-
gant method for the DOM analysis.

For 2D NUS COSY, FnTYPE in Topspin acquisition parame-
ters was set to “non-uniform_sampling.” Sensitivity of COSY-
type NMR spectra can be improved by using NUS scheme that
samples most densely around the maximum of sine-
dependent time domain signal of cross peaks (Schmieder
et al. 1993). But marine DOM is a complex mixture of hun-
dreds of thousands of different molecules with varying relaxa-
tion properties and a broad range of H—H J-couplings.
Consequently, choosing NUS scheme that matches sine mod-
ulated H—H scalar coupling evolution in conventional magni-
tude COSY of marine DOM is not straightforward, as it can be
seen from the time domain signal (Supporting Information
Fig. S3). In order to circumvent this issue, we employed
sinusoidal-weighted Poisson-gap schedules (Kazimierczuk
et al. 2008; Hyberts et al. 2010) in NUS magnitude COSY
(Schlippenbach et al. 2018) and obtained spectra with similar
sensitivity and resolution to those obtained by conventional
uniform sampling, but in 2-fold decreased measurement time.
Sinusoidal-weighted Poisson-gap sampling schedules were cre-
ated using the Schedule Generator Version 3.0 available on
nus@HMS webpage (http://gwagner.med.harvard.edu/
intranet/hmsIST/gensched_new.html; Supporting Information
Fig. S4). The generated Poisson-gap sampling schedule was
copied to Topspin folder as a variable counter (vc) file and the
default “automatic” replaced with the name of the sampling
schedule, in the NUS acquisition parameters. All the spectra
were processed with Topspin 4.1.3 (Bruker BioSpin, Germany)
and visualized using Sparky (Goddard and Kneller 2008). The
important processing parameters for 2D conventional and
NUS COSY spectra are summarized in Table 2. 2D NUS COSY
spectra were reconstructed with the CS (Kazimierczuk and
Orekhov 2011) approach employing the IST (Hyberts
et al. 2012b) algorithm available in Topspin 4.1.3. NMR chem-
ical shifts are reported in parts per million (ppm). The auto-
matic peak picking was performed inside Topspin 4.1.3.
Accumulation of 32 transients per t; increment resulted in an
experiment time of ~21 and ~10 h for 2D conventional and
50% NUS COSY spectra, respectively.

Considering all costs for an 800 MHz NMR with cryo-
probes, including the original purchase (4 M€), personnel
(100 K€ per year), maintenance (70 k€ per year), and a lifetime
of 15 yr, 1 d at the NMR costs > 1000 €. Assuming 2 d of mea-
surement time per sample (Seidel et al. 2022) when using
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conventional methods, NUS (reduce the time by half) saves
about 1000 € per sample, or, a conservative estimate of
100,000 € for a medium-sized study involving 100 samples.

Assessment

1D 'H NMR of marine DOM

Since DOM is composed of hundreds of thousands different
compounds (Zark and Dittmar 2018), 1D "H NMR spectra of
marine DOM (Fig. 1) suffer from poor spectral resolution due to
the extremely overlapped J-coupling multiplets of protons
spread over a narrow proton chemical shift range (~10 ppm),
even at high magnetic fields. Consequently, the 'H chemical
shift regions can only be broadly categorized into key structural-
feature groups (Fig. 1). We used the five chemical shift regions
in ppm proposed by Hertkorn et al. (2013) for categorization:
0.0-1.9 aliphatic; 1.9-3.1 acetate and CRAM; 3.1-4.9 carbohy-
drate and methoxy; 5.3-6.5 olefinic and 6.5-10.0 aromatic. The
integration of the aforementioned five chemical shift regions
resulted in the determination of the relative quantities of respec-
tive structural-feature groups (Table 3) in the surface and deep
ocean SPE-DOM.

1D 'H NMR spectral analysis revealed that the aliphatic,
acetate, and CRAM structural groups are relatively higher in
deep ocean DOM, while carbohydrate and methoxy groups
are more abundant in surface ocean DOM. The trend in
observed differences in the relative abundance of structural-
feature groups between the surface and deep ocean is consis-
tent with the results published by Hertkorn et al. (2006, 2013)
and Seidel et al. (2022). Aromatic and olefinic structural
groups are similarly abundant in surface and deep ocean
DOM. Because of the inferior spectral resolution, the informa-
tion content (theoretical peak capacity) obtained from 1D 'H
NMR spectra of marine DOM is very limited, thus acquiring
multidimensional NMR experiments is necessary for further
structural analysis.

Fast acquisition of 2D COSY NMR spectra of marine DOM
The conventional uniformly sampled magnitude-mode 2D
'H-'H COSY experiment was optimized on 1.2 GHz instru-
ment for solvent suppression and sensitivity prior to assessing
the performance of NUS COSY. A conventional COSY spec-
trum (Fig. 2a,b) of surface SPE-DOM was recorded with 1024 t;
increments and 32 scans per increment resulting in ~21 h of
experiment time per sample. As a rule of thumb, the number
of NUS points must be higher than the number of signals, to

Table 2. Key processing parameters used for 2D "H-"H COSY spectra.

Sl (Fp) SI (F) WDW (Fy) WDW (F;)

PH_mod, (F;)

PH_mod, (F;) 2D NUS COSY reconstruction

4096 2048 QSINE, SSB=0

QSINE, SSB=0 No

MC CS-IST algorithm

Sl, zero filling points; WDW and PH_mod, window function and phasing mode for 2D processing, respectively; F, and F4, direct and indirect dimensions,

respectively.
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Fig. 1. Overlay of 'H NMR spectra of surface ocean (orange) and deep
ocean (black) SPE-DOM recorded at 1.2 GHz instrument. The assignment
for the residual H,O, CH3;OH, and CD3OD signals is shown. Presaturation
was used to suppress multiple solvent signals, using two channels F; and
F>. The whole spectrum is classified into five structural-feature groups as
indicated by color boxes; assignments are shown on the top.

obtain desired spectral quality after NUS reconstruction
(Sidebottom 2016; Delaglio et al. 2017). We tested the impact
of 50%, 35%, and 25% NUS on the quality of the COSY spec-
trum (Supporting Information Fig. S5) of deep ocean SPE-
DOM. The number of automatically picked peaks were
319, 332, 292, and 154 in conventional COSY, 50%, 35% and
25% NUS COSY spectra, respectively, clearly highlighting the
better performance of 50% NUS schedule. Consequently, 50%
NUS was used for recording 2D COSY NMR spectra of marine
SPE-DOM samples throughout this study.

The implementation of 50% NUS in a 2D COSY (Fig. 2;
Supporting Information Fig. S6) allowed a 2-fold reduction in
the measurement time without compromising spectral qual-
ity. In this section, we compare the conventional 21 h experi-
ment with 50% NUS in 10 h. Further down, we will compare
the conventional with 50% NUS run with the same
measurement time.

The many H—H correlations observed even in a small por-
tion of COSY spectra (Figs. 3-5) reflect the molecular complex-
ity of marine DOM. The application of 50% NUS in 2D COSY
of surface (Fig. 3) and deep (Fig. 4) ocean samples reproduced
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spectra that are comparable in sensitivity and resolution to
the conventional uniformly sampled COSY, while benefiting
from the advantage of 2-fold reduction in experiment time.
The number of automatically detected peaks was 627 and
620 in a selected region of conventional and 50% NUS COSY
spectra, respectively, of surface ocean SPE-DOM (Fig. 3).

Sensitivity enhanced 50% NUS COSY NMR for marine
DOM at the same magnetic field

Improving the sensitivity of 2D NMR experiments is piv-
otal for an in-depth structural analysis of marine DOM
possessing hundreds of thousands of different molecules at
very low concentrations. This is particularly advantageous for
the detailed analysis of deep ocean DOM, which can often
only be obtained in small quantities (~1 mg of SPE-DOM per
sample) (Seidel et al. 2022). Herein, we demonstrate the
advantage of NUS for enhancing the sensitivity of 2D COSY
within the same measurement time as it takes for the conven-
tional counterpart. The sensitivity of NUS cannot be directly
measured as a standard signal-to-noise ratio (SNR) due to the
nonlinearity of the reconstruction (Hyberts et al. 2013; Palmer
et al. 2015). Therefore, the term “detection sensitivity” has
been introduced by Hyberts et al. (2013) to define the probabi-
listic ability to detect weak peaks in the NUS spectra. Alterna-
tively, the intrinsic SNR, as described by Palmer et al. (2015),
can be used to calculate the sensitivity improvements pro-
vided by time-equivalent NUS spectra.

For this part of our study, we used a high-field 800 MHz
NMR spectrometer. Recording 50% NUS COSY with twice the
number of scans (NS = 64) per t; increment compared to con-
ventional COSY (NS = 32) led to an enhanced peak intensity
by a factor of ~2, thus significantly improving the detection
sensitivity (Fig. 5). The number of automatically picked peaks
was 401 (conventional) and 419 (50% NUS), clearly highlight-
ing the superior performance of 50% NUS COSY over conven-
tional COSY of surface ocean SPE-DOM (Fig. 5), recorded for
the same total measurement time. It can be seen from the
comparison of 1D slices (Fig. 5¢,d) that 50% NUS COSY
recorded within the given measurement time increased peak
intensity by a factor of two when compared to conventional
uniformly sampled COSY. Indirect dimension signal envelope-
matched NUS can boost sensitivity, but at the same time, it
can worsen the conditions for CS reconstruction, as described
by (Kazimierczuk et al. 2014). However, despite this, the

Table 3. 1D 'H NMR-derived relative abundance (% of normalized integrals) of key structural-feature groups of marine SPE-DOM

samples.

Structural-feature Aliphatic (0.0-  Acetate and CRAM Carbohydrate and Olefinic (5.3-  Aromatic (6.5-
groups (64 ppm) 1.9 ppm) (1.9-3.1 ppm) methoxy (3.1-4.9 ppm) 6.5 ppm) 10.0 ppm)
Surface 34.9 25.8 354 2.2 1.9

Deep 37.7 28.0 30.4 2.0 1.9
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Fig. 2. Comparison between downfield (10.0-5.4 ppm) and upfield (5.3-0.7 ppm) regions of conventional uniformly sampled COSY (a,b) and 50%
NUS COSY (c,d) NMR spectra of surface ocean SPE-DOM recorded at the 1.2 GHz instrument. Total experiment time was ~21 and ~10 h for conven-
tional and 50% NUS COSY, respectively. As it can be seen, the sensitivity and spectral resolution of 50% NUS COSY recorded in 2-fold decreased mea-

surement time is comparable to conventional uniformly sampled COSY.

sensitivity benefits are usually more significant, as confirmed
by our study. This enhancement in sensitivity without further
increase in measurement time greatly extends the applicability
of 2D NUS COSY NMR for the structural characterization of
precious mass limited (~1 mg) deep ocean DOM samples.

NUS COSY recorded in half the time is essentially
undistinguishable from the conventional COSY (Figs. 2-4).
This facilitates the knowledge gain on marine DOM by
means of measuring twice the number of samples in an
available measurement time. The NUS COSY obtained
within the given experiment time clearly shows additional
structural features of DOM, as evidenced by the appearance
of new cross peaks in Fig. Sb. This can significantly contrib-
ute to the discovery of novel structural information of

marine DOM. In addition to the methodological improve-
ment, we present the potential of technological advance-
ment for providing further insights into the structural
composition of marine DOM. First 2D COSY NMR spectra
of marine DOM recorded at 28.2T (corresponding to
1.2 GHz 'H operating frequency, which is the worldwide
highest magnetic field for NMR) displayed ~2-fold increased
number of DOM structural features (new cross peaks) com-
pared to the 800 MHz instrument.

Fifty percent NUS COSY of marine DOM at the 1.2 GHz:
The gain in sensitivity and resolution

Recent technological advancements made ultrahigh mag-
netic field strength of 28.2T, corresponding to 1.2 GHz
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Fig. 3. Comparison of a selected region of (a) conventional COSY and (b) 50% NUS COSY NMR spectra of surface ocean SPE-DOM recorded at the
1.2 GHz instrument. Both spectra were plotted on the same contour level. Total experiment time was ~21 and ~10 h for conventional and 50% NUS
COSY, respectively. (c,d) 1D slices extracted along the F, dimension of 2D conventional and 50% NUS COSY spectra, respectively, at the chemical shift
position as indicated by blue dashed lines. The vertical axis of 1D slices is the intensity in arbitrary units. 50% NUS COSY yields peaks with similar intensity

when compared to the conventional COSY.

proton resonance frequency, in persistent superconducting
magnets commercially available (Banci et al. 2019; Callon
et al. 2021; Luchinat et al. 2021; Nimerovsky et al. 2021). The
acquisition of multidimensional NMR spectra of complex
organic mixtures such as marine DOM would greatly benefit
from the superior sensitivity and resolution, when going from
18.8 T (800 MHz for 'H) to 28.2 T (1.2 GHz for 'H) magnetic
field. Assuming negligible contribution to the linewidth from
relaxation due to chemical shift anisotropy (CSA), when going
from low-field (Bg;) to high-field (Bo,) NMR instruments, the
chemical shift dispersion in a 1D experiment (measured in
Hz) is increased by a factor of approximately “Bon/Bo”,
resulting in improved resolution in NMR spectra. Concomi-
tantly, the linewidth, measured in ppm, decreases linearly by
the same factor of approximately “Bon/Bo;”. To demonstrate
this effect when increasing the magnetic field strength from

800 MHz to 1.2 GHz, we selected eight well-isolated peaks in
the spectra recorded at both instruments. These eight peaks
were not overlapping with other peaks, thus avoiding any sig-
nal accumulation effects in the linewidth analysis. The com-
parison of eight randomly selected isolated peaks in 50% NUS
COSY spectra of surface SPE-DOM highlighted the linewidth
narrowing on the ppm scale obtained at 1.2 GHz as compared
to 800 MHz instrument in the range of 0.66-0.70, consistent
with the theoretical estimate of 0.67 (ratio of the fields,
800/1200; Supporting Information Fig. S7). The observed sen-
sitivity improvement on the order of 1.5- to 2-fold at 1.2 GHz
compared to 800 MHz is consistent with the expected mag-
netic field-dependent (1200/800)*? gain in sensitivity
(Abragam 1961). The number of automatically picked peaks in
the selected portion of COSY spectra of surface ocean SPE-
DOM recorded at 800 MHz and 1.2 GHz instruments
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Fig. 4. Comparison of a portion of (a) conventional COSY and (b) 50% NUS COSY NMR spectra of deep ocean SPE-DOM recorded at the 1.2 GHz
instrument. Both spectra were plotted on the same contour level. Total experiment time was ~21 and ~10 h for conventional and 50% NUS COSY,
respectively. (c,d) 1D slices extracted along the F, dimension of 2D conventional and 50% NUS COSY spectra, respectively, at the chemical shift position
as indicated by blue dashed lines. The vertical axis of 1D slices is the intensity in arbitrary units. The comparison of 1D slices suggest that the NUS dataset
produce peaks with similar intensity when compared to the conventional COSY.

increased from 395 to 620 peaks (Fig. 6), as a result of
improved sensitivity and resolution at the higher field.

The theoretical improvement in sensitivity by a factor of
2 equals 4 times decrease in measurement time at 1.2 GHz
as compared to 800 MHz, if recorded at the same sensitiv-
ity. On top of this effect, a 2-fold reduction in the experi-
ment time due to 50% NUS accounts for an overall 6-fold
reduction in the measurement time at a 1.2GHz
instrument.

Discussion

In this study, we present a fast 2D NUS COSY NMR
method. The significant advantages with the NUS COSY are
the following: (i) 2-fold reduced measurement time (from days
to hours) without losing spectral quality or (ii) enhanced

signal intensity for the same total measurement time, com-
pared to conventional uniformly sampled COSY. The method
allowed us to record 2D COSY NMR spectra of two marine
DOM samples in less than a day, while the conventional
approach requires ~2d of instrument time. On the other
hand, 50% NUS COSY spectrum acquired for the same total
experiment time as compared to conventional COSY led to an
enhanced intensity of peaks by a factor of ~2. This improved
sensitivity without further increase in measurement time
broadens the applicability of 2D NUS COSY NMR for the
structural characterization of precious mass- and volume-
limited DOM samples from remote marine locations, ice cores
and pore waters, which otherwise is impractical using conven-
tional NMR methods.

Furthermore, this is the first study to demonstrate the
potential of ultrahigh magnetic field strength of 28.2T
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Fig. 5. Comparison of a portion of (a) conventional COSY and (b) 50% NUS COSY NMR spectra of surface ocean SPE-DOM recorded for the same total
measurement time at 800 MHz instrument. Each spectrum was acquired for ~21 h. The number of scans per t; increment was 32 and 64 for conven-
tional and 50% NUS COSY, respectively. (c,d) 1D slices extracted along the F, dimension of 2D COSY spectra (a,b), respectively, at a chemical shift posi-
tion as indicated by blue dashed lines. The vertical axis of 1D slices is the intensity in arbitrary units. As can be seen from the comparison of 1D slices,
50% NUS COSY showed 2-fold increase in signal intensity when compared to conventional uniformly sampled COSY.

corresponding to 1.2 GHz proton resonance frequency for
recording sensitivity-enhanced high-resolution 2D COSY
NMR spectra of oceanic DOM. We compared the linewidths of
eight randomly selected isolated peaks in 50% NUS COSY
spectra of marine DOM recorded at both 1.2 GHz and
800 MHz. We found a substantial improvement in resolution,
specifically in terms of linewidth narrowing on the ppm scale,
in the range of 0.66-0.70. This improvement is consistent
with the expected linewidth narrowing factor of 0.67 on the
ppm scale, which is the ratio of the magnetic fields
(800/1200). Furthermore, sensitivity improved about 1.5- to
2-fold at 1.2 GHz compared to 800 MHz. The increase in sensi-
tivity observed at 1.2 GHz compared to 800 MHz, on the order
of 1.5- to 2-fold, is in line with the expected magnetic field-
dependent gain in sensitivity, calculated as (1200/800)%>
(Abragam 1961). However, when comparing the sensitivity of
conductive samples measured in cryoprobes, caution should

be taken as Abragam’s equation was developed for non-
cryoprobes where the conductive loss due to the sample was
not a factor. In this study, all NMR spectra of surface and deep
ocean SPE-DOM were measured in methanol, which has a
much lower dielectric constant than water, and the samples
contained no salts. Therefore, the sensitivity according to
Abragam’s formula (field ratio to the power of 3/2) is still
valid, even for cryoprobes, provided that they are constructed
in the same way as the ones used in this study. The number of
automatically picked peaks in a selected region of COSY spec-
tra recorded at 800 MHz and 1.2 GHz instruments increased
from 395 to 620 peaks, reveals improved sensitivity and reso-
lution at the higher field. Together with this significant
improvement in sensitivity and resolution offered by ultra-
high magnetic fields (1.2 GHz instrument), the reduction in
the experiment time achieved by NUS in 2D COSY enables
high throughput analysis of marine DOM.
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Fig. 6. Comparison of a selected region of 50% NUS COSY spectra of surface ocean SPE-DOM acquired at (a) 800 MHz and (b) 1.2 GHz instruments.
The experiment time was ~10 h for each spectrum. The number of automatically picked peaks increased from 395 (800 MHz) to 620 (1.2 GHz) peaks.

The molecular composition of DOM from the surface and
deep ocean appeared similar on the molecular formula level
(FT-ICR-MS), but exhibited profound differences on the struc-
tural level (NMR). This difference can be attributed to the
selectivity and sensitivity of the analytical techniques used.
The distinct signals observed in COSY NMR spectra provide
further evidence of the unique molecular characteristics of
DOM in the surface and deep ocean. Therefore, the combina-
tion of NMR and FT-ICR-MS data is particularly powerful, as it
provides highly complementary information on the molecular
composition of DOM. Advanced multivariate statistical
methods, such as canonical correlation analysis, can be used
to compare complex NMR and FI-ICR-MS datasets, as
described in Seidel et al. (2022). The complementary structural
information obtained from this approach is expected to pro-
vide novel insights into the largely unknown molecular com-
position of marine DOM.

Structural diversity is a main driver for DOM bioavailability
and potentially for its long-term persistence over millennia
(Arrieta Jesus et al. 2015; Mentges et al. 2019). The number of
H—H correlations in the 2D COSY spectra indicate a higher
structural diversity of DOM at the sea surface compared to
DOM from the deep sea, because far more cross peaks were
detected at the surface compared to the deep. This is consis-
tent with previous studies (Hertkorn et al. 2013; Seidel
et al. 2022). However, the number of detectable features in 2D
NMR is not necessarily a reflection of structural diversity, as a
single compound may produce signals in the regions all the
way from aliphatic to aromatic. DOM consists of at least hun-
dreds of thousands individual compounds, each present at
very low abundance (Zark et al. 2017). In a complex mixture,
the cross peaks from a very dilute individual compound may
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appear due to the cumulative signal intensities in an over-
lapped spectral region. At high spectral resolution, the signals
of these individual compounds in 2D NMR may not overlap
and fall below the limit of detection (well-known dynamic
range problem) because of their low abundance. Furthermore,
the lack of cross peaks in a COSY spectrum may be indicative
of shorter T, relaxation times of DOM in the deep sea than at
the sea surface. At this point, we do not have evidence in
favor of one or the other explanation. Future studies should
be dedicated towards this important knowledge gap.

The COSY NMR analysis indicated that carbohydrate and
methoxy groups are enriched in the surface compared to deep
ocean, consistent with the 1D "H NMR analysis. Surprisingly,
acetate, CRAM, and aliphatic region showed fewer H—H cross
peaks in the COSY spectrum of deep SPE-DOM despite of their
high abundance observed in 1D 'H NMR spectrum compared
to surface water. These results are in line with the findings
reported by Hertkorn et al. (2013) and Seidel et al. (2022). The
consistency between the studies showing the robustness of
the experimental setup and sample preparation protocols. Sig-
nals in 1D 'H NMR spectrum are due to all but exchangeable
protons (—OH, —COOH, and NH;) in the sample excited by a
single 90° radio frequency pulse. The integral of a signal pro-
vides information about the number of protons contributing
to that signal (quantitative). 2D '"H-'H COSY shows cross
peaks between protons that are J-coupled to each other. The
intensity of the cross peaks depends on the strength of the J-
coupling and relaxation related signal losses. Unlike in 1D 'H
NMR spectrum, a single proton shows several cross peaks in
the COSY based on the number of neighboring coupled part-
ners and respective J-couplings. This complementary spectral
information extracted from 1D 'H and 2D 'H-'H COSY
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spectra can be efficiently utilized for the better understanding
of structural composition of oceanic SPE-DOM.

The 2D NUS COSY method described in this study allows
the acquisition of high-quality 2D COSY NMR spectra of hun-
dreds of oceanic DOM samples within a reasonable timeframe.
Uncovering the molecular diversity of DOM across marine
ecosystems using multivariate statistical methods will greatly
benefit from the accelerated acquisition of 2D NUS COSY
spectra. Following the procedure mentioned herein, 2D NUS
COSY method can be easily adopted and implemented on any
modern NMR spectrometers. The high-resolution and sensitiv-
ity offered by ultrahigh magnetic fields, such as 1.2 GHz NMR
spectrometers, enable efficient structural characterization of
marine DOM. The utilization of 2D NMR spectra recorded at
1.2 GHz instrument, such as 2D JRES (Bruch and Bruch 1982;
Ludwig and Viant 2010), has the potential to provide unprece-
dented structural information on marine DOM. The structural
information obtained from high-field multidimensional NMR
spectroscopic techniques and ultrahigh-resolution FT-ICR-MS
are highly complementary and will provide further insights
into the molecular diversity of DOM between marine
ecosystems.

Data availability statement

NMR raw data and processed data, along with the pulse
sequence, acquisition parameters and processing parameters,
were uploaded (https://doi.org/10.17617/3.1VEXVN) to
Edmond, an open research data repository of the Max Planck
Society.
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