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Abstract

Liquid chromatography–hydrogen/deuterium exchange–mass spectrometry (LC-HDX-MS)
provides orthogonal structural information that complements conventional LC-MS and
improves confidence in small-molecule structural elucidation. Although HDX-MS is well
established in protein research, its application to small molecules remains less developed,
and practical guidance for experimental implementation and data interpretation is limited.
Here, we evaluate major LC-HDX-MS strategies, including post-column co-infusion, partial
HDX, and full HDX approaches, and assess their analytical performance using reference
standards and NIST SRM 1950 human plasma. The effects of deuterated mobile phases on
background contamination, labeled/unlabeled signal ratios, retention-time shifts, adduct
chemistry, and mass spectral interpretation are examined, and currently available software
tools for LC-HDX-MS data processing are discussed. Full HDX provided the most complete
deuterium incorporation, whereas deuterated mobile phases increased background signals
and generally reduced analyte responses. Retention-time shifts were typically small but
should be considered when matching features. HDX-derived information provides an
additional experimental structural descriptor by defining the number of exchangeable
hydrogen atoms and refining adduct assignments, thereby reducing ambiguity during
structural annotation. These findings provide practical recommendations for implementing
LC-HDX-MS in untargeted LC-MS workflows and demonstrate its value as an orthogonal
tool for small-molecule structural elucidation.

Keywords: metabolomics; lipidomics; exposomics; LC-MS; hydrogen/deuterium exchange;
structural elucidation

1. Introduction
Liquid chromatography–mass spectrometry (LC-MS) has become an indispensable

analytical platform in untargeted metabolomics, lipidomics, and exposomics [1–3]. Contin-
uous improvements in chromatographic separations, high-resolution mass spectrometry,
and computational data processing have substantially expanded analytical coverage and
sensitivity [4–8]. Nevertheless, reliable structural elucidation of small molecules remains
challenging. Isomeric complexity, diverse adduct formation, variable ionization behav-
ior, and limited fragmentation specificity frequently lead to ambiguous annotations and
elevated false-positive rates in untargeted workflows [9].
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Hydrogen/deuterium exchange mass spectrometry (HDX-MS) provides an addi-
tional layer of structural information that can complement conventional LC-MS analy-
sis. While HDX approaches are well established in protein structural biology [10,11],
their adaptation to small-molecule analysis has gained increasing attention only in recent
years [12–26]. HDX for small-molecule analysis can be implemented using several experi-
mental configurations. Beyond LC-based workflows, HDX has been performed in solution
prior to analysis, through post-column solvent mixing [12,27], within microdroplets [28],
in the gas phase [29,30], and in combination with imaging MS [31,32] or ion mobility
spectrometry [18]. These approaches differ in exchange mechanisms, timescales, instru-
mentation requirements, and the type of structural information obtained. Depending
on the experimental design, structural information may be derived from either forward
H/D exchange or controlled H/D back-exchange processes [22]. In LC-HDX-MS work-
flows, exchangeable hydrogen atoms are replaced with deuterium during chromatographic
separation or via post-column mixing, producing characteristic mass shifts governed by
molecular structure, ionization chemistry, and adduct formation [33,34].

Exchangeable hydrogen atoms are typically those attached to heteroatoms, most com-
monly oxygen, nitrogen, and sulfur atoms in hydroxyl, carboxyl, amino, amide, thiol, and
phosphate groups, that undergo hydrogen/deuterium exchange under the applied exper-
imental conditions [34]. Under certain conditions, however, additional hydrogen atoms
may become exchangeable through processes such as keto–enol tautomerization [35]. The
extent of exchange depends on both the molecular structure and the experimental condi-
tions, including solvent composition, pH, ionization mode, and exchange time [11,22,36,37].
Consequently, the experimentally observed number of exchanged hydrogen atoms should
be interpreted as an experimental descriptor that reflects both the molecule’s intrinsic
exchangeability and the LC-HDX-MS conditions under which the analysis is performed.

When combined with accurate mass, retention time, isotope patterns, adduct assign-
ment, and MS/MS spectra, the experimentally determined number of exchanged hydrogen
atoms provides an additional structural descriptor that complements conventional LC-MS
data and can substantially increase confidence in small-molecule structural elucidation [38].
Rather than replacing established annotation workflows, HDX-derived information serves
as orthogonal experimental evidence to help distinguish candidate structures that remain
ambiguous after conventional LC-MS analysis.

Here, we present a practical evaluation of LC-HDX-MS for untargeted metabolomics
and lipidomics, focusing on experimental implementation and interpretation of HDX-
derived structural information. Using reference standards and human plasma samples,
we evaluate different HDX strategies, deuterated mobile phases, retention-time behav-
ior, labeled/unlabeled signal ratios, adduct chemistry, mass spectral interpretation, and
available data-processing workflows. Based on these observations, we provide practical
recommendations for experimental design and discuss how LC-HDX-MS can be inte-
grated with conventional LC-MS workflows to improve confidence in small-molecule
structural elucidation.

2. Materials and Methods
2.1. Reagents for LC-MS

For sample extraction, LC-MS-grade methanol (J.T.Baker, Phillipsburg, NJ, USA)
and water (VWR, Suwanee, GA, USA) were used, while methyl tert-butyl ether (MTBE)
(Honeywell, Charlotte, NC, USA) was HPLC-grade. LC-MS-grade solvents for mobile
phases included acetonitrile (Honeywell), methanol (J.T.Baker), isopropanol (Supelco,
Darmstadt, Germany), and water (VWR). Mobile-phase modifiers, such as ammonium
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formate (Supelco), ammonium acetate (Sigma–Aldrich, Darmstadt, Germany), formic acid
(VWR), and acetic acid (VWR), were also LC-MS-grade.

For HDX-MS experiments, formic acid-D2 (Sigma–Aldrich), acetic acid-D4 (CIL, Tewks-
bury, Massachusetts, USA), ammonium formate-D5 (Sigma–Aldrich), ammonium acetate-
D7 (Sigma–Aldrich), deuterium oxide (Sigma–Aldrich), methanol-D4 (Sigma–Aldrich), and
isopropanol-D8 (ARMAR, Döttingen, Switzerland) were used.

Reference standards (amino acid mix, Val-Tyr-Val) were obtained from Sigma–Aldrich,
while 12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid (CUDA) was from Cayman
Chemical (Tallinn, Estonia). Reference standards of lipids (PC 15:0/18:1-d7, LPC 17:1,
SM 18:1; O2/17:0, Cer 18:1; O2/17:0, CL 16:0/16:0/16:0/16:0, PE 17:0/17:0, PG 17:0/17:0,
LPE 17:1, PS 17:0/17:0, SPB 17:1; O2, GlcCer 18:1; O2/17:0) were from Sigma–Aldrich.
Human plasma reference material NIST SRM 1950 (Sigma–Aldrich) was used.

2.2. Sample Extraction

For the sample extraction, a biphasic solvent system of methanol, MTBE, and water
was used (LIMeX workflow) [39,40]. Plasma samples were thawed before pipetting.

Plasma samples (25 µL) were mixed with 165 µL of cold methanol, shaken (30 s),
mixed with 600 µL of cold MTBE, and shaken (30 s) again. Then, 165 µL of 10% methanol
was added, and the tubes were vortexed (20 s) and centrifuged (16,000 rpm, 10 min, 4 ◦C).

The first aliquot of 70 µL of the bottom phase was collected and evaporated to analyze
polar metabolites. The dry extracts were resuspended in 70 µL of an acetonitrile/water
(4:1) mixture, shaken (30 s), centrifuged (16,000 rpm, 5 min, 4 ◦C), and analyzed using the
hydrophilic interaction liquid chromatography (HILIC) metabolomics platforms in positive
electrospray ionization (ESI) mode. For HILIC-HDX-MS experiments, the dry extracts were
resuspended in 70 µL of an acetonitrile/D2O (4:1) mixture.

The second 70 µL aliquot of the bottom phase was mixed with 210 µL of an iso-
propanol/acetonitrile (1:1) mixture to precipitate residual proteins, shaken (30 s), and
centrifuged (16,000 rpm, 5 min, 4 ◦C), and the supernatant was evaporated. The dry
extracts were resuspended in 5% methanol/95% water/0.2% formic acid, shaken (30 s),
centrifuged (16,000 rpm, 5 min, 4 ◦C), and analyzed using the reversed-phase liquid chro-
matography (RPLC) metabolomics platform in negative ESI mode. For metabolomics
RPLC-HDX-MS experiments, the dry extracts were resuspended in 70 µL of a 5% methanol-
D4/95% D2O/0.2% formic acid-D2 mixture.

A 200 µL aliquot of the upper phase was collected and evaporated to analyze complex
lipids. The dry extracts were resuspended in 100 µL of methanol, shaken (30 s), centrifuged
(16,000 rpm, 5 min, 4 ◦C), and analyzed using the RPLC lipidomics platforms in positive
and negative ESI mode. For lipidomics RPLC-HDX-MS experiments, the dry extracts were
resuspended in 100 µL of methanol-D4.

2.3. LC-MS Analysis

For LC-MS analysis, a Vanquish UHPLC system (Thermo Fisher Scientific, Waltham,
MA, USA), a heated ESI (HESI-II) probe (Thermo Fisher Scientific), and a Q Exactive Plus
mass spectrometer (Thermo Fisher Scientific) were used [39,40].

2.3.1. LC-MS-Based Metabolomics

The mobile-phase modifiers were selected based on previously optimized metabolomics
methods developed in our laboratory [39], providing an optimal balance between chro-
matographic performance, analyte response, and retention-time stability for the respective
ionization modes.

For the separation of polar metabolites based on the HILIC mechanism, the following
conditions were used: an ACQUITY Premier BEH Amide column (50 mm length × 2.1 mm
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i.d.; 1.7 µm particle size) with a VanGuard FIT cartridge (5 mm length × 2.1 mm i.d.;
1.7 µm particle size) (Waters); column compartment temperature, 45 ◦C; column flow rate,
0.4 mL/min; mobile phase A, water with 10 mM ammonium formate and 0.125% formic
acid; mobile phase B, acetonitrile/water (95:5) with 10 mM ammonium formate and 0.125%
formic acid; gradient run, 0 min 100% B, 0–1 min 100% B, 1–3.9 min from 100% to 70% B,
3.9–5.1 min from 70% to 30% B, 5.1–6.4 min from 30% to 100% B, 6.4–7.5 min 100% B +1 min
preinjection steps; injection volume, 1 µL.

For HILIC-HDX-ESI(+)-MS experiments, the mobile phases were: mobile phase A,
D2O with 10 mM ammonium formate-D5 and 0.125% formic acid-D2; mobile phase B,
acetonitrile/D2O (95:5) with 7.5 mM ammonium formate-D5 and 0.125% formic acid-
D2 [12]. The 7.5 mM ammonium formate-D5 concentration was a limiting factor when D2O
was used as part of mobile phase B, as ammonium formate-D5 was not fully soluble at
concentrations greater than 7.5 mM [12].

For the separation of polar metabolites based on the RPLC mechanism, the following
conditions were applied: an ACQUITY Premier HSS T3 column (50 mm length × 2.1 mm
i.d.; 1.8 µm particle size) with a VanGuard FIT cartridge (5 mm length × 2.1 mm i.d.;
1.8 µm particle size) (Waters); column compartment temperature, 45 ◦C; mobile phase A,
water with 0.2% formic acid; mobile phase B, methanol with 0.1% formic acid; gradient
run and column flow, 0 min 1% B 0.3 mL/min, 0–0.5 min 1% B 0.3 mL/min, 0.5–2 min
from 1% to 60% B 0.3 mL/min, 2–2.3 min from 60% to 95% B from 0.3 mL/min to
0.5 mL/min, 2.3–3.0 min 95% B 0.5 mL/min, 3.0–3.1 min from 95% to 1% B 0.5 mL/min,
3.1–4 min 1% B 0.5 mL/min, 4–4.1 min 1% B from 0.5 mL/min to 0.3 mL/min,
4.1–4.5 min 1% B 0.3 mL/min +1 min preinjection steps; injection volume, 5 µL; sample
temperature, 4 ◦C.

For metabolomics RPLC-HDX-ESI(–)-MS experiments, the mobile phases were: mobile
phase A, D2O with 0.2% formic acid-D2; mobile phase B, methanol-D4 with 0.1% formic
acid-D2 [41].

The ion source parameters were: sheath gas pressure, 50 arbitrary units (a.u.); aux
gas flow, 13 a.u.; sweep gas flow, 3 a.u.; capillary temperature, 260 ◦C; aux gas heater
temperature, 425 ◦C; spray voltage: 3.6 kV for ESI(+), −2.5 kV for ESI(−); S-lens RF
level, 50. The MS settings were: MS1 mass range, m/z 60–900; MS1 resolving power,
35,000 FWHM; AGC target, 106; maximum IT, 100 ms; spectrum data type, centroid; the
number of data-dependent scans per cycle, 3; MS/MS resolving power, 17,500 FWHM;
AGC target, 105; maximum IT, 50 ms; spectrum data type, centroid; isolation window,
1 m/z; minimum AGC target, 103; dynamic exclusion, 2 s; exclude isotopes, on; normalized
collision energies: 20, 30, and 40%.

2.3.2. LC-MS-Based Lipidomics

The mobile-phase additives were optimized separately for positive- and negative-
ionization lipidomics based on our previous methodological evaluation [39]. Ammonium
formate with formic acid was used for ESI(+), whereas ammonium acetate with acetic acid
was used for ESI(−), providing the best overall compromise between lipid signal intensity,
chromatographic performance, and retention-time stability.

For the separation of complex lipids based on the RPLC mechanism, the following con-
ditions were applied: an ACQUITY Premier BEH C18 column (50 mm length × 2.1 mm i.d.;
1.7 µm particle size) with an with a VanGuard FIT cartridge (5 mm length × 2.1 mm i.d.;
1.7 µm particle size) (Waters); column compartment temperature, 65 ◦C; column flow
rate, 0.6 mL/min; mobile phase A for ESI(+), 60:40 acetonitrile/water with 10 mM
ammonium formate and 0.1% formic acid; mobile phase B for ESI(+), 90:10:0.1 iso-
propanol/acetonitrile/water with 10 mM ammonium formate and 0.1% formic acid; mobile
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phase A for ESI(−), 60:40 acetonitrile/water with 10 mM ammonium acetate and 0.1% acetic
acid; mobile phase B for ESI(−), 90:10:0.1 isopropanol/acetonitrile/water with 10 mM am-
monium acetate and 0.1% acetic acid; gradient run for ESI(+), 0 min 15% B, 0–1 min from
15% to 30% B, 1–1.3 min from 30% to 48% B, 1.3–5.5 min from 48% to 82% B, 5.5–5.8 min
from 82% to 99% B, 5.8–6 min 99% B, 6–6.1 min from 99% to 15% B, 6.1–7 min 15% B +1 min
preinjection steps; gradient run for ESI(−), 0 min 15% B, 0–1 min from 15% to 30% B,
1–1.3 min from 30% to 48% B, 1.3–4.8 min from 48% to 76% B, 4.8–4.9 min from 76% to
99% B, 4.9–5.3 min 99% B, 5.3–5.4 min from 99% to 15% B, 5.4–6.3 min 15% B +1 min prein-
jection steps; injection volume, 1.5 µL for ESI(+), 5 µL for ESI(–); sample temperature, 4 ◦C.

For lipidomics RPLC-HDX-ESI(+)-MS experiments, the mobile phases were: mobile
phase A, 60:40 acetonitrile/D2O with 10 mM ammonium formate-D5 and 0.1% formic
acid-D2; mobile phase B, 90:10:0.1 isopropanol-D8/acetonitrile/D2O with 10 mM ammo-
nium formate-D5 and 0.1% formic acid-D2. For lipidomics RPLC-HDX-ESI(–)-MS exper-
iments, the mobile phases were: mobile phase A, 60:40 acetonitrile/D2O with 10 mM
ammonium acetate-D7 and 0.1% acetic acid-D4; mobile phase B, 90:10:0.1 isopropanol-
D8/acetonitrile/D2O with 10 mM ammonium acetate-D7 and 0.1% acetic acid-D4.

The ion source parameters were as follows: sheath gas pressure, 60 a.u.; aux gas flow,
25 a.u.; sweep gas flow, 2 a.u.; capillary temperature, 300 ◦C; aux gas heater temperature,
370 ◦C; spray voltage for ESI(+), 3.6 kV; spray voltage for ESI(−), −3.0 kV; S-lens RF
level, 50. The MS settings were: MS1 mass range, m/z 200–1700; MS1 resolving power,
35,000 FWHM; AGC target, 106; maximum IT, 100 ms; spectrum data type, centroid; the
number of data-dependent scans per cycle, 3; MS/MS resolving power, 17,500 FWHM;
AGC target, 105; maximum IT, 50 ms; spectrum data type, centroid; isolation window,
1 m/z; minimum AGC target, 103; dynamic exclusion, 2 s; exclude isotopes, on; normalized
collision energy in ESI(+), 20%; normalized collision energies in ESI(−), 10, 20, and 30%.

2.4. Data Processing

All the LC-MS raw files were converted into mzML format using ProteoWizard soft-
ware v. 3.0.22342 (https://proteowizard.sourceforge.io accessed on 10 December 2025) [42].

MS-DIAL v. 5.5.260323 (https://github.com/systemsomicslab/MsdialWorkbench/
releases/tag/MSDIAL-v5.5.260323 accessed on 29 May 2026) was used to process con-
verted LC-MS files, including peak detection, deconvolution, alignment, and annotation
of test compounds [43]. The following parameters were used: (i) data collection: MS1
tolerance, 0.001; MS2 tolerance, 0.01; maximum number of isotopes, 3; consider Cl and Br el-
ements, checked; (ii) peak detection: minimum peak height: 15,000; mass slice width, 0.001;
smoothing method, Linear Weighted Moving Average; smoothing level, 3; (iii) MZRT iden-
tification setting: accurate mass tolerance (MS1), 0.002; retention time tolerance, 0.05 min;
use retention time for filtering, checked; (iv) alignment: retention time tolerance: 0.05 min;
MS1 tolerance: 0.002 Da; peak count filter: 0%; gap filling by compulsion, true. Metabolites
were annotated based on the reference standards, including retention time and accurate
mass (MS1).

For testing the Isotope Tracking module that supports D2O labeling experiments, MS-
DIAL 4.9.221218 (https://zenodo.org/records/12589462 accessed on 29 May 2026) was
used with the same settings.

For structure elucidation, MS-FINDER v. 3.73 (https://github.com/systemsomicslab/
MsdialWorkbench/releases/tag/MSFINDER-v3.73 accessed on 29 May 2026) [44] was
used with the following parameters: mass tolerance (MS1), 0.002 Da; mass tolerance (MS2),
0.002; relative abundance cut-off, 0.1%; LEWIS and SENIOR check, checked; isotopic ratio
tolerance, 20%; element ratio check, common range (99.7%); element selection, O, N, P, S;
tree depth, 2; local databases, checked.
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3. Results and Discussion
3.1. Co-Infusion, Partial, and Full LC-HDX-MS Strategies

Multiple experimental approaches can be used to introduce hydrogen/deuterium ex-
change during LC-MS analysis, each characterized by distinct advantages and limitations [34].
In post-column co-infusion LC-HDX-MS, D2O is introduced via a T-union after chromato-
graphic separation, while conventional (unlabeled) mobile phases are used. This approach
minimizes shifts in retention time between unlabeled and labeled analyses, simplifying
data comparison. However, implementation often requires additional hardware, such
as flow splitters, which increases experimental complexity and cost. Exchange efficiency
depends strongly on mixing ratios and flow rates [45], and incomplete exchange may occur
under high-flow conditions, potentially affecting sensitivity.

Partial LC-HDX-MS is a simpler, more accessible strategy in which only the major mobile-
phase solvents are replaced with their deuterated counterparts (e.g., H2O → D2O), whereas the
mobile-phase modifiers remain unlabeled. This approach reduces costs and avoids extensive
re-optimization of chromatographic methods, but frequently results in incomplete exchange
and measurable retention time shifts between unlabeled and labeled runs.

Full LC-HDX-MS involves replacing all mobile-phase components, including both solvents
and mobile-phase modifiers, with their deuterated counterparts. Although operationally more
demanding and economically more expensive, this strategy typically yields the most complete
exchange and facilitates straightforward interpretation. Nonetheless, partially exchanged species
often remain detectable at lower abundance and must be considered when interpreting the data.

Figure 1 compares these HDX approaches using a set of 21 compounds containing
2–7 exchangeable hydrogens (Table S1). Post-column addition of D2O at 100 µL/min
to a HILIC effluent flow of 400 µL/min resulted in only limited H/D exchange, with
the detection of base peaks for [M(1D)+D]+ ions with one H/D exchange (Figure 1a).
Increasing the D2O post-column flow rate to 400 µL/min improved the extent of exchange
and enabled the formation of fully exchanged ions as base peaks for compounds containing
2–3 exchangeable hydrogens. However, compounds with a higher number of exchangeable
hydrogens remained incompletely labeled, with [M(1H,x−1D)+D]+ frequently observed as
the dominant isotopologue (Figure 1b).

These preliminary experiments were designed to compare the fundamental H/D ex-
change performance of the three LC-HDX-MS strategies under controlled conditions using
representative reference standards with different numbers of exchangeable hydrogen atoms.
Because the post-column D2O co-infusion approach showed limited exchange efficiency even
after increasing the D2O flow rate, the subsequent experimental evaluation focused on partial
and full LC-HDX-MS workflows, which provided substantially more complete deuterium
incorporation and are more suitable for practical untargeted metabolomics applications.

In contrast, both partial and full HILIC-HDX-ESI(+)-MS configurations achieved near-
complete H/D exchange across the evaluated compounds (Figure 1c,d). Nevertheless,
the full HILIC-HDX–ESI(+)-MS setup consistently produced a higher abundance of the
fully exchanged species, [M(xD)+D]+, accompanied by a lower contribution of the partially
exchanged isotopologue [M(1H,x−1D)+D]+. The average absolute intensity difference
between these two ions was approximately 20% for the full HILIC-HDX-ESI(+)-MS method,
compared with 31% for the partial HILIC-HDX-ESI(+)-MS method. This difference is likely
attributable to the presence of non-deuterated mobile-phase additives in the partial HDX
configuration, which provides an additional source of exchangeable hydrogen atoms and
thereby reduces the formation efficiency of fully deuterated molecular ions.

Similar results were observed for lipidomics, where post-column addition of D2O
to the RPLC effluent resulted in only limited H/D exchange of tested lipids (Table S2)
compared with the full RPLC-HDX-ESI(+)-MS workflow (Figure 2).
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Figure 1. Evaluation of selected target compounds containing 2–7 exchangeable hydrogens using
(a) conventional HILIC-ESI(+)-MS with post-column addition of D2O (100 µL/min); (b) conventional
HILIC-ESI(+)-MS with post-column addition of D2O (400 µL/min); (c) partial HILIC-HDX–ESI(+)-
MS with D2O incorporated into the mobile phases; and (d) full HILIC-HDX-ESI(+)-MS with D2O,
ammonium formate-D5, and formic acid-D2 incorporated into the mobile phases. The compounds
shown were authentic reference standards analyzed as a mixture. In each MS1 spectrum, the most
abundant ion (base peak) is shown in dark red, while lower signal intensities are displayed using a
proportional color scale. Target compounds are ordered according to the number of exchangeable
hydrogens (HD). The chromatographic flow rate was 400 µL/min.

Figure 2. Evaluation of selected target lipids containing 0–6 exchangeable hydrogens using
(a) conventional lipidomics RPLC-ESI(+)-MS with post-column addition of D2O (200 µL/min); and
(b) lipidomics full RPLC-HDX-ESI(+)-MS with D2O, isopropanol-D8, ammonium formate-D5, and
formic acid-D2 incorporated into the mobile phases. The compounds shown were authentic reference
standards analyzed as a mixture. In each MS1 spectrum, the most abundant ion (base peak) is shown
in dark red, while lower signal intensities are displayed using a proportional color scale. Target com-
pounds are ordered according to the number of exchangeable hydrogens (HD). The chromatographic
flow rate was 600 µL/min.

Overall, the evaluated strategies demonstrate that full LC-HDX-MS provides the highest de-
gree of deuterium incorporation, the simplest spectral interpretation, and the greatest confidence
in determining the experimentally accessible number of exchangeable hydrogen atoms. Therefore,
full LC-HDX-MS is recommended for untargeted small-molecule analysis whenever deuterated
mobile phases are available. Nevertheless, practical implementation requires consideration of
reagent availability, purity, and cost, which are discussed in the following section.
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3.2. Solvent Availability, Purity, and Analytical Consequences

A major practical limitation of LC-HDX-MS is the limited availability of LC-MS-grade
deuterated reagents. While unlabeled solvents and additives are widely available at high purity,
many deuterated solvents and mobile-phase modifiers are not offered with dedicated LC-MS
quality specifications. Therefore, both the chemical purity and isotopic enrichment (atom % D)
of deuterated reagents should be considered. In addition, deuterated solvents and additives are
available from only a limited number of suppliers (Table S3), and their substantially higher cost
may restrict the routine implementation of LC-HDX-MS workflows.

As a consequence, deuterated mobile phases may lead to elevated background signals
and retention-time-dependent ion suppression. These effects can substantially influence
analytical sensitivity and reproducibility, particularly in untargeted workflows where
analytes elute across broad chromatographic windows. Increased background complexity
may also compromise data-dependent acquisition (DDA) strategies, necessitating the use
of optimized exclusion lists derived from blank injections [46].

Figure 3 illustrates the increase in total ion chromatogram (TIC) intensity observed during
LC-HDX-MS experiments. For metabolomics methods (HILIC with D2O and RPLC with D2O
and methanol-D4), the TIC increased approximately 2–3-fold relative to the corresponding
unlabeled methods. In contrast, lipidomics methods employing isopropanol-D8 exhibited
up to a 10-fold increase in background signal intensity. This observation is consistent with
previous reports identifying isopropanol as a particularly challenging solvent for LC-MS-
based lipidomic profiling [47]. Even among commercially available LC-MS-grade isopropanol
products, substantial differences in background contamination have been observed, with
highly abundant mobile-phase impurities, including homologous series of amines, plasticizers,
and antioxidant-derived compounds. Such contaminants can generate intense background
ions, thereby substantially increasing spectral complexity during analysis [48].

The elevated abundance of background ions can negatively affect mass spectrometric
performance. In Orbitrap-based instruments, highly abundant contaminant ions may
dominate the ion population accumulated during automatic gain control (AGC). As a result,
the AGC target can be reached prematurely, shortening ion injection times and reducing
the accumulation of low-abundance analyte ions. This effect can decrease sensitivity and
compromise the detection of trace-level metabolites and lipids. Similar concerns apply to
time-of-flight (TOF) instruments, where persistent exposure to intense contaminant ions
increases the ion flux reaching the microchannel plate detector, potentially accelerating
detector aging and reducing long-term instrument performance.

While TIC measurements provide a global assessment of background contamination,
they do not directly indicate how analyte signals are affected. Therefore, we next eval-
uated labeled/unlabeled signal ratios to determine whether the increased background
associated with deuterated mobile phases suppresses metabolite and lipid responses. La-
beled/unlabeled signal ratios, calculated as the ratio of peak intensities in labeled and
unlabeled experiments, revealed signal suppression (ratio < 1) for the majority of com-
pounds (Figure 4). The elevated background signals observed for deuterated mobile phases
suggest that increased levels of chemical impurities may contribute to ion suppression by
competing with analytes during the ESI process [49]. In addition, deuterated solvents differ
from their protonated analogs in several physicochemical properties, including viscosity,
surface tension, and hydrogen-bonding behavior, which can influence electrospray droplet
formation and desolvation efficiency [50,51]. Consequently, the reduced analyte responses
observed under HDX conditions are likely due to both increased background ionization
and altered ionization characteristics of the deuterated mobile phases.
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Figure 3. Total ion chromatograms (TICs) of background signals obtained from blank injections us-
ing (a) metabolomics HILIC-ESI(+)-MS (m/z 60–900), (b) metabolomics HILIC-ESI(–)-MS (m/z 60–900),
(c) metabolomics RPLC-ESI(+)-MS (m/z 60–900), (d) metabolomics RPLC-ESI(–)-MS (m/z 60–900),
(e) lipidomics RPLC-ESI(+)-MS (m/z 200–1700), and (f) lipidomics RPLC-ESI(–)-MS (m/z 200–1700). Blue
traces correspond to unlabeled mobile phases, whereas red traces correspond to deuterated mobile phases.
For each panel, the TIC was normalized to the maximum intensity observed across both conditions.

Figure 4. Labeled/unlabeled signal ratios of HDX conditions relative to conventional unlabeled LC-MS
conditions for metabolites and exposome compounds detected in NIST SRM 1950 human plasma.
Labeled/unlabeled signal ratios were calculated using the peak heights of the fully deuterated
molecular ions detected under HDX conditions and the corresponding unlabeled molecular ions
detected under conventional LC-MS conditions. Ratios < 1 and >1 correspond to signal suppression
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and signal enhancement, respectively. The majority of compounds exhibited ratios below unity,
indicating that HDX conditions generally reduced ionization efficiency and/or detection sensitivity.
Signal suppression was observed for 89% of compounds detected by (a) metabolomics HILIC-ESI(+)-
MS, 88% by (b) metabolomics RPLC-ESI(−)-MS, 100% by (c) lipidomics RPLC-ESI(+)-MS, and 96%
by (d) lipidomics RPLC-ESI(−)-MS. The number of evaluated compounds was 37, 33, 136, and 119
for panels (a–d), respectively (Table S4).

From a practical perspective, optimization of both solvent selection and MS acquisition
parameters is recommended. Deuterated solvents from different manufacturers should be
evaluated, as their impurity profiles may differ substantially. In addition, narrowing the
Orbitrap mass acquisition range to the m/z region of interest can reduce premature AGC
saturation by background ions, thereby improving ion accumulation for low-abundance
analytes and partially mitigating signal suppression.

3.3. Interpretation of HDX Mass Spectra

Interpretation of LC-HDX-MS data requires consideration of exchange efficiency, isotopic
distributions, ionization mode, and adduct chemistry [34]. Under optimized LC-HDX-MS
conditions, the fully exchanged isotopologue generally dominates the observed isotope
distribution. Nevertheless, lower-abundance partially exchanged isotopologues are typically
still detected, reflecting incomplete exchange of a small fraction of molecules. Consequently,
HDX mass spectra commonly comprise mixtures of fully and partially exchanged species,
which should be considered during spectral interpretation and automated feature assignment.

Accurate assignment of HDX-derived features is further complicated by overlap with
naturally occurring isotopic peaks, particularly 13C isotopologues. The contribution of these
isotopic species depends both on the abundance of partially exchanged ions and on the
number of carbon atoms present in the molecule. Although modern high-resolution mass
spectrometers readily resolve the mass differences encountered in LC-HDX-MS, correct
interpretation still requires consideration of isotopic overlaps and adduct chemistry to avoid
misassignment of HDX-derived ions. For example, discrimination between certain HDX-
derived ions and overlapping isotopic or adduct-related species separated by approximately
0.003 Da may require resolving powers approaching 100,000 FWHM. In practice, however,
partially exchanged isotopologues in full LC-HDX-MS experiments are typically observed
at only 10–20% of the intensity of the fully exchanged species [12], limiting the contribution
of their 13C isotopologues and minimizing their impact on spectral interpretation.

In addition to the changes observed at the precursor-ion level, LC-HDX-MS may also
substantially influence MS/MS fragmentation patterns. During collision-induced dissocia-
tion, hydrogen/deuterium redistribution (H/D scrambling) and the elimination of neutral
species containing different combinations of hydrogen and deuterium atoms can generate
multiple isotopic forms of individual product ions [33,52,53]. Consequently, a single frag-
ment ion observed in the unlabeled experiment may appear as a cluster of fragment ions
in the corresponding HDX experiment, differing by approximately one deuterium mass
(1.00628 Da). Such fragment-ion clusters should not be confused with naturally occurring
13C isotopic peaks, which are separated by approximately 1.00335 Da. High-resolution
mass spectrometry and accurate elemental-composition analysis are therefore essential for
the correct interpretation of HDX-derived MS/MS spectra.

The extent of H/D scrambling is compound-dependent and reflects the underlying gas-
phase fragmentation mechanism. While some compounds preserve the original deuterium
distribution within fragment ions and therefore exhibit only minimal H/D redistribution,
others undergo extensive H/D migration during fragmentation, resulting in characteristic
fragment-ion clusters. Consequently, HDX-derived MS/MS spectra should not be interpreted
simply by shifting fragment masses according to the number of exchanged hydrogen atoms.
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Instead, the observed fragmentation patterns should be evaluated in the context of possible
H/D redistribution and neutral-loss pathways. Figure 5 illustrates this phenomenon using
the amino acid glutamine, where the unlabeled MS/MS spectrum is dominated by individual
fragment ions, whereas the corresponding HDX spectrum contains multiple isotopic forms of
the same fragments arising from different degrees of deuterium incorporation.

Figure 5. Comparison of MS/MS spectra of the amino acid glutamine acquired using (a) conventional
HILIC-ESI(+)-MS/MS (precursor ion m/z 147.0764, [M(5H)+H]+) and (b) HILIC-HDX-ESI(+)-MS/MS
(precursor ion m/z 153.1141, [M(5D)+D]+). In the unlabeled experiment, individual fragment ions are
observed, whereas the HDX experiment produces characteristic fragment-ion clusters corresponding
to different degrees of deuterium incorporation. These clusters arise from H/D redistribution
and the elimination of neutral species with different H/D compositions during collision-induced
dissociation, illustrating that HDX-derived MS/MS spectra may be substantially more complex than
their unlabeled counterparts and therefore require particular attention during spectral interpretation.
Assigned elemental compositions are shown with mass accuracies better than 1 mDa. MS/MS spectra
were acquired using normalized collision energies of 20%, 30%, and 40%.

Adduct chemistry also influences the interpretation of LC-HDX-MS data [33]. During
structural elucidation, correctly assigning the detected ion species is the first step in interpreting
LC-MS data. Incorrect ion-species assignment propagates directly into molecular mass determi-
nation and subsequent structural annotation, making reliable adduct identification a prerequisite
for successful LC-MS-based structure elucidation. Since multiple ion forms are commonly pro-
duced during ESI, characteristic mass differences between adducts provide valuable evidence for
confirming ion identities. Under HDX conditions, these characteristic mass differences change
because exchangeable hydrogen atoms associated with the ion species are replaced by deuterium.
Consequently, interpretation of HDX data requires consideration of HDX-specific adduct mass
differences rather than those used for conventional LC-MS analysis. Table 1 summarizes the
expected mass differences between the most common ion species observed in positive- and
negative-ionization modes under both unlabeled and HDX conditions. In negative-ionization
mode, loss of a proton from the unlabeled molecular species ([M(1H)]−H]−) and loss of a
deuteron from the corresponding fully deuterated molecular species ([M(1D)]−D]−) produce the
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same molecular anion. However, because the adduct ions are formed from the fully deuterated
molecular species present under HDX conditions, the characteristic mass differences between ion
species differ from those observed in conventional LC-MS.

Table 1. Characteristic mass differences between common ion species in conventional LC-MS and
LC-HDX-MS experiments.

Unlabeled LC-MS HDX-labeled LC-MS
Ion Mode Ion Pairs ∆m Ion Pairs ∆m

Positive
+H ↔ +NH4 17.0265 +D ↔ +ND4 20.0454
+H ↔ +Na 21.9819 +D ↔ +Na 20.9757

+NH4 ↔ +Na 4.9554 +ND4 ↔ +Na 0.9303

Negative
–H ↔ +Cl 35.9767 –D ↔ +Cl 36.9830

–H ↔ +HCOO 46.0055 –D ↔ +DCOO 48.0180
–H ↔ +CH3COO 60.0211 –D ↔ +CD3COO 64.0462

Mass differences for HDX-labeled experiments are calculated between ion species
derived from the fully deuterated molecular form expected under HDX conditions. They
therefore represent characteristic adduct mass differences within the HDX experiment
rather than between unlabeled and labeled experiments.

Figure 6 illustrates these effects using cholesteryl ester (CE) 18:2, a lipid that contains no
exchangeable hydrogen atoms. Under HDX conditions, conversion of the ammonium adduct
from [M+NH4]+ to [M+ND4]+ produces a near-isobaric overlap between the 13C isotopologue
of [M+ND4]+ and the [M+Na]+ adduct. Despite this interference, the ions remain baseline
resolved at the acquired mass resolution, allowing unambiguous assignment of both species.

 

Figure 6. MS1 spectra of cholesteryl ester (CE) 18:2, which contains no exchangeable hydrogen atoms,
detected in NIST SRM 1950 during lipidomics RPLC-ESI(+)-MS analysis. In the unlabeled experiment,
the ammonium and sodium adducts are well separated. Under HDX conditions, the ammonium
adduct [M+NH4]+ is converted to [M+ND4]+, resulting in a near-isobaric overlap between the 13C
isotopologue of [M+ND4]+ and the [M+Na]+ adduct. However, at the acquired mass resolution
(~22,000 FWHM at m/z 671), the ions remain baseline-resolved, enabling unambiguous differentiation
of the two species. (a) Unlabeled experiment: [M+NH4]+ at m/z 666.6172 and [M+Na]+ at m/z
671.5723. (b) HDX-labeled experiment: [M+ND4]+ at m/z 670.6435 and [M+Na]+ at m/z 671.5732.
The 13C isotopologue of [M+ND4]+ is observed at m/z 671.6452.
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3.4. Retention-Time Shift Between Unlabeled and Labeled Runs

Partial and full LC-HDX-MS workflows frequently introduce retention-time differences
between unlabeled and labeled analyses [33]. These shifts are compound-specific and may vary in
both magnitude and direction, reflecting isotope-dependent chromatographic effects. Importantly,
partially and fully exchanged isotopologues of the same analyte generally coelute within the
labeled run, providing an additional criterion for validating HDX-derived feature assignments.

For metabolites and exposome compounds detected in NIST SRM 1950 human plasma,
isotopic substitution had only a modest impact on chromatographic retention, with retention-
time differences generally confined to ±0.2 min. Although these shifts were relatively small
in absolute terms, they were substantially larger than the normal run-to-run retention-time
variability of the corresponding LC-MS methods (typically <0.05 min) and should therefore
be considered when matching features between unlabeled and HDX-labeled datasets.

In metabolomics HILIC-ESI(+)-MS, most compounds (89%) exhibited negative
retention-time shifts and eluted earlier under HDX conditions (Figure 7a). In contrast, 67%
of compounds analyzed by metabolomics RPLC-ESI(−)-MS displayed positive retention-
time shifts (Figure 7b). For lipidomics RPLC-ESI(+)-MS and RPLC-ESI(−)-MS analyses
(Figure 7c,d), retention-time shifts increased progressively with retention time, reach-
ing approximately +0.2 min for the latest-eluting compounds. Collectively, these results
demonstrate that deuterated mobile phases subtly influence chromatographic selectivity
and retention behavior, requiring appropriate retention-time tolerances when matching
features between unlabeled and HDX-labeled datasets.

Figure 7. Retention-time shifts between unlabeled and HDX-labeled LC-MS analyses of compounds
detected in NIST SRM 1950 human plasma. Each point represents an individual compound and is
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plotted according to its RT in the unlabeled analysis and the RT difference between unlabeled and
HDX-labeled conditions. Panels show (a) metabolomics HILIC-ESI(+)-MS, (b) metabolomics RPLC-
ESI(−)-MS, (c) lipidomics RPLC-ESI(+)-MS, and (d) lipidomics RPLC-ESI(−)-MS. Retention-time
shifts were generally limited to ±0.2 min, though systematic trends varied across chromatographic
modes. The number of evaluated compounds was n = 37, 33, 136, and 119 for panels (a–d), respectively
(Table S4).

3.5. Data Processing and Visualization Workflows

While diverse specialized software exists for protein HDX-MS data analysis [38], equiv-
alent solutions for small-molecule LC-HDX-MS remain largely unavailable. Consequently,
metabolomics researchers must often rely on conventional untargeted metabolomics software
combined with extensive manual interpretation and custom post-processing workflows.

Conventional metabolomics software platforms, such as MS-DIAL [43] and MZmine [54],
provide robust functionality for feature detection, alignment, peak integration, and annota-
tion. However, these platforms were not specifically designed to handle paired unlabeled
and HDX-labeled datasets, where multiple isotopologues corresponding to varying num-
bers of exchanged deuterium atoms must be interpreted together. As a result, visualization
and interpretation of HDX experiments frequently require custom workflows and substan-
tial manual validation.

MS-DIAL 5 contains an Isotope Tracking module that supports D2O labeling
experiments [43]. However, this functionality is still under active development, and the
developers currently recommend using MS-DIAL 4 for isotope-label tracking workflows. In
MS-DIAL 4 [55], unlabeled and labeled files can be processed simultaneously, and detected
HDX partners are visually linked to their corresponding unlabeled precursors in the Align-
ment Spot Viewer (Figure 8). The software also displays the observed mass shift between
the unlabeled and labeled species. Nevertheless, exporting and linking these relationships
for downstream interpretation remains largely manual, often requiring additional post-
processing scripts or external tools. Furthermore, simultaneous visualization of overlaid
extracted ion chromatograms (EICs) for unlabeled and labeled species is not supported.

MZmine can also be adapted for LC-HDX-MS data processing [54]. Following feature
detection and alignment, the Adduct Search (MZmine 2) module can be used to identify
candidate HDX feature pairs by screening for exact mass differences corresponding to one or
more deuterium incorporations within a narrow retention-time window. This strategy was
previously employed for untargeted screening of HDX-active metabolites, in which detected
feature pairs were subsequently manually verified [22]. Although effective for initial
discovery, this approach becomes increasingly labor-intensive as datasets grow larger and
deuterium incorporation increases. Moreover, increasing isotopic complexity can reduce
identification accuracy, necessitating extensive manual review of candidate assignments.

These limitations highlight a broader challenge in translating HDX-derived infor-
mation into practical structural knowledge: existing software can detect candidate HDX-
related features, but provides limited support for integrated interpretation of chromato-
graphic, MS1, and MS/MS evidence. Users frequently need to navigate multiple software
environments to validate isotopic relationships, inspect chromatographic co-elution, assess
deuterium incorporation patterns, and evaluate fragmentation behavior [22]. The lack of
dedicated visualization tools slows data interpretation and increases the risk of overlooking
valuable structural information contained within HDX experiments.

To address these challenges, we recently developed ExchangeXplorer [56], an R/Shiny
application designed specifically for LC-HDX-MS-guided metabolite characterization. Ex-
changeXplorer is intended as a complementary post-processing tool that extends conven-
tional LC-MS data analysis with HDX-specific functionality rather than replacing estab-
lished software for feature detection, alignment, and annotation. The software supports
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multiple adduct species, links unlabeled and HDX-derived features based on expected
mass differences and retention times, facilitates visualization of isotopic patterns arising
from deuterium incorporation, and integrates chromatographic, MS1, and MS/MS evi-
dence within a single interactive environment. Additional information on the software
capabilities, documentation, and source code is publicly available [56]. Such dedicated
tools are essential for translating HDX-derived information into practical structural insights
within untargeted metabolomics workflows.

 

Figure 8. Detection of 1-methyladenosine, containing four exchangeable hydrogen atoms, in human
plasma (NIST SRM 1950) and visualization in MS-DIAL 4. 1-Methyladenosine was detected as
[M(4H)+H]+ at m/z 282.1197 in the unlabeled experiment (a) and as [M(4D)+D]+ at m/z 287.1511 in
the HDX-labeled experiment (b). In the alignment spot viewer, labeled isotopologues are displayed as
M + 4 and M + 5, corresponding to [M(1H,3D)+D]+ at m/z 286.1448 and [M(4D)+D]+ at m/z 287.1511,
respectively, relative to the unlabeled species (M + 0). The observed mass shifts reflect the progressive
replacement of exchangeable hydrogen atoms by deuterium during HDX labeling.

An example visualization of 1-methyladenosine detected in NIST SRM 1950 human
plasma using ExchangeXplorer is shown in Figure 9. The HDX MS/MS Viewer displays
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MS1 and MS/MS spectra from both unlabeled and labeled experiments side-by-side, en-
abling rapid assessment of precursor mass shifts and fragment-ion behavior following
deuterium incorporation (Figure 9a). In parallel, the HDX EIC Explorer provides chromato-
graphic validation through overlaid EICs of the unlabeled metabolite and all corresponding
HDX partners, facilitating confirmation of co-elution and exchange relationships (Figure 9b).
In addition, all results are merged into a single XLSX file that can be directly integrated into
downstream annotation workflows. Together, these complementary visualizations enable
efficient validation and interpretation of HDX-derived structural information in complex
untargeted metabolomics datasets.

Figure 9. Detection of 1-methyladenosine with four exchangeable hydrogens in human plasma (NIST
SRM 1950) and visualization in ExchangeXplorer. (a) HDX MS/MS Viewer for visualization and
comparison of MS1 and MS/MS spectra of unlabeled and HDX-labeled feature pairs. (b) HDX EIC
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Explorer for extraction and overlay of extracted ion chromatograms (EICs) of an unlabeled feature and
all corresponding HDX partners. 1-Methyladenosine was detected as [M(4H)+H]+ at m/z 282.1197
in the unlabeled experiment and as [M(4D)+D]+ at m/z 287.1511 in the labeled experiment. The
observed ∆m = 5 reflects the total mass shift between unlabeled and labeled ions, including the
difference in ion species ([M+H]+ versus [M+D]+). Additional confirmation is provided by the
presence of partially unlabeled species ([M(1H,3D)+D]+, m/z 286.1448), which exhibits the same
retention time as the fully labeled species ([M(4D)+D]+) but lower signal intensity.

3.6. LC-HDX-MS as an Orthogonal Tool for Structural Elucidation

The principal advantage of LC-HDX-MS lies in its ability to provide orthogonal
structural information that complements accurate mass, isotope patterns, retention time,
and MS/MS fragmentation. Rather than replacing conventional LC-MS workflows, HDX
provides an independent experimental descriptor that increases confidence in structural
elucidation and reduces structural ambiguity [57]. By experimentally determining the
number of exchangeable hydrogen atoms and refining plausible adduct assignments, LC-
HDX-MS can substantially reduce the number of candidate structures generated from
accurate mass and fragmentation data alone [33].

To evaluate the theoretical impact of HDX-derived constraints, we used 19 proteino-
genic amino acids with 2–7 exchangeable hydrogens as model compounds and assessed
the extent to which experimentally determined numbers of exchangeable hydrogens could
reduce the pool of candidate structures generated during annotation. Candidate structures
were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov accessed on 26 June
2026) and from MS-FINDER [44]. For PubChem, all structures matching the elemental
formula of each amino acid were retrieved, and the number of exchangeable hydrogens
was determined from the corresponding molecular structures. For MS-FINDER, candidate
structures were generated from LC-MS/MS data using the default internal databases,
excluding PubChem Online and MINEs.

For PubChem, an average of 2634 candidate structures per elemental formula was
identified, ranging from 158 to 12,231. Incorporation of HDX information eliminated
approximately 76% of structures that were inconsistent with the experimentally observed
number of exchangeable hydrogens. For MS-FINDER, the number of candidate structures
ranged from 2 to 64, and HDX filtering eliminated approximately 60% of candidates.

Although these reductions illustrate the discriminatory power of HDX-derived infor-
mation, they should not be interpreted as the practical gain achieved in complete annotation
workflows. In practice, accurate mass, chromatographic retention, MS/MS fragmentation,
isotope patterns, adduct assignment, and biological context already eliminate many im-
plausible candidates before HDX information is considered. Rather, HDX provides an
additional orthogonal experimental constraint by experimentally determining the number
of exchangeable hydrogen atoms, thereby further increasing confidence in the remaining
structural assignments and reducing the likelihood of false-positive annotations. This
complementary value is particularly relevant for compounds that remain ambiguous after
conventional LC-MS analysis, where HDX-derived information can provide an additional
level of experimental evidence during structural annotation [58].

The utility of LC-HDX-MS has been demonstrated in our recent biological applica-
tions, including studies of dietary and microbiome interventions in mice [12], circadian
metabolomics across multiple rat tissues [40], and clinical metabolomics investigations
aimed at discovering biomarkers of metformin adherence [41] and characterizing metabo-
lites in human lung cancer [59].

In these studies, HDX-derived information was interpreted alongside accurate mass,
retention time, adduct assignment, and MS/MS fragmentation to increase confidence
in structural annotation. For example, during the annotation of N1-acetylspermidine,
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the experimentally observed number of exchangeable hydrogen atoms eliminated 78%
of false-positive candidate structures generated from accurate mass alone, providing an
additional level of confidence in the final structural assignment [12]. Similar benefits
were observed during the characterization of N-lactoyl-amino acids, where HDX-derived
information served as an additional orthogonal experimental constraint for evaluating
candidate structures [41]. Collectively, these studies demonstrate that LC-HDX-MS is not
intended to replace conventional annotation workflows. Rather, it provides complementary
experimental evidence that is particularly valuable for compounds remaining ambiguously
annotated after conventional LC-MS analysis, where accurate mass, retention time, adduct
assignment, isotope patterns, and MS/MS fragmentation alone are insufficient for confident
structural assignment.

4. Conclusions
LC-HDX-MS provides an orthogonal source of experimental structural information

that complements conventional LC-MS and improves confidence in small-molecule struc-
tural elucidation. Our experimental evaluation demonstrates that full HDX workflows
generally achieve the most complete deuterium incorporation and facilitate simpler data
interpretation, whereas deuterated mobile phases can increase background signals and
reduce analyte responses. Although retention-time shifts between unlabeled and HDX-
labeled analyses are typically modest, they should be considered during feature matching
and data processing.

By experimentally determining the number of exchangeable hydrogen atoms and
refining adduct assignments, LC-HDX-MS provides additional structural descriptors that
substantially reduce ambiguity during structural elucidation. LC-HDX-MS should therefore
not be viewed as a replacement for accurate-mass and MS/MS-based workflows, but rather
as an orthogonal analytical approach that complements conventional LC-MS by providing
independent experimental evidence for structural assignment. Its greatest value is expected
for compounds that remain ambiguously annotated after conventional LC-MS analysis,
where HDX-derived information can serve as an additional experimental constraint along-
side accurate mass, retention time, isotope patterns, adduct assignment, and MS/MS
fragmentation. Accordingly, LC-HDX-MS is best viewed as a targeted follow-up strategy
for selected metabolites that remain ambiguously annotated after conventional untargeted
LC-MS analysis, rather than as a routine workflow for every untargeted metabolomics
experiment. Consequently, LC-HDX-MS is particularly well suited for targeted structural
investigations, characterization of unknown metabolites, and applications requiring the
highest possible confidence in small-molecule identification.
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