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ABSTRACT: The comprehensive chemical characterization of
biological samples remains a central challenge in the field of natural
products. Conventional workflows using liquid chromatography
(LC)-coupled high-resolution tandem mass spectrometry (MS/
MS or MS2) allow the detection of relevant small molecules while
providing diagnostic fragment ions for their structural assignment.
Still, many natural product extracts are of a molecular complexity
that challenges the resolving power of modern LC−MS2 pipelines.
In this study, we examined the effect of integrating ion mobility
spectrometry (IMS) to our LC−MS2 platform for the character-
ization of natural product mixtures. IMS provides an additional axis
of separation in the gas phase as well as experimental collision
cross-sectional (CCS) values. We analyzed a mixture of 20
commercial standards at 2 concentration ranges, either solubilized in solvent or spiked into an actinobacterial extract. Data were
acquired in positive ion mode using both data-dependent acquisition (DDA) and data-independent acquisition (DIA) MS2

fragmentation approaches and assessed for both chemical coverage and spectral quality. IMS-DIA identified the largest number of
standards in the spiked extract at the lower concentration of standards (17), followed by IMS-DDA (10), DDA (8), and DIA (6). In
addition, we examined how these data sets performed in the Global Natural Products Social Molecular Networking (GNPS)
platform. Overall, integrating IMS increased both metabolite detection and the quality of MS2 spectra, particularly for samples
analyzed in DIA mode.

The comprehensive analysis of crude extracts (from plants,
marine organisms, fermentation broths, etc.) remains a

challenging task for the natural products community.1,2 The
scope of this challenge is dictated in part by the objective of
each study, which can range from the definition of a basic list
of the major constituents in a single sample to the
determination of the identities of hundreds of chemical
entities from a large extract library.3−7 In most cases, it is
impractical to develop bespoke separation methods for each
individual sample. However, the use of standardized methods
leads to chromatographic overlap and reductions in data
coverage and quality.
Despite its limitations, liquid chromatography (LC)-coupled

mass spectrometry (MS) is widely accepted as a powerful and
informative method for natural product analysis.1,3 It is orders
of magnitude more sensitive than NMR spectroscopy and
provides excellent selectivity due to the additional data
dimensionality of the preionization chemical separation
step.3,8 Nevertheless, LC−MS methods have two major
drawbacks: the difficulty in achieving high chemical separation
due to the complex and convoluted nature of biological
samples and the limitations of MS in terms of chemical
behavior in the gas phase, including both ionization efficiency
and in-source fragmentation. These limitations are particularly

problematic in the search for novel natural products and/or the
analysis of isobaric species. The quality of isotopologue
patterns and MS2 fragmentation spectra, crucial for chemical
identification, are strongly impacted by signal overlap and ion
suppression.3,7 Molecular species with the same molecular
formula but different atomic connectivity are unlikely to be
distinguished if not well-resolved during the chromatographic
stage.9,10

Ion mobility spectrometry (IMS) is an attractive approach
for improving chemical coverage by introducing an additional
dimension of separation to LC−MS experiments.11 IMS is a
gas-phase electrophoretic technique that separates ions based
on their size and conformations. Numerous designs of IMS
cells exist,12 but the principle is easily described using the drift
tube ion mobility (DTIM) cell as an exemplar. In this
approach, a packet of ions is introduced into the DTIM cell,
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which consists of hundreds of stacked plates containing a
central orifice. An electric field gradient is applied along the
length of the cell, and ions traverse the cell due to the influence
of this electric field. The DTIM cell is charged with a neutral
drift gas at reduced pressure that provides “resistance” to ions
traversing the cell.13 Analytes with large cross-sectional areas
collide frequently with drift gas molecules, reducing their
velocities and increasing drift times. Together with the UPLC
and high-resolution MS2, IMS integrates a third level of
separation without changing the overall acquisition time of the
experiment.11

Other popular IMS cell designs include traveling wave ion
mobility (TWIM) and trapped ion mobility (TIM) spectrom-
etry. The TWIM cell used in this study (Waters G2-Si TWIM-
TOF) has a similar cell design to the classical DTIM cell.
However, in place of the fixed electric field gradient present in
the DTIM cell, the TWIM cell uses a series of electric field
pulses to “push” analytes through the cell. This approach can
significantly improve the resolving power compared to a
DTIM cell of the same length and can be tuned to specific
compound classes by adjusting both the frequency and
amplitude of the electric field pulses. By contrast, the TIM
cell (recently commercialized by Bruker in the TIMS-TOF

instrument) uses a flow of neutral carrier gas in the same
direction as the ion trajectory and an electric field gradient
arranged in the opposite direction. By controlling the strength
of the opposing electric field, it is possible to filter for analytes
of specific sizes or to perform scanning experiments akin to
mass range scanning in magnetic sector or single quadrupole
mass analyzers.
IMS was originally developed in the early part of the 20th

century14 but has only recently become available in main-
stream commercial mass spectrometers.8 Consequently, there
is still considerable debate over the optimal configuration of
hybrid IMS−MS instruments. In addition to the IMS cell
design, the position of the cell in the ion path must be
considered. Typically, IMS cells are either located near the end
of the ion path immediately upstream of the mass analyzer or
at the beginning of the ion path directly after the ionization
source. These design decisions heavily influence the types of
experiment that each instrument can perform and the
resolution, accuracy, and sensitivity of those experiments. An
important consequence of this variation is that it is not possible
to extrapolate conclusions about the value of IMS between
instrument types. This study examines the impact of including
TWIM spectroscopy on the detection of natural products from

Figure 1. (A) Overall project workflow, including details about sample design, data acquisition methods, and data analysis, and (B) schematic
illustration of MS2 acquisition methods using either DDA or DIA approaches with or without IMS. For DDA and IMS-DDA methods, fragment
ions are directly connected to selected precursors, but only selected ions can be analyzed per unit time. For DIA acquisition, fragment ions are
acquired for all precursors, and MS2 spectra are reconstructed based on precursor elution profiles. Chromatographic overlap can lead to convoluted
MS2 reconstruction. In IMS-DIA, the ion mobility separation introduces a third axis of separation that can separate molecules with similar retention
times, reducing MS2 convolution.
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complex mixtures using UPLC−q-TOF-MS and should not be
generalized to other IMS designs or configurations without
additional evaluation.
The major advantage of including IMS is that coeluting

analytes are separated during the IMS stage, leading to
“cleaner” MS1 and MS2 spectra containing fewer contaminant
m/z features from coeluting molecules. The main disadvantage
is that the IMS scan rate is slow (millisecond time scale)
compared to the scan rate of some mass analyzers (e.g., TOF
analyzers, which typically operate on the microsecond time
scale). This can reduce the effective number of scans per
second in the chromatographic dimension when data are
acquired in IMS mode. However, with appropriate calibration,
drift times can be converted to collisional cross-sectional areas
(CCS, Å2) which provide an additional analytical parameter
that can be compared across instruments and acquisition
methods.15

IMS is increasingly being employed to solve complex
analytical challenges in natural product research.16,17 These
studies range from the evaluation of CCS reference databases
for interlaboratory characterization of steroids18 to the
development of entirely new approaches to compound
classification using hyphenated IMS−IMS methods.19 To
examine the performance of TWIM for improving constitu-
tional analysis in natural product research, we investigated the
behavior of a test set of 20 pure natural products (or natural-
product-inspired molecules, Figure S1) on a UPLC system
coupled to a hybrid traveling wave ion mobility (TWIM)
qTOF system. The goal was to explore how TWIM-MS
impacts chemical characterization for natural product mixtures
using different MS2 acquisition approaches, under a range of
sample conditions (Figure 1).
The procedure focused on two types of MS2 data

acquisition: data-dependent acquisition (DDA) and data-
independent acquisition (DIA).20 Under the most general
definition, DDA experiments use information from the MS1

scan to direct data acquisition at the MS2 stage, whereas DIA
experiments acquire MS2 data without information from the
preceding MS1 scan. More specifically, during DDA, the
instrument is configured to select a set of priority peaks from
the low-energy MS1 scan for collision-induced dissociation

(CID); subsequently, in the high-energy phase, each analyte is
sequentially selected by the quadrupole and subjected to CID
to generate a corresponding MS2 spectrum. All peaks outside
the selected precursor isolation window are discarded, meaning
that only the MS2 spectrum of the selected precursor ion is
acquired. DDA affords high-quality tandem mass spectra but is
typically limited to the most prominent ions in the sample
because of the time required to complete each scan.21

DIA methods include a number of variants that differ by the
extent to which parent masses are selected prior to
fragmentation. In the simplest situation, the instrument
alternates between low-energy MS1 and high-energy MS2

scans, fragmenting all analytes in each MS2 scan without
filtering by mass. On Waters instrumentation, this is known as
“MSe” fragmentation, whereas in Thermo instruments, this
method is called “AIF” (all-ion fragmentation). By comparing
variations in precursor and product ion intensities as a function
of retention time, it is possible to correlate fragments with their
cognate parent ions, reconstituting the MS2 data for all
observed analytes in the sample.13,21 This approach can
provide MS spectra for a larger number of analytes but relies
on reasonable chromatographic separation in order to correctly
reconstitute MS2 spectra based on peak shape. An alternative
to the MSe method is the sequential window acquisition of the
all-theoretical-fragment-ion (SWATH) approach. This method
sequentially selects windows from the full mass range and
fragments the parent ions from each window in turn. This
simplifies MS2 data compared to the MSe method, making it
easier to reconstitute accurate MS2 spectra for each parent ion.
However, one disadvantage is that the SWATH method must
acquire a large number of separate MS2 scans, reducing the
MS1 duty cycle. This study used the MSe DIA method.
In principle, IMS should improve the link between

precursors and fragmented product ions in DIA mode. In
IMS-DIA, all ions are transmitted through the drift tube
without precursor selection by the quadrupole. This ensures
that intact precursor ions undergo separation in the ion
mobility cell before they are forwarded to the collision
chamber. Hence, a fragment ion can only derive from a
particular precursor ion if both ions have the same chromato-
graphic peak shape and derive from parents with the same drift

Table 1. Standard Identification for Different Sample Mixtures and Acquisition Methodsa

aGreen (+) = correctly annotated by UNIFI software, orange (*) = not annotated by UNIFI software but detected after manual inspection, white
(−) = not detected, red (X) = misannotated by UNIFI software, MIX1 = mixture of standards (response of 1e5), MIX2 = mixture of standards
(response of 1e4), MIX3 = exact + mixture of standards (response of 1e5), MIX4 = exact + mixture of standards (response of 1e4).
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time. Such drift time alignment of precursor and product ions,
together with chromatographic deconvolution, more accurately
relates precursors to their associated product ions, improving
the quality of the resulting MS2 spectra.
Our idea was to use the characterization performance against

a set of known compounds as a proxy for performance in
untargeted metabolomic analysis against complex natural
product mixtures of unknown constitution. Ultimately, we
aimed to answer two key questions: “does IMS improve chemical
coverage for natural product mixtures by LC−MS2?” and “does
IMS improve natural product structure assignment by LC−MS2?”.

■ RESULTS AND DISCUSSION

We first selected a set of 20 commercially available small
molecules that spanned a range of molecular weights,
polarities, and CCS areas, to mimic the wide range of
physicochemical characteristics likely to be encountered in
typical natural product extracts (Table 1, Figures S1−S21).
The standard set included peptides (cyclosporin A, actino-
mycin D, vancomycin), macrolides (erythromycin, roxithro-
mycin, azithromycin), a pair of aromatic polyketide isobars

(doxycycline, tetracycline), shikimate products (chloramphe-
nicol, thiamphenicol, florfenicol), steroid isobars (ursolic acid,
betulinic acid, oleanolic acid), macrocyclic polyketides
(amphotericin B, nystatin), a nucleoside (puromycin),
alkaloids (mitomycin C, cycloheximide), and an amino
coumarin (novobiocin). For details about purity and the
determination of MS2 settings for standards, see the
Supporting Information.
Mixtures of the 20 standards at concentration ranges

appropriate for detector intensity responses of 1e5 (MIX1)
and 1e4 (MIX2) were prepared in CH3OH/H2O (1:1, v/v).
The two solutions were also spiked into a previously
characterized actinobacterial extract,22 affording complex
biological matrixes containing either a high concentration of
standards (MIX3) or a low concentration of standards
(MIX4). We selected both DDA and DIA strategies, with
and without IMS hyphenation (IMS-DDA and IMS-DIA,
respectively) as outlined in Figure 1. Data were acquired
exclusively in positive ion mode and processed using both the
manufacturer’s software workflow (UNIFI v1.9.4.053, Waters
Corporation) and manual inspection. We employed the

Figure 2. UPLC-TWIM-MS data for MIX1 showing (A) retention time vs drift time and the (B) expansion of panel A between 1.50−2.60 min.
The use of IMS allowed the separation of the standards mitomycin C, tetracycline, puromycin, and thiamphenicol, despite significant
chromatographic overlap. (C) Base peak chromatogram (BPC) and extracted ion chromatograms (EICs) for mitomycin C (335), tetracycline
(445), puromycin (472), and thiamphenicol (356). (D,E) m/z vs drift time plots show the main precursor ions and in-source fragments for the
standards.
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automated accurate mass screening method to annotate the
standards based on spectral matching using an in-house library
containing the structures and retention times of the 20
standard compounds. Each data set was also manually
reviewed for the presence of diagnostic precursor ions ([M +
H]+, [M + Na]+, [M + 2H]2+, [M − H2O + H]+, etc.). The
results of these analyses are displayed in Table 1.

Several qualitative observations are immediately apparent
from Table 1. While DDA allowed the annotation of most of
the standards for both the high- and low-concentration
standard mixtures (MIX1 and MIX2), it was less successful
at detecting the analytes when combined with the natural
product extract at low concentration (MIX4). This was true
irrespective of the use of IMS (DDA vs IMS-DDA). DIA

Figure 3. (A) MS2 of roxithromycin using CID 5−30 eV in DIA mode, (B) MS2 of roxithromycin using CID 5−30 eV in DDA mode, (C)
proposed main fragments from roxithromycin, (D−G) MS1 and MS2 from candidate component identified as roxithromycin in spiked extract
(MIX4), analyzed by (D) DIA, (E) IMS-DIA, (F) DDA, and (G) IMS-DDA modes. For details about the fragmentation reactions in panel C, see
Figure S22.
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acquisition without IMS successfully identified most standards
in the high-concentration mixtures with or without the
presence of the natural product extract (MIX1 and MIX3)
but yielded very few annotations with the low-concentration
mixtures (MIX2 and MIX4). Importantly, IMS-DIA acquis-
ition was the only condition in which the low-concentration
mixture with extract (MIX4) was correctly assigned for more
than 40% of the standards, assigning over 70% correctly.
Does IMS Improve Chemical Coverage for Natural

Product Mixtures by LC−MS2? To be of value for
improving chemical coverage in complex mixtures, gas-phase
separation from IMS must improve analyte differentiation
compared to non-IMS analyses. This was the case in this study,
as evidenced by the higher number of components (i.e., mass
features) extracted from UNIFI when comparing similar MS2

acquisition modes (Table S1). Among the set of standards,
drift times ranged from 2.62 to 10.10 ms, corresponding to
CCS values in the range of 167.4−365.6 Å2 (Table 1).
Compounds from the same class possessed very similar CCS
values (e.g., 195.7 vs 196.6 Å2 for tetracycline vs doxycycline).
In some cases, compounds with similar molecular weights
(tetracycline (444.1533 Da) vs betulinic acid (456.3603 Da))
displayed different CCS values (195.7 vs 215.6 Å2). The region
between 1.88−2.00 min was particularly congested with four
standards (mitomycin C, tetracycline, puromycin, and
thiamphenicol; Figure 2C). These analytes have readily
separable CCS values (170.7, 195.7, 206.4, and 172.7 Å2,
respectively), meaning that, under IMS conditions, they were
temporally resolved before entering the time-of-flight (TOF)
mass analyzer. Plotting retention time versus drift time (Figure
2A,B) and m/z versus drift time (Figure 2D,E) illustrates the
advantage of this additional stage in separating the analytes
prior to MS2 analysis: an important step for improving DIA
MS2 spectrum reconstruction.
Because the scan rate of the mass analyzer is much higher

than the IMS scan rate, analytes are subjected to mass analysis
sequentially as they exit the IMS cell.23 This means that the
chemical complexity of each MS scan is lower than an
equivalent time point in the chromatogram in the absence of
IMS. In principle, this reduced complexity can improve MS2

quality under both DDA and DIA conditions. In DDA mode,
IMS should reduce the risk that isobaric species are jointly
selected during the quadrupole precursor selection step. In
IMS-DIA mode, fragment deconvolution should be signifi-
cantly improved, because fragment to parent ion matching now
depends on both chromatographic peak shape and the drift
time of the parent ion rather than relying solely on
chromatographic peak shape matching.
To examine whether IMS improves DDA selection coverage,

we counted the number of standards for which precursor ions
were selected under each of the four sample mixture
conditions, either with or without IMS separation (Table
S2). This analysis demonstrates that overall, standard selection
was not markedly different between DDA and IMS-DDA
modes for the more straightforward mixtures (MIX1−3;
average 15 standards in each mode). However, precursor
selection was significantly enhanced by including IMS
separation in the most challenging case (MIX4), with only 8
standards being selected in DDA mode, compared to 14 in
IMS-DDA mode. This indicates that IMS expands the
reliability of chemical characterization of complex mixtures
under DDA conditions by increasing the number of unique MS

features subjected to MS2 characterization compared with non-
IMS acquisition conditions.

Does IMS Improve Natural Product Structure Assign-
ment by LC−MS2? To assess the quality of MS2 data between
data acquisition modes, we analyzed regions of the chromato-
gram that presented distinct levels of molecular complexity.
Figure 3A,B shows the MS2 reference spectra for roxithromy-
cin, acquired in DIA and DDA modes, respectively. In Figure
3C, we propose the main fragments generated during CID-
MS2 experiments. For details on the gas-phase reactions, see
Figure S22. The major fragments in Figure 3A,B agree well
with previously published MS2 spectra for roxithromycin24 and
are consistent with known fragmentation pathways for this
compound class.25 These data were used as a spectral reference
to evaluate the quality of MS2 data from the other acquisition
modes.
Roxithromycin is chromatographically well-resolved and

possesses a unique molecular formula among this set. As
expected, DDA modes (Figure 3F,G, respectively) afforded
MS2 spectra that aligned closely with their respective DDA or
IMS-DDA reference spectra (cosine scores of 94.9 and 94.8,
respectively). However, in DIA modes, absence of IMS
separation (Figure 3D) resulted in a lower-quality MS2

spectrum (cosine score of 75.8) that was missing expected
fragment ions and contained several additional signals. This
situation was improved by the inclusion of IMS (Figure 3E),
which afforded a cosine score of 95.7: an increase of 19.9 over
the DIA method.
In a more complicated region of the chromatogram,

cyclosporin A coeluted with the isobaric triterpenes betulinic,
oleanolic, and ursolic acid. UNIFI extracted the chromatogram
ions of cyclosporin A and betulinic acid but not for oleanolic
and ursolic acids (Figure S23A). We compared the MS2

spectra for the cyclosporin A and ursolic acid peaks (Figure
S23C−F) with the spectra acquired from analysis of the
individual standards (Figure S23B). Without IMS, the quality
of the MS2 spectra for both compounds in DIA mode was
compromised, containing numerous fragment ions not
observed in either reference spectrum (Figure S23E).
To complement this qualitative review of the MS2 spectra,

we employed the cosine score, which is used as a component
of match factor scoring extensively applied in GC−MS library
matching (Supporting Information).26 MS2 spectra generated
by DDA and DIA methods differ fundamentally in their
structure. Because DIA spectra are reconstituted from
fragmentation of all detectable ions in each scan, the method
cannot differentiate between fragments derived from different
precursor ions (adducts or in-source fragments). This contrasts
with DDA MS2 spectra, in which the precursor ion is selected
by the quadrupole prior to fragmentation, yielding only
fragments that derive from that specific precursor. Because
IMS separates coeluting ions prior to fragmentation, IMS-DIA
MS2 spectra should more closely represent MS2 spectra derived
from DDA fragmentation.
In this study, reference spectra were acquired in all four

modes (DDA and DIA (MSe) with and without IMS). We
selected sample MIX3 (high-concentration standards spiked
into extract) to calculate the cosine scores between each
identified compound and the reference spectrum acquired in
the relevant MS2 mode. IMS offered little change in cosine
scores for spectra acquired under DDA conditions, with
average scores of 85.6 and 83.9 for DDA and IMS-DDA,
respectively (Figure 4, details in Table S4). Cosine scores were
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moderately improved between DIA and IMS-DIA acquisition
modes, with the average score increasing from 59.7 to 67.0. In
total, 11 of the 20 standards had improved cosine scores with
IMS separation, with an average improvement of 43.0 (Figure
4). However, this includes three instances (actinomycin D,
erythromycin, and ursolic acid) where an MS2 spectrum was
only obtained in IMS-DIA mode. Considering only cases
where cosine scores were obtained in both DIA and IMS-DIA
modes, eight compounds had improved scores (average change
= +34.9) while seven had decreased scores (average change =
−25.6) for a total average change of +6.3. Therefore, while
IMS increased the number of compounds with MS2 data, it
caused only a moderate increase in MS2 spectral quality
compared to non-IMS DIA acquisition.
Among the standards with decreased scores, both mitomycin

C and cycloheximide suffered significant reductions. Mitomy-
cin C reduced from 83.2 to 25.9, while cycloheximide reduced
from 76.5 to 54.5. In both cases, there were large differences in
the number of mass features in the MS2 spectra from MIX3
compared to the reference spectra. For example, the sample
MS2 spectrum for mitomycin C in IMS-DIA mode contained
39 features, whereas the corresponding reference spectrum
contained just 7 features. This indicates a discrepancy in the
MS2 reconstitution between the two spectra, notwithstanding
the MS2 spectral simplification offered by the IMS stage.
Overall, these results support the hypothesis that IMS
improves spectral reconstruction in DIA acquisition conditions
and therefore spectral matching to authentic reference
standards for data acquired in MSe mode.

Influence of IMS on Molecular Networking. Molecular
networking (MN) is an informatics platform that relates
analytes based on cosine scoring of MS2 fragmentation
patterns.27 MN has found favor in the natural product
community because of its ability to compare large numbers
of complex extracts and provide network visualizations of
molecular composition. This tool facilitates the identification
of media components and known compounds and can
prioritize new compounds for structure elucidation.28−31

Various complementary annotation tools can integrate into
the MN,32 including a community data-shared spectral
database that can be accessed via the GNPS online
infrastructure.28 While attractive as a strategy for the rapid
accumulation of large numbers of reference spectra, spectral
matching tools such as MN require high-quality input data to
identify accurate matches between compounds. This require-
ment applies to both the input data from individual
experiments and deposited reference spectra.
To examine how acquisition parameter selection influences

both MN structure and GNPS annotation, we created
molecular networks containing both the high- and low-
concentration standards for each of the four acquisition
modes. GNPS annotations for standards were labeled in red,
while annotations for standards made by manual inspection
were labeled in green. Overall, the resulting MNs (Figure 5 and
Tables S5 and S6) showed significant differences in network
structure depending on acquisition mode. MNs created from
DIA data contained higher numbers of subnetworks containing
at least three nodes (36 for DIA, 41 for IMS-DIA) compared

Figure 4. Cosine score analysis comparing MS2 spectra from pure injections of each standard against the MS2 spectra derived from the mixture of
standards spiked into extracts at high concentrations (MIX3). White bars represent cases where MS2 data were not produced in the processed
output, and therefore, a cosine score could not be calculated. Entries without bars have cosines scores of 0.
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with DDA methods (12 for DDA, 26 for IMS-DDA). Because
IMS separates analytes at the same chromatographic time
point, different mass features from the same analyte (e.g., in-
source fragments, different adducts) generate separate nodes
that are similar enough to be grouped as clusters in the MN.
Importantly, the acquisition method had an impact on

compound clustering. Clustering of the structurally related
macrolide antibiotics (erythromycin, roxithromycin, and
azithromycin) varied significantly depending on the quality
of the MS2 spectra. At least two of three molecules were
observed in three of the four acquisition modes (DDA, IMS-
DDA, IMS-DIA), but were absent in the DIA data. Among the
three modes where the standards were observed, the MS2 data
linked the compounds into one cluster in all cases. Tables S7−
S10 summarize the GNPS assignments under each acquisition
mode.
Interestingly, although the number of GNPS node

annotations was lower for DIA experiments than DDA
(Table S6, DDA: 12, IMS-DDA: 12, DIA: 2, IMS-DIA: 6)

the number of manual node annotations was significantly
higher in IMS-enabled experiments than non-IMS equivalents
(Table S6−S10, DDA: 23, IMS-DDA: 62, DIA: 19, IMS-DIA:
51). This suggests that while DIA-derived MS2 spectra have
lower cosine scores against DDA-derived reference spectra
than DDA-derived MS2 spectra, acquisition of MS2 data for
multiple mass features for each standard is improved by
including the IMS component. This demonstrates that, in this
experiment, data with the highest overlap with the existing
GNPS reference library were derived from DDA methods.
Addition of IMS improved manual annotations for compounds
not annotated from the GNPS reference library, making IMS-
DDA the most successful acquisition method when integrated
into the molecular networking/GNPS data processing pipeline.

■ CONCLUSIONS

The value of IMS is highly dependent on the complexity of the
sample being analyzed and the chosen MS2 acquisition mode.
In straightforward circumstances (e.g., high-concentration

Figure 5. GNPS molecular networking of standards for (A) DDA analysis, (B) DIA analysis, (C) IMS-DDA analysis, and (D) IMS-DIA analysis.
Red nodes indicate automatic annotations of standards by GNPS. Green nodes indicate manual annotations of standards. Gray nodes are
unannotated.
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standard mixture) DDA analysis without IMS yielded
identifications for 12 of 20 standards (Table 1). A total of
10 of these were subsequently correctly identified from
publicly deposited reference spectra in GNPS (Table S11).
However, this performance deteriorated significantly in more
complex scenarios (e.g., low-concentration standards spiked in
natural product extracts) where only two of the standards were
correctly identified (Table 1). The acquisition method that
provided the best assignment performance in this case was
IMS-DIA, with 14 standards identified automatically by the
UNIFI software platform and an additional three standards
identified by manual inspection (Table 1).
In molecular networking analyses, DIA-derived data

returned fewer annotations than DDA-derived data, because
all of the reference MS2 spectra from the GNPS database were
acquired in DDA mode (Table S11). Although the orthogonal
dimension from IMS considerably improves the quality of MS2

spectra, the computation deconvolution from DIA processing
often removes important low-intensity and/or low-mass
fragments. Poor library matching for DIA spectra could be
resolved in the future with the deposition of additional DIA
reference spectra to GNPS.
To be useful for natural product research, care must be taken

to acquire MS2 data of the highest quality and to design an
appropriate acquisition strategy based on the required
application. The decision on whether to include IMS is
therefore a balance between the need for increased chemical
coverage in highly complex samples and the need for high-
quality MS2 data that can be readily incorporated into existing
platforms for automated library searching. In this study, the
inclusion of IMS improved automated detection of known
standards in a complex background matrix and increased
average cosine scores between sample and reference spectra
acquired in DIA (MSe) mode. Taken together, these results
demonstrate the value of IMS for improving DIA data acquired
in MSe mode for complex natural product mixtures.

■ EXPERIMENTAL SECTION
Chemicals. Formic acid (HCOOH), methanol (CH3OH), and

acetonitrile (CH3CN) were purchased from Thermo Fisher Scientific.
Water was obtained using an 18 MΩ·cm Milli-Q system (EMD
Millipore Corporation). All chemicals and solvents were of Optima
LCMS grade. The following standards were obtained from Sigma-
Aldrich: doxycycline, tetracycline, roxithromycin, erythromycin,
puromycin, novobiocin, amphotericin B, cycloheximide, mitomycin
C, vancomycin, ursolic acid, betulinic acid, and oleanolic acid.
Chloramphenicol and nystatin were acquired from Calbiochem.
Florfenicol and cyclosporin A were purchased from Santa Cruz
Biotechnology. Azithromycin was purchased from TCI. Thiampheni-
col was acquired from Spectrum Chemicals. Actinomycin D was
purchased from RPI. All standards were assessed by NMR
(Supporting Information, Figures S2−S21) and, where required,
purified by HPLC (Agilent 1200, Phenomenex Synergi C18 4.6 × 250
mm, 2 mL/min, H2O + 0.02% HCOOH and CH3CN).
Sample Preparation. Stock solutions of each standard were

prepared in CH3OH/H2O at a concentration of 10 mM and stored at
−20 °C. Samples for LC−MS analysis were diluted in CH3OH/H2O
(50:50, v/v) and prepared at two concentration ranges (MIX1 and
MIX2). We aimed to normalize the intensities of all components in
each STD mixture to within the same order of magnitude, considering
the EIC area of each compound individually analyzed by LC−MS.
Concentrations for MIX1 were as follows: actinomycin D (70 pM),
amphotericin B (600 pM), azithromycin (1 μM), betulinic acid (20
μM), chloramphenicol (25 nM), cycloheximide (4 nM), cyclosporin
A (10 nM), doxycycline (300 pM), erythromycin (90 pM), florfenicol

(8 nM), mitomycin C (1 nM), novobiocin (200 pM), nystatin (7
nM), oleanolic acid (20 μM), puromycin (500 pM), roxithromycin
(30 nM), tetracycline (660 pM), thiamphenicol (3.3 nM), ursolic acid
(20 μM), vancomycin (1 μM). Samples were made to 100× of the
final concentration, and 10 μL of each was added to 800 μL of
CH3OH/H2O (50:50, v/v). Concentrations used for MIX2 were 10-
fold dilutions from MIX1.

Biological Samples. A partially characterized sample from a bank
of marine bacterial extracts (RLUS-2021C) was used after 1:2500
dilution in CH3OH/H2O (50:50, v/v), as previously described.22 The
extract was separately spiked in with the mixtures of standards (MIX1
and MIX2; replacing 100 μL of the 800 μL used to reach final
concentration).

Chromatography. Chromatographic separation was performed
using an ACQUITY UPLC I-Class system (Waters Corp.) with an
ACQUITY HSS T3 C18 column 1.8 μm (2.1 × 100 mm). Mobile
phase A was 100% CH3CN, and mobile phase B was 100% H2O, with
both containing 0.02% HCOOH. Gradient elution mode was as
follows: 0−0.3 min, 5% A; 0.3−4.7 min, 5% to 90% A; 4.7−5.5 min,
90 to 98% A; 5.5−5.8 min, 98% A; 5.8−7.5 min, 5% A, 0.5 mL/min,
column temperature 40 °C, injection volume 5 μL.

Mass Spectrometry. Data were acquired on a SYNAPT G2-Si
hybrid quadrupole-traveling wave ion mobility (TWIM)-time-of-flight
(TOF) mass spectrometer (Waters Corp.) equipped with an
electrospray ionization (ESI) source. The conditions were as follows:
electrospray ion source ESI+ in positive ionization mode; voltage 3.0
kV; cone voltage 40 V; source offset 50 V; source temperature 150
°C; desolvation temperature 300 °C; cone gas flow 30 L/h;
desolvation gas flow 600 L/h. Mass measurements were recorded
using either data-dependent acquisition (DDA) or data-independent
acquisition (DIA) MS2 experiments, with or without ion mobility
mode enabled. Detection was performed in the m/z range of 50−
1500 with a scan rate of 0.25 Hz in both MS and MS2 experiments.
Leucine enkephalin was employed as the lockspray solution at a
concentration of 200 pg/μL at 0.10 Hz with scans to average set to 3.
The ion mobility cell was filled with N2, the cell gas flow was 180 mL/
min, and a voltage of 2 V applied between the source and end plate
using a flow of 90 mL/min, a wave velocity of 1200 m/s, and a wave
height of 40 V.

MS2 Analysis. All standards were individually analyzed in all four
acquisition modes (DDA, IMS-DDA, DIA, IMS-DIA) using the
following acquisition parameters.

DDA Analysis. Protonated molecules [M + H]+ and in some cases
[M + 2H]2+ were selected as precursor ions using a predefined
inclusion list. Selected ions were fragmented by collision-induced
dissociation (CID) using argon as the collision gas and a ramp voltage
of 5−30 eV. Automatic linear hexapole precursor ion selection (up to
three ions per scan) was set to either wide pass mode, using an MS
intensity threshold of 1000 counts or an inclusion mass list range of
30 mDa. We excluded MS2 acquisition of precursor ions with m/z
50−200 in both DDA methods.

DIA Analysis. Data were acquired in continuous MSe mode using
trap CE = 4 V and a transfer CE voltage ramp of 5−30 eV; automatic
precursor ion selection using TIC intensity threshold = 5, product ion
switch threshold (intensity/s) = 10, product ion switch detection
window ± (mDa) = 100, and product ion retention time window ±
(sec) = 10.

Data Processing. Data were processed using the UNIFI Scientific
Information System software suite (v1.9.4.053, Waters Corp.),
performing “Accurate Mass Screening on DDA, DIA, or IMS data”
for the appropriate collection method. Processing methods for peak
processing included automatic background subtraction, smoothing
and noise reduction applied, with the smoothing algorithm set to
mean and the integration of peaks set to automatic peak width and
automatic detection threshold. Targeted screen settings were set at a
0.1 min retention time tolerance and 10 ppm mass tolerance. Mass
chromatograms were automatically extracted, keeping up to 10 targets
with the same m/z, 50 000 targets to be used for screening and
discovery steps, and finally only 10 000 after screening and discovery
for final component lists. The software version employed does not
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permit blank subtraction. The identification of standards was carried
out by creating an in-house scientific library in UNIFI with the .mol
files for each compound and searching using high-resolution mass
measurements, considering possible adducts and retention time (±0.1
min) determined by injection of the pure standards.
Molecular Networking. The processed LC−MS data were

exported from UNIFI software to .mgf files. Spectra were uploaded
to the UCSD GNPS FTP-server (https://gnps.ucsd.edu) and
investigated via the METABOLOMICS-SNETS-V2 (version re-
lease_28.2)28 workflow with the following parameters: parent mass
tolerance 0.02 Da, ion tolerance 0.02 Da, minimal pairs cos 0.5,
network topK 10, maximum connected component size 100,
minimum matched peaks 2, minimum cluster size 1, run MSCluster.
Data were visualized via Cytoscape (ver. 3.8.2).33 The network was
organized with Cytoscape’s organic layout, node colors were mapped
based on the source files of the MS2 data, and the edge thickness
attribute was defined to reflect cosine similarity scores, with thicker
lines indicating higher similarity. To avoid misinterpretation of HPLC
contaminants and/or noise, blank injections (mobile phase) were
input to spectral networks as a distinct sample group and cleared
manually. Metabolites were identified through comparison with
standards, searching the GNPS database, and manual annotation of
fragment spectra considering gas-phase reactions.30,34 Additional data
analysis processing is described in the Supporting Information.
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