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Abstract
This study of ion accumulation/release behavior relevant to ion mobility–mass spectrometry (IM-MS) as employed for non-
targeted metabolomics involves insight from theoretical studies, and controlled reference experiments involving measurement of
low and high molecular mass metabolites in varying concentrations within a complex matrix (yeast extracts). Instrumental
settings influencing ion trapping (accumulation time) and release conditions in standard and multiplexed operation have been
examined, and translation of these insights to liquid chromatography (LC) in combination with drift tube IM-MS measurements
has been made. The focus of the application is non-targeted metabolomics using carefully selected samples to allow quantitative
interpretations to be made. Experimental investigation of the IM-MS ion utilization efficiency particularly focusing on the use of
the Hadamard transform multiplexing with 4-bit pseudo-random pulsing sequence for assessment of low and high molecular
mass metabolites is compared with theoretical modeling of gas-phase behavior of small and large molecules in the IM trapping
funnel. Increasing the trapping time for small metabolites with standard IM-MS operation is demonstrated to have a deleterious
effect on maintaining a quantitative representation of the metabolite abundance. The application of these insights to real-world
non-targeted metabolomics assessment of intracellular extracts from biotechnologically relevant production processes is present-
ed, and the results were compared to LC×IM-MS measurements of the same samples. Spiking of a uniformly 13C-labeled yeast
extract (as a standard matrix) with varying amounts of natural metabolites is used to assess the linearity and sensitivity according
to the instrument mode of operation (i.e., LC-MS, LC×IM-MS, and LC×[multiplexed]IM-MS). When comparing metabolite
quantification using standard and multiplexed operation, sensitivity gain factors of 2–8 were obtained for metabolites with m/z
below 250. Taken together, the simulation and experimental results of this study provide insight for optimizing measurement
conditions for metabolomics and highlight the need for implementation of multiplexing strategies using short trapping times as
relative quantification (e.g., in the context with non-targeted differential analysis) with sufficient sensitivity and working range is
a requirement in this field of application.
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Introduction

Liquid chromatography with drift-tube ion mobility time-of-
flight mass spectrometry (LC×DTIM-TOFMS) is now a pow-
erful platform for metabolomics [1–5]. Recent contributions
toward the standardization of measurement conditions to a
traceable reference has allowed collision cross sections de-
rived from DTIM-MS measurements (DTCCS) to be used as
an accurate molecular identifier [6]. Several experimental
studies have already utilized DTIM-MS as well as secondary
IM-MS platforms for non-targeted metabolomics studies
using LC and solid-phase extraction (SPE) platforms [7–13].
Within these studies, the instrumentation used allows the
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mobility-based separation of all ionized species (i.e., a generic
IM technique), which is a critical requirement for generating
data suitable for non-targeted metabolomics investigations.

In terms of the type of experimental questions addressed
within metabolomics studies, differential strategies are often
used to identify metabolite-level changes related to specific
conditions, e.g., pinpointing previously unknown metabolic
rearrangements, biomarker discovery, influence of growth
media, exposure, or assessment of genetic variants [14, 15].
While not able to provide coverage of all metabolites in a
single run, LC or 2DLC in combination with high-resolution
MS continues to be a primary platform for such studies as it
represents an acceptable compromise in terms of coverage
with respect to analysis time [16]. From a bottom-up perspec-
tive, generation of datasets suitable for non-targeted metabo-
lomics therefore requires software-based binning of single
molecular species according to chromatographic alignment
and chemical relations such as expected isotopologue ratios,
spacing, and appearance of related ion species including di-
mers and adducts. Following this assessment, the total abun-
dance of a putative metabolite is determined as an integrated
signal corresponding to this preliminary assessment and is
used as proxy for the amount present in the sample. When
considering use of LC×IM-TOFMS, all of these consider-
ations and steps are retained within a general workflow, but
also require alignment according to determined arrival time of
the IM peak (often referred to as “drift time”), or a CCS value
derived by a suitable calibration strategy. Thus, in seeking to
add the mobility-derived CCS as an additional identification
point for metabolomics workflows, detailed investigation of
repeatability, generation of signal artifacts, and assessment of
analytical figures of merit are considered critical for endorse-
ment and finally comprehensive validation of analytical
methods developed on such platforms. As such, use of
LC×IM-TOFMS retains these steps used in this general non-
targeted metabolomics approach and should be critically ad-
dressed as such platforms become more frequently used.

As a first key instrumental and acquisition point of differ-
ence, use of an IM separation between LC and TOFMSwhile
retaining a suitable duty cycle necessitates use of transient ion
trapping/accumulation and release events [17]. While most
IM multiplexing approaches such as the Fourier and
Hadamard transform allow improvements in the duty cycle
in comparison with standard operation ion gating or pulsing
approaches (i.e., one ion packet per IM cycle), the practical
limitations for metabolomics studies necessitate the use of
extended uniform trapping times to provide comparable num-
bers of ions reaching the mass detector (referred to as “ion
utilization efficiency” [18]) and allow for more reliable rela-
tive quantification across different samples (i.e., differential
analysis). The commercially available instrument used in the
present study has capabilities to perform Hadamard
multiplexing experiments with 3-bit and 4-bit simplex

matrix-based pseudo-random sequence (PRS) pulsing, where-
by the same uniform trapping time is used for each “1” in the
PRS. However, it is postulated that these trapping events can
lead to space-charge effects and subsequent changes in the ion
population distribution [19]. As a key requirement of metabo-
lomics workflows is that a quantitative snapshot of the metab-
olome be provided by the analysis, the nature of ion
accumulation/trapping processes and their impact on differen-
tial metabolome assessment remains a point requiring both
fundamental and application-based investigations.

Development of non-targeted workflows using LC in com-
bination with a commercially available IM-TOFMS instru-
ment requires optimization of multiple acquisition parameters
in accordance with expected analytical method validation pro-
tocols. In this study, we have thus investigated the key trap-
ping parameters necessary for LC×IM-TOFMS operation
within the context of an exemplary non-targeted metabolo-
mics workflow with particular focus on the suitability and
potential benefits of using multiplexed operation.

Experimental

Chemicals

LC-MS-grade methanol, water, ammonium formate, and
formic acid were purchased from Sigma-Aldrich. A total of
36 metabolite standards covering a mass range of 90–788 m/z
was prepared with target concentrations of 5 or 10 mmol/L
using suitable additives (0.1 mol/L HCl, 0.1% v/v formic acid,
0.1 mol/L NaOH) as necessary (see Electronic Supplementary
Material (ESM) Table S1). Certified reference material for
amino acids in 0.1 mol/L hydrochloric acid (NIST 2389a)
was purchased from NIST. The reference mixture of tune ions
used for instrument tuning, m/z calibration, and single-field
DTCCS calibration was prepared according to the manufac-
turer’s instructions for this instrument class and ion source.

Preparation of samples, reference material,
and quality control protocols

For assessment of trueness, certified reference material and
corresponding external calibration solutions prepared from
solid metabolite standards were prepared by dilution in 0.1%
v/v formic acid in the concentration range of 1–100 μmol/L.

For assessments representing conventional non-targeted
metabolomics workflows, a U13C-labeled internal standard
(U13C ISTD) mixture prepared from Pichia pastoris (a
methylotrophic yeast) was obtained from ISOtopic Solutions
(Vienna, Austria). The P. pastoris sample contains dry extract
of more than 2 × 109 cells (approximately 15 mg cell dry
weight) and represents a full set of high-purity U13C-labeled
internal standards used for metabolomics studies. The U13C
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ISTD was spiked with different concentration levels of a
100-μmol/L mixture of the 36 natural metabolites to facilitate
internal calibration experiments (0–30 μmol/L) and non-
targeted screening of natural metabolites in a complex, but
non-interfering matrix with respect to the metabolites present.
An additional quality control (QC) sample comprising only
the 36 natural metabolites in an aqueous solution with a con-
centration of 10 μmol/L was also prepared.

Following initial instrument equilibration and measurement
of solvent blanks, the analytical sequence followed concentra-
tion order (0, 0.3, 1.0, 3.0, 10, 30 μmol/L) followed by a QC
injection and an additional unspiked sample (i.e., 0 μmol/L) for
each respective method. The total sequence time was approxi-
mately 25 h covering an internal calibration using analogous
methods referred to as LC×TOFMS, LC×IM-TOFMS, and
LC×IM-TOFMS with 4-bit multiplexing (LC×4mIM-
TOFMS). Data were collected for eachmethod in triplicate with
blocked alternation between methods used to avoid instrument
drift affecting results (see ESM Table S5).

HPLC-MS instrumentation

For all measurements, an Agilent 1290 Infinity II LC system
coupled to anAgilent 6560 IM-QTOFmass spectrometer with
an Agilent dual Jetstream ESI source and electronic drift gas
pressure control module was used. A solution containing
calibrant ions (purine and hexakis-(1H,1H,3H-tetrafluoro-
pentoxy) phosphazene) was mixed using a T-piece with the
effluent using an additional HPLC pump (Agilent 1100 series)
operated with a flow rate of 10 μL/min. It is noted that the
secondary sprayer of the ESI source was closed to gas and
liquid flow. All injections of sample injection (loop size of
5 μL) were carried out using a GERSTEL Dual Rail MPS 2
robot (Mülheim an der Ruhr, Germany).

LC×IM-TOFMS and heart-cut 2DLC×IM-TOFMS
conditions

The primary chromatographic methods were adapted from pre-
vious work [20]. Briefly, a silica-based Atlantis T3 C18 column
(2.1 × 150 mm, 3 μm dp, Waters) was used for reversed-phase
(RP) separations with a flow rate of 250 μL/min. Mobile phase
Awas water with 0.1% v/v formic acid and 1% v/v acetonitrile;
mobile phase B was acetonitrile with 0.1% v/v formic acid and
1% v/v water. A gradient from 0 to 95% B in 13 min was used
following a 2-min isocratic step. Including a cleaning step at
95% B and column re-equilibration at initial gradient condi-
tions, the total run time was 20 min. For heart-cut experiments,
the second column was a porous graphitized carbon Hypercarb
column (2.1 × 150 mm, 5 μm dp, Thermo Scientific) with a
flow rate of 250 μL/min. Mobile phase A was water with 1%
acetonitrile. Mobile phase B contained 90% water and 10%
formic acid. A gradient from 1 to 40% B in 11.5 min was used

following a 2.5-min isocratic operation. Including a cleaning
step at 40% B and column re-equilibration at initial gradient
conditions, the total run time was 20 min. The injection volume
was 5 μL and a column oven temperature was set to 45 °C
unless otherwise indicated. The heart-cut transfer of the initial
fraction from the first-dimension column (RP) to the second
dimension (PGC) was accomplished using a two-position six-
port valve inside the column compartment. Following injection
onto the RP column, the columns were serially coupled
(2.5 min), so that all peaks eluting from the RP column during
this time were transferred to the PGC column. The column
effluents were combined using a T-connector for introduction
to the ESI source [21].

The drying gas was nitrogen with a temperature of 360 °C,
the sheath gas temperature was 225 °C, and the sheath gas flow
rate was 13 L/min. Other parameters were as follows: nebulizer
gas pressure of 30 psi, MS capillary voltage of 3500 V, nozzle
voltage of 500 V, and the fragmentor voltage of 275 V. After
tuning in the 2-GHz extended dynamic rangemode with a mass
range of 50–1700 m/z, mass calibration was performed imme-
diately prior to measurements using a supplied tune mixture of
the manufacturer as described in previous work [21].

For TOFMS-only operation, spectra were acquired with 3
TOF spectra per second. For standard IM-TOFMS operation,
the IM trapping funnel was operated with an accumulation
time of 10 000 μs and released packages of ions every
45 ms with a trap release time of 150 μs set within the soft-
ware. For 4-bit multiplexed IM-TOFMS operation, a trapping
time of 1.25 ms was used to yield an equivalent trapping time
of 10 ms according to the employed pseudo-random sequence
hardcoded for this acquisition mode (000100110101111).
Detailed method settings can be found in the ESM.

Post-processing of data

Data files collected using the multiplexing mode were firstly
de-multiplexed using vendor-supplied software with no
smoothing applied. All LC×IM-TOFMS files could then be
post-processed for online accurate mass calibration using the
reference masses of calibrant ions (see “HPLC-MS instrumen-
tation”). The DTCCSN2 values for the metabolite ions in the
positive modewere determined using a single-field calibration
function which was obtained via the measurement of a series
of calibrant ions with conditional reference DTCCSN2 values
representing the best estimate of the true values [6].

Data processing

Following post-processing, data files were imported into
Skyline (v3.6) with formula annotations of targeted metabo-
lites added to the method [22]. Data for each metabolite was
extracted in the software in a targeted fashion using the accu-
rate mass of the primary ion species, DTCCSN2, and retention
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time for the “transition list”workflow based on the assessment
of experimental QC samples. The ion match tolerance was
0.005 Da. Metabolite annotation was supported by results
from previous work [6, 20]. Unweighted linear regression
was used for all calibration curves in the quantification
settings.

Simulation studies

Simulations of ions within the RF field of the trapping funnel
were performed using SIMION Version 8.1 with the hard-
sphere collision model (collision_hs1.lua) and the Poisson
potential array refinement methods. A set of five ion masses
was used in the model matching a subset of ion masses from
the experimental section of this paper together with a couple
of higher mass ions from the standard calibration solution (m/z
161.1, 272.0, 460.2, 922, and 2722). DTCCSN2 values for these
ions were taken from measured values [6]. The geometry for
the full trapping funnel was used in the model (2D axisym-
metric), though ions were modeled starting just past the funnel
throat prior to the ion trapping section. Experimentally applied
values were used for the RF amplitudes and all DC voltages.
To capture effects on the fields and ion motion, a continuous
beam of ions from the entrance funnel section was modeled by
inserting 16 ions of each mass at each 100 μs time slice to
represent the ions entering the funnel trapping region from
upstream. Ion charge was recorded every 5 μs into a charge
array with a scaling factor that modeled an assumed ion cur-
rent entering the trap region of 1 nA. At the end of each time
slice, the ions that did not strike an electrode were saved to a
file and kept internally for use in the next time slice.
Subsequent time slices modeled the new ions entering the
space and added the ions remaining from the previous time
slice, preserving position and velocity. The model continued
through a full trap load-release cycle consisting of 4 ms pre-
load time, 10 ms load time, and an additional 500 μs release
and post-release time so that ions released from the trap could
be tracked for a sufficient amount of time representing a full
ion mobility cycle. In this way, as the model time progressed,
the simulation started with only 80 ions, and by the end of the
run had input over 11,000 ions into the model. The actual
number of ions remaining at each time step depended on ion
losses during the run. Distributions of ion positions at any time
step as well as resulting potentials were recorded.

Results and discussion

Assessment of ion trapping funnel performance

The Agilent IM-QTOF instrument (Agilent Technologies,
Santa Clara, CA) used in this study allows multiple ion optics
settings and trapping conditions to be adjusted as part of

tuning procedures within acquisition software. By selection
of pre-optimized conditions within the software, the tuning
procedure can be directed toward improving the transmission
of low molecular mass (and/or fragile) ions by the adjustment
of both pre- and post-IM ion optics settings. While this pro-
cedure provides extremely robust settings for ion transmis-
sion, additional variation of trapping RF and increasing the
trap release time can further improve abundances in the lowm/
z region.

For initial attempts to assess instrument performance, a set
of simple infusion experiments were performed to character-
ize the trapping behavior of different ion species when oper-
ating with the IM-MS acquisition mode. As expected, the
abundances of a standardized tune ion mixture across a wide
mass range (322–922) were found to follow almost quantita-
tive performance across a broad range of trapping times
representing up to 90% of the duty cycle (Fig. 1a). This result
is in good agreement with early studies of this trap design [18]
and also demonstrates the suitability of tuning procedures
used for optimizing transmission across this m/z range.
While this result is pleasing with regard to larger, secondary
metabolites and lipid-like species, not shown in this diagram is
the lowest mass tune ion (m/z 118) for which transmission was
observed to be far from ideal. With this in mind, further infu-
sion experiments focusing on mixtures of low molecular mass
metabolites including primary amino acids and nucleosides
were undertaken using an analogous experiment design (Fig.
1b). Despite the optimized tune settings relating to trapping
funnel conditions (e.g., confining RF field, trap release time),
a strong divergence between the expected and experimental
data was observed. For some metabolites (particularly those
with m/z below 250), the abundance was in fact decreased as
the trapping times exceeded 50% of the duty cycle. For mod-
erately sized metabolites (e.g., riboflavin), we note that some
confounding factors may potentially influence this behavior in
the trapping funnel (e.g., competitive ionization, polarizabili-
ty). Nevertheless, we sought further theoretical insight in order
to better understand this experimentally observed discrimina-
tion against low molecular mass ions, which was consistent
regardless of the molecular class considered.

Trapping funnel simulation studies

The electrodynamic trapping funnel used in the Agilent IM-
QTOF instrument utilizes RF electric field on the stacked ring
electrodes to radially confine ions while DC voltages on the
grids and the ring electrodes create a potential well and trap
the ions axially [18]. To better understand the behavior of
different ion species in this environment, simulation studies
were carried out in a systematic series of time slices
representing conventional trapping and release of ions into
the drift cell.
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The trap-release cycle consists of a sequence of voltages
applied to an entrance grid and to two exit grids forming
the ends of a cylindrical space bounded by the circular RF
funnel electrodes. First, ions are kept in the pre-trap area by
raising the potential of entrance grid (grid 0). This allows
most ions to be lost to the outer RF rings prior to trap
loading. For the trap loading time, this trap entrance grid
voltage is reduced to a value that allows ions to enter the
trap region. During the trapping time, the exit grid voltages
(grid 1 and grid 2) are raised to prevent ions from moving
forward into the IM section. Initial simulation runs were
done to examine effects of space charge in the funnel throat
prior to the trapping region. The results show that there
were no ion losses although the charge distorts the DC
fields in the throat region. Figure 2 illustrates the trap po-
tentials during loading and shows a longitudinal slice
through the model with ion positions. Note that the high
mass ions are held at distances from the RF ring fields
inversely proportional to mass, but this relation breaks
down for the lower mass ions (see ESM Annex S3). This
occurs since the effective pseudo-potential is reduced more
for the low mass ions due to their higher mobility in the
same region where the space charge potential counteracts

the pseudo-potential. So the lowest mass ions are no longer
efficiently trapped by the RF pseudo-potential.

The model shows that once the charge in the trap has ac-
cumulated to a few hundred thousand ions, the lowest mass
ion reaches a saturation point where those ions are lost at the
outer RF ring walls at about the same rate as they enter from
the input beam. This appears to be the mechanism behind the
experimentally observed low mass sensitivity losses.

The simulation results indicate that space charge from the
first ions to accumulate causes later arriving ions to shift further
back and toward the rings. The accumulation of charge near the
rings creates a DC potential gradient in that location which is
countered by the RF pseudo-potential. Although the RF
pseudo-potential height is normally inversely proportional to
mass, the higher mobility of the low mass ions reduces this
value to the point that the lowest mass ions are not held within
the trap once sufficient charge has built up (Fig. 3). Eventually,
higher m/z ions also exit to the rings as space charge continues
to rise, but this is not experimentally observed to be the case
with typical filling times and concentrations. Conversely, for
low molecular mass metabolites, low m/z ions are lost ahead
of higher m/z ions as space charge builds, meaning that the
relative metabolite abundance is compromised.

Fig. 1 Results of infusion
experiments using standard IM-
TOFMS conditions following
tuning optimization for small,
fragile ions. aResults for the most
abundant tune ion species present
in the manufacturer-supplied
mixture. b Results from a mixture
of four metabolites (all
2.5 μmol/L) using the same ex-
periment design (adenine, argi-
nine, guanosine, riboflavin). Blue
shading indicates the region of
predictable, quantitative trapping
behavior; red shading indicates
onset of non-ideal trapping effects
for low m/z ions observed
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Annotation of metabolites: DTCCSN2 accuracy

As part of establishing multiplexed IM operation for routine
non-targeted metabolomics campaigns, the accuracy of
DTCCS determination was examined using a set of standards
previously studied in an interlaboratory study based on this
instrument class [6]. Single-field calibration data were collect-
ed using the same multiplexed operation settings used for the
measurements, and all were de-multiplexed with the same
settings. Data collected in standard and multiplexed mode
using different ESI source settings to those in [6] were never-
theless found to be in excellent agreement with a maximum
difference of 0.2 Å2 (Table 1). Difference to the established
primary stepped field method was larger (average absolute
value of 0.61%), but this was in good agreement with previous
assessments. This result demonstrates that DTCCSN2 values
recorded with 4-bit multiplexed operation (4mIM-MS) are

fully compatible with values determined by established proto-
cols from standard mode operation (i.e., IM-MS).

Trueness assessment: amino acid CRM

While non-targeted metabolomics relies on differential analy-
sis without the use of independently prepared standards for
external calibration, the nature of relative quantification for
differential analysis nevertheless depends upon the ability to
relate signal intensity to the amount of a metabolite in a sam-
ple with sufficient sensitivity. Therefore, an additional confir-
mation of quantitative capabilities when using multiplexed
operation was sought via a trueness test. Measurements of a
certified reference material (CRM) and calibration solutions
prepared from high-purity standards indicated that the full
measurement and data processing workflow did not inhibit
accurate quantification with all values determined within the

Fig. 3 The number of simulated
ions within the trap region is
shown for the different masses
modeled. The lowest mass
reaches a saturation point after
about 3 ms into the trap loading
time while other masses continue
to accumulate in the trap. At the
end of the 10-ms loading period,
the second lowest m/z ion is also
accumulating in a non-linear
manner

Fig. 2 Equipotential lines in the trapping region during the trap loading
time before and after charge have accumulated in the trap. Charge
accumulations can be seen near the inside periphery of the ring
electrodes before the first grid, in the trap region before the exit grids,
and near the inside periphery of the ring electrodes in the funnel trap
region. Ions with different m/z values are held radially at different

distances from the inside periphery of the ring electrodes due to mass-
dependent pseudo-potential fields, but stay axially within a short distance
of the exit grid 1. The stability of the lowmass ions under the influence of
the applied DC fields, the space charge potentials, and the RF pseudo-
potentials causes low mass ions to be preferentially lost to the electrodes
once sufficient charge density has built up
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certified range for the CRM (Fig. 4). While absolute quantifi-
cation ofmetabolites is not the primary application of LC×IM-
TOFMS instrumentation, the maintained accuracy of the re-
sult and improvement in sensitivity when using multiplexed
operation are important results for extension to measurements
of real samples in a non-targeted metabolomics workflow.

Equivalent trapping time condition (standard vs.
multiplexed IM operation)

As part of the full measurement campaign, measurements of
QC samples were used to ensure that instrumental drift did not
inhibit interpretation of experimental results. The QC sample
in this experiment was an equimolar mixture of natural me-
tabolites prepared without labeled yeast extract and was mea-
sured 3 times for each applied method across the analytical
sequence. Repeatability precision (compound abundance)
was < 20% RSD for 27 of the 36 metabolites present in the
QC sample across the full measurement sequence (see ESM
Table S5), which was not surprising given established prob-
lems for accurate quantification in metabolomics based on

poor retention and/or metabolite stability. For this reason,
some metabolites (e.g., serine) were excluded for further as-
sessments so that all acquisition settings could be uniformly
compared.

For a comparison of the improvements derived from
multiplexed IM experiments, data from an equivalent trapping
time experiment (10 ms, or 8 × 1.25 ms for multiplexed mea-
surements) were compared with that from TOF-only measure-
ments. Considering only the IM and 4mIM-TOFMS measure-
ments, the sensitivity gain factor for metabolites present in the
labeled yeast extract was determined by the ratio of the slopes
of the internal calibration curves from the respective measure-
ment modes (i.e., natural metabolites spiked in various con-
centrations into U13C-labeled yeast matrix). In Fig. 5, the cor-
relation of m/z with decreasing sensitivity gain factor can be
clearly observed as a dramatic improvement is observed with
m/z values below 250, where up to a 9-fold increase in sensi-
tivity is gained with implementation of 4-bit multiplexing.
Across the calibration range studied, we observed a very good
linearity for all 27 metabolites with an average R2 of > 0.992.
While not explicitly assessed across all metabolites studied in

Table 1 Comparison of DTIM-MSmetabolomics data recorded in stan-
dard and multiplexed mode operation with reference values from a pre-
vious interlaboratory study. All data were measured in triplicate with

repeatability precision of < 0.1% in all examples. Metabolite abbrevia-
tions can be found in the ESM (Table S1). #Referenced values are from
the same instrument from measurements made in 2016

[M+H]+ DTCCSN2 (Å
2)

Metabolite m/z Agilent reference
(stepped field)

#Interlaboratory reference
(single field) [6]

Results from this study

IM-MS 4mIM-MS

P5P 248.0319 151.9 151.3 151.4 151.5

L-Pro 116.0706 126.2 125.1 125.2 125.2

L-Leu 132.1019 135.6 134.6 134.6 134.6

L-i-Leu 132.1019 133.8 132.8 132.9 132.9

L-Met 150.0583 134.1 133.0 133.0 133.0

L-His 156.0768 132.7 131.8 131.8 131.9

L-Phe 166.0863 141.3 140.4 140.3 140.3

L-Arg 175.1190 136.8 136.3 136.3 136.4

L-Tyr 182.0812 146.4 145.7 145.5 145.5

Fig. 4 Comparison of
quantitative results for amino
acids obtained using multiplexed
operation RPLC×IM-TOFMS
with certified values for NIST
2389a. Error bars shown for
measured data correspond to ±2 s
and the error bars for certified
values correspond to expanded
uncertainties
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this work, we can estimate that the instrumental dynamic
range approaches 4 to 4.5 for small metabolites with the im-
plementation of 4-bit multiplexing due to the combination of
improved sensitivity and later onset of TOF detector satura-
tion at high concentrations (in comparison with conventional
IM-MS operation). This result underlies the importance of
optimization of trapping conditions as part of method devel-
opment for metabolome assessment using LC×IM-MS.

Of additional interest for emerging analytical method devel-
opment with IM-MS platforms is the consideration that the com-
bination of pre-concentration of ions in the trapping funnel and
the filtering effect of the arrival time distribution can improve
detectability of low abundance signals. In order to correctly as-
sess this, method-based limits of quantification and detection
(LOQ and LOD) need to be determined according to recognized
procedures and also consider repeatability of all data acquisition
and processing steps leading to the reported result. To this end,
LOQ and LOD values were determined for six metabolites ac-
cording to EURACHEM Guideline “Fitness for Purpose of
Analytical Methods.” This approach uses repeated measure-
ments of independently prepared blank or fortified blank sam-
ples to yield a standard deviation that is in turn used to estimate

these method parameters (Table 2). For all examples studied, the
use of the modified Hadamard transform multiplexing provides
improved detectability over standard IM-TOFMS operation and
even approaches that of LC-TOFMS despite the low (25%) ion
utilization efficiency employed in this experiment.

Conclusion

Like all MS-based platforms, analytical method development
using IM-MS for metabolomics requires critical assessment of
quantitative performance to be considered fit-for-purpose.
Evaluation of trapping behavior by simulation and experimental
studies demonstrates the need for multiplexed IM-MS operation
mode for small metabolites according to improved analytical
figures of merit and annotation of low abundance metabolites.
The simulation results may also point theway to future improve-
ments in trap design to raise the space–charge-related limits and
spur further studies of trapping behavior with different ion pop-
ulations to better understand other trapping effects not solely
determined by m/z. Data in this study obtained for 27 diverse
metabolites covering a mass range of 90–788 m/z demonstrate

Fig. 5 Experimental sensitivity
gain factors (ratio of slope of the
calibration curves) determined for
27metabolites according to them/
z of the primary (most abundant)
ion species in positive mode
based on equivalent trapping
times for LC×IM-MS methods

Table 2 Results of limit of
quantification assessment using
full analytical method and data
processing workflow

LC-TOFMS LC-IM-MS LC-4mIM-MS

Metabolite LOD (μmol/L) LOD (μmol/L) Factor loss
(vs. TOF)

LOD (μmol/L) Factor loss
(vs. TOF)

Pro 0.14 0.72 5.3 0.19 1.4

Phe 0.14 0.37 2.7 0.12 0.87

Rib 0.23 0.66 2.8 0.26 1.1

Leu 0.035 0.19 5.5 0.055 1.6

SAH 0.016 0.073 4.5 0.025 1.5

Tyr 0.065 0.14 2.1 0.042 0.65
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the suitability of DTIM-MS for non-targeted metabolomics in
difficult matrices when consideration of trapping conditions is
involved in the method development. Based on these results, the
combination of the suitable trapping funnel capacity and modi-
fied Hadamard multiplexed operation extends effective working
range and improves lower working limits of operation for non-
targeted metabolomics. Importantly, the accuracy of the key
identification parameters derived from IM-TOFMS measure-
ments (single field–derived DTCCSN2) is fully maintained with
respect to conditional reference standards when employing the
multiplexed operation. These results are promising for emerging
method development for non-targeted complex sample analysis.
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