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ABSTRACT: Flow injection−traveling-wave ion mobility−mass spectrometry (FI-
TWIM-MS) was applied to the nontargeted metabolic profiling of serum extracts from
61 prostate-cancer (PCa) patients and 42 controls with an analysis speed of 6 min per
sample, including a 3 min wash run. Comprehensive data mining of the mobility−mass
domain was used to discriminate species with various charge states and filter matrix salt-
cluster ions. Specific criteria were developed to ensure correct grouping of adducts, in-
source fragments, and impurities in the data set. Endogenous metabolites were identified
with high confidence using FI-TWIM-MS/MS and collision-cross-section (CCS)
matching with chemical standards or CCS databases. PCa patient samples were
distinguished from control samples with good accuracies (88.3−89.3%), sensitivities
(88.5−90.2%), and specificity (88.1%) using supervised multivariate classification
methods. Although largely underutilized in metabolomics studies, FI-TWIM-MS proved
advantageous in terms of analysis speed, separation of ions in complex mixtures,
improved signal-to-noise ratio, and reduction of spectral congestion. Results from this study showcase the potential of FI-
TWIM-MS as a high-throughput metabolic-profiling tool for large-scale metabolomics studies.

Metabolomics has emerged as a powerful tool to better
understand biochemical processes and discover poten-

tial disease biomarkers, thereby improving diagnosis, prog-
nosis, and monitoring of disease progression.1−4 Mass
spectrometry (MS) and nuclear magnetic resonance (NMR)
are the most commonly used analytical platforms in
metabolomics, with NMR providing better structural informa-
tion and MS yielding wider metabolome coverage because of
its higher sensitivity. Coupling of liquid chromatography to MS
(LC-MS) adds an orthogonal axis to mass-to-charge-ratio (m/
z) separations, thereby helping with metabolite identification
in nontargeted studies and lessening the extent of ion
suppression in complex matrices.
Identification of biological alterations in human metab-

olomes is often confounded by the inherent biological variance
within patient cohorts. The most powerful strategy to
overcome this challenge involves increasing cohort sizes to
yield hundreds or even thousands of patient-derived samples,
leading to the discovery of more robust metabolic signatures.5,6

Increasing cohort size, however, necessarily comes at the
expense of higher study costs and increased instrument-time
demands. In most studies, most of that instrument time is
typically consumed by the front-end LC separation.
Flow injection (FI) or direct infusion (DI) MS, without LC,

maximize analytical throughput and eliminate problems of
retention-time shifts due to column aging;7,8 therefore, they are
well-suited to larger patient cohorts. In a standard LC-MS
system, the sample can be introduced to the mobile-phase flow

for MS analysis using the flow injection method or directly
introduced to the mass spectrometer by an external pump
using the direct infusion method. Compared with DI-MS, FI-
MS can be more easily automated on standard LC-MS
instruments, with the added advantage of reducing the amount
of sample required for analysis. Furthermore, addition of a
post-ionization ion-mobility (IM) dimension to FI-MS
provides rapid separation of gas-phase ions on the basis of
collision-cross-section (CCS) differences.9,10 Compared with
FI-MS alone, the inclusion of such an IM dimension (i)
reduces spectral overlap by separating compounds with
different charge states and structural motifs that are distributed
into distinct regions on the mobility−mass plot, (ii) increases
signal-to-noise ratios, (iii) increases peak capacities, (iv)
enables obtaining CCS values that provide an additional
molecular descriptor useful in assigning chemical structures,11

and (v) provides cleaner MS/MS spectra by avoiding
precursor-ion coselection while still maintaining high analysis
speed.12,13 DI-IM-MS and FI-IM-MS, however, still remain
largely underutilized in metabolomics, with the former applied
only in a handful of studies without full exploitation of MS/MS
or CCS information for metabolite identification.14−16

Prostate cancer (PCa) is the second leading cause of cancer-
related mortality in American men, with 29 430 estimated
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deaths in the United States in 2018.17 The current PCa-
screening approach includes the prostate-specific antigen
(PSA) blood test and digital rectal examination (DRE).
However, the PSA test suffers from overdiagnosis and
overtreatment, and the DRE is limited by its low detection
rate in cases where PCa presents nonpalpable growths.18,19

Consequently, there has been a constant drive to discover new
PCa biomarkers to improve or replace existing ones.20 Along
these lines, metabolomics studies have reported potential PCa
biomarker panels that include amino acids,21−26 organic
acids,23,27,28 polyamines,27,28 lipids,23,29,30 and carbohy-
drates,22,31 with the majority of these studies employing the
more time-consuming LC-MS and gas-chromatography (GC)
MS approaches.20,32 In this work, we demonstrate that FI-IM-
MS produces data that is comparable to LC-MS in terms of
PCa classification power, with the added advantage of higher
sample throughput.

■ EXPERIMENTAL SECTION
Chemicals. Ultrapure water with 18.2 MΩ·cm resistivity

(Barnstead Nanopure UV ultrapure water system), Optima
LC-MS-grade acetonitrile and methanol (Fisher Scientific),
and Omnisolv high-purity dichloromethane and HPLC-grade
acetone (EMD) were used for mobile-phase preparation,
sample preparation, and chemical-standard-solution prepara-
tion. LC-MS-grade acetic acid, uric acid (≥99%), nonanedioic
acid (azelaic acid, 98%), tryptophan, inosine (≥99%),
glutamine, histidine, leucine, isoleucine, L-allo-isoleucine, L-
lysine (≥98%), uridine (≥99%), guanosine (≥98%), taurine
(≥99%), indole (≥99%), phenylalanine, m-cresol (99%), p-
cresol (99%), o-cresol, and sodium cholesterol sulfate were
purchased from Sigma-Aldrich Corporation. Phenylalanyl
phenylalanine was purchased from MP Biomedicals. Phenyl-
acetylglutamine was purchased from Bachem. Lysophosphati-
dylcholine (LPC(18:0/0:0), 1-stearoyl-2-hydroxy-sn-glycerol-
3-phosphocholine) was purchased from Avanti Polar Lipids
Inc.
Cohort Description. Age-matched blood-serum samples

were obtained from 61 PCa patients (age range 49−65, mean
(SD) age 59(4) years) and 42 controls (age range 45−76,
mean age 58(7) years). At the 0.05 level, the population age
means were not significantly different according to the two-
sample t-test. The cohort ethnicity was as follows: 21 African
American (20.4%); 72 Caucasian (69.9%); 5 Hispanic (4.9%);
2 Asian (1.9%); 2 Jewish ancestry (1.9%); and 1 unknown
(1.0%). After approval by the Institutional Review Board
(IRB), blood samples were collected at Saint Joseph’s Hospital
of Atlanta, GA, by venipuncture from each donor into
evacuated blood-collection tubes that contained no anticoagu-
lant. Serum was obtained by centrifugation at 5000 rpm for 5
min at 4 °C. Immediately after centrifugation, 200 μL aliquots
of serum were frozen and stored at −80 °C for further use. The
sample collection and storage procedures for PCa patients and
controls were identical.
Sample Preparation. Frozen serum samples were thawed

on ice, and 300 μL of extraction solution (1:1:1 acetone/
acetonitrile/methanol, cooled to −20 °C) was added to 100
μL of serum. Samples were vortex-mixed for 20 s and
centrifuged at 16 000g for 5 min to pellet proteins. To remove
most lipids and other nonpolar metabolites, 800 μL of
dichloromethane was added to 350 μL of supernatant and
vortex-mixed. Following the addition of 250 μL of deionized
water, samples were vortex-mixed and kept on ice for 10 min.

The aqueous phase was subject to flow injection−traveling-
wave ion mobility−mass spectrometry (FI-TWIM-MS)
analysis. Sample blanks were prepared using deionized water
instead of serum following the same procedure.

FI-TWIM-MS and FI-TWIM-MS/MS Analysis Methods.
FI-TWIM-MS metabolomic analysis was performed on a
Waters ACQUITY UPLC I-Class system fitted with a stainless-
steel union to bypass the column, which was coupled to a
Synapt G2-S high-definition-mass-spectrometry (HDMS)
system (Waters Corporation) operated in negative-ion mode.
Major instrument settings were a capillary voltage of 2.2 kV, a
cone voltage of 45 V, a source temperature of 120 °C, a
desolvation-gas temperature of 300 °C, a desolvation-gas flow
rate of 600 L h−1, a helium-cell-gas flow rate of 180 mL min−1

and an IMS gas (N2) flow rate of 90 mL min−1. Mass spectra
were acquired over the m/z range of 50−1200. For FI-TWIM-
MS/MS experiments, precursor ions were fragmented in the
transfer cell with ultrahigh-purity argon (≥99.999%) as the
collision gas. Details on TWIM-, MS-, and MS/MS-measure-
ment methods are provided in the Supporting Information.

Dt Measurement and CCS Calculations. For CCS-
calibration purposes, a poly-DL-alanine solution was used as
reference in negative-ion mode (10 mg L−1 in 50:50, v/v,
acetonitrile/water). Calibration was performed using singly
charged oligomers from n = 3 to 14, covering a mass range
from 230 to 1012 Da and a CCS range from 150 to 308 Å2.
CCS values were derived using previously described
procedures.33 In MS/MS mode, Dt values were smaller
because of the elevated collision voltage applied to the transfer
cell, leading to increased speed of the ions traversing that
chamber. In order to correct for this shift, CCS calibration was
performed at each elevated collision voltage applied to the
transfer cell in MS/MS experiments. CCS values for precursor
ions in both MS and MS/MS modes were derived and
compared well within 2% tolerance.

■ RESULTS AND DISCUSSION

A previous serum-metabolomics study from our group23

showed feasibility of PCa detection using UPLC-MS on
samples from the same cohort used in the present study, with
each sample and wash run taking 18 and 8 min, respectively. In
this study, FI-TWIM-MS was investigated as a new approach
for metabolic fingerprinting with an analysis speed of 3 min for
each sample run, followed by a 3 min wash run. A typical FI-
TWIM-MS profile of a serum extract from a PCa patient is
shown in Figure 1. The total-ion chronogram reached a

Figure 1. (A) Typical FI total-ion chronogram, (B) TWIM total-ion
chronogram, and (C) combined mass spectrum of a serum extract
from a PCa patient.
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maximum signal after ∼0.5 min with analytes appearing within
∼1 min after injection and began to tail off slowly as
compounds dispersed in the flow system (Figure 1A). Figure
1B shows the corresponding TWIM total-ion chronogram that,
as expected, indicates the presence of ionic species with a
variety of shapes and charge states exhibiting drift times in the
1−10 ms range. The combined mass spectrum corresponding
to the data in Figure 1A,B is shown in Figure 1C. These raw
data were cleaned up by stringent data-processing methods to
filter out unwanted features and group-redundant ionic species.
The number of species remaining after each major step in the
data-processing and -analysis workflow is shown in Table S1.
Compound Identification and Validation. After apply-

ing different filters and normalizing the data sets, features were
searched in the HMDB,34 and only those with tentative
endogenous identities based on accurate-mass matching were
retained (Figure S1). The remaining species were identified by
matching CCS values and tandem MS spectra to databases,
and whenever possible, their identity was validated by
comparing Dt, CCS, and FI-TWIM-MS/MS spectra with
chemical standards. An example of the identification workflow
is illustrated in Figure 2 for a feature with m/z 267.0734 and
Dt = 2.39 ms. Figure 2A shows the FI total-ion chronogram of
a PCa-serum sample when performing MS/MS experiments
(top panel), the associated TWIM total-ion chronogram
(middle panel), and the corresponding combined MS/MS
spectrum (bottom panel) extracted across Dt = 1.5−3 ms.
Each of the three peaks identified in the TWIM total-ion
chronogram with drift times of 1.88, 2.28, and 2.63 ms
provided different MS/MS spectra (Figure 2B). Following
CCS calibration, only the precursor ion extracted from the
MS/MS mobility species with Dt = 2.28 ms matched the CCS
of the feature of interest (m/z 267.0734) observed in the MS
run (Figure 2A, middle panel inset) with an error of −0.66%.
This species yielded the MS/MS spectrum shown in Figure 2B
(middle panel). To further confirm that the species detected in

Figure 2B (middle) corresponded to the precursor of interest,
fragment-ion drift times were matched with that of the
precursor ion. Figure 2C shows that only three out of the five
fragment ions observed in the MS/MS spectrum of Figure 2B
(middle panel) were actually product ions that aligned with the
Dt of the precursor ion of interest. Further analysis of the
spectral data indicated that the species at m/z 92.9272,
identified as [NaCl2]

−, was a fragment ion of the cluster
[Na4Cl5]

− with Dt = 1.88 ms and m/z 266.8039 (Figure S2),
which partially overlapped with the species at Dt = 2.28 ms in
the TWIM chronogram (Figure 2A, middle). Accurate-mass-
based search in the HMDB34 suggested inosine as the most
likely candidate for this compound. Its tentative identity was
confirmed by matching the experimental MS/MS spectrum
with that of an inosine chemical standard (Figure 2D) and by
comparing the MS/MS spectrum in the Metlin database35

(Figure 2E). Further validation of this metabolite’s identity was
achieved by matching the MS-mode Dt and CCS with those of
an inosine chemical standard and literature CCS values.9

Similar procedures were applied to the identification of all
compounds retained following the application of data filters
(Tables 1 and S2).

Distribution of Compounds in the Mobility−Mass
Plot. The distribution of different classes of ionic species
present in the FI-TWIM-MS data set is shown in a mobility−
mass plot (Figure 3), with each symbol representing an ionic
compound with a specific pair of Dt and m/z values. Ionic
species were distributed across three distinct regions separated
by linear boundaries. The first area consisted mostly of singly
charged compounds, including identified polar and lipid
metabolites, dicarboxylic acids and their corresponding
monoesters, and sodium acetate clusters. Features with high
mass defects as defined by the McMillan filter36 lay between
the first and second plot regions. The second plot area
consisted mostly of doubly charged compounds, together with
some singly charged sodium chloride cluster ions and very few

Figure 2. (A) FI-TWIM-MS/MS results for a PCa-serum-extract-sample feature detected in MS mode with m/z 267.0734 and Dt = 2.39 ms.
Typical FI chronogram (top plot), TWIM total-ion chronogram (middle plot, with inset showing calibrated CCS values of precursor ions detected
in both MS and MS/MS modes), and the corresponding total MS/MS spectrum (bottom plot). Tandem MS data were acquired by applying 25 V
to the transfer cell. Small drift-time differences were observed between MS and MS/MS modes due to elevated bias voltage in the transfer cell when
performing fragmentation experiments. (B) Extracted MS/MS spectra derived at Dt = 1.88, 2.28, and 2.63 ms. (C) TWIM extracted-ion
chronograms for fragment ions with a mass tolerance of 10 mDa. Product-ion peaks aligned with the precursor ion at m/z 267.0734 are labeled
with asterisks. (D) Inosine-standard MS/MS spectrum obtained in negative-ion mode using 25 V in the transfer cell. The observed Dt and CCS for
this standard were 2.44 ms and 152 A2, respectively. (E) Metlin MS/MS spectrum for inosine obtained in negative-ion mode with a collision-cell
voltage of 20 V. All product ions were matched within a 4 mDa error.
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triply charged compounds. The third plot area contained
unidentified, low-intensity, singly charged features with m/z >
600. Consequently, species in the second and third regions
were removed from the data set.
The subset of features detected in the sample-preparation

blanks included 9 different sodium acetate clusters; 229
chloride-salt-cluster ions; and 297 high-mass-defect features, of
which 217 were chloride-salt-cluster ions (Figure S3). These
composed 12.2% of the total detected features shown in Figure
3. Following blank filtering, a total of 1878 features were
retained in the data set (Figure S4). A number of salt clusters
still remained even after blank filtering, likely originating from

the sample matrix.36 Most of these salt clusters were removed
by mass-defect filtering as a result of their high mass-defect m/
z values.36 Features retained following the application of all
remaining filters are displayed in Figure S5, with all
endogenous metabolites with identities confirmed by MS/
MS or chemical standards shown in Figure S6. Less-stringent
filtering approaches could also be applied to the data set, with
the caveat that identification of the involved unknown
compounds may be difficult or even impossible, thereby
limiting the biological interpretation of the role of the
metabolites involved in PCa pathogenesis.

Multivariate Analysis. Following data processing, the
resulting data set was normalized by total ion intensity,
yielding a data set named “dataset 1”. A different data set (data
set 2) was generated by total-ion-intensity normalization after
the deletion of species identified as dicarboxylic acids and their
monoesters, which might be of either endogenous or
exogenous origin. After application of a prevalence filter, the
identified compounds in data set 1 matching discriminant
metabolites from our previous LC-MS PCa metabolomics
study23 were grouped into a new data set named “dataset A”,
and all identified endogenous metabolites in data set 2 were
grouped into “dataset B”. The final data sets consisting of 11
(dataset A) and 28 (dataset B) metabolites were subjected to
supervised multivariate analysis. Two oPLS-DA models were
built with these data sets using three-block cross-validation.

Figure 3. Mobility−mass plot for all ionic species detected in the FI-
TWIMS-MS data set.

Figure 4. (A,B) oPLS-DA three-block cross-validated classification plots for models A and B, respectively. The x-axis represents sample number,
and the y-axis represents the cross-validated scores predicted by the oPLS-DA classification model. PCa and control samples are represented by
filled red circles and blue squares, respectively. The decision line for sample classification is represented by a black dashed line. (C,D) Control-
based z-score plot of the 11 compounds in panel A and 10 discriminant compounds in panel B, respectively. PCa and control samples are
represented by open red circles and blue squares, respectively. The z-scores were calculated as (x − μ)/σ, where x is the normalized peak
abundance of the compound in each sample, μ is the mean normalized peak abundance of the compound in the control samples, and σ is the
standard deviation of the normalized peak abundance of the compound in the control samples. The red and blue lines at z-score = 0 connect the
average z-scores of each compound in the PCa and control samples, respectively.
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The performance of such models is shown in Table S3. Model
A yielded an overall classification accuracy of 89.3%, a
sensitivity of 90.2%, and a specificity of 88.1% (Table S3 and
Figure 4A). When PCA was performed on this data set, good
unsupervised sample clustering was achieved according to class
membership (Figure S7).
Azelaic acid, identified as a key differentiating metabolite in

PCa detection in our previous LC-MS study,23 can originate
from both the free acid species or from in-source cleavage of its
monoesters. Although distinguishable by chromatography
(Figure S8), in FI-TWIMS-MS experiments all azelaic acid
related species are simultaneously ionized to produce a single
FI peak. Because azelaic acid and its esters might be of
exogenous origin37 along with a lack of a clear biological role,
we tested removing the corresponding signals as well as signals
for other dicarboxylic acids and their esters (Table S4) to see if
a discriminant-metabolite panel could be obtained without
their contribution.
A second oPLS-DA model (model B) was created using data

set B. Out of the initial set of 28 metabolites, 10 were selected
by iPLS-DA as being optimum, yielding a discriminant-
metabolite panel with a maximum classification accuracy of
88.3%, a sensitivity of 88.5%, and a specificity of 88.1% (Table
S3 and Figure 4B). Both models yielded Q2 values (model
predictive ability) larger than 0.5, and an area under the
receiver-operating-characteristic curve (AUC) larger than 0.9.
In addition, sample-label-permutation-test results suggested
low probability of data overfitting, demonstrating the robust-
ness of the oPLS-DA models and the reliability of both
discriminant compound panels.
Table 1 details the identities of the compounds involved in

each of the oPLS-DA models, together with the methods used
for validation of their chemical identities. All compounds were
identified within 2.5 mDa error for precursor ions, and 8 mDa
for fragment ions in their MS/MS spectra. Experimental CCS
values were matched within ±3% of database or chemical-
standard values analyzed under identical conditions. Table S2
details the identities of the compounds not selected by iPLS-
DA.
Univariate analysis was also performed for the discriminant

compounds in panels A and B. Compounds that presented
statistically significant fold changes with Bonferroni correction
between PCa and control samples are indicated in Table 1.
The z-score plots for discriminant compounds from panels A
and B normalized to the mean abundances of the control
samples are shown in Figure 4C,D, respectively. The
discriminant compounds with significant changes between
sample classes were univocally identified as uric acid
(significant changes in both panels), phenylalanyl phenyl-
alanine (significant changes in both panels), phenylacetyl
glutamine (significant change in panel B), azelaic acid
monohydroxy-pentyl ester and undecanedioic acid monohy-
droxy-propyl ester (panel A), and sebacic acid monohydroxy-
pentyl ester and dodecanedioic acid monohydroxy-propyl ester
(panel A). The fact that all compounds that were observed as
being significantly altered in this study coincided with the
discriminant-metabolite panel in our previous LC-MS study,23

with identical fold-change directions between the PCa and
control samples, corroborated the feasibility and accuracy of
the FI-TWIM-MS method proposed here as providing a viable
alternative to UPLC-MS.
Biological Roles of Discriminant Metabolites. Uric

acid, with a significant positive fold change (Table 1) between

PCa- and control-serum samples, has pro-inflammatory
properties, and elevated serum uric acid (hyperuricemia) has
been reported to be associated with increased cancer
(including PCa) risk, recurrence, and mortality.38,39 Trypto-
phan levels were decreased in PCa-patient samples compared
with in the controls in panel B (Table 1). Consumption of
tryptophan has been found to be a crucial factor in cancer
progression,40 and inhibition of tryptophan 2,3-dioxygenase,
which degrades tryptophan in the kynurenine pathway, has
been reported to reverse tumoral immune resistance in mice.41

Interestingly, indole, which is a bacterial-degradation product
of tryptophan, was also identified among the discriminant
compounds in panel B with a small elevation in the average
abundance in sera of PCa patients compared with in those of
the controls (Table 1). LPC(18:0) has been reported to be
one of the discriminant plasma lipids for PCa, with a significant
increase in PCa patients compared with in the controls.30 It is
also slightly increased in PCa samples compared with in the
controls in our study, although not significantly (Table 1).
Azelaic acid, reported to be a potential antitumoral agent,42

had a significant increase in the controls compared with in the
PCa-patient samples in panel A, with the same trend observed
for its corresponding monoesters (Table 1). However, the
origin of azelaic acid and related monoesters warrants further
investigation, as these species have also been reported as
possibly originating from corn oil.37

Uniquely identified metabolites in data set 2 were input into
Metaboanalyst43 for pathway analysis, with several metabolic
pathways with more than one metabolite hit indicated as
significantly altered between PCa patients and controls (p <
0.05). These included purine metabolism, phenylalanine
metabolism, aminoacyl-tRNA metabolism, and tryptophan
metabolism (Figure S9). Elevated purine-nucleotide levels
have been reported to be sufficient to induce major
histocompatibility class I chain-related protein A (MICA)
expression on abnormal or stressed cells, including cancer
cells.44 De novo purine biosynthesis has been suggested to
support elevated transcription and cell-division levels in PCa
cells and may provide a target for PCa treatment.45

Phenylalanine and tyrosine restriction has been found to
induce PCa cell death via glucose-metabolism modulation.46 In
addition, phenylalanine has also been reported to be
significantly increased in PCa metastatic bone tissue compared
with in normal bone in a nontargeted metabolomics study
using GC-MS.29 Aminoacyl-tRNA synthetases (AARSs)
function as enzymes to catalyze the covalent linkage of
amino acids to their corresponding tRNAs, and they play a
crucial role in translation and cell signaling that is vital for cell
function and viability.47,48 AARSs have been suggested as
potential therapeutic targets for cancer because of their cancer-
related genetic profiles, mutations, and biological-pathway
deregulations.47,48 Metabolites involved in the tryptophan
metabolic pathway have been found to be significantly altered
in urine samples of PCa patients compared with in healthy
controls.49

Limitations of the Proposed Approach. Despite the
promise of the FI-TWIM-MS approach for rapid metabolomics
fingerprinting, this technique is not without its limitations.
Table S5 summarizes the strengths and limitations of FI-MS,
FI-IM-MS, LC-MS, and LC-IM-MS according to several
performance parameters. Clearly, a compromise between
sample throughput and peak capacity is achieved in FI-IM-
MS, with the lack of front-end LC separation being beneficial
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in terms of speed but detrimental in terms of differentiating
intact ionic species from molecular compounds resulting from
in-source fragmentation. Nevertheless, the power of FI-TWIM-
MS resides in its speed and economy, rather than in its
comprehensive separation power, as already discussed
extensively.

■ CONCLUSION

In this study, we developed a fast FI-TWIM-MS serum-
metabolic-profiling method for PCa detection, with an analysis
speed of 3 min per sample, followed by a 3 min wash run. This
overall time can likely be shortened by increasing the mobile-
phase flow rate, optimizing the wash run, or replacing the
current front-end FI system with a faster injection platform
such as the RapidFire platform.50 PCa-patient and control
samples were distinguished with 88.3−89.3% accuracies, 88.5−
90.2% sensitivities, and 88.1% specificity by using oPLS-DA
classification. Discriminant metabolites were identified by
matching accurate masses, CCS values, and fragmentation
patterns in FI-TWIM-MS/MS to those in databases or to
authentic chemical standards. CCS calibration was utilized to
correct the ion drift-time shifts in TWIM-MS/MS experiments
compared with those in TWIM-MS, greatly aiding in assigning
the correct precursor ions. Stringent criteria were utilized for
combining spectral features and grouping adduct ions, in-
source fragments, and salt-cluster ions. Overall, our results
indicated that FI-TWIM-MS is a promising tool that could be
successfully applied to metabolic fingerprinting of large-scale
cohorts, with its fast analysis speed and ion-separation
capabilities being useful for interrogation of complex biological
mixtures. Further improvements in sample throughput and
development of an automated metabolite-identification pipe-
line should further increase the efficiency of the proposed
metabolomics workflow.
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