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Abstract
Although the objective of any ‘omic science is broad measurement of its constituents, such
coverage has been challenging in metabolomics because the metabolome is comprised of a
chemically diverse set of small molecules with variable physical properties. While extensive
studies have been performed to identify metabolite isolation and separation methods, these
strategies introduce bias toward lipophilic or water-soluble metabolites depending on whether
reversed-phase (RP) or hydrophilic interaction liquid chromatography (HILIC) is used
respectively. Here we extend our consideration of metabolome isolation and separation procedures
to integrate RPLC/MS and HILIC/MS profiling. An aminopropyl-based HILIC/MS method was
optimized on the basis of mobile-phase additives and pH, followed by evaluation of
reproducibility. When applied to the untargeted study of perturbed bacterial metabolomes, the
HILIC method enabled the accurate assessment of key, dysregulated metabolites in central carbon
pathways (e.g., amino acids, organic acids, phosphorylated sugars, energy currency metabolites),
which could not be retained by RPLC. To demonstrate the value of the integrative approach,
bacterial cells, human plasma, and cancer cells were analyzed by combined RPLC/HILIC
separation coupled to ESI positive/negative MS detection. The combined approach resulted in the
observation of metabolites associated with lipid and central carbon metabolism from a single
biological extract, using 80 % organic solvent (ACN:MeOH:H2O 2:2:1). It enabled the detection
of more than 30,000 features from each sample type, with the highest number of uniquely detected
features by RPLC in ESI positive mode and by HILIC in ESI negative mode. Therefore, we
conclude that when time and sample are limited, the maximum amount of biological information
related to lipid and central carbon metabolism can be acquired by combining RPLC ESI positive
and HILIC ESI negative mode analysis.
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INTRODUCTION
Metabolites are a direct readout of biochemical activity and, as the end products of genomic,
transcriptomic, and proteomic expression, provide a representation of cellular state.1–3 In
contrast to genes, transcripts, and proteins, which are composed of a defined set of building
blocks, metabolites contain a high level of chemical diversity.3–5 Given the wide range of
physical properties characteristic of the metabolome, measuring the complete set of
metabolites present in complex biological matrices represents a major challenge for
untargeted, mass spectrometry-based metabolomics.1, 3–4, 6 Examining a broad range of
chemically diverse metabolites, however, is important when studying biological systems. In
diabetes, for example, in addition to perturbations in carbohydrate metabolism there are
alterations in the lipid profile that also contribute to disease pathogenesis.7–8

To study the chemically complex metabolome, liquid chromatography-mass spectrometry
(LC/MS) equipped with an electrospray ionization (ESI) source has become a key analytical
tool given the number of analytes that can be simultaneously measured.4, 9–11 The number
of metabolite features detected by LC/MS analyses, defined by unique m/z and LC retention
times, has previously been used as a relevant measure of the overall coverage of a
metabolome.6, 12 The steps in LC/MS-based untargeted metabolomics that most directly
influence the number and intensity of detected metabolite features, include metabolite
extraction, LC separation, and MS detection.4, 6 Metabolite extraction in particular, has been
studied extensively for different types of biological samples (biofluids, tissues, cells).13–17

Although there is no consensus for a universal extraction method, minimum sample
handling was reported as essential for reproducibility in large-scale metabolomic
studies.16–17

Furthermore, efficient chromatographic separation prior to MS is of importance for the
analysis of complex metabolite-rich samples to reduce ion suppression at the MS source and
improve signal sensitivity.4, 18 Historically, reversed-phase liquid chromatography (RPLC)
using C18 or C8 columns has dominated most LC/MS profiling in untargeted metabolomic
studies. This is due to its high versatility, stability, and ability to cover a large set of
physiologically important metabolites. However, water soluble, highly polar, and ionic
metabolites are typically not effectively retained in RPLC making their separation, relative
quantification, and tandem MS/MS identification unreliable.4, 6 Ion-pairing agents such as
tetrabutylamine or decyl sulfate in the RPLC mobile phase have improved results for the
analysis of polar compounds (e.g., sugar phosphates, nucleotides, carboxylic acids, peptides,
amino acids),4, 9 however, they contaminate the LC/MS instrumentation and are therefore
generally not preferable.

Hydrophilic interaction chromatography (HILIC) has become increasingly popular as an
alternative to RPLC for the analysis of polar metabolites.18–19 Indeed, key cellular
metabolites involved in central carbon metabolism pathways have been successfully
analyzed by using HILIC.5, 20–23 Specifically, an amino-column based HILIC
chromatography at high pH (9.45) pioneered by Rabinowitz and colleagues has been
effectively used to separate a diverse set of central carbon metabolites5, and has been
successfully applied to targeted metabolomic studies of bacteria and cancer cell
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metabolism.4, 20–21, 24–26 For untargeted metabolic profiling, however, the ability to analyze
polar metabolites is in the process of maturation, where generating reproducible and robust
data still represents a significant challenge.18, 27 The reports on HILIC/MS application for
global metabolic profiling are mainly limited to studies of urine.27–30

The development of a reproducible HILIC method as a complement to standard RPLC is
required to improve the measurement accuracy of water-soluble metabolites and to make
untargeted metabolomics more comprehensive. This is also crucial for the integration of
metabolomics into multi-‘omic’ systems biology (genomics, transcriptomics and
proteomics) to provide functional assignment of genes and proteins.2, 23, 31–32 This can be
achieved by deciphering enzymatic activity, metabolic pathway regulation33 and by the
identification of yet unknown, altered pathways in perturbed systems (disease,
environmental stress, etc.).34–35 Significant effort has been invested to minimize the bias
related to sample preparation and extraction,15, 17 whereas systematic evaluation of LC/MS
analytical techniques has been examined less frequently in untargeted studies.28, 36

Moreover, the extraction protocols have mostly been considered in the scope of one column
type (e.g., RP6, 16, 37 or HILIC5, etc.), rarely assuming that an appropriately designed single
extraction method can be adapted for comparative, multiple platform profiling.15

Here, a comprehensive study of the HILIC method was initially evaluated to expand the
metabolome coverage to hydrophilic metabolites in a reliable and reproducible manner for
the purpose of large-scale untargeted profiling. A study of the bacterial (Shewanella
oneidensis) metabolic response to nitric oxide stress underlined the importance of gaining
insight into central carbon metabolism from an untargeted perspective. To proceed toward
‘omic scale comprehensive analysis in metabolomic experiments, two complementary
separation techniques (HILIC and RPLC) together with ESI positive and ESI negative were
integrated into a single extraction-dual separation LC/MS workflow. Metabolome coverage
was evaluated on three different types of biological samples: bacterial cells, human cancer
cells, and human plasma.

EXPERIMENTAL SECTION
Chemical materials

Chemical standards were purchased from Sigma Aldrich (St. Louis, MO, USA) and Cayman
Chemical (Ann Arbor, MI, USA). For each of the hydrophilic and hydrophobic standard
mixtures, 50 standards (Table S1 and S2) were prepared at a final concentration of 20 µg/
mL. Ammonium acetate (NH4Ac), ammonium hydroxide (NH4OH), ammonium fluoride
(NH4F), ammonium carbonate ((NH4)2CO3) and ammonium formate (NH4HCOO) were
purchased from Sigma Aldrich. LC/MS grade 0.1 % formic acid (FA) in acetonitrile (ACN),
0.1 % FA in water (H2O), and methanol (MeOH) were purchased from Honeywell
(Muskegon, MI, USA). Acetonitrile was purchased from Fisher Scientific (Morris Plains,
NJ, USA) and water was purchased from J.T. Baker (Phillipsburg, NJ, USA). Standard
plasma samples (P9523) were purchased from Sigma Aldrich (St. Louis, MO, USA).

Metabolite extraction and reconstitution
Detailed preparation of bacteria (Shewanella oneidensis MR-1 and Escherichia coli W3110),
human cancer cells (Raji Burkitt’s lymphoma), and human plasma samples is included in the
Supporting Information. Bacteria cell pellets (~109 cells) and human cancer cell pellets
(~107 cells) were extracted using a MeOH:ACN:H2O (2:2:1, v/v) solvent mixture. A volume
of 1 mL of cold solvent was added to each pellet, vortexed for 30 s, and incubated in liquid
nitrogen for 1 min. The samples were then allowed to thaw at room temperature and
sonicated for 10 min. This cycle of cell lysis in liquid nitrogen combined with sonication
was repeated three times. To precipitate proteins, the samples were incubated for 1 h at −20
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°C, followed by 15 min centrifugation at 13,000 rpm and 4 °C. The resulting supernatant
was removed and evaporated to dryness in a vacuum concentrator. The dry extracts were
then reconstituted in 100 µL of ACN:H2O (1:1, v/v), sonicated for 10 min and centrifuged
15 min at 13000 rpm and 4 °C to remove insoluble debris. The supernatants were transferred
to HPLC vials and stored at −80 °C prior to LC/MS analysis.

Standard human plasma samples (200 µL) were extracted with 800 µL of cold MeOH:ACN
(1:1, v/v) to keep the same MeOH:ACN:H2O (2:2:1, v/v) ratio. The samples were then
vortexed for 30 s, and sonicated for 10 min. The rest of the procedure was the same as
described for bacteria and cancer cell pellets.

LC/MS analysis
Analyses were performed using an HPLC system (1200 series, Agilent Technologies)
coupled to a 6538 UHD Q-TOF (Agilent Technologies). Samples were analyzed using a
XBridge C18, 3.5 µm, 150 mm × 1.0 mm I.D. column (Waters) for RPLC/MS analysis, and
Luna Aminopropyl, 3 µm, 150 mm × 1.0 mm I.D. column (Phenomenex) for HILIC/MS
analysis. The standard mobile phase, A = 0.1% formic acid in water and B = 0.1% formic
acid in acetonitrile, was used for RPLC in ESI positive mode. To optimize the analysis
conditions for RPLC in ESI negative mode, as well as for HILIC in both ESI positive and
negative modes, different additives in the mobile phase were tested as listed in Table S3.
The final mobile phase for RPLC in ESI negative mode was composed of A = 0.5 mM
ammonium fluoride in water and B = 100% acetonitrile. For HILIC, in both ESI positive and
negative modes, the final mobile phase was composed of A = 10 mM ammonium acetate
and 10 mM ammonium hydroxide in 95% water and B = 95% acetonitrile. The linear
gradient elution from 100 % B (0–5 min) to 100 % A (50–55min) was applied in HILIC (A
= 95% H2O, B = 95% ACN, with appropriate additives) and from 100 % A (0–5 min) to
100% B (50–55min) in RPLC (A = 100% H2O, B = 100% ACN, with appropriate
additives). The 10 minutes post-run was applied for HILIC, to insure the column re-
equilibration and maintain the reproducibility. The flow rate was 50 µL/min and the sample
injection volume was 8 µL.

ESI source conditions were set as followings: gas temperature 325 °C, drying gas 5 L/min,
nebulizer 15 psi, fragmentor 120 V, skimmer 65 V, and capillary voltage 4000 V or −4000V
in ESI positive or ESI negative modes, respectively. The instrument was set to acquire over
the m/z range 60–1000, with the MS acquisition rate of 1.67 spectra/s. For the MS/MS of
selected precursors the default isolation width was set as medium (4 Da), with a MS
acquisition rate at 1.67 spectra/s and MS/MS acquisition at 1.67 spectra/s. The collision
energy was fixed at 20 V.

Bacteria cells, human cancer cells, and human plasma samples, together with blank samples,
were run in triplicate using both HILIC and RPLC coupled to both ESI positive and ESI
negative modes, for a total of four different LC/MS conditions. Blank samples represented
the reconstitution solution prior to injection, ACN/H2O (1:1). Experimentally perturbed
bacteria (Shewanella oneidensis, “control” vs. “treated with nitric oxide”) were used to test
the large-scale reproducibility and separation power of the optimized HILIC method. Three
different, common types of samples, bacteria cells (Escherichia coli), human plasma, and
human cancer cells (Raji cells) were used to evaluate the metabolome coverage of the
combined HILIC/RPLC/MS approach.

Data analysis
A comparison of the different mobile phase conditions under different LC/MS modes was
made based on the intensity of detected metabolites from standard mixtures. The intensities
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of EICs (Extracted Ion Chromatograms) matching the metabolites from the standard
mixtures (Table S1 and S2) were extracted by using XCMS.12, 38 Data were then normalized
by scaling the intensities for the same metabolite at different conditions to its maximal
intensity value observed. The scaled values for different metabolites at the same analysis
condition were averaged to obtain the overall scores for each chromatographic and ion-mode
combination tested.

The raw LC/MS data were converted to mzXML files using ProteoWizard MS Convert
version 3.0.4146.39 The mzXML files were processed using XCMS12, 38, 40 for peak
detection, alignment, and isotope annotation. The parameters in XCMS were set as follows:
centWave settings for feature detection (Δ m/z = 15 ppm, minimum peak width = 10
seconds and maximum peak width = 120 seconds); obiwarp settings for retention time
correction (profStep = 1); and other parameters including mzwid = 0.015, minfrac = 0.5 and
bw = 5 for chromatogram alignment. Overlap between different chromatographic modes
was performed by using exact mass value defined by Δ m/z = 0.01 Da. The relative
quantification of metabolite features was based on the integrated EIC peak areas.

Quality control was performed with pooled samples, representative of the entire sample
batch, to monitor the reproducibility of the HILIC/MS method. Coefficients of variation
(CV) of peak area and peak height were calculated based on annotated metabolite features
with clear isotopic patterns (XCMS12, 38 and CAMERA41 software) across the entire run.

RESULTS AND DISCUSSION
Optimization of HILIC/MS Method

The reversed-phase LC/MS untargeted metabolic profiling of a bacterial (Shewanella
oneidensis) response to nitric oxide stress revealed that the majority (~ 85 %, Figure 1) of
the abundant, significantly dysregulated features were observed in the void volume or with
minimal retention times (RT < 2 min). Dysregulated features represent peaks whose MS
signal (peak area and intensity) has been significantly altered in a perturbed system, thus
reflecting a disruption in biochemical activity. The abundant dysregulated features were
filtered according to the following criteria: p-value < 0.01, a fold change > 1.5 and MS peak
intensity > 10000 ion counts, representing the threshold required to generate high-quality
MS/MS spectra on an Agilent Q-TOF instrument.6 These results suggest that metabolic
changes induced by nitric oxide treatment occur mainly in the highly polar cellular
metabolome, most likely affecting the core network of central carbon metabolism.

A HILIC/MS approach was optimized to chromatographically resolve the dysregulated polar
metabolites, thus reducing the ionization suppression and enabling the accurate, relative
quantification of metabolite changes. Since untargeted metabolic profiling has been mainly
based on RPLC methods,28, 30 the optimization and evaluation of reproducibility of our
HILIC/MS method was required for combining with RPLC/MS in large-scale, global
profiling studies. For this purpose, the aminopropyl column from Phenomenex was chosen
due to its good selectivity, high reproducibility, and broad coverage of hydrophilic
metabolites.5, 26, 30

The additives in the mobile phase have a significant impact on metabolite separation and
MS ionization efficiency6, 10, 19, 42 as they determine mobile phase pH and regulate
stationary phase selectivity, thus influencing metabolite retention and separation.43 Here, a
range of pH conditions and salts were tested for metabolite separation and MS sensitivity
using a hydrophilic standard mixture composed of 50 common endogenous metabolites
(Table S1, Figure S1). Among the three different pH conditions examined (pH 4.0, 6.9, and
9.8), a basic pH 9.8 yielded the best overall scores (sum of normalized ion intensities) and

Ivanisevic et al. Page 5

Anal Chem. Author manuscript; available in PMC 2014 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the highest number of resolved compounds in both ESI positive and negative ionization
modes. This result was consistent with previous research performed on aminopropyl-based
HILIC columns.5, 26 Specific examples include the polycarboxylic acids and phosphorylated
compounds (succinic acid, malic acid, citric acid, sugar phosphates, and nucleotides) that
were detected and resolved only in basic mobile phase conditions. The improved
performance at basic pH conditions compared to neutral and acidic pH conditions is most
likely due to weaker electrostatic interactions between the aminopropyl stationary phase
(pKa of primary amine functional group = 9.8) and the negatively charged metabolites.
Moreover, basic pH conditions are also known to improve the deprotonation of acidic
analytes and enhance MS detection sensitivity.5, 42

In addition to the mobile phase pH, the salt concentration determines the ionic strength of
the mobile phase and enhances the elution of charged metabolites by mediating their
electrostatic interaction with the stationary phase.19 Initially, a range of concentrations (5,
10, 20, and 50 mM) of ammonium acetate and ammonium hydroxide mixture were tested. It
was found that 5, 10, and 20 mM salt concentrations compared to no addition of buffer
enhanced the ESI sensitivity in HILIC/MS. This enhancement occurred in both positive and
negative ion modes, with no significant difference between the three concentrations (Figure
2). The addition of 50 mM buffer led to a significant decrease in overall sensitivity likely
due to ionization suppression. Further examination of different salt additives (e.g., NH4F,
(NH4)2CO3, NH4HCOO) did not result in increased HILIC/MS sensitivity (Figure S1 and
S2).

Based on these results, the optimum, high pH mobile phase conditions for HILIC/MS
analyses using aminopropyl stationary phase were comprised of A = 10 mM NH4Ac and 10
mM NH4OH in 95 % water and B = 95 % acetonitrile, in both ESI positive and ESI negative
modes.

Reproducibility and Separation Capabilities of Optimized HILIC/MS Method
Minimum retention time variation and high reproducibility of MS signal are crucial for high-
throughput LC/MS analysis, especially in untargeted studies where it plays an important role
in chromatogram alignment, peak matching across different samples, and downstream
statistical analysis. To evaluate the reproducibility of our optimized HILIC method and to
adequately measure the bacterial metabolic response to nitric oxide, the optimized method
was applied to the same batch of bacteria samples that were previously analyzed by RPLC/
MS (Figure 1). The analyses included 36 bacteria samples, 9 injections of pooled samples
for quality control, and 12 blank injections for a total of over 60 hours of analysis time.
Although a common challenge encountered with HILIC technologies is chromatographic
reproducibility, the alignment of sample profiles acquired by the optimized HILIC method
demonstrated that the deviation of retention time across all runs did not vary significantly in
comparison to the deviation of retention time using RPLC (Figure 3). The observed shift in
retention time across all these runs was approximately 1 min in a 60-min separation run
(XCMS Online using nonlinear obiwarp method 38, 41), a typical deviation during high-
throughput analysis that did not affect the sample alignment. Overlay of aligned total ion
chromatograms (TICs) and an extracted ion chromatogram (EIC) are shown after retention
time correction (Figure 3). The reproducibility assessment of MS signal was also evaluated
using 9 injections of pooled samples across the 60 hours of analysis. The metabolite
features, naturally present in the sample and annotated for their clear isotopic pattern
(CAMERA software44), were used to monitor the reproducibility of peak area and peak
height measurements. The average coefficient of variation (CV) was 19.1 ± 6.9 % and 21.7
± 8.2 % based on peak height and peak area, respectively. More precisely, 84 % and 70 % of
features satisfied the criterion of CV ≤ 25 % in terms of the peak intensity and peak area,
respectively, and compared favorably to previous reports of metabolic profiling by HILIC/
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MS.28, 45 The minimal retention time shift, alignment accuracy, and reproducibility of the
MS signal demonstrate the overall robustness of the optimized HILIC/MS method. It is
important to note, however, that HILIC aminopropyl columns have shorter lifetimes (~300–
500 injections depending on the biological matrix) than RPLC C18 columns (~1000
injections) and that the symmetry and sharpness of the peak shape from a HILIC column is
more variable when compared to stable RPLC columns. Moreover, HILIC column
conditioning, by blank and biological matrix runs, is recommended before starting the
analysis.

Importantly, the efficient chromatographic separation of dysregulated polar metabolites by
HILIC (Figure 1) reduced the ion suppression and mass spectral complexity, thus facilitating
the unbiased relative quantification as well as subsequent MS/MS analysis for identification
(Figure 4). The alteration of three identified metabolites, covering a wide range of intensity
(from 2×104 to 6×106 ion counts) and that eluted in the void volume by RPLC, but were
well resolved by HILIC, is demonstrated by EICs (Figure 4). For highly abundant,
glutamate, the relative quantification by RPLC matched closely the quantification by HILIC
(see Figure 4A, p = 6.6×10−11, fold change = 2.9 in RPLC vs. p = 1.4×10−11, fold change =
3 in HILIC). However, for less abundant features, whose signals were significantly
suppressed by matrix effects in the RPLC void volume, the relative quantification was
biased (see Figure 4B, p = 4.06×10−9, fold change = 8.8 in RPLC vs. p = 0.0008, fold
change = 4.6 in HILIC). Moreover, some low-abundant features (e.g., intensity < 20,000)
eluting in the void volume were designated as significantly dysregulated by RPLC, whereas
their relative quantification in HILIC indicated that they were not dysregulated (see Figure
4C, m/z 229.012 putatively identified as ribose 5-phosphate, p = 0.005, fold change = 1.5 in
RPLC vs. p = 0.5, fold change = 1.1 in HILIC). Metabolite identification was performed by
matching acquired MS/MS data against MS/MS data recorded for standard compounds in
the METLIN database.

Additional experiments are required to identify other dysregulated metabolites in this study
and place the observed changes into biological context. Yet even with the current results, the
significant up-regulation of citric acid can be attributed to aconitase inactivation, caused by
NO-mediated destruction of the aconitase Fe-S cluster46. Previous enzyme activity studies
demonstrated that aconitases are cellular targets of nitric oxide toxicity.47 Further
examination of dysregulated metabolites observed with HILIC/MS will likely reveal other,
yet unknown changes in central biochemical pathways that are associated with nitric oxide
toxicity. After the identification of metabolic changes by untargeted analysis, follow up with
targeted analysis is required for absolute quantification of altered metabolites of interest.

Combining HILIC/RPLC to Expand the Metabolome Coverage: Single Extraction-Dual LC/
MS Approach

Following the high resolution and reproducibility of large-scale untargeted profiling by the
selected HILIC/MS method, an analytical strategy combining HILIC and conventional
RPLC separation was developed to maximize the metabolome coverage in untargeted
metabolomic studies (Figure 5). The strategy consists of a single extraction and
reconstitution method followed by dual LC separation by using HILIC and RPLC (in
independent runs) combined with mass spectrometry analysis performed in both ESI
positive and negative modes. A minimal sample handling, single-extraction method was
chosen to enable the systematic and comparative analysis of the metabolome, profiled by
HILIC/MS and by RPLC/MS. The extraction method composed of an 80% organic solvent
(MeOH:ACN:H2O (2:2:1 (v/v/v)) mixture efficiently precipitated proteins while extracting a
wide range of metabolites from highly hydrophilic polycarboxylic acids and phosphorylated
compounds to hydrophobic phospholipids and fatty acids / amides over a variety of
biological samples, like bacterial species (Figure S3), human plasma, and cancer cell lines.
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The ACN:H2O (1:1 (v/v)) reconstitution solution was chosen to re-suspend the majority of
both polar and non-polar extracted metabolites, and to ensure analyte retention with both
HILIC and RPLC. For HILIC and RPLC separations, small 1 mm diameter columns, low
flow rates (50 µL/min), and 60 minute gradients were chosen to minimize matrix effects and
maximize the separation and MS-sensitivity of metabolites in the complex biological
matrices. HILIC and RPLC analysis were performed by using optimal mobile phase
conditions as specified in the Experimental section.

The metabolome coverage of three distinct biological samples, bacterial cell pellets
(Escherichia coli), human plasma, and human cancer cells (Raji Burkitt’s lymphoma) was
analyzed and evaluated with the single extraction - dual chromatography - dual ionization
mode strategy. The LC/MS data acquired for these samples were analyzed with the XCMS
Online software for feature detection. The total number of features for each sample was
obtained after comparing against blank samples to subtract the “background” (fold change <
1.5, p < 0.05) or noise artifacts (Table 1). As seen in Table 1, the total number of features
summed across all four LC/MS conditions was above 30,000 for E. coli (56,421), plasma
(40,836), and human cancer cells (33,654). The lower number for cancer cells may be due to
a limited amount of biological material (Figure 5).

Although the total number of features detected in ESI positive mode was highest in all
analyzed samples compared to ESI negative mode, in both HILIC and RPLC, the difference
was not significant (paired t-test, p > 0.01 for HILIC and RPLC), due to the variability
observed between different types of samples (Table 1). Moreover, when only the number of
highly abundant features was taken into account, the difference between the number of
features detected in ESI positive and ESI negative was even less pronounced. The number of
features was 2339 ± 487 for HILIC ESI positive mode, 2222 ± 507 for HILIC ESI negative
mode, 2068 ± 989 for RPLC ESI positive mode, and 1670 ± 558 for RPLC ESI negative
mode (Table 1). In addition to representing similar proportions of high-quality features (with
intensities > 10,000 ion counts to provide high-quality MS/MS data) for HILIC/MS and
RPLC/MS, these data also suggest that a greater number of low-abundant features is
observed in positive ionization mode, most likely due to inherently more efficient
ionization.6

The metabolome coverage between HILIC and RPLC chromatographic modes was
evaluated by using the unique ion features defined by their exact mass (Δ m/z = 0.01 Da)
corresponding to the [M+H]+ and/or [M-H]− ions. These analyses revealed that the highest
number of unique features was detected by RPLC in ESI positive mode and by HILIC in
ESI negative mode, an average of 38 ± 9 % and 43 ± 7 %, respectively (Figure 6). The
results were based on the sum of features detected in ESI positive or in ESI negative mode
by HILIC and by RPLC mode. They highlight the importance of HILIC/MS profiling and
the importance of integrating both chromatographic/ionization modes to get a more
complete picture of the metabolome. The single-extraction method allows for the integration
of HILIC/MS and RPLC/MS profiling and significantly extends the metabolome coverage,
thereby improving untargeted profiling of highly polar, central carbon metabolites. To
analyze the diversity of small molecules present in complex biological matrices, here we
show the value of combining complementary analytical strategies (e.g., different
chromatography/mass spectrometry platforms and modes) without multiplexing extraction
methods.

Based on these results, it is suggested that when time and sample amount are limited for
comprehensive analyses, performing RPLC ESI positive and HILIC ESI negative mode
analysis provides the maximum amount of biological information related to lipid and central
carbon metabolism (Figure S2). The choice of RPLC positive ionization mode and HILIC
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negative ionization mode analysis are supported by the number of unique assessed features
largely representing positively charged lipid metabolites in RPLC and negatively charged
intermediates and end products of central carbon pathways in HILIC.

CONCLUSIONS
The chemical heterogeneity of metabolites presents a significant challenge for obtaining
comprehensive coverage of the metabolome. Here we introduce a single extraction –dual
LC/MS approach combining RPLC/HILIC/MS to facilitate the accurate measurement of
hydrophobic, lipid, hydrophilic, and central carbon metabolites in untargeted metabolic
profiling. For this purpose, an aminopropyl-based HILIC/MS method was developed for
global-scale analyses. Besides offering good resolution of highly hydrophilic metabolites,
the optimized HILIC/MS method demonstrated high reproducibility with minimal retention
time deviations over more than 60 hours of analysis, which is essential for interpretation of
untargeted results. The value of the approach was highlighted by the analysis of bacterial
cell, human cancer cell, and human plasma metabolomes where the combined HILIC/RPLC/
MS approach generated over 30,000 metabolite features in each biological sample, with the
highest number of unique features identified by RPLC in ESI positive mode and by HILIC
in ESI negative mode.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cloud plots showing dysregulated metabolite features (represented by “bubbles”) in a
bacterial response to nitric oxide treatment analyzed by HILIC/MS and RPLC/MS. The
dysregulated features (up-regulated in blue, down-regulated in green) in comparison to
“control” were filtered according to statistical thresholds shown in plots. The ion intensity
was used as radius scale of each bubble.
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Figure 2.
Optimization of HILIC/MS analysis conditions. Each tested condition is presented by its
overall score, calculated as a sum of normalized intensities of 50 metabolites from the
hydrophilic standard mixture (Table S1, Table S3).
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Figure 3.
Reproducibility of optimized HILIC/MS and RPLC/MS in ESI negative mode. Curve plots
represent the retention time deviation over a 60 minute run across 36 samples of Shewanella
oneidensis extracts (“control” and “treated with nitric oxide”). Each sample is presented by a
differentially colored curve. An overlay of total ion chromatograms (TICs) and one “zoomed
in” example of an extracted ion chromatogram (EIC) are given below.
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Figure 4.
Extracted ion chromatograms (from RPLC/MS and HILIC/MS) and matching MS/MS
spectra for three identified dysregulated metabolites in bacteria exposed to nitric oxide
stress. Each metabolite dysregulation is defined by the peak area, fold change, and
independent t-test p-value. A) RPLC: p = 6.6×10−11, fold change = 2.9 vs. HILIC: p =
1.4×10−11, fold change = 3, B) RPLC: p = 4.06×10−9, fold change = 8.8 vs. HILIC: p =
0.0008, fold change = 4.6 and C) RPLC: p = 0.005, fold change = 1.5 vs. HILIC: p = 0.5,
fold change = 1.1, *Note that the metabolite shown in panel C has been putatively identified
as ribose 5-phosphate or ribulose 5-phosphate.
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Figure 5.
The integrated LC/MS workflow presenting the standard amount of material used, single
extraction, and reconstitution protocol enabling comparative analysis by HILIC/MS and
RPLC/MS in ESI positive and ESI negative ionization mode. The average number of
features typically observed by each chromatographic / ionization mode is indicated as the
number of EICs extracted by XCMS. Note that theoverall number of cells refers to human
cells (~106). For significantly smaller size bacterial cells, the overall number was ~109 cells
(10 mL of culture at OD~0.3).
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Figure 6.
Metabolome coverage by HILIC and RPLC chromatographic mode in ESI positive and ESI
negative mode (based on accurate mass only). Features uniquely identified by HILIC and by
RPLC as well as the overlap were estimated as a percentage of the total number of
metabolite features identified in ESI positive and in ESI negative mode, in three different
types of samples (Table 1). The overlap between HILIC and RPLC is estimated at 34 ± 10
% and 32 ± 6 % in ESI positive mode and ESI negative mode, respectively.
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