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Abstract

Gas chromatography–mass spectrometry (GC-MS) platforms are typically run in electron 

ionization (EI) mode for mass spectral matching and metabolite annotation. With the advent 

of high resolution mass spectrometry (HRMS), soft ionization techniques such as chemical 

ionization (CI) may provide additional coverage for compound identification. We evaluated 

NIST SRM 1950 pooled plasma reference sample using a HRGC-MS instrument [GC-Orbitrap-

MS with electron ionization (EI), positive chemical ionization (PCI), and negative CI (NCI) 

capabilities] for metabolite annotation and quantification to assess the suitability of the platform 

for routine discovery metabolomics. Using both open source and vendor workflows, we validated 

the spectral matches with an in-house spectral library (Wake Forest CPM GC-MS spectral and 

retention time libraries) of EI-MS and CI-MS/MS spectra obtained from chemical standards. We 

confidently [metabolomics standards initiative (MSI) confidence level 2] identified 263, 93, and 

65 metabolites using EI, PCI, and NCI modes, respectively, of which 270 metabolites (64%) were 

validated using our Wake Forest CPM GC-MS spectral libraries. When compared to published 

LC-MS-based efforts using the same NIST SRM 1950 plasma sample, there was only 17% 

overlap between the two platforms. In addition, the metabolomics analysis of community approved 

standard human plasma demonstrated the ability of EI- and CI-MS modes of analysis using a 

HRGC-MS platform to enable reproducible and interoperable spectral matching.
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INTRODUCTION

Metabolomics refers to the comprehensive study of small molecules in the molecular 

weight range of 50–2000 Da in biological systems (cells, tissues, organs, biofluids, or 

whole organisms).1 Platforms for metabolomics typically include chromatography coupled 

with mass spectrometry (GC-MS, LC-MS, and CE-MS), and spectroscopy technologies 

(NMR).2 GC in particular is very amenable to polar primary metabolites and fatty acids,3 

in addition to its excellent chromatographic resolution, thereby lending itself to routine 

quantitative metabolomic applications. High resolution mass spectrometry (HRMS) refers to 

mass analyzers which have a mass resolving power (Rp determined at full-width half-height 

maximum, fwhm) higher than 10 000.4 Fourier transformation mass spectrometry (FTMS) 

is the most powerful technology not only thanks to its highest resolving power (i.e., Rp 

values greater than 100 000 up to several million), but also due to its extended dynamic 

mass range. Newer high-resolution (HR) technologies such as Orbitrap mass spectrometers 

are capable of sub-ppm mass accuracy at high mass resolutions (>50 000), and hence allow 

calculation of predicted molecular formulas based on the mass defect of a detected ion5 

from spectral data at high resolving power with mass accuracies <1 ppm,6–8 but are yet to 

be explored for human metabolomics and biomedical research applications, especially in 

combination with GC.9 In the past, mass spectral and retention time index (MSRI) libraries 

for the GOLM Database were generated using identical types of capillary GC columns, 

and using two independent GC-MS detection technologies, namely, quadrupole-GC-MS and 

time-of-flight mass spectrometry (GC-ToF-MS).10 Spectral libraries (e.g., FiehnLib) were 

generated using both high resolution GC-ToF-MS and GC quadrupole mass spectrometry 

(GC-Quad) spectral comparisons.11 Moreover, recently we compared high resolution MS 

detectors such as Orbitrap MS and unit resolution ToF MS for characterization of the baboon 

serum metabolome,1 in our GC-MS based metabolomics research efforts.

Over the past decade, advances in liquid chromatography–mass spectrometry (LC-MS) 

have revolutionized untargeted metabolomics analyses for biomarker discovery. Indeed, 

HPLC-MS-based untargeted approaches have been shown to be useful for preliminary 

diagnostic screening when canonical processes do not reveal disease etiology nor establish 

a clear diagnosis.12 However, major challenges limit the broad application of untargeted 

GC-MS based metabolomics for several reasons discussed in detail elsewhere.13 While GC 

potentially has an advantage over HPLC due to superior chromatographic resolution and 

peak capacity, especially for polar primary metabolites and fatty acids,3 its application for 

discovery metabolomics has been limited, and high resolution GC-MS instruments have 

only recently become available.

Numerous analytical tools have been developed for the analysis of GC-MS and LC-

MS metabolomics data. Both commercial and open source tools offer a wide range of 

approaches for compound annotation, including SpectConnect, Metabolite Detector 2.01a, 

MetAlign, MZmine 2.0, TagFinder 04, and XCMS Online. In a recent comparison of 

GC-MS data set analysis, multiple software packages such as SpectConnect, MetAlign, 

and Metabolite Detector correctly identified ≥90% of the true positives independent of 

the tool used.14 For untargeted LC-MS analysis, commercial software tools, such as 

MarkerLynx (Waters), MarkerView (Sciex), SIEVE (Thermo Scientific), Progenesis QI 
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(Waters Corporation), MetaboScape (Bruker), Compound Discoverer (Thermo Scientific), 

Mass Profiler Pro (Agilent Technologies Inc.), and Metabolic Profiler (Bruker), allow work 

only on their own proprietary data formats and commercial proprietary spectral libraries, 

and are incapable of using raw MS spectra files generated from mass spectrometers of other 

brands. However, multiple free data analysis tools use open data formats are available and 

provide any user much more flexibility during each step of the analysis, such as XCMS, 

MZmine, OpenMS, XAlign, MZedDB, MetAlign, MAVEN, and MetaboAnalyst.15 Akin 

to the CI-MS data, as they are both soft ionization techniques, resources amenable to the 

analysis of ESI-MS spectral data are adoptable to the analysis of GC-EI-MS data, just that 

the majority of the metabolites/features are silylated. Moreover, both positive and negative 

modes of ionization have been shown to be useful in LC-MS based metabolomics research 

efforts, using positive/negative ion polarity switching in a targeted fashion,16 using Fourier-

transform ion cyclotron resonance (FT-ICR) mass spectrometers in an untargeted manner in 

cerebrospinal fluid (CSF),17 and in the extensive analysis of methanolic extracts of human 

serum where using ESI for both positive and negative ions resulted in >90% additional 

unique ions being detected in the negative ESI mode.18

To date, most published studies have relied on a (GC)-high resolution accurate mass 

(HRAM) mass spectrometer (MS) only in EI-MS mode of operation. Chemical ionization 

(CI) is an alternative soft-ionization technique that can lead to enhanced annotation and 

robust quantification of metabolites. NCI is an electron capture process from electrons 

transferred from the reagent gas, whereas PCI is based on proton transfer from ion–molecule 

collisions. The availability of CI capabilities on HRMS platforms allows the expansion 

of the chemical space of biomolecules that can be identified and quantified in clinical 

metabolomics research. Historically, chemical ionization (CI) has been used extensively in 

targeted analysis of chemical classes from a wide range of biological matrices, i.e., on a 

single chemical class of compounds from blood, such as serum testosterone,19 quinolic acid 

in rat blood, plasma, and brain,20 estrogens,21 glycolipids,22 and prostanoids in urine,23 but 

not for broad-based discovery metabolomics applications.

There is an intrinsic need to increase the known chemical space of biofluids and tissues, 

such as blood serum and plasma, in search of the blood-based biomarker metabolites for 

disease characterization, toward confident and sensitive quantification of metabolites in the 

clinical research arena. Therefore, we examined whether using soft ionization techniques 

for gasphase analyses (volatile compounds) using CI, and usage of an in-house spectral 

library with spectra and retention time (RT) information (Wake Forest CPM GC-MS spectral 

libraries) can aid in the annotation and quantification of additional metabolites compared to 

EI-MS analysis. To our knowledge, this study is the first attempt to annotate and quantify 

plasma metabolites in all three modes, EI, PCI, and NCI, using a high mass resolution mass 

spectrometer (GC-Orbitrap-MS) on a comparative basis. The principal aims were to assess 

the capabilities of the CI using GC-Orbitrap-MS for annotation of metabolites in a standard 

reference material as a test sample, and to assess the EI-MS capabilities with a chemical 

standards generated library in order to exploit the full capabilities of chemical derivatization 

alongside HRMS for untargeted metabolomics. Finally, we compared our GC-Orbitrap-MS 

findings to published results from LC-HRMS metabolomics analyses of the same plasma 

samples to define overlap and platform-specific features.
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MATERIALS AND METHODS

Chemicals

Acetonitrile, isopropanol, water, and pyridine were of HPLC grade, and methoxyamine 

hydrochloride (MeOX), 1% TMCS in N-methyl-N-trimethylsilyl-trifluoroacetamide 

(MSTFA), and adonitol, were obtained from Sigma-Aldrich, St. Louis, MO, USA.

Chemical Standards for Generation of EI-MS, PCI-MS/MS, and NCI-MS Libraries

A collection of 635 small molecule metabolite standards on seven 96-well plates (Mass 

Spectrometry Metabolite Library of Standards, MSMLS from IROA Technologies) was 

purchased from Sigma-Aldrich, supplied as dried standards distributed across seven 96-well 

plates (Sigma-Aldrich; St. Louis, MO), where each well contained 5 μg aliquot of dried 

analytical standards. For reconstitution, samples in plates one to four were dissolved in 400 

μL water, those in plate five were dissolved in 400 μL 40% methanol in water (v/v), while 

for plate six, some standards were dissolved in 400 μL 40% methanol in water and some in 

400 μL water (mostly simple carbohydrates/sugars), and for plate seven the standards were 

dissolved in 400 μL of a 1:1 v/v water:ethanol mixture (mostly lipids), as recommended 

by the manufacturer. All compounds were reconstituted in the solvents as mentioned above, 

diluted into aliquot stocks of 25 ng/μL working concentrations, and were further vacuum-

dried to moisture-free conditions prior to trimethylsilylation (TMS) derivatization reactions. 

The oncolumn injection amount was 60 ng for each compound across EI, PCI-MS/MS, and 

NCI-MS modes of analysis.

Reference NIST SRM 1950 Human Plasma Sample

The National Institute of Standards and Technology (NIST) Standard Reference Material 

(SRM) 1950 – Metabolites in Frozen Human Plasma24 was procured through Sigma-Aldrich 

(St. Louis, MO, USA) and used as a complex biological matrix for validation of the prepared 

library as well as for annotation of additional unknown metabolites. Briefly, the sample was 

developed by NIST in collaboration with the National Institute of Diabetes and Digestive 

and Kidney Diseases (NIDDK) from pooled plasma of 100 fasted individuals representing 

average composition of the US population by race sex and health. The SRM 1950 human 

plasma was handled at a Biosafety Level (BSL) 2 laboratory (defined as laboratories that 

work with agents associated with human diseases that pose a moderate health hazard, or 

pathogenic or infectious organisms. Due to the potential risk, all procedures are performed 

biological safety cabinets, using personal protective equipment, available decontamination 

methods, and available means of biohazard disposal) for processing. Plasma samples were 

thawed on ice just once prior to all analyses.

Plasma Sample Extraction and Derivatization for GC-EI-MS, PCI-MS/MS, and NCI-MS 
Analysis in Three Modes

NIST SRM 1950 human plasma samples (30 μL) were subjected to sequential solvent 

extraction once each with 1 mL of acetonitrile:isopropanol:water (3:3:2, v/v ratio) and 500 

μL of acetonitrile:water (1:1, v/v ratio) mixtures at 4 °C as described.25 Adonitol (5 μL from 

10 mg/mL stock) was added to each aliquots as an internal standard prior to the extraction. 
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The pooled extracts (∼1500 μL) from the two steps were combined and dried under 

vacuum at 4 °C prior to processing for GC-MS analysis. Detailed protocols are provided 

elsewhere.26 Dummy extractions performed on blank tubes served as extraction blanks to 

account for background (sample tubes, extraction solvent, derivatization reagents) noise and 

other sources of contamination (septa, liner, column, vials, handling etc.). Blanks were only 

used to see that no carryover occurred during randomized run orders and to manually filter 

out contaminating chemicals from the combined list of features. Samples were prepared 

such that EI-MS and CI-MS analysis (in both positive and negative modes) could be run 

from derivatization to data acquisition within a 24 h period due to the limited stability 

of silylated products. For GC-MS analysis, the samples were then sequentially derivatized 

with methoxyamine hydrochloride (MeOX) and 1% TMCS in N-methyl-N-trimethylsilyl-

trifluoroacetamide (MSTFA) as described elsewhere.1,27,28 Steps involved addition of 10 μL 

of MeOX (20 mg/mL) in pyridine incubated under shaking at 55 °C for 60 min followed by 

trimethylsilylation at 60 °C for 60 min after adding 90 μL MSTFA.

GC-Orbitrap-MS Instrument Parameters

The acquisition sequence started with blank solvent (pyridine) injections, followed by 

randomized lists of extraction blanks (B), reagent blanks (R) and plasma samples (S). 

Pooled human plasma samples were injected at scheduled intervals for tentative annotation 

and monitoring shifts in retention indices (RI) as well as serving as quality control (QC) 

checks.

A robotic arm TriPlus RSH autosampler (Thermo Scientific, Bremen, Germany) was used 

to inject 1 μL of derivatized sample into a split/splitless (SSL) injector at 220 °C in a 

splitless mode into the TRACE 1310 gas chromatograph (Thermo Scientific, Austin, TX). 

For EI-MS, helium carrier gas at a flow rate of 1 mL/min was used for separation on a 

Thermo Scientific TraceGOLD TG-5SIL-MS 30 m length × 0.25 mm i.d. × 0.25 μm film 

thickness column. For both EI- and CI-MS runs, the initial oven temperature was held at 50 

°C for 0.5 min, followed by an initial gradient of 20 °C/min ramp rate. The final temperature 

was 300 °C and held for 10 min. Eluting peaks were transferred through an auxiliary transfer 

line temperature of 230 °C into a Q Exactive-GC mass spectrometer (Thermo Scientific, 

Bremen, Germany). GC conditions were identical for all three modes, EI-MS, PCI-MS/MS, 

and NCI-MS, for authentic chemical standards and human plasma samples.

The mass spectrometer has an ExtractaBrite Ion Source technology, patented RF lens, 

with resolving power (RP) 120 000 fwhm at m/z 200 with EI, CI, full-scan and MS/MS 

capabilities. From ion source, an AQT quadrupole is used for precursor ion isolation for the 

CI analysis, which leads to Orbitrap Mass analyzer or higher-energy collisional dissociation 

(HCD) cell for MS/MS fragmentation. Electron ionization (EI) at 70 eV energy, emission 

current of 50 μA with an ion source temperature of 250 °C was used in all experiments. 

A filament delay of 5.7 min was selected to prevent excess reagents from being ionized 

for all 3 modes of acquisition. High resolution EI spectra were acquired using 60 000 

resolution (fwhm at m/z 200) with a mass range of m/z 50–650. Data acquisition and 

instrument control were carried out using Xcalibur 4.3 and TraceFinder 4.1 softwares 

(Thermo Scientific). High resolution CI-MS/MS spectra were acquired with the following 
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conditions: CI gas flow of 1 mL/min (methane, CH4), emission current: 50.0 μA, MS1 

resolution: 120 000, automatic gain control (AGC) target: 106, scan range of 60–900 m/z in 

profile mode, followed by data dependent (dd)-MS/MS using 60 000 resolution, AGC target 

of 105, isolation window 2 m/z, scan range of 50–500 m/z, and a stepped normalized (N) 

collision (CE) energy of 15, 25, 35; in both positive or negative modes for PCI-MS, and 

NCI-MS data acquisition, respectively.

We obtained MS/MS fragmentation spectra for compounds run in PCI-MS, while NCI-MS 

did not result in compound fragmentation (hence only MS1 data). EI-MS spectra were 

acquired in typical full scan mode, and the same strategy was followed for compound 

identification in NIST SRM 1950 plasma as well.

For metabolites identified through all three modes of data acquisition, reported annotations 

were considered level 2 (putative annotation based on spectral library similarity) or 3 

(putatively characterized compound class based on spectral similarity to known compounds 

of a chemical class) by the 2007 metabolomics standard initiative (MSI).29 Compounds 

identified in NCI spectra were assigned level 2 for all compounds for which authentic 

standards were available, based on their molecular ion (m/z) [M–H]− and RT annotations. 

We did not include and report any annotations solely based on MS1 obtained accurate 

masses from PCI-MS and NCI-MS acquisition from the NIST SRM 1950 plasma, where 

authentic standards, RT, and MS/MS fragmentation spectra were not available.

Data Analysis Using Various Open Source and Commercial Software Tools

TraceFinder 4.1.—The acquired EI-MS data were processed using TraceFinder 4.1 

software (Thermo Scientific, Bremen, Germany). Initially, background-corrected full-scan 

data were deconvoluted and RT aligned using the incorporated deconvolution plugin. Initial 

analysis of collected spectra included baseline correction, peak filtering, quantification, 

assignment of a unique mass and retention index, signal-to-noise calculation and compound 

annotation based on the mass spectral pattern as compared to EI spectral libraries such as 

the NIST Mass Spectral Reference Library (NIST17/2017; National Institute of Standards 

and Technology, USA; with EI-MS data of 242 466 compounds), the Wiley Registry of 

Mass Spectra 11th Edition, the MSRI spectral libraries from the GOLM Metabolome 

Database,30 available from Max-Planck-Institute for Plant Physiology, Golm, Germany 

(http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html; 2594 spectra), MassBank (60 114 

spectra),31 MoNA (Mass Bank of North America, (http://mona.fiehnlab.ucdavis.edu/; total 

18 608 spectra and 1118 spectra from RTX Fiehn library: FiehnLib), and a supplied high 

resolution (HR)-MS spectral library for the GC-MS data set using proprietary TraceFinder 

4.1 software, which contains high resolution electron impact MS data of > 800 primary 

and secondary metabolites; Thermo Scientific, Bremen, Germany). The returned list with 

tentative matches was manually evaluated for positive annotations. The decision on whether 

or not a match was a true analytical positive result was based on the search index score and 

the high resolution filtering value as well as on visual comparison of the acquired spectrum 

with the suggested library spectrum. Within this process, up to five top library hits were also 

considered where relevant.
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Compound Discoverer 2.1.—For the data obtained in PCI and NCI modes for HR-GC-

CI-MS, we used Compound Discoverer 2.1 software (Thermo Fisher Scientific, Bremen, 

Germany). An example workflow for this proprietary software is provided as Figure S1. For 

replication of the study, some of the important parameters used are listed below. For “select 

spectra” we used 100–5000 Da for min and max. precursor mass, with MS resolution of 

60 000 and MSn resolution of 30 000. For “align retention times” adaptive curve alignment 

model was followed with maximum allowed shift of 0.5 min, and mass tolerance of 5 ppm. 

To “detect unknown compounds”, mass tolerance, 5 ppm, intensity tolerance, 30%, S/N 

threshold of 5, min peak intensity 10 000, ions searched were [M + H]+1, [M + C2H5]+1, 

[M + CH3]+1 (with the latter two specific for CH4 (methane) as CI gas) allowing elemental 

searches for C, H, N, O, P, S only. To group unknown compounds, the RT tolerance was 

set to 0.1 min, and mass tolerance of 5 ppm. Additionally, two local mass database lists 

were searched consisting of 4400 endogenous metabolites, extractables and leachables with 

a mass tolerance as above. mzCloud32 was consulted with ion activation energy tolerance 

of 20, similarity forward search and a match factor threshold cut off of 50. To predict 

compositions, a 5 ppm mass tolerance was allowed, for C, H, N, O, P, S, based compounds, 

30% intensity tolerance, 5 ppm mass tolerance S/N = 5, for pattern and fragment matching. 

For searching ChemSpider33 for annotations, 21 databases were manually selected for their 

biological relevance with a 5 ppm mass tolerance, and #5 top hits being reported. Further, 

to filter out noise and less confident compounds, we discarded all compounds with a CV 

> 30%. Finally, all siloxane, halogen-derivatives, phthalate, acrylate, and silyloxy, borane, 

dioxolan, and silan, silox-derivative compounds were manually removed from the list.

MS-DIAL 3.9.—Raw data (.RAW) for EI-MS and PCI-MS, and NCI-MS from the Orbitrap 

instrument from a combined three different modes were converted to .mzML formats using 

ProteoWizard’s msConvert34 tool. The MS-DIAL with open source publicly available EI 

spectra library was used for raw peaks extraction and the data baseline filtering and 

calibration of the baseline, peak alignment, deconvolution analysis, peak annotation and 

integration of the peak height essentially followed as described.35 An average peak width 

of 20 scan and minimum peak height of 10 000 amplitudes was applied for peak detection, 

and sigma window value of 0.5, EI spectra cutoff of 50 000 amplitudes was implemented for 

deconvolution. For retention time and retention index library creation purposes, we recorded 

the (a) retention times, and also obtained the (b) Kovat’s retention indices (KIs) using 37 

fatty acid methyl ester (FAME) mixture (Cat. No. # 47885-U, Supelco, Inc.), 10 mg/mL 

in methylene chloride; and the (c) linear retention time indices (RIs) using an even chain 

n-hydrocarbon mixture, C8–C40, 17 components (Cat. No. # 95394, Absolute Standards), 

200 ng on column] for all the quantified features. For annotation setting, the retention time 

tolerance was 0.2 min, the m/z tolerance was 0.5 Da, the EI similarity cutoff was 80%, 

and the annotation score cutoff was 80%. In the alignment parameters setting process, the 

retention time tolerance was 0.5 min, and retention time factor was 0.5. For MS-DIAL 3.9 

data annotations, we used publicly available libraries (both positive and negative ion mode) 

for MassBank, GNPS, RIKEN, MoNA. Detailed method to aggregate a local version of 

public EI spectral database is available.36 Further, a compound in negative mode is defined 

as a certain m/z ([M–H]−) detected at a specific retention time, as previously proposed.18
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MS-FINDER 3.22.—For additional annotation of unknown features (compounds which 

did not match with existent public libraries and did not match any of the standards 

from the MSMLS library compounds) we used MS-FINDER 3.22 to determine their 

elemental formulas and in silico mass spectral fragmentation with MS-FINDER 3.22 

(http://prime.psc.riken.jp/). Spectra were interrogated by sending queries from MS-DIAL 

3.9 directly into the MS-FINDER 3.22 interface. The mass tolerance was set at 0.01 Da, 

relative abundance cut off for MS/MS was set at 1%, where all other parameters were kept 

as default. Other settings were as follows: LEWIS and SENIOR check (yes), isotopic ratio 

tolerance: 20%, element probability check (yes), element selection (O, N, P, S). Structure 

Finder setting: tree depth: 2, maximum reported number: 10, data sources (all except MINEs 

DBs).

Pathway Enrichment Analysis.—Pathway enrichment was performed using 

MetaboAnalyst 4.0 (www.metaboanalyst.ca).37 For ID conversions, the Chemical 

Translation Service (CTS: http://cts.fiehnlab.ucdavis.edu/conversion/batch) was used to 

convert the common chemical names into their KEGG, HMDB, Metlin, PubChem CID, 

and ChEBI identifiers.

Data Sharing.—The raw data sets and the metadata obtained from the GC-MS platforms 

for NIST SRM 1950 human plasma (10 replicates, S1–S10; blanks, B1, B2; solvent 

blanks, P1, P2, and reagents blanks, R1, R2 for all three modes EI-MS, PCI-MS, and NCI-

MS acquired) are deposited at the Global Natural Product Social Molecular Networking 

(GNPS) Massive Server (study accession ID: MSV000084784) and is available at this 

link: ftp://massive.ucsd.edu/MSV000084784/ to the readers. Furthermore, the MS-FINDER 

3.22 annotated structures from the HRGC-EI-MS runs, i.e., 41 unique mass spectra are 

submitted at the MoNA DB that are freely accessible here for the community: https://

mona.fiehnlab.ucdavis.edu/ (accession IDs from MoNA011445 through to MoNA011494). 

All spectral libraries and data are available from the authors upon request.

RESULTS

A freshly prepared commercially available NIST SRM 1950 plasma was aliquoted, 

extracted, and derivatized for GC-EI-MS, GC-PCI-MS, and GC-NCI-MS analysis using 

a QE-GC-Orbitrap-MS instrument. Four different software tools for analysis of GC-MS data 

sets were used to extract the features, annotate and quantify the features in these 5 data 

sets, for a total of 15 sample files. Software included two commercial tools (TraceFinder 

4.1 and Compound Discoverer 2.1) and two widely used open source tools (MS-DIAL 3.9 

and MS-FINDER 3.22). The overall spectral data acquisition workflow using a QEGC-MS 

is provided in a pictorial form (Figure 1).

Our purpose was not to evaluate the feature calling capabilities of the tools, rather, to use 

their default settings for our data sets to find “consensus” and “unique” features between the 

platforms for HR-MS data sets. Representative total ion chromatograms (TICs) obtained for 

a single NIST SRM 1950 human plasma sample in EI, PCI, and NCI modes are provided in 

Figure 2A–C.
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Metabolite Library Preparation and Individual Metabolite Features Obtained from HR-GC-
MS Platforms Using NIST SRM 1950 Human Plasma

Using the 635 compounds from MSMLS standards obtained from IROA Technologies 

(chemical list and metadata: Table S1), with our standard MSTFA derivatization procedure, 

we obtained EI, PCI and NCI spectra for the compounds after reconstitution. The spectra 

were recorded in a matrix with spectra and RT/RI using FAME and n-hydrocarbon mixtures. 

Of the 635 compounds, we successfully obtained EI-MS spectra for 258 compounds (40%) 

(EI-GC-MS Wake Forest CPM spectral library), whereas CI-MS (in both positive and 

negative modes) yielded spectra for 176 compounds (28%) (CI-GC-MS Wake Forest CPM 

spectral library). In total, these combined efforts resulted in spectral and retention time 

data acquisition for 330 unique metabolites. Further, 98 and 82 unique metabolites were 

represented in the PCI-MS and NCI-MS libraries, respectively, whereas another 69 were 

shared between the two CI modes (Figure 3A).

Overall, a total of 330 of the 635 metabolites were amenable to GC-MS analysis for 

spectral library generation with a combined ionization modes of EI-MS, PCI-MS, and NCI-

MS, with 81, 39, and 28 unique metabolites, respectively, captured using each ionization 

modes (Figure 3B). Only 58 metabolites were common and amenable to all three modes of 

ionization for GC-MS analysis.

In the analysis of the NIST SRM 1950 plasma samples, the total number of metabolites 

captured using EI-MS with the EI-GC-MS Wake Forest CPM spectral library, public EI-MS 

library, PCI-GC-MS Wake Forest CPM spectral library, and NCI-GC-MS Wake Forest 

CPM spectral library are all provided with identifiers (Table S2). Using the proprietary 

TraceFinder 4.1 software that used the Thermo Fisher GC-Orbitrap-MS HRMS Library v 

2.0, NIST 2017 and Wiley 2011 libraries, we detected 1670 EI-MS features which resulted 

in confident annotation (MSI confidence level 2 and with RT) of 201 metabolites, and 

of these, 84 were silylated following trimethylsilylation and methoxyamination reactions 

(Table S3). Using MS-DIAL 3.9 we further reanalyzed the data using the EI-GC-MS Wake 

Forest CPM spectral library and public libraries (MoNA, MassBank Japan, Fiehn library, 

GOLM DB, GNPS, HMDB etc.) which resulted in annotation of 112 and 151 metabolites, 

respectively (Figure 3C). As examples, we provide the HR EI-MS spectra for common 

metabolites such as citrate, 4TMS, glutamine, 3TMS, and arabitol, 5TMS (Figures 3D–F).

For PCI-MS/MS spectral data acquisition, using PCI-GC-MS Wake Forest CPM spectral 

library (mass spectra + retention time (RT)), we identified 93 metabolites using MS-DIAL 

3.9 (Table S2), and another 21 using MS-FINDER 3.22. Representative PCI-MS/MS spectra 

for caffeic acid, glutarate, and 10-hydroxydecanoate are shown in Figure 4A–C.

For NCI-MS spectral data acquisition, using the NCI-GC-MS Wake Forest CPM spectral 

library (high resolution MS1 and RT), we identified 65 metabolites (Table S3), and another 

21 using MS-FINDER 3.22. However, it is important to note that for the NCI-mode, no 

fragments were obtained for MS/MS, a technological limitation, though the MS1 accurate 

mass profiles along with the RT represented matched authentic standards. NCI is a softer 

ionization process than EI so there is a tendency for less fragmentation, and in a number of 

cases the quantitative or qualifier ion is the molecular ion or a higher mass product ion as 
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compared to EI; and NCI in either SIM or SRM mode has added selectivity with no response 

for the other matrix components that affect EI.38 Further, in NCI modes, fragmentation 

processes are limited to elimination reactions, and/or show dominant quasi-molecular ions, 

with little fragmentation, at times involving loss of combinations of the even electron neutral 

species H. This also renders the scan function in NCI-MS data useless due to the resulting 

lack of MS/MS spectra. When we consulted the Compound Discoverer 2.1 workflow, it 

resulted in annotation of 81 and 116 metabolites respectively, based on the NCI-MS and 

PCI-MS data sets (Table S3). However, the confidence on these annotations was low due to 

lack of retention time information for these matches and lack of fragmentation (MS/MS 

spectra). Moreover, the Compound Discoverer workflow did not capture any silylated 

molecules, as it failed to annotate Si-carrying compounds and the consulted databases did 

not contain silylated compounds.

Finally, using the in silico spectral data prediction tool MS-FINDER 3.22, we used the 

EI-MS spectral data from NIST SRM 1950 plasma to tentatively annotate 41 unique 

metabolites. Using the commercial workflow provided with the instrument by the mass-spec 

vendor, Compound Discoverer, which by virtue of the licensed databases consists of only 

nonsilylated chemicals, helped annotate 123 metabolites in total, 7 unique to PCI-MS and 

42 unique to NCI-MS, with 74 compounds common in both modes. Comparing metabolite 

coverage for EI-MS, NCI-MS, and PCI-MS using only commercial workflows that used 

TraceFinder and Compound Discoverer, only 13 were found to be shared between all 

three modes (Figure S2A), with significant overlap between the PCI and NCI-modes and 

highest numbers identified with TraceFinder that used all possible commercial EI-MS 

spectral libraries available. However, when all annotated compounds IDed using commercial 

workflows were compared against open source workflows with our Wake Forest CPM 

spectral libraries, we found out that the Wake Forest CPM spectral libraries helped obtain 

47% new IDs as compared to 33% new IDs using commercial workflows and databases 

alone (Figure S2B). However, both workflows (commercial and open source that used Wake 

Forest CPM spectral libraries) identified very different sets of compounds, and only shared 

19.7% of metabolite IDs.

Unique and Shared Metabolic Pathways for Metabolites Identified in NIST SRM 1950 
Human Plasma Using 3 HRGC-MS Runs and Public LC-MS Datasets

We asked if the metabolites identified using the spectral library would map differentially 

to diverse biological pathways by virtue of their chemical properties, i.e., amenability to an 

analysis mode, because the application of a spectral library can only be fully assessed in 

the context of its biological relevance. Hence we preformed a pathway analysis separately 

on metabolites captured using each of the three modes of analysis. When the metabolites 

were combined for all three GC-MS runs, the identified metabolites represented 63 different 

KEGG-derived metabolic pathways, with the criteria of at least 2 metabolites/pathway 

(Figure 5A, Table S4).

The top 10 over-represented pathways (P-values <0.05, hypergeometric test) were as 

follows: beta-alanine metabolism, alanine, aspartate and glutamate metabolism, aminoacyl-

tRNA biosynthesis, citrate cycle (TCA cycle), arginine and proline metabolism, pyrimidine 
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metabolism, galactose metabolism, glycine, serine and threonine metabolism, pantothenate 

and CoA biosynthesis, and nitrogen metabolism. For metabolites with valid HMDBI IDs, 

107, 130, 79, and 100 metabolites were captured using the EI-GC-MS Wake Forest CPM 

spectral library, the EI-MS public open-source spectral library, NCI-MS (combined NCI-

GC-MS Wake Forest CPM spectral library and in silico prediction), and PCI-MS (combined 

PCI-GC-MS Wake Forest CPM spectral library and in silico prediction), respectively; for a 

total of 281 unique metabolites with HMDB identifiers identified by GC-MS (Figure 5A). 

The complementarity of EI and CI modes of analysis in the analysis postderivatization is 

evident (Figure 5B).

Together, the combined 566 metabolites from both the GC-MS analysis in this study, and 

LC-MS analyses obtained from published literature corresponded to 562 HMDB IDs, and 

454 KEGG IDs, respectively, from NIST SRM 1950 plasma. A summary Venn diagram 

shows the overlap of GC-MS-derived metabolites in comparison to those for LC-MS based 

identified metabolites in literature24,39–41 (Figure 5A). Essentially, only 63 metabolites were 

identified in both approaches, while 450 and 306 unique metabolites were captured using 

LC-MS and GC-MS efforts, respectively (Table S2; Figure 5B). Clearly, the metabolites are 

very different for the LC and GC platforms, and of the total 281 metabolites captured using 

HR GC-MS alone, the EI-MS and CI-MS derived metabolite-based pathways present very 

different pictures (Figure S3).

Comparison of NIST SRM 1950 Human Plasma Identified Metabolites Using HRGC-MS 
Results to Public HRLC-MS Datasets

Next, we wanted to compare the metabolites identified using 3 modes of HRGC-MS 

analysis with publicly available LC-MS data sets. Toward this, we included available open 

data from 4 publications that performed NIST SRM 1950 plasma metabolomics analysis 

using LC-MS platforms.24,39–41 The combined LC-MS analyses identified a total of 514 

individual metabolites. To examine the putative basis of the differences that are specific to 

modes of ionization and analytical platforms used, we investigated if the chemical properties 

of the metabolites such as logP values, monoisotopic masses, boiling points, or number of 

C atoms/metabolite showed any trends for the CI, EI, and ESI modes of analysis, as well 

as across the two distinct chromatography platforms (GC-MS vs LC-MS) (Figure S4A–D). 

The metabolites covered using the various hard (EI) and soft ionization (CI, ESI) modes are 

very diverse and share minimum overlap. However, the coverage of high MW compounds 

is higher in ESI than both EI and CI modes. Boiling points of the compounds showed no 

discernible patterns explaining the differences. For the number of C atoms, both EI and ESI 

covered a wider range than CI. Further, EI-MS did show a better linear relationship for RT 

(min) against log2 (S/N) of the compounds (Table S4E). Given the enormity of the human 

plasma metabolome (as evident from the HMDB), and the limited number of chemicals 

captured per analysis using GC-MS or LC-MS, it is possible that the limited representation 

of metabolites is biased, and could influence the outcome of this analysis.

The 513 LC-MS-identified metabolites led to representation of 64 KEGG-derived metabolic 

pathways, with the criteria of at least 2 metabolites per pathway (Figures 6A,B; Table S5).
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In a pathway enrichment analysis, the top 10 pathways (P < 0.05, hypergeometric test) were 

as follows: pyrimidine metabolism, alanine, aspartate and glutamate metabolism, glycine, 

serine and threonine metabolism, arginine and proline metabolism, citrate cycle (TCA 

cycle), aminoacyl-tRNA biosynthesis, nitrogen metabolism, purine metabolism, glutathione 

metabolism, and cysteine and methionine metabolism. Seven of these pathways match 

with the top 10 pathways identified in the analysis of the GC-MS data. Four pathways 

were unique to the LC-MS data sets: nicotinate and nicotinamide metabolism, caffeine 

metabolism, cysteine and methionine metabolism, purine metabolism. Six pathways were 

unique to the GC-MS derived metabolites: vitamin B6 metabolism, lysine biosynthesis, 

ascorbate and aldarate metabolism, pentose phosphate pathway, tyrosine metabolism, 

galactose metabolism.

Using an example of the KEGG pathway of alanine, aspartate, and glutamate metabolism 

which consists of 24 metabolites, and had highest representation of LC-MS and GC-MS 

data sets, we mapped all identified metabolites to examine the complementarity of the 

platforms and various modes of analysis (Figure 6C). Indeed, six metabolites were captured 

by EI-MS, four by PCI-MS, and three by NCI-MS, and 13 were captured using LC-MS. It 

should also be noted that 11 metabolites remain undetected with any of the platforms used. 

Altogether, GC-MS methods identified 9 metabolites, and 13 metabolites in this pathway 

were detected by LC-MS, with only 4 unique metabolites exclusively covered by LC-MS. 

The metabolite names, retention times, and qualifier ions for EI-MS, PCI-MS, and NCI-MS 

annotated metabolites are available (Tables S6–S8). In EI-MS, 20 compounds showed 

multiple derivatized forms, amounting to 47 entries in the library, which are specified in 

Table S6. In PCI-MS, 12 compounds showed multiple derivatized forms, amounting to 24 

entries in the library, which are specified in Table S7. In NCI-MS, 12 compounds showed 

multiple derivatized forms, amounting to 24 entries in the library, which are specified in 

Table S8.

DISCUSSION

Complementarity of High Resolution GC-EI-MS and GC-CI-MS for NIST SRM 1950 Human 
Plasma Analysis

In this study, we first generated three spectral libraries using different MS modes, EI-MS, 

PCI-MS/MS, and NCI-MS, using a commercial kit with authentic chemical standards, 

followed by an application of the libraries to the analysis of a community standard 

reference material, NIST SRM 1950 human plasma (Figure 1). In a recent publication, 

we demonstrated the capabilities of a HRGC-MS platform run on EI-MS mode only 

for metabolomic characterization of baboon serum using publicly available open source 

and commercial spectral libraries,1,42 where we used Orbitrap technology for increased 

annotation and robust quantification of metabolites using EI mode alone. Moreover, it 

has also been stressed that mass accuracy and RT alone are not sufficient for metabolite 

annotation in untargeted metabolomics approaches.43 One widely used annotation approach 

is to search spectral libraries in reference databases for matching metabolites; however, 

this approach is limited by the coverage of these libraries.44 The entirety of chemical 

space of small molecules currently covered in databases such as PubChem, ChemSpider, 
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or the Chemical Abstracts Database is larger than 120 million compounds, and those with 

biological relevance are estimated at 1–2 million, but up to 5–20% of metabolites discovered 

during untargeted metabolic profiling remain unmatched.45,46 The mass spectral databases 

that are available to users (i.e., either open source or from vendors) are different in coverage 

and their sizes, thus resulting in uncertainties of metabolite annotation and differential 

outputs from a given data set. Additional technical variability in MS analysis further 

complicates the reliable and reproducible metabolite annotation. Finally, in a recent study, 

the authors concluded that electronic factors related to the functioning of the ESI source, 

namely, the capillary and sample cone voltages, significantly influenced the recorded MS 

signals with regard to not only the number and abundance of features, but also the overall 

structure of the collected data and resulting metabolite annotation.47 Clearly, numerous 

factors influence the depth and accuracy of metabolite profiling in untargeted metabolomics 

analyses.

In the analysis presented here, we evaluated the capabilities of CI and EI for GC-MS-

based metabolomics analysis using human plasma (Figure 2). For our HRMS GC-MS 

instrument, switching between EI and CI was easy, and a single prepared sample could 

be subjected to all three runs sequentially. We established novel databases of biologically 

relevant compounds as references for GC-MS-based metabolomics analysis using HRMS 

to improve the confidence in metabolite annotation, and then compared the GC-MS results 

to metabolomics profiles obtained by LC-HRMS in previously published studies using the 

same reference plasma sample. In this study, we initially performed CI-MS with ammonia 

(NH3) as the chemical ionization gas, but the extensive and intense fragmentation did 

not improve structure prediction, resulted in loss of signal in the molecular mass, and 

represented a computational challenge. Hence, we developed and optimized the conditions 

for methane (CH4) as the source for CI, and tandem mass spectrometry in PCI-MS/MS 

mode (Figure 4A–C), and all data presented here are based on this approach. Given that a 

recent publication reports on the development of an isobutene-argon CI mixture for more 

robust CI-MS,48 this may provide additional spectral annotation in the future in analysis of 

clinical samples.

A previous study suggested that NCI was 150-fold more sensitive in pg levels of melatonin 

quantification in human plasma.49 Neurosteroids were quantified in rat plasma and brain 

following stress and drug administration using NCI GC-MS, though on a selective 

ion monitoring (SIM) mode of analysis.50 Further, electron capture–negative chemical 

ionization–gas chromatography/mass spectrometry (EC-NCI GC-MS) was shown to be 

100-fold more sensitive than LC-MS/MS for analyzing authentic halogenated tyrosines in 

human plasma in 5 min runs.51 However, most of the applications in CI have focused 

on analysis of pesticides and environmental/organic pollutants,52 pharmaceuticals and 

endocrine disruptors,53 fluorinated organics,54 drugs, i.e., cocaine in hair,55 ketamine and 

its derivatives in urine,56 and statins in plasma,57 and not widely untargeted metabolomics 

applications. As can be seen, most of these efforts used only NCI modes, not PCI mode of 

analysis. Moreover, earlier studies have not attempted to characterize the complex biological 

matrixes themselves (in a discovery analysis), but have only targeted specific chemical 

compounds of interest such as drugs, pesticides, and organic exogenous chemicals. Thus, 
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our analysis represents the first combined NCI and PCI analysis of human plasma, and a 

detailed comparison with EI-based GC-MS analysis (Figure 3).

Usefulness of Adopted Software Tools and Workflows in HRGC-MS Analaysis

A comparative overview of some of the metabolomics tools used in our analysis (i.e., 

MS-DIAL, MS-FINDER) is provided elsewhere.58 As our results demonstrate, different 

tools lead to differences in metabolite annotations. This matches with results reported in a 

recent study, using plant extracts and mixtures of standard compounds, where researchers 

demonstrated the differences in numbers of features captured using different open source 

and commercial software tools for the same samples.59

We observed PCI-MS spectra displaying losses of CH4 [M + 1–16]+, 1–3 TMSOH [M 

+ 1–n × 90]+, and combinations of CH4 and TMSOH losses [M + 1–n × 90–16]+, as 

reported previously,60 that were incorporated to feature finding in both MS-DIAL and 

Compound Discoverer. The vendor software, Compound Discoverer 2.1, relies only on large 

public chemical databases, e.g., ChemSpider (http://www.chemspider.com/), and limited 

spectral matching functionalities from mzCloud (https://www.mzcloud.org/) and helped in 

annotation of limited number of compounds (Figure 5A–D). For instance, we demonstrate 

the annotation of 2-hydroxyglutarate (C5H8O5; monoisotopic mass: 148.03717) and N-

acetyl-L-glutamine (C7H12N2O4; monoisotopic mass: 188.0797) from PCI-MS analysis that 

used Compound Discoverer workflows (Figure S5A–D). However, these resources do not 

include silylated compounds, and the software does not allow for searching TMS or Si 

derivatives. Compound Discoverer allows a set of up to 300 databases for annotations, 

of which only 21 are biologically relevant (given that our matrix is known, and is NIST 

SRM 1950 human plasma) and were chosen (Table S9). Also, Compound Discoverer only 

provides access to mzCloud and ChemSpider,33 and the limited spectral databases are not 

downloadable, thus, we could not run a comparable analysis in MS-DIAL 3.9 workflow. 

Similarly, for soft ionization spectra such as HR-LC-ESI-MS analysis, the XCMS Online 

suite of tools allows consultation of METLIN DB for annotation, but the database does not 

contain silylated compounds, making METLIN not useful for GC-MS spectral annotation. 

Since the application programming interfaces (APIs) for METLIN online have been disabled 

since 2011,61 this prevented us from using METLIN for Compound Discoverer 2.1 or 

MS-DIAL/MS-FINDER annotations. In contrast, MS-DIAL 3.9 allows all open source 

libraries to be consulted for annotation. However, as METLIN, mzCloud and ChemSpider 

are not available for MS-DIAL 3.9, the comparisons are not informative. Also, the number 

of naturally occurring metabolites is still low in mzCloud compared to other popular 

databases.61 Thus, we relied on a workflow that used the functionalities of the MS-FINDER 

for spectral annotation which allowed searching of diverse chemical databases, and built 

custom spectral libraries (for both EI and CI modes), with formula searchability for C, 

H, N, O, P, S, Si compounds and their TMS and MeOX derivatives. To gain confidence 

in the annotations for 41 compounds identified using MS-FINDER, we selected 15 of 

the tentatively MS-FINDER identified compounds for validation using authentic chemical 

standards. Nine compounds were indeed found to match the spectrum and RT, while the 

remaining six showed >70% matched spectra but differences in RT, indicating they could 

be related compounds (Table S10). Moreover, the ability to convert RTs to Fiehn-Retention 
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Index (RI) that can be performed using the 37 component FAME mixture enables higher 

confidence matches for all 3 modes of analysis. Both the RI and KI retention time (min) and 

carbon marker information are also provided (Table S11).

For HR-GC-MS analysis, the proprietary tool that we used was TraceFinder 4.1, which 

allowed consultation of NIST 2017, Wiley 2011, Thermo Fisher Scientific’s proprietary 

HR-MS spectral libraries as well as open source and custom ones such as MoNA (North 

America), MassBank (Japan), FiehnLib, and the GC-MS Wake Forest CPM spectral 

libraries for EI- and CI-MS data analysis. Munson and Geiger established that CH5 + 

and C2H5 + formed in the presence of methane do not further react with methane,62 

which allowed reactions of theseions with additives, giving rise to the development of 

CI-MS. Using MS-DIAL, we could add these adducts while searching for annotations 

in soft-ionization DBs (i.e., mostly ESI-MS) such as those derived from Mass Bank, 

GNPS, RIKEN, HMDB, KEGG among others. In addition, for reproducible analysis of 

the workflow, we have also provided the detailed MS-DIAL parameters used for data 

processing for EI-MS, PCI-MS/MS, and NCI-MS data analysis (Table S13–S15). We 

used MS-FINDER 3.22 to annotate the metabolites on the basis of structure elucidation 

using the MS and MS/MS spectra of unknown peaks. For unknown HR-MS spectral 

structure elucidation, MS-FINDER (3.22 and higher) integrates structures and formulas 

for 224 622 known metabolites and now also includes 643 307 hypothetical compounds 

from the enzyme promiscuity database MINE-DB (http://minedatabase.mcs.anl.gov/).63 

This in silico fragmentation tool considers multiple parameters such as bond dissociation 

energies, mass accuracies, fragment linkages, and various hydrogen rearrangement rules 

at the candidate ranking phase into a resulting scoring system range from 1 (worst 

candidate) to 10 (best candidate).64 We demonstrate that CI-MS generated MS1 and MS/MS 

spectra with retention time can provide additional orthogonal validation of metabolite 

annotation and quantification, using the same platform, without having to depend on LC-

MS technology. Recently, CSI:FingerID was used for molecular structure search analysis 

of GC-MS/MS dopant-assisted atmospheric pressure chemical ionization (dAPCI) data;65 

however, CSI:FingerID was not useful in predicting the formulas for silylated compounds 

for NCI-MS and PCI-MS. Similarly, another tool for in silico structure prediction, SIRIUS 

4,66 was unable to interpret the PCI-MS/MS and NCI-MS spectral data for the silylated 

“known” compounds from the chemical standards. Another novel approach, the NIST hybrid 

search, to further annotate unknown compounds (at MSI level 3) in diverse matrices such as 

human urine46 and human milk67 is currently feasible for LC-ESI-MS data sets. However, 

for our silylated HRGC-MS data sets, the NIST hybrid search did not capture the silylated 

fragments from CI-MS. This clearly limits further in silico annotation of unknown CI-MS 

spectra using HRGC-MS efforts alone, beyond in-house mass spectral and retention time 

libraries.

Interestingly, we observed variabilities in peak areas (abundances) between metabolites 

quantified using different software packages. This could be caused by the intrinsic 

algorithms used for peak detection and integration and could be influenced by 

chromatographic alignment methods.68 Indeed, in another study raw HR LC-MS data 

from two types of biological samples (bile and urine), as well as a standard mixture of 

84 metabolites, were processed with four peak-picking softwares: Peakview, Markerview, 

Misra and Olivier Page 15

J Proteome Res. Author manuscript; available in PMC 2022 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://minedatabase.mcs.anl.gov/


MetabolitePilot, and XCMS Online. Only a small proportion of all peaks (less than 10%) 

were common to all four software programs.69

Both ESI (coupled to LC) and CI (coupled to GC) are soft ionization techniques which 

enable quantification of a clear and characteristic molecular ion signal. There have been 

recommendations to use ESI-MS on negative mode based on an analysis of selected 33 

standard compounds.70 In our analysis PCI is far more informative (based on number of 

identified metabolites and total signal) than the NCI for our complex matrix of NIST 

SRM 1950 human plasma. Moreover, a key challenge of metabolomics is high peak area 

(abundance) dynamic range (4–6 orders of magnitude) of metabolite concentrations present 

in biological samples where different chemical classes of metabolites often have distinct LC 

and GC affinities and ionization (mode) efficiencies on a given platform.

Overall, it is likely that untargeted metabolomics analyses in the future will be critically 

dependent in silico fragmentation tools such as MS-FINDER 3.22, CFM-ID, MetFrag, 

ChemDistiller, and CSI:FingerID that can annotate compounds from existing structure 

databases,45 as well as predicted retention time models from LC and the utility of 

collision cross-section (CCS) modeling from ion mobility experiments to improve HRMS 

annotations.46 For these analyses, more inclusive and synchronized workflows are needed 

that would only depend on freely available spectral and chemical databases to all users.

As we show in our study, a single sample (prepared only once) is amenable to three modes 

of runs/analysis, i.e., EI-MS, PCI-MS/MS, and NCI-MS, thereby providing additional IDs 

and quantification other than traditional GC-MS and standard LC-MS procedures (Figure 

6). The high resolution spectra as well as molecular ions can help in annotation of novel 

compounds as well as aiding in annotation of reaction mechanisms (i.e., loss/addition of 

methyl group, oxidation, (de)protonation etc.) in the future applications as well.

Limitations of the Study

Despite the exciting findings reported above, our study suffers from several limitations. For 

comparison of NIST SRM 1950 human plasma GC-MS and LC-MS data sets, LC-MS data 

sets were publicly available from publications, for only four studies where data could be 

traced and data extracted. Further it needs to be appreciated that the LC-MS efforts in those 

studies adopted sample preparation protocols that are different from a common one adopted 

in our method for GC-MS analysis using three ionization modes. While there are several 

other publications using NIST SRM 1950 human plasma samples, they are all lipidomics 

studies, and given that GC-MS as a platform is not useful for detailed in depth lipidomics 

analysis, we refrained from including lipidomics data in the LC-MS data sets prior to the 

comparisons. Moreover, in our GC-MS data, the EI-MS signals were higher than the PCI 

and NCI signals for a comparable injection volume of sample. Future studies would have to 

explore how an increase in injection volume may ameliorate this reduced signal (sensitivity) 

in CI approaches. Finally, we understand these analyses need to be performed with much 

more complex tissue samples and larger numbers of clinically relevant samples to assess 

the robustness of our findings, and these are our ongoing efforts in the laboratory that will 

help determine the appropriate complementary MS-based approaches for complex matrix 

metabolomics
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CONCLUSIONS

Clearly, each of the three MS platforms (GC-EI-MS, or GC-CI-MS, or LC-MS) captures 

a very different subset of metabolites from the same NIST SRM 1950 human plasma. 

Also, the different modes (positive and negative) of data acquisition identified different 

complementary subsets of metabolites. Our data demonstrate clearly that HRLC-MS 

and HRGC-MS are highly complementary technologies for annotation of metabolites 

from this reference sample. It remains a challenge, though, to consolidate “unknown” 

features detected in positive and negative modes, and now between CI and EI modes, 

to capture only true features. Clearly, improved mass spectral databases for the different 

ionization methodologies are essential to capture the full potential of HRMS approaches in 

metabolomics, and the generation of the custom Wake Forest CPM spectral libraries for EI- 

and CI-MS represent a first step toward this goal.
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Figure 1. 
Summary workflow for the analysis of human NIST SRM 1950 human plasma using 

HR-GC-MS (EI, PCI, and NCI) for annotation of metabolites. The Wake Forest CPM library 

was first prepared using the authentic chemical standards from the MSMLS Kit (IROA 

Technologies) that helped annotate spectra for 330 unique compounds using EI, PCI, and 

NCI modes of data acquisition. Second, NIST SRM 1950 human plasma was run three times 

on EI, PCI, and NCI modes in a similar manner, and compounds were identified using the 

built Wake Forest CPM Library and public EI-MS databases (MoNA, MassBank, FiehnLib, 

GOLM DB, Wiley 2011, NIST 2017), and commercial workflows that used ChemSpider 

databases for PCI-MS/MS and NCI-MS for compound annotation. Green, blue, and red 

fonts and lines correspond to EI-MS, PCI-MS, and NCI-MS, respectively.
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Figure 2. 
Total ion chromatograms (TICs) obtained for NIST SRM 1950 human plasma samples run 

on (A) electron ionization (EI), (B) positive chemical ionization (PCI), and (C) negative 

chemical ionization (NCI) modes.
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Figure 3. 
EI-MS, PCI-MS, NCI-MS spectral library preparation and spectral validation using NIST 

SRM 1950 human plasma. (A) Shared and unique metabolites for PCI-MS and NCI-MS 

spectral and retention time libraries. (B) Shared and unique metabolites for EI-MS, PCI-MS, 

and NCI-MS spectral and retention time libraries. (C) A four-way Venn diagram displaying 

the shared and unique metabolites between (C) GC-EI-MS, GC-PCI-MS, and GC-NCI-MS 

from in Wake Forest CPM spectral libraries and GC-EI-MS spectral hits from public 

libraries. HR EI-MS spectral matches for plasma sample derived spectra and library hit 

for (D) arabitol, 5TMS, (E) citrate, 4TMS, and (F) glutamine, 3TMS.
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Figure 4. 
Example PCI-MS and PCI-MS/MS spectra for (A) caffeic acid, (B) glutarate, and (C) 

10-hydroxydecanoate.
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Figure 5. 
Shared and unique metabolites quantified based on ionization modes and platforms. (A) 

A four-way Venn–diagram displaying the coverage of metabolites for LC-MS, GC-EI-MS, 

GC-CI-MS, and CI-MS (MS-FINDER 3.22 based discovery). (B) A two-way Venn diagram 

displaying overlap of metabolites for LC-MS and GC-MS approaches in NIST SRM 1950 

plasma.
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Figure 6. 
Pathway analysis of the metabolite coverage from LC-MS and GC-MS platforms. (A) 

KEGG-pathways shared between LC-MS and GC-MS platforms with at least 2 metabolites 

per pathway as a cutoff. (B) Statistically significantly enriched (P-values < 0.05) KEGG-

pathways shared between LC-MS and GC-MS platforms. (C) Complementarity of the 

GC-MS modes of analysis (EI-MS, PCI-MS, NCI-MS) and LC-MS platforms shown as 

an example with mapped metabolites onto alanine, aspartate, and glutamate metabolism.
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