
Development of Metabolomics Workflows in Clinical 

Bioanalysis by Ultra-High-Performance Liquid 

Chromatography Tandem Mass Spectrometry 

 

 
Dissertation 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Eberhard Karls Universität Tübingen 

zur Erlangung des Grades eines 

Doktors der Naturwissenschaften 

(Dr. rer. nat.) 

 
 
 
 
 
 

vorgelegt von 

Kristian Serafimov 

aus Veliko Tarnovo, Bulgarien 

 
 
 
 
 
 

Tübingen 

2024 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Gedruckt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der Eberhard 

Karls Universität Tübingen. 

 
 
 

 
Tag der mündlichen Qualifikation: 06.12.2024 

Dekan: Prof. Dr. Thilo Stehle 

1. Berichterstatter/-in: Prof. Dr. Michael Lämmerhofer 

2. Berichterstatter/-in: Prof. Dr. Stefan Laufer 



The research described in this thesis was conducted between November 1st 2020 and November 

1st 2024 at the Institute of Pharmaceutical Sciences, Division Pharmaceutical (Bio-)Analysis, 

Eberhard Karls Universität Tübingen under the supervision of Prof. Dr. Michael Lämmerhofer. 

 
  



 

3 

 

Table of Contents 

I. Summary………………................................................................................. 4 

II. Zusammenfassung………………..................................................................... 7 

III. List of publications ................................................................................................. 11 

IV. Manuscripts currently under revision/to be published ............................................. 12 

V. Author contributions ............................................................................................... 13 

VI. Poster Presentations .............................................................................................. 18 

VII. Oral Presentations ................................................................................................. 18 

VIII. Abbreviations .........................................................................................................19 

1. Introduction ............................................................................................................ 23 
 

1.1. Metabolomics............................................................................................ 23 

 1.1.1. Sample Preparation ...................................................................... 26 

 1.1.2. Derivatization Strategies ............................................................. 27 

 1.1.3.  Quenching and extraction of cell samples................................. 29 

1.2. Liquid Chromatography in Metabolomics.............................................. 32 

1.2.2.  Reversed-Phase Liquid Chromatography ....................................... 33 

1.2.2. Hydrophilic Interaction Liquid Chromatography ....................... 34 

1.3. Mass Spectrometry in Metabolomics ......................................................... 35 

1.3.1. Ionization ........................................................................................ 36 

1.3.2. Mass Analyzers ............................................................................. 39 

1.3.2.1. Triple Quadrupole Mass Spectrometry ...............................39 

1.3.2.2. Quadrupole Linear Ion Trap Mass Spectrometry ............... 42 

1.3.2.3. Quadrupole Time of Flight Mass Spectrometry .................. 43 

2. References ........................................................................................................... 51 

3. List of Figures ....................................................................................................... 60 

4. Objectives of the thesis ......................................................................................... 61 

5. Results and Discussion ......................................................................................... 62 

5.1. Metabolic profiling workflow for cell extracts by targeted hydrophilic interaction liquid 

chromatography-tandem                          mass  

spectrometry ........................................................................................................ 62 

5.1.1. Supplementary Data .................................................................................. 72 

5.2. Isomer selectivity of mixed-mode and hydrophilic interaction liquid chromatography 

coupled to tandem mass spectrometry for sugar phosphates of glycolysis and pentose 

phosphate pathways. ............................................................................................138 

5.2.1. Supporting Information .............................................................................. 148 

5.3. Quantitative analysis of the glutathione pathway cellular metabolites by targeted liquid 

chromatography-tandem mass spectrometry ....................................................... 159 



4  

5.3.1. Supplementary Material ................................................................................. 177 

5.4. Solving the retention time repeatability problem of hydrophilic interaction liquid 

chromatography ........................................................................................................................192 

5.4.1. Supplementary Material .................................................................................... 201 

5.5. Comprehensive coverage of glycolysis and pentose phosphate metabolic pathways by 

isomer-selective accurate targeted hydrophilic interaction liquid chromatography-tandem 

mass spectrometry assay ......................................................................................... 206 

5.5.1. Supplementary Material .............................................................................................. 215 

5.6. Targeted and untargeted urinary metabolomics of alkaptonuria patients using ultra high- 

performance      liquid      chromatography-tandem       mass 

spectrometry ........................................................................................................................... 250 

5.6.1. Supplementary Material .................................................................................. 278 

6. Acknowledgements ................................................................................................... 298 

I. Summary of the Dissertation 

Throughout the recent years, the field of metabolomics has seen interest from the life 

science community, as it is able to provide valuable information about the quantitative 

and qualitative alterations of endogenous polar metabolites upon specific pertubations. 

Coupled with the substantial technological innovations in mass spectrometry (MS) over 

the last decades, MS-based metabolomics has attained the role of a valuable tool in 

bioanalysis and diagnosis, enabling us to detect the early manifestations of certain 

diseases and metabolic disorders and their progress. With regard to the bioanalytical 

aspect, often a tradeoff between sufficient sensitivity (triple quadrupole/linear ion trap 

systems) and sufficient analyte coverage (hybrid quadrupole time-of-flight QToF 

systems or Q-orbitrap mass spectrometry systems) is a necessity. QToF and Q-orbitrap 

systems are the first choice when it comes to broad analyte coverage, as their rapid 

acquisition rates allow to combine high-resolution mass spectra with the hyphenation 

to ultra-high-performance liquid chromatography. Along with the introduction of 

sequential window acquisition of all theoretical fragment ion mass spectra (SWATH), a 

powerful tool for true comprehensive analysis was made available. Ultra-high- 

performance liquid chromatography coupled to linear ion trap systems and triple 

quadrupole mass spectrometry systems on the other hand, provide superior sensitivity 

and a wider linear ranger, allowing superior accurate quantification while minimizing 

the risk of possible isobaric interferences from other compounds. 
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In this thesis, advanced targeted and untargeted MS approaches coupled to liquid 

chromatography were developed with the aim of obtaining further insight into various 

biological matrices (cell culture, urine, plasma). In the first project, a targeted approach 

with wide metabolite coverage was developed for cellular, urinary and plasma 

metabolomic analysis using a UHPLC-QTrap-MS system operated in the scheduled 

multiple reaction monitoring (sMRM) mode. In the course of the method development, 

HeLa cell samples were analyzed via UHPLC-QToF-MS with SWATH acquisition and 

an updated in-house bioinformatics script transformed the acquired high-resolution MS 

data to MRM ion pairs for the following targeted QTrap analysis (SWATH-to-MRM). 

One hundred sixty-one (161) metabolites were successfully detected in ESI+ mode of 

the untargeted QToF-MS/MS with SWATH acquisition, whereas 92 were detected in 

negative ionization mode, totaling to a number of 253 compounds in three different 

biological matrices covered by the two HILIC methods developed in this study. Both 

established HILIC-QTrap-MS/MS methods with sMRM acquisition were calibrated and 

validated based on 105 authentic chemical standards and U-13C-labeled Pichia pastoris 

(Komagataella phaffii) yeast extract as internal standard for cellular matrix (HeLa cells). 

Further work was conducted to extend the metabolite coverage. Sugar phosphates are 

a set of specific metabolites, which play a crucial role in the pentose phosphate and 

glycolysis pathways. From an analytical perspective, these metabolites cause problems 

due to their multiple negatively charged phosphate groups, high hydrophilicity, poor 

chromatographic performance and numerous isomers. For this reason, there were no 

good accurate methods available that could have coped with our requirement of 

comprehensive accurate analysis of all isomers with adequate assay specificity. 

Chromatographic conditions were evaluated with the aim of achieving separation of the 

isomeric glycolytic phosphorylated carbohydrate metabolites free from isomeric 

interferences and thus allowing for selective targeted analysis by liquid chromatography 

with tandem mass spectrometry (MS/MS) using multiple reaction monitoring 

acquisition. Separation of 7 biologically relevant hexose monophosphate metabolites 

turned out to be challenging by HILIC-MS/MS, with the Waters Premier Acquity BEH 

Amide providing the best individual results for such a separation. However, fructose 6- 

phosphate and glucose 1-phosphate co-eluted. Therefore, an on-line heart-cutting 

HILIC-Mixed Mode 2D-LC-QToF method was developed, allowing the separation of 

this critical isomer pair. In this setup, the BEH Amide column in the first dimension (1D) 

separated the majority of target metabolites, while a heart-cut of the peak from totally 

coeluted fructose 6-phosphate and glucose 1-phosphate was separated in the second 
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dimension (2D) with a HILICpak VT50-2D column, thus allowing undisturbed 

determination of the glycolytic phosphorylated carbohydrate metabolites due to their 

chromatographic separation from hexose monophosphate metabolites. 

In the third project of this thesis, the redox-active thiol metabolites related to the 

glutathione (GSH) pathway were the focal point of method development for extending 

the metabolite coverage. Glutathione, its biosynthesis intermediates and other thiol 

metabolites are of central relevance for the redox homeostasis of cells. Their analysis 

is critical due to the rapid interconversion of redox pairs during sampling, sample 

preparation, and data acquisition, in particular in the electrospray ionization interface. 

In this study, a fast, targeted LC-MS/MS method was developed with the aim to 

accurately quantify 14 metabolites from the glutathione pathway for monitoring 

metabolite alterations in the course of ferroptosis, a kind of an iron-dependent 

programmed cell death in which glutathione depletion plays a role. Derivatization of 

free thiols with N-ethylmaleimide during the extraction step instantly stabilized the thiol- 

redox state in a Michael-Addition type of reaction. Liquid chromatographic separation 

of the analytes was performed on a sub-2µm superficially porous HILIC column with 

sulfobetaine chemistry. Tandem MS with triple-quadrupole mass spectrometry in 

multiple-reaction monitoring acquisition mode allowed sensitive detection of the 

targeted metabolites and run times of 2.5 min enable a high throughput analysis of 

cellular samples. A 13C-labelled cell extract was used as internal standard, 

strengthening the performance of the developed assay. 

The next project in this thesis elaborated on the retention time repeatability issue of 

polar metabolites in HILIC. Various studies have pointed out the poor retention time 

repeatability of HILIC, which has often been attributed to the insufficient re-equilibration 

time at the end of each gradient elution chromatographic run to establish the sensitive 

semi-immobilized water layer at the interface of the polar stationary phase and the bulk 

mobile phase. In the course of this study it was demonstrated that the poor retention 

time repeatability in HILIC is caused by the use of for borosilicate glass solvent bottles. 

Their replacement by PFA (co-polymer of tetrafluoroethylene and 

perfluoroalkoxyethylene) solvent bottles drastically improved the retention time 

repeatability. A characteristic pattern was observed in peak retention time behavior 

shifting towards higher retention times for metabolites with progressing analysis time 

when standard borosilicate glass bottles were used as solvent reservoirs. Hypothesis 

for this phenomenon was that release of ions (sodium, potassium, borate, etc.) from 

the borosilicate glass bottles leads up to alterations in the semi-immobilized water layer 
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which is adsorbed to the polar stationary phase surface under acetonitrile-rich eluents 

in HILIC. With increasing time more ions are accumulated in this water layer which 

leads to a thickening and hence increase of the phase ratio, thus higher retention of 

polar analytes. By exchanging the borosilicate glass bottles with PFA solvent bottles 

retention time repeatability was significantly improved and changed from an average of 

8.4% RSD for the tested metabolites with borosilicate glass bottles to 0.14% RSD for 

the PFA solvent bottles (30 injections over 12h). 

Since above sugar phosphate method showed suboptimal performance and was 

technically complex in its setup, thus not suitable for clinical analysis of a larger number 

of samples, another study focused again on the development of a HILIC-UHPLC- 

MS/MS assay to comprehensively cover all sugar phosphate derivatives relevant to the 

pentose phosphate and glycolysis pathways. The aim was to optimize the 

chromatographic separation of these metabolites and allowing their selective and 

reliable quantification, without the interference of any isomeric compounds. The 

developed method involved the usage of a BEH Amide column with polymer-coated 

hardware employing HILIC in alkaline conditions (pH 11) at high ammonium formate 

concentrations. Quantification of 24 metabolites relevant to these pathways was 

achieved and a 13C-labelled cell extract was used as internal standard. After validation, 

application was demonstrated in HeLa cell samples and in HEK293 samples, where 

ferroptosis was catalyted via Erastin, which acts as an inhibitor of the glutamate/cystine 

antiporter system (system XC−). As a result, fructose-1,6-bis-phosphates, 2,3-bis- 

phosphoglycerate, 2- and 3-phosphoglycerate were upregulated compared to controls. 

A further urinary metabolomics project involved the analysis of patient samples with 

Alkaptonuria. Alkaptonuria (AKU) is a rare autosomal-recessive disease which is 

characterized through black urine and ochronosis. It is caused by deficiency of the 

enzyme Homogentisate 1,2-dioxygenase in the Phenylalanine/Tyrosine degradation 

pathway which leads to the accumulation of Homogentisic acid (HGA). Urine was 

provided by AKU patients and healthy controls. Several different methods were 

developed in this study each with a specific goal: 1) A simple and inexpensive UHPLC- 

UV method for routine monitoring of HGA as a key metabolite employing a Phenylhexyl 

stationary phase chemistry. Validation was performed in accordance to FDA guidelines 

and method selectivity was further evaluated via on-line high-resolution sampling 2D- 

LC-QToF-MS, coupling the Phenylhexyl phase in the first dimension with a C18 phase 

in the second dimension. 2) A targeted and accurate UHPLC-MRM-QTrap method, 

providing quantitative analysis of the relevant pathway metabolites based on a 
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Phenylhexyl stationary phase, and 3) an untargeted HILIC-UHPLC-QToF-MS/MS with 

SWATH acquisition employing a HILIC-Z superficially porous particle column, with the 

aim of uncovering more details about the metabolic profile of this genetic disorder. 

Untargeted analysis allowed to annotate 204 metabolites detected in positive and 

negative ESI mode in total. By combining the aforementioned methods, a 

comprehensive workflow was developed, allowing the effective analysis of both patient 

and control urine samples. 

 
 

II. Zusammenfassung 

 

In den letzten Jahren stand das Gebiet von Metabolomics im Mittelpunkt des 

anhaltenden Interesses in den Biowissenschaften, da es wertvolle Informationen über 

die Veränderungen von quantitativen und qualitativen Aspekten endogener polarer 

Metabolite liefern kann. In Verbindung mit den erheblichen technologischen 

Innovationen in der Massenspektrometrie (MS) in den letzten Jahrzehnten ist 

Metabolomics zu einer wertvollen Technik geworden, mit der wir die frühen 

Manifestationen bestimmter Krankheiten und Stoffwechselstörungen sowie deren 

Verlauf erkennen können. Im Hinblick auf bioanalytischen Anwendungen ist oft ein 

Kompromiss zwischen ausreichender Empfindlichkeit (Triple-Quadrupol-/Linear- 

Ionenfallen-MS-Systeme) und ausreichender Analytabdeckung (Hybrid-Quadrupol- 

Flugzeit-QToF-Systeme oder Q-Orbitrap-MS-Systeme) erforderlich. QToF- und Q- 

Orbitrap-MS-Systeme sind die erste Wahl, wenn es um eine breite Analytabdeckung 

geht, da ihre schnellen Erfassungsraten es ermöglichen, hochauflösende 

Massenspektren mit der Kopplung an die 

Ultrahochleistungsflüssigkeitschromatographie zu kombinieren. Mit der Einführung der 

sequentiellen Fenstererfassung aller theoretischen Fragmentionen-Massenspektren 

(SWATH) wurde ein leistungsstarkes Werkzeug für eine umfassende Analyse 

verfügbar gemacht. Lineare Ionenfallen MS-Systeme und Triple-Quadrupol-MS- 

Systeme bieten dagegen eine überlegene Empfindlichkeit und einen weiteren linearen 

Bereich. Sie haben Vorteile bei der genauen Quantifizierung. Durch Kopplung an eine 

Hochleistungsflüssigkeitschromatographie sowie durch spezifische Ionenübergänge 

wird Assayspezifität gewährleistet und so können mögliche Interferenzen durch andere 

Verbindungen vermieden werden. 

In dieser Arbeit wurden targeted und untargeted MS-Assays in Verbindung mit 

Flüssigkeitschromatographie entwickelt, um polare Metabolite in verschiedenen 
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biologischen Proben (Zellkultur, Urin, Plasma) zu bestimmen. Im Laufe des ersten 

Projekts wurde ein targeted UHPLC-MS/MS Assay mit breiter Metabolitenabdeckung 

für die zelluläre, Urin- und Plasmametabolomanalyse entwickelt, wobei ein UHPLC- 

QTrap-MS-System verwendet wurde, das im Multiple-Reaction-Monitoring-Modus 

(sMRM) betrieben wurde. HeLa-Zellproben wurden zuerst mit untargeted UHPLC- 

QToF-MS mit SWATH-Erfassung analysiert, und ein aktualisiertes internes 

Bioinformatik-Skript wandelte die erfassten hochauflösenden MS-Daten in MRM- 

Ionenpaare für die folgende targeted QTrap-Analyse um. Einhunderteinundsechzig 

(161) Metaboliten wurden erfolgreich im ESI+-Modus mittels der untargeted UHPLC- 

QToF-MS Methode annotiert, während 92 im negativen Ionisierungsmodus annotiert 

werden konnten, was insgesamt eine Anzahl von 253 Verbindungen in drei 

verschiedenen biologischen Systemen ergibt, die von den beiden in dieser Studie 

entwickelten HILIC-Methoden abgedeckt werden. Beide etablierten HILIC-MS/MS 

Methoden wurden mittels 105 authentischen chemischen Standards und U-13C- 

markiertem Hefeextrakt von Pichia pastoris (Komagataella phaffii) als internem 

Standard für die Zellmatrix (HeLa-Zellen) kalibriert und validiert. 

Um die Metabolitenabdeckung zu erweitern, wurden weitere Methoden entwickelt. 

Zuckerphosphate sind eine Reihe spezifischer Metaboliten, die eine entscheidende 

Rolle im Glykolyse- und Pentosephosphatweg spielen. Aus analytischer Sicht bereiten 

diese Metaboliten aufgrund ihrer mehrfach negativ geladenen Phosphatgruppen, ihrer 

hohen Hydrophilie, ihrer schlechten chromatographischen Performance und ihrer 

zahlreichen Isomere Probleme. Aus diesem Grund standen keine guten und akkuraten 

LC-MS/MS Methoden zur Verfügung, die unseren Anforderungen einer umfassenden, 

genauen Analyse aller Isomere mit angemessener Assay-Spezifität hätten gerecht 

werden können. Daher wurden verschiedene chromatographischen Bedingungen 

evaluiert mit dem Ziel eine Trennung der isomeren phosphorylierten 

Kohlenhydratmetaboliten von Glykolyse und Pentosephosphat Weg mit adäquater 

Assay Spezifität frei von isomeren Interferenzen zu erreichen und so eine selektive 

Analyse durch Flüssigkeitschromatographie mit Tandem-Massenspektrometrie 

(MS/MS) zu ermöglichen. Die Trennung von 7 biologisch relevanten 

Hexosemonophosphat-Metaboliten erwies sich mittels HILIC-MS/MS als schwierig, 

wobei die Premier Acquity BEH Amid Säule die besten Einzelergebnisse für eine solche 

Trennung lieferte. Allerdings wurden Fructose-6-phosphat und Glucose-1-phosphat 

gemeinsam eluiert. Daher wurde eine Online-Heart-Cutting-HILIC-Mixed-Mode-2D-LC- 

QToF-Methode entwickelt, welche die Trennung dieses kritischen Isomerenpaars in 
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einer 2. Trenndimension ermöglichte. In diesem Aufbau trennte die BEH-Amid-Säule 

in der ersten Dimension (1D) die Mehrheit der Zielmetaboliten, während ein Heart-Cut 

des Peaks aus vollständig gemeinsam eluiertem Fructose-6-phosphat und Glucose-1- 

phosphat in der zweiten Dimension (2D) mit einer HILICpak VT50-2D-Säule getrennt 

wurde, wodurch eine ungestörte Bestimmung der phosphorylierten 

Kohlenhydratmetaboliten der Glykolyse aufgrund ihrer chromatographischen Trennung 

von den Hexosemonophosphat-Metaboliten ermöglicht wurde. 

Im dritten Projekt dieser Arbeit standen die redoxaktiven Thiolmetaboliten im 

Mittelpunkt, die mit dem Glutathionstoffwechselweg (GSH) in Zusammenhang stehen. 

Glutathion, seine Biosynthesezwischenprodukte und andere Thiolmetaboliten sind von 

zentraler Bedeutung für die Redoxhomöostase von Zellen. Ihre Analyse ist aufgrund 

der schnellen Umwandlung von Redoxpaaren während der Probenentnahme, 

Probenvorbereitung und Datenerfassung, insbesondere an der Schnittstelle der 

Elektrospray-Ionisation, problematisch. In dieser Studie wurde eine schnelle LC- 

MS/MS-Methode entwickelt, um 14 Metabolite aus dem Glutathionstoffwechselweg 

genau zu quantifizieren. Die Derivatisierung von Thiolmetaboliten mit N-Ethylmaleimid 

während des Extraktionsschritts stabilisierte den Thiol-Redoxzustand durch eine 

Michael-Additionsreaktion. Die flüssigchromatographische Trennung der Analyten 

erfolgte auf einer HILIC-Säule mit Sulfobetainchemie. Tandem-MS mit Triple- 

Quadrupol-Massenspektrometrie im MRM-Modus ermöglichte eine empfindliche 

Erkennung der Zielmetaboliten mit kurzen Laufzeiten um einen Hochdurchsatz zu 

erreichen. Ein U-13C-markierter Zellextrakt wurde als interner Standard verwendet, was 

die analytische Leistung des entwickelten Tests verbesserte. 

Das nächste Projekt dieser Arbeit befasste sich mit dem Problem der Wiederholbarkeit 

der Retentionszeit von polaren Metaboliten in HILIC. Verschiedene Studien haben auf 

die schlechte Wiederholbarkeit der Retentionszeit von HILIC hingewiesen, die oft auf 

die unzureichende Re-Equilibrationszeit am Ende jedes chromatographischen Laufs 

zurückgeführt wurde, um die empfindliche Wasserschicht an der Schnittstelle der 

polaren stationären Phase und der mobilen Phase aufzubauen. Im Verlauf dieser 

Studie wurde ein Vergleich zwischen der Wiederholbarkeit der Retentionszeit in HILIC 

für Lösungsmittelflaschen aus Borosilikatglas und PFA (Copolymer aus 

Tetrafluorethylen und Perfluoralkoxyethylen) durchgeführt. Bei Verwendung von 

Standard-Borosilikatglasflaschen als Lösungsmittelreservoirs wurde ein signifikanter 

Retentionszeit-Shift von polaren Metaboliten mit fortschreitender Analysezeit zu 

längerer Retentionszeit beobachtet. Die Hypothese für dieses Phänomen war, dass die 
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Freisetzung von Ionen (Natrium, Kalium, Borat usw.) aus den Borosilikatglasflaschen 

zu Veränderungen in der semiimmobilisierten Wasserschicht führt, die unter 

acetonitrilreichen Eluenten in HILIC an der polaren Oberfläche der stationären Phase 

adsorbiert wird. Die Ionen aus den Borosilikatglasflaschen reichern sich in der semi- 

immobilisierten Wasserschicht zunehmends an. Dadurch wird diese Wasserschicht 

dicker und das Phasenverhältnis größer, was zu zunehmender Retention führt. Durch 

Austausch der Borosilikatglasflaschen gegen PFA-Lösungsmittelflaschen konnte die 

Wiederholbarkeit der Retentionszeit deutlich verbessert und von durchschnittlich 8,4 % 

RSD für die getesteten Metaboliten mit Borosilikatglasflaschen auf 0,14 % RSD mit den 

PFA-Lösungsmittelflaschen (30 Injektionen über 12 Stunden) verringert werden. 

Ähnliche Verbesserungen wurden bei Peptiden und Oligonukleotiden beobachtet. 

Im weiteren Verlauf der Doktorareit wurde eine verbesserte akkurate quantitative 

Methode für Zuckerphosphatderivate, die aus dem Pentosephosphat- und 

Glykolyseweg, entwickelt. Die Arbeit wurde mit dem Ziel fortgesetzt, die 

chromatographische Trennung dieser Metabolite zu optimieren, d.h. das starke 

Peaktailing zu reduzieren und die Auftrennung zwischen den Zuckerphosphat- 

Isomeren zu verbessern. Ausserdem sollte eine selektive und zuverlässige 

Quantifizierung ohne Interferenz von isomeren Verbindungen aus anderen Pathways 

(Mannose und Lactose Metabolismus) ermöglicht werden. Augenmerk wurde in dem 

Zusammenhang auch auf eine geeignete Probenvorbereitung gelegt. Die entwickelte 

Methode beinhaltete die Verwendung einer BEH-Amidsäule unter alkalischen HILIC 

Bedingungen. Die Probenvorbereitung basierte auf einer sauren Metalloxid- 

Affinitätsextraktion mit TiO2 beads. Es wurde eine Quantifizierung von 24 für diese 

Wege relevanten Metaboliten erreicht und ein 13C-markierter Zellextrakt wurde als 

interner Standard verwendet. Nach der Validierung wurde die Anwendbarkeit in HeLa- 

Zellproben demonstriert und in HEK293-Zellproben, wo Ferroptose exprimiert wurde 

mittels Erastin, was als Inhibitor von dem Glutamat/Cystin Antiportersystem (system 

XC−) funktioniert. 

Ein weiteres Projekt umfasste die Analyse von Patientenproben mit Alkaptonurie. 

Alkaptonurie (AKU) ist eine seltene autosomal-rezessive Erkrankung, die durch 

schwarzen Urin und Ochronose gekennzeichnet ist. Ursache ist ein Mangel des 

Enzyms Homogentisat-1,2-Dioxygenase im Phenylalanin/Tyrosin-Abbauprozess, der 

zur Ansammlung von Homogentisinsäure (HGA) führt. Der Urin wurde von AKU- 

Patienten und gesunden Kontrollpersonen bereitgestellt. In dieser Studie wurden 

mehrere verschiedene Methoden entwickelt, jede mit einem bestimmten Ziel: 1) Eine 
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einfache und kostengünstige UHPLC-UV-Methode zur routinemäßigen Überwachung 

von HGA als Schlüsselmetabolit unter Verwendung einer Phenylhexyl- 

Stationärphasenchemie. Die Validierung erfolgte gemäß den FDA-Richtlinien und die 

Methodenselektivität wurde zusätzlich durch Online-Sampling mit 2D-LC-QToF-MS 

bewertet, wobei die Phenylhexyl-Phase in der ersten Dimension mit einer C18-Phase 

in der zweiten Dimension gekoppelt wurde. 2) Eine UHPLC-MRM-QTrap-Methode, die 

eine quantitative Analyse der relevanten Stoffwechselwegmetaboliten auf der 

Grundlage einer stationären Phenylhexylphase ermöglicht, und 3) eine HILIC-UHPLC- 

QToF-MS/MS Methode mit SWATH-Erfassung unter Verwendung einer HILIC-Z-Säule 

mit oberflächlich porösen Partikeln, mit dem Ziel, mehr Details über das 

Stoffwechselprofil dieser genetischen Störung aufzudecken. Durch die untargeted 

UHPLC-QToF-MS/MS Analytik konnten insgesamt 204 Metaboliten annotiert werden, 

die im positiven und negativen ESI-Modus erkannt wurden. Durch die Kombination der 

oben genannten Methoden wurde ein Workflow entwickelt, der die effektive Analyse 

von Patienten- und Kontrollurinproben ermöglicht. 
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1. Introduction 

 
1.1. Metabolomics 

 

Metabolomics deals with the analysis of metabolites, which are biologically present 

small molecules, with a molecular weight up to 1500 Da. Metabolites are extremely 

diverse, with various classes such as amino acids, lipids, sugars, organic acids, 

phosphorylated analytes (sugar phosphates, nucleotides) present in every biological 

system. Metabolomics as a study, focuses on the biochemical entirety in a system, 

aiming to analyze all features at a system-wide level. Analytical chemistry constantly 

develops at fast pace with respect to in both hard- and software aspects. Metabolomics9 

role in the study of biological systems greatly benefits from this development and has 

become extremely popular, which is evident by annually increasing research work 

published in this field (Figure 1) 
 

 
Figure 1: Current trend in research articles published belonging to the field of metabolomics. 
[Trifonova OP, Maslov DL, Balashova EE, Lokhov PG. Current State and Future 

Perspectives on Personalized Metabolomics. Metabolites. 2023 Jan 1;13(1):67. doi: 

10.3390/metabo13010067.] 



 

 

Metabolomics possesses the ability to reveal alterations in certain metabolic pathways 

under specific case-control conditions, pertubations or disorders, which makes it a 

powerful tool in hypothesis generation. This, however, is challenging, as one can see 

from Figure 2 the sheer complexity of a biological system, coupled with the fact that 

the concentration ranges from metabolite to metabolite vary immensely. 

 

 

Figure 2: The human metabolome and its complexity displayed as an overview of all relevant 
pathways. [https://www.behance.net/gallery/38270165/Metro-Map-of-Metabolism-The- 

Overview] 

 

 
A standard metabolomics workflow consists of a few major steps, in which strict quality 

assurance strategies are necessary during the entire process in order to avoid pitfalls 

(Figure 3). These individual steps comprise the design of experiments, sample 

generation including quenching, extraction, data acquisition, data processing with 

identification, statistical evaluation and biochemical interpretation [1]. The possibilities 

in data acquisition are numerous, with nuclear magnetic resonance spectroscopy 

(NMR) [2-4], gas chromatography tandem mass spectrometry (GC-MS) [5,6] and liquid 

chromatography tandem mass spectrometry (LC-MS) [7,8,9]. The main challenge in 

metabolomics remains proper feature i.e. metabolite identification as well as untargeted 

quantification. To address this issue, the 

http://www.behance.net/gallery/38270165/Metro-Map-of-Metabolism-The-
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Figure 3: Metabolomics workflow overview with important aspects in terms of quality assurance. 
 

 
development in computational metabolomics has seen exponential and rapid increase 

in the former years. Due to the fact that authentic chemical standards are often limited 

due to their availability and costs, online databases for spectral matching have 

received a keyrole such as the human metabolome database (HMDB) [10], MassBank 

[11], Manchester Metabolomics Database (MMD) [12], and Tandem MS Database 

(METLIN) [13,14], Golm Metabolome Database (GMD) [15], FiehnLib [16], and NIST 

Database [17]. After the identification and detection process under different conditions, 

structurally annotated and in particular differential metabolites have to be subjected to 

revision and validation, specifically also in view of matching to dedicated biochemical 

pathways. In this stage, pathway databases like Kyoto Encyclopedia of Genes and 

Genomes (KEGG) [18], MetaCyc [19], etc can be implemented. In certain cases where 

metabolites are involved that play a key role in certain pathways, metabolic flux 

analysis can be performed to determine the metabolite turnover rate, with stable 

isotopic tracers often used in this approach [20]. 



 

 

1.1.1. Sample preparation 

 

The steps to be taken and considered before the instrumental analysis itself, involving 

the study design, sample collection and storage are of vital importance during every 

metabolomics study. Sampling and sample preparation have to be tailored to the 

respective matrix in which a sample, i.e. specific set of analytes is to be analyzed. 

Classical sample matrices are biofluids (such as plasma, serum, urine, saliva, cerebro- 

spinal fluid), tissues and cultured cells. One has to consider that depending on the 

matrix, the abundancy of the desired metabolites can and will vary. This may require 

specific adaptations of sample preparation, including e.g. an enrichment step by SPE 

or evaporation-reconstitution (in small volume) of metabolite extracts. The process of 

sample collection has to follow carefully optimized standard operating procedures 

(SOPs), so that the procedure is fully reproducible, reliable and comparable results can 

be obtained during multiple sample batches. Factors such as sample collection time 

and biological variances are to be drawn into consideration, as the metabolite profile 

represents the current status of a biologic system (specifically when one is analyzing 

the redox state of a system). Elements such as nutrition and circadian/biologic rhytm 

are to be considered during sample collection, as this can introduce further bias in the 

hypothesis generation. The entire sampling and sample preparation process should 

ideally be conducted under a low temperature, light protection and the possibility to 

work under an inert gas cover should always be drawn into consideration. Multiple 

freeze-thaw cycles are to be avoided, as it can hamper metabolite stability. Ideally, once 

collected, samples are to be stored under proper conditions, typically -80 °C or lower 

for long term purposes. The Metabolomics-Standards-Initiative (MSI) generally 

recommends the collection, preparation and storage of samples on ice, their immediate 

flash-freezing in liquid nitrogen and long-term storage to be at -150°C - -80°C [21]. 

Sample preparation needs also specific adaptations to the biological matrix. For 

example, tissue needs to be homogenized and cells lysed in order to fully release the 

endogenous present metabolites in the system. There are two main possibilities how 

this can be achieved, either by physical or biochemical methods. Physical options 

include pressure, temperature, ultrasonication, electric field and bead impact. Cell 

disruption by chemicals utilizes acid/alkaline conditions, ionic or supercritical fluids, 

detergents, oxidizing agents, and further. Chemical options provide the advantage that 

they are low-energy consuming and more selective. However, the quality and cost as 

well as the compatibility with the set LC-MS platform should also be considered. Lysis 

utilizing various buffers is a common practice in proteomics, however, not usually 

employed in the metabolomics field, as a multitude of steps are required to remove 



 

 

these MS-incompatible compounds. When it comes to large-scale studies, options such 

as bead homogenization, high-speed homogenization or high-pressure 

homogenization are usually preferred, due to their high throughput and readily 

compatibility with MS. An issue with such physical factors is that temperature can often 

hamper analyte stability, as due to the increased mechanic stress temperatures can 

rise. For this reason, efficient homogenizers with a temperature control function are 

preferred, like used in the current work. Low temperature (typically 4 °C) with the help 

of a dry ice compartment was always maintained to keep the enzyme activity and 

compound degradation throughout the process to a minimum. Post release from the 

designated sample matrix, metabolites are extracted and transferred into the 

interferent-free phase. Liquid-liquid extraction (LLE) and solid phase extraction (SPE) 

are options commonly employed. Depending on the polarity of the target analytes, 

various solvents and mixtures are used for their extraction. In the case that additional 

sample clean-up is required, biphasic LLE is performed by using a water-immiscible 

organic solvent such as chloroform (CHCl3), hexane, or methyl tert-butyl ether (MTBE) 

together with an aqueous phase, with the organic layer then being used for the analysis 

of lipophilic metabolites, whilst analysis of the polar metabolome is performed from the 

aqueous phase. Another possibility that offers sample clean-up is SPE, which involves 

distinct interaction mechanisms of the metabolites with the stationary phase such as 

reversed phase, ion exchange interactions or mixed-mode RP/ion-exchange. A special 

case represents the extraction of phosphorylated analytes, as it is highly challenging 

due to the fact that they are prone to bind to proteins. Therefore, several acids including 

acetic acid, perchloric acid, trichloroacetic acid, and hydrochloric acid were reported to 

protonate analytes to achieve satisfying recovery. Additionally, metal oxide affinity 

chromatography (MOAC) is interesting for phosphorylated metabolites/lipids [22,23,24]. 

 
 

1.1.2. Derivatization strategies 

 

Chemical derivatization represents a versatile approach in liquid chromatography- 

tandem mass spectrometry. By effectively chemically modifying certain moieties in a 

metabolite, i.e. functional groups, problematic issues involving insufficient sensitivity, 

inadequate selectivity, limited stability and insufficient chromatographic retention can 

successfully be solved. Figure 4 provides an overview of a few well-known 

derivatization strategies often employed when it comes to the derivatization of 

functional groups in metabolites [64]. 



 

 

 
 

Figure 4: Common derivatization options in analytical chemistry for different functional groups. 
[Huang T, Armbruster MR, Coulton JB, Edwards JL. Chemical Tagging in Mass Spectrometry 
for Systems Biology. Anal Chem. 2019 Jan 2;91(1):109-125. doi: 
10.1021/acs.analchem.8b04951. Epub 2018 Nov 14.] Reprinted with permission of Huang et. 
al. from ref doi: 10.1021/acs.analchem.8b04951. 

 
 

There are a few points to consider when one intends to conduct chemical derivatization. 

The derivatization kinetics should be fast and quantitative (within a few minutes) to 

facilitate automation in the autosampler. The reaction should proceed under mild 

conditions, to avoid chemical degradation unstable metabolites during derivatization. 

The reaction yield is of importance as it improves the sensitivity and accuracy if the 

reaction is quantitative. For targeted methods the chemical selectivity of the 

derivatization reagent may be beneficial while for derivatization in untargeted 

metabolomics a reagent with wide coverage of distinct functional groups at the same 

time is certainly beneficial. In any case, the originating products should be stable, 

especially when the derivatization occurs before the analysis of the sample batch and 

the time between derivatization and injection is different for the distinct samples. In situ 

derivatization in the autosampler can be of advantage in this regard. Interfering by- 

products must not be formed during derivatization. Regarding real sample application, 

one has to consider that the extraction and derivatization protocol are compatible with 

one another, i.e. pH value, buffer ionic strength and solvent miscibility properties. This 

thesis dealt with two main compound classes commonly derivatized – phosphorylated 

analytes and thiols. In the case of phosphorylated metabolites, derivatization is worth 

considering, due to their problematic performance in LC-MS. The phosphate group 

increases the polarity of the metabolite significantly, making retention and separation 

with classical reversed-phase chromatography not possible. The negatively charged 

groups exhibit high interaction potential with glass and stainless-steel surfaces, which 

are commonly employed during sample preparation and instrumentation leading to 



 

 

severe peak tailing and low recovery [25-27]. Several possibilities exist how to address 

the derivatization of the highly reactive phosphate group, those being amine-based and 

diazo-based approaches [28]. In the amine-based scenario, the phosphate moiety is 

modified with an amino group with N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 

(EDC) as a catalyst. The drawback of the reaction is the necessity for high temperatures 

and the often high duration until the process is completed. With the diazo approach 

(e.g. diazomethane, trimethylsilyldiazomethane), alkylation is conducted under nitrogen 

release in a rapid reaction. In this thesis, the analysis of sugar phosphates was aimed 

at to be performed without the necessity of an extra derivatization step, which might 

also introduce additional variances and some bias. Derivatization was, however, 

employed in the case of the analysis of the thiol metabolites in order to cap the reactive 

sulfhydryl moiety and thus freeze the redox state, as thiols have been shown to be 

highly reactive in the ESI-source, showing rapid interconversion between their reduced 

and oxidized disulfide forms [29-31]. 

 
 

1.1.3. Quenching and extraction of cell samples 
 

An important aspect in metabolomics in general is rapid quenching of the metabolism 

quickly after sampling and the quantitative metabolite extraction. In this thesis, the 

prime focus was laid specifically on the analysis of cell samples and thus cell culture 

played an important part during the course of the experimental work. Generally, 

metabolomic profiling of cells can be divided into two subgroups, with those being i) 

analysis of extracellular metabolites and ii) analysis of intracellular metabolites [32, 33]. 

Cell growth can also be conducted in two different ways, either adherent or in 

suspension, with both ways differing vastly when it comes to passaging, seeding and 

counting the culture. Whilst the analysis of the exometabolome is more convenient and 

less demanding to conduct in terms of sample preparation, cellular metabolite leakage 

must be prevented. On the other hande, it is challenging to draw a connection between 

the concentration of the exometabolome and actual biological state of the cell culture 

[32]. This being the reason why intracellular metabolites are primarily analysed to study 

cellular metabolism, due to the fact that they represent a more accurate picture of the 

actual status of the cells [32]. Analyzing endogenous metabolites is, however, quite 

difficult, not only due to the complexity of their chemical nature, but also due to their 

vast differences in their concentration ranges, often spanning over multiple orders of 

magnitudes. When it comes to quenching of cellular metabolism, one should carefully 

consider the protocol used in this case, as certain metabolites, specifically the 

adenylate charge molecules, are known to have a high turnover [32, 34-39]. Thus, it is 



 

 

crucial to quench the metabolism as fast and efficient as possible after sampling to be 

able to analyse the actual status of the cells and not artifacts due to continuing 

metabolic reactions. There are various options to quench metabolism already described 

in the literature [37,38,39]. Options include drastic temperature changes, pH changes 

or the usage of organic solvents as methanol or acetonitrile. An issue during quenching 

is that cells often burst during this process, which leads to a loss of metabolites 

beforehand extraction. For this reason, organic solvents are often preferred in order to 

prevent such rapid changes in temperature or pH. Separating the cells from the media 

in which they were grown (mostly DMEM supplemented with FBS), is another critical 

aspect, as one does not want metabolic interferences from the media to occur. In the 

case of adherently grown cells, the separation is the easiest step during extraction 

[40,41]. The media can simply be removed with a serologic pipette or with a pump, with 

the remaining cells left intact. After washing wit hice-cold PBS buffer, cell detachment 

is usually conducted with trypsin/ethylene diamine tetraacetic acid (EDTA) solution [36]. 

However, studies showed metabolite loss and changes in the metabolome due to 

treatment with trypsin/EDTA [41,42,43]. What should be also considered is that the 

detachment process takes time, as it depends on the cell line how long the 

trypsinization should be performed. This means that the quenching can only be 

performed after detachment. It leads to the problem that biochemical and enzymatic 

processes in the cell culture continue to take place and hence do not represent the 

actual metabolic status of the cells during sampling anymore when metabolite 

extraction and the metabolomics analysis is performed. An alternative would be 

detaching the cells with a cell scraper after quenching with liquid nitrogen has been 

performed. The remaining cells can then be simply scraped off and transferred into a 

vessel of choice for extraction. Other difficulties occur by using cells, which are grown 

in suspension. The challenging step is the removal of the media. Centrifugation is a 

possibility, however, this is time consuming and the effect of centrifugal forces on the 

cells with a significant risk for metabolite leakage and cell lysis has to be considered. 

Fast filtration is another possibility by employing specific filters with varying diameters, 

as every cell culture has different individual cell sizes. A limitation here is that fast 

filtration can only be used for small quantities as the cell number is limited due to the 

possibility of blocking the filter [32,44]. In order to be able to analyze the intracellular 

metabolome, a proper extraction protocol has to be implemented. A critical point in 

metabolomics, is the removal of proteins, which is always necessary, as proteins can 

easily lead to chromatographic system contamination during analysis or column 

clogging. Solvents commonly employed in metabolomics extraction protocols include 

water, methanol and acetonitrile, with options available to perform either acidic or basic 



 

 

extraction in case one is aiming for specific compound classes. Nevertheless, there is 

no universal extraction method which covers the whole metabolome and is suitable for 

all cell lines [32, 34]. What should also be considered is the way cell lysis is conducted, 

meaning the rupture of the cell membranes in order to release the intracellular 

metabolites. Common options involve ultrasonication or freeze/thaw cycles with liquid 

nitrogen. In this thesis, a CellLyser device (Precellys Evolution using Cryolys Evolution 

cooling unit with dry ice), which involves the usage of zirconia/glass beads, was 

employed. With this cell lyser, the homogenization takes place in timed rotating cycles, 

which are programmable on the device to the specific sample requirements. It can also 

be used for tissue samples. Of course, there are other options regarding cell lysis, such 

as deproteinization using heat or inorganic acids. This, however, has been shown to 

lead to lower metabolite coverage [45,46]. To conclude, the majority of variance and 

highest risk for metabolite loss in a metabolomics analysis occurs during sample 

processing. Therefore, only minimal sample pre-treatment is recommended [47]. 

Specifically, samples acquired from cell culture require a good sample work-up 

strategy. One aspect being cell density, which is critical, as it highly affects the 

intracellular and extracellular metabolite concentration [32]. Furthermore, one should 

also consider the fact that one single extraction protocol does not sufficiently cover the 

entire metabolome. Therefore, in any metabolomics studies based on using cells as a 

sample matrix, it is a necessity to consider a multitude of aspects. Specifically, 

cultivation conditions have to be standardized in order to prevent any possible changes 

in the metabolic processes, which may occur due to confounding factors. 

Standardization during cultivation is absolutely necessary in order to achieve 

reproducible and reliable results. Workflows should be continuously improved and 

optimized, in order to maximize metabolite extraction coverage and yield. And lastly, 

the implementation of internal standards and quality control samples/strategies is a vital 

point, in order to control and track the entire process throughout the metabolomics study 

[32]. It is of utmost importance to normalize the cell extracts obtained, for example, with 

isotopic labeled internal standards, because the raw data likely does not reflect the 

changes in concentration [29,32]. 



1.2. Liquid Chromatography in Metabolomics 
 

 

 
 

MS-based data acquisition of prepared metabolite extracts can be performed by various 

methodologies, either by hyphenation of MS with a chromatographic separation method 

(GC or LC) or through direct infusion of the sample in the MS device, commonly 

described as shotgun metabolomics. The advantage of such direct-infusion methods is 

their high throughput, allowing for fast sample analysis with high analyte coverage. 

However, it is required to have high resolution instruments (preferentially orbitrap or 

FT-ICR MS). The drawback, however, of such direct infusion approaches is the high 

matrix effect (ion suppression) present [84]. Furthermore, there is the possibility of 

detector saturation, especially on an MS1 level (e.g. with Q-TOF instruments). In case 

of DI with orbitrap mass analyzers, low abundant metabolites will not be detected due 

to ion suppression in the ESI source and limited ion abundance in the analyzer to avoid 

space-charge effects. Furthermore, numerous isomers make problems in DI-MS. For 

this reason, hyphenation to LC or GC has been widely adopted in bioanalytical 

chemistry, providing an extra orthogonal separation mode to MS. This thesis mainly 

dealt with LC-tandem mass spectrometry, with possible interactions between analytes 

and the RPLC employed stationary phase shown in Figure 5. Depending on the 

chemical nature of the analytes, various separation modes are used and are discussed 

hereafter in more detail. 
 

 

Figure 5: Different interaction possibilities between column stationary phase and analyte in 
chromatography. [https://theory.labster.com/column-type-interaction/] 



1.2.1. Reversed phase liquid chromatography 
 

 

 
 

Reversed-phase liquid chromatography (RP-LC) has established itself as the gold- 

standard separation technique in bioanalysis. During this separation mode, the mobile 

phase is mostly polar, with the elution strength increasing continuously by increasing a 

non-polar solvent as organic modifier in the aqueous based eluent. Water miscible 

solvents such as acetonitrile, isopropanol and methanol are commonly used as strong 

eluting components. Figure 6 shows a traditional design of a non-polar stationary 

phase in reversed-phase liquid chromatography, with C18 moieties bonded to the 

silanols groups of the porous spherical silica particles. A multitude of further surface 

chemistries exist, for example the modification with a phenyl-hexyl moiety, as also 

shown in Figure 6, or different lengths of alkyl chains, which would modify the 

interaction potential with non-polar analytes. Essentially, the longer the alkyl chain, the 

stronger the interactions between the stationary phase and non-polar analytes become 

as the hydrophobicity of the modified silica increases. The modification with a phenyl- 

hexyl moiety offers alternative selectivities, as it provides the extra possibility to exert 

π−π interactions with analytes having aromatic groups. Free silanols of bonded silica 

phases are further modified with small alkyl silanes, a phenomenon known as 

endcapping, to minimize detrimental interactions of analytes with residual silanol 

groups. Such phases show enhanced chromatographic performance. The endcapping 

can also be performed with silanes having a polar group. Besides polar functional 

groups like amides, carbamates sulfonamides can be embedded in the alkyl chain. Both 

concepts, polar endcapping and embedded polar group, can provide stronger retention 

for polar analytes that are not sufficiently retained on common C18 phases. They show 

also better compatibility with highly aqueous eluents and samples. On the contrary, 

common C18 phases require at least 5-10% organic modifier in the mobile phase in 

order to prevent the collapsing of the alkyl strands of the silica phase which is 

accompanied by a loss in retention. This can be specifically useful in scenarios when a 

focusing step in the beginning of the gradient is required [48]. Most metabolites, 

however, are chemically highly polar and thus show limited retention capabilities and 

interaction potential in reversed-phase liquid chromatography. Nonetheless, RP-LC is 

still common practice in metabolomics, due to its ability to generate reproducible and 

robust data. The issue with low retention can be readily solved with the process of 

chemical derivatization of analytes, which is further discussed in section 1.1.2. In this 

thesis, reversed phase chromatography was employed specifically with a phenyl-hexyl 

phase in the case of urinary metabolomics. 



 

 

 
 

Figure 6: Representative example of a C18 and phenylhexyl stationary phase in RP-LC. 
[Nakamura K, Saito S, Shibukawa M. Intrinsic difference between phenyl hexyl- and octadecyl- 
bonded silicas in the solute retention selectivity in reversed-phase liquid chromatography with 
aqueous mobile phase. J Chromatogr A. 2020 Sep 27;1628:461450. doi: 
10.1016/j.chroma.2020.461450.] Reprinted with permission of Nakamura et. al. from ref. doi: 
10.1016/j.chroma.2020.461450. 

 

 
1.2.2. Hydrophilic interaction liquid chromatography 

 

As discussed above, RP-LC is actually dedicated to separate hydrophobic compounds. 

Hydrophilic interaction (liquid) chromatography, on the other hand, is an alternative 

separation mode highly suitable for the analysis of hydrophilic compounds like 

metabolites. Initially the term HILIC was coined by Alpert et al. in the early 90s [49-57]. 

Previously, such chromatographic applications were described as aqueous normal- 

phase (NP) chromatography, as HILIC uses stationary phases that are polar and 

usually found in NP chromatography. However, HILIC has significant advantages over 

NP chromatography as well as over RP chromatography. In HILIC, the stationary is 

polar (silica or polar functionalized silica). The mobile phase consists of water-miscible 

organic solvent (mostly acetonitrile) and water. The water percentage in the mobile 

phase usually accounts for at least 2.5% to form the semi-immobilized water layer on 

the stationary phase which permits retention of neutral polar analytes by partitioning 

into this water layer [58,59]. Due to the high content of organic solvent (acetonitrile) as 

mobile phase, the ionization efficiency and sensitivity are superior compared to RP-LC 

[58,60]. Furthermore, the high organic content in the mobile phase and the resulting 

low viscosity both lead to low back pressure in the column, which means that higher 

flow rates and a faster and more efficient separation [50,52,57-59,61] can be utilized. 

(Neutral) analytes are separated according to their partitioning between the water layer 

(the actual stationary phase) and mobile phase (Figure 7). 



 

 

 
 

Figure 7: HILIC partitioning principle overview. [Greco, G., & Letzel, T. (2013). Main interactions 
and influences of the chromatographic parameters in HILIC separations. Journal of 
chromatographic science, 51(7), 684–693. https://doi.org/10.1093/chromsci/bmt015]. Reprinted 
with permission from Greco et. al. from doi.org/10.1093/chromsci/bmt015. 

 

 
Apart from the distribution of the analytes between the organic and aqueous layer, ionic 

interactions and the direct adsorption of the analytes to the stationary phase via 

hydrogen bonding and dipole-dipole interactions play a further role in the separation 

mechanism [49,51,54,59-63]. This allows certain separation properties to be controlled 

by the type of stationary phase of a HILIC column as well as composition of the mobile 

phase which allows to disrupt specific type of interactions (e.g. ionic interactions by high 

buffer concentration). rRegarding stationary phase chemistry, various HILIC phases 

have been developed over the years – DIOL [64,65], Amide [66,67], sulfobetaine coated 

[68,69], polymer phases [70], bare silica [71], amino [71], cyano [72], amongst others, 

with particle morphology also varying (e.g. fully porous or superficially porous). 

Depending on the stationary phase9s chemistry, further interactions can take place 

apart from the distribution between adsorbed water layer and bulk mobile phase, and 

influence the separation of the analytes. The thickness of the water layer is depending 

on the stationary phase9s chemical properties [49,52,59]. The higher the polarity of the 

phase, the more water is bound and thus the water layer is thicker. It has been 

documented that in particular polymer type HILIC phases allow to build up a thicker 

water layer and hence exhibit stronger retention. The thickness of this polar water layer 

is also influenced by the properties of the mobile phase, i.e. the amount of organic 

solvent present [51]. Depending whether or not an organic solvent can be used in 

HILIC, there are certain requirements that have to be met – specifically the solvent 

should be miscible with water, but should not have strong hydrogen acceptor or donor 

properties. Acetonitrile meets the requirements and has become the common choice in 

HILIC. Generally, the higher the acetonitrile content, the thinner the polar water layer 

is, it is thus that at least 2.5% of water should be present in the mobile phase at all 



 

 

times. Aqueous buffer solutions are often present in the mobile phase during analysis, 

specifically in the case of analysis of highly ionic compounds [65,66,67]. Salt additives 

as ammonium formate and ammonium acetate are common choices, due to their 

volatility and thus compatibility with MS, however, ammonium bicarbonate can also be 

used [67]. The pH value of the mobile phase plays a further important role, as it 

influences the charge state of the analytes and stationary phase, and thus the ionic 

interactions between the analytes and the stationary phase are influenced. As a 

conclusion, HILIC provides a complementary alternative to normal-phase 

chromatography, while at the same time offering the advantage of working with solvents 

commonly employed in RP-LC, specifically acetonitrile and water, thus eliminating the 

necessity of using toxic solvents like hexane, as in the case of NP-LC. HILIC, however, 

reportedly has the drawback of difficulties to reproduce retention times. Therefore, 

column re-equilibration is a critical point in this separation technique [74]. Nevertheless, 

in the field of metabolomics, HILIC has established itself as the preferred mode of 

separation, with numerous studies already described in the literature [65-69]. 

 
 

1.3. Mass Spectrometry in Metabolomics 

 

MS is the first choice in metabolomics studies, with the development in MS devices and 

analysis over the last years having undergone significant development in both resolving 

power and sensitivity [74-76]. In brief, post the ionization process of the individual 

analytes in the ion source, separation takes place according to the m/z value, with a 

subsequent detection. Fragmentation can occur depending on design of the experiment 

and the hardware of the instrumented implemented, with MS1 and MS2 analysis 

available. 

 
 

1.3.1. Ionization 

 

For detection and separation of individual atoms or molecules to occur via MS, ions 

must be present in the gas-phase. Possibilities exist how ionization can occur, be it by 

electron ejection, capture, protonation, deprotonation or the formation of adducts with 

charged ions [77]. In present, most ionization modes take place under atmospheric 

pressure conditions so that a combination to liquid chromatography can be possible, 

i.e. ESI or APCI. MALDI, also known as matrix-assisted laser desorption/ionization is a 

popular choice, specifically in MS imaging [78]. In this thesis, the projects conducted 

operated under the ionization technique of ESI. Essentially, a flow which is variable 

depending on the choice of LC system (nano/micro/standard) flows through a capillary 



 

 

on which a high voltage is applied (approx. 5000 Volt) [79]. Depending on the choice of 

solvent, a minimum onset voltage is required as the physico-chemical properties of 

every solvent differ, specifically in this case the surface tension being the critical 

parameter. The originally formed spherical drops formed in the nebulization sprayer 

process are elongated with an increasing voltage until the Rayleigh limit is reached 

(Figure 8). 
 

 
Figure 8: Schematic of the electrospray ionization process. [Cech NB, Enke CG. Practical 
implications of some recent studies in electrospray ionization fundamentals. Mass Spectrom 
Rev. 2001 Nov-Dec;20(6):362-87. doi: 10.1002/mas.10008]. Reprinted with permission of Cech 
et. al. from doi: 10.1002/mas.10008. 

 
 

What happens when the Rayleigh limit is reached is that the flow is transformed into a 

spray due to Coulomb explosion occurring, as a result of the electrostatic repulsion 

taking place on the drop9s surface (solvent evaporates, charge density increases, 

explosion) [77]. This leads to the formation of a Taylor cone which constantly releases 

drops carrying a charge. An inert gas, mostly nitrogen or zero grade air, flows during 

the entire process which is heated and supports the entire nebulization process. This 

leads to an even more efficient solvent evaporation process from the smallest of 

droplets, for which also Coulomb explosion occurs and thus analyte loss is minimized 

from the sample. The process repeats until the solvent is completely evaporated 

[77,79]. A nebulizer gas, again either nitrogen or zero grade air, leads the ions to the 

orifice plate of the MS device, where they are drawn into the ion pathway. Originally the 

setup of the spray was axial and the orifice is nowadays predominantly replaced with 

an orthogonal setup, which avoids any unwanted contamination, whilst allowing the 

diameter of the orifice to be modulated, delivering better sensitivity and robustness [77]. 

ESI is an ionization mode which in most cases provides single charged ions, with the 



 

 

tendency to form adducts apart from [M+H]+, [M-H]- depending on the conditions used 

in the mobile phase i.e. buffer and pH. In the case of the analysis of large molecules, 

e.g. proteins or oligonucleotides, ions carrying multiple charges are present, which has 

the advantage of shifting the m/z value to ranges in which the specific instrument can 

operate. ESI8s sensitivity depends furthermore to the concentration of a specific analyte 

present and not the total mass [80]. It is therefore that when coupled to liquid 

chromatography, higher sensitivity can be achieved at lower flow rates, i.e. with micro 

or nano LC. The lower flow rates, however, require adequate chromatographic 

conditions, specifically proper column geometry (smaller inner diameter) in order to 

prevent peak broadening effects due to the increased longitudinal diffusion [81]. One 

has also to consider that essentially the ESI source is a redox active chamber, with the 

specific electrochemical processes occurring at the topmost point of the ESI electrode 

[82]. During analysis, reduction and oxidation processes take place in the ESI source, 

which can limit the amounts of ions that can be extracted due to the electrical current 

generated by these reactions [83]. A further factor effecting how efficient the ionization 

process takes places is the simultaneous presence of compounds that either effect the 

formation of the drops or compete for ionization [84]. This phenomenon is known as 

matrix effects, with both the possibility of the signal either being enhanced or negatively 

affected. Due to its different ionization principle, APCI has been described in the 

literature to be less prone to matrix effects [85]. In the case of APCI, the flow passes 

through a heated ceramic tube and a gas current is utilized to conduct the nebulization 

process. The gaseous phase is transferred to a high voltage corona discharge needle, 

where the formation of the ionized plasma takes place [77]. APCI can be favourable in 

cases where ESI is not the go-to mechanism of choice, specifically with non-polar 

compounds APCI excels and can provide better signal intensity. MALDI, as a 

comparison, is traditionally regarded as the method of choice in imaging studies with 

large analytes i.e. proteins or RNA/DNA material. MALDI offers the advantage that it is 

less prone to contamination and sample preparation is less complicated than the 

traditional MS approaches. Essentially, the analyte is embedded in a liquid matrix, 

containing molecules with a high absorption coefficient for the wavelength the laser has 

been adjusted to. Post the drying process, the analyte is further exposed to the laser, 

but with stronger pulses. While this occurs, evaporation of the absorbing molecules 

takes places and ionization via proton transfer is conducted [86]. 



 

 

1.3.2. Mass analyzers 

 

Having successfully transformed the analytes into charged ions, they are efficiently 

directed through the orifice plate of the instrument via an electromagnetic field. In order 

to keep the ions on stable trajectories and avoid unwanted fragmentation through 

collision in the ion pathway (post collision chamber), high vacuum field conditions are 

a necessity, achieved by so-called <turbo pumps=, able to provide vacuum conditions 

between 10-3 - 10-7 Torr. When planning how to conduct a specific MS based analysis, 

scientists nowadays have an array of available mass analyzers available, each of them 

having their own unique properties regarding mass range, sensitivity, resolution, 

instrument acquisition frequency and mass accuracy [77,87]. Instruments used in this 

thesis were based on the quadrupole time-of-flight (QToF) and triple quadrupole 

principles and are herein further discussed. 

 
 

1.3.2.1. Triple Quadrupole Mass Spectrometry 

 

The quadrupole is undoubtedly the most popular choice as a mass analyzer. Its 

advantages including a wide dynamic linear range, increased sensitivity, whilst 

simultaneously being a budget-friendly option requiring little space minus complex 

operating procedures, make it a standard go-to-choice among analytical chemists. The 

typical structure and scan principle are illustrated in Figure 9. The essential operation 

principle of a quadrupole is based on a radiofrequency (RF) and direct current (DC), 

which are applied to four parallel metal rods, of which basically the quadrupole consists. 

Ions, based on their m/z values are directed on specific trajectories in an 

electromagnetic field, with the RF and DC values varying depending on the m/z of the 

target ion, allowing it thus to pass through the quadrupole towards the detector system. 
 

Figure 9: Physical design of a quadrupole. [R. W. Smith; Encyclopedia of Forensic Sciences, 
Third Edition 2023]. Reprinted with permission from R. W. Smith. from doi.org/10.1016/B978-0- 
12-823677-2.00054-4 



 

 

Figure 10 shows a quadrupole operated in a standard MRM mode (discussed further 

in this chapter), but specifically also that different ions with different m/z have certain 

stable trajectories in the quadrupole. The offset and slope (or gain) of the scan line are 

two parameters that can be used to tune the MS performance regarding resolution and 

sensitivity. The area divided by the scan line represents the total amount of ions passing 

through the quadrupole, meaning that by increasing the offset and slope, an increase 

in resolution and a decrease in sensitivity will be observed, and vice versa. As a rule of 

thumb, quadrupoles are accordingly tuned to yield 0.6 to 0.8 peak width values, which 

represent a trade-off between resolution and sensitivity. Single quadrupoles are also 

used as ion guides and collision chambers in tandem mass spectrometry. In the case 

that a quadrupole is used as an ion guide, it operates without a DC current (RF only 

mode) and ions comprised of a wide m/z range can pass through. With the 

implementation of an inert gas (e.g., nitrogen or zero-grade air) and a collision energy 

(CE) value is applied, ion fragmentation can take place, also known in this case as 

collision-induced dissociation (CID). Due to the flexibility of a quadrupole with regard to 

the roles it can play during analysis, it is suitable to be used in combination with other 

quadrupoles or mass analyzers in more complex systems (e.g., QqQ, QTOF). A classic 

example of quadrupoles being employed in mass spectrometry is in triple quadrupole 

instruments (QToF discussed in 1.3.2.3.). A triple quadrupole instrument, much as the 

name already reveals, utilizes 3 quadrupoles, with Q1 and Q3 often being used to select 

the precursor and product ions in a targeted analysis, with Q2 acting as a collision 

chamber. This, is what is known as a targeted MRM acquisition in mass spectrometry 

and an overview is provided in Figure 10. 
 

 
 

Figure 10: Schematic depiction of a triple quadrupole MS system operated in MRM mode, 
detecting three transitions from the same precursor. 



 

 

The generation of the desired transition, i.e. combination of precursor and product ion 

is performed beforehand (pairs of m/z in Q1 and third quadrupole, Q3). Apart from triple 

quadrupoles, linear ion trap (in this thesis QTRAP4500 by Sciex) instruments are also 

used, due to their high sensitivity, high specificity and fast scan speeds available. 

Multiple scan modes are available in such instruments. The product-ion scan being one 

of them, during which the Q1 filters one specific precursor ion mass and Q3 scans all 

of the originating product ions from the set precursor ion. The neutral loss scan sets the 

Q1 to radio-frequency (RF) leading up to the fact that all precursor ions in the specific 

mass range are scanned. Q3 is also used in scan mode and detects all fragments with 

a set mass difference (Δm) between Q1 and Q3. With the case of the well-known MRM 

acquisition, it is normally performed on triple quadrupole systems with both Q1 and Q3 

set to unit mass resolution [88], meaning that the desired precursor ions are selected 

in Q1, fragmentation taking place in the collision cell (Q2) and one or multiple fragment 

ions being selected in Q3 (Figure 10) [89]. It is a rule of thumb, that multiple MRM 

transitions are measured during analysis, in order to avoid possible isobaric 

interferences. Generally, 2 transitions called quantifier and qualifier are acquired in 

every analysis, as long as fragmentation of the specific compound allows that. What 

also is monitored during analysis is the ion-ratio of both quantifier-qualifier fragments, 

which has to remain constant, otherwise that would point towards an interfering ion 

present [90]. There is a limitation, however, in MRM acquisition and that is in the number 

of selected precursor ions due to the needed time for switching between different 

masses, cycle time and settling time, which essentially is the re-equilibration of the 

electronics after switching to new compound specific settings, as well as the width of 

the chromatographic peak [91,92]. Furthermore, authentic chemical standards are a 

pre-requisite during targeted LC-MS method development, in order to optimize the 

chromatographic separation and the individual compound specific parameters for the 

MRM transitions [93,94]. Compound specific parameters are the declustering potential 

(DP), collision energy (CE), entrance potential (EP) and cell exit potential (CXP). This 

is, of course, the case with Sciex instruments, as every vendor provides differently built 

and programmed mass spectrometers. DP is a voltage, which is applied to the orifice 

of the MS-device, with the aim of dissociating clusters of target ions, so that the target 

can navigate to the ion path as a single monomeric gas-phase ion. The voltage 

furthermore supports the desolvation process in order to release analyte ions and 

regulates their acceleration into the orifice. During their way, the ions come to collision 

with the residual gas molecules, leading to the reduction of undesired adducts or 

solvent clusters. One thing which should always be taken into consideration is the 

possibility of in-source fragmentation, especially if the declustering potential value is set 



 

 

too high. This is specifically the case with compounds such as nucleotides, which can 

lead to a drastic loss of sensitivity [95,96]. The CE is another key value to be individually 

adjusted for each MRM transition. By selecting the optimal CE, the specific fragment 

masses of an analyte are generated as the highest abundant fragment masses. As 

already mentioned, the necessity of authentic standards in MRM method development, 

together with their unavailability commercially and their high cost is a limiting factor in 

this analysis [94,97]. This can be accounted for by the introduction of the so-called new 

pseudo-targeted approaches [98,99,100], which do not necessarily rely on the 

availability of an authentic standard. Source specific parameters as previously 

discussed are optimized via computational approaches, with platforms such as CFMID 

[101] leading the way in this approach. Absolute quantification is, however, still not 

possible to achieve with this approach, as only a relative one is possible with the 

approximate estimation of the compound specific response factor. As previously 

mentioned, the cycle time of the analysis and individual compound dwell time can be 

limiting factors, as with high dwell times come high cycle times, leading often not to the 

generation of enough data points per peak [102]. An option to circumvent this issue is 

the utilization of the so-called Scheduled MRM feature [92]. During scheduled MRM, 

time windows during acquisition are set for the individual analytes [92], which results in 

higher dwell times possible for the individual compounds, whilst simultaneously utilizing 

shorter cycle times. 

 
 

1.3.2.2. Quadrupole linear ion trap mass spectrometry 

 

With the difference regarding the 3D ion trap, the linear quadrupole ion traps is 

essentially operated as a 2D device. The difference with the quadrupole mass filter is 

that ions with m/z values found on unstable trajectories are detected in the linear ion 

trap, as they are selectively ejected by a changing alternating current (AC). The linear 

ion trap provides the advantages of having a wider dynamic linear ranger, coupled 

together with better sensitivity. In this thesis, specifically the QTrap 4500 by Sciex was 

utilized for the studies conducted. A linear ion trop provides more flexibility in analysis 

options, as the possibility to conduct MSn analysis (MS3 for example, where MS2 

fragments are accumulated in the trap and fragmented once more), which provides 

extra selectivity and represents a useful tool in structure elucidation. However, there is 

a certain drawback in the case when one uses ion traps, with that being the low mass 

cut-off, also known as the one-third rule, meaning that fragments with m/z values less 

than 30% of the m/z value of the precursor cannot be effectively trapped. 



 

 

1.3.2.3. Quadrupole Time of flight Mass Spectrometry 

 
 

The hardware setup of a QToF begins with a quadrupole, which essentially is made 

from four parallel hyperbolic metal rods, aligned in a square. A radio frequency current 

(RF) together with a superimposed direct current (DC) are applied to this element 

(Figure 9). After the ionization process has taken place, the ions pass through the 

quadrupole, as they are attracted by an existing voltage potential difference at its lead 

end. While passing through, interaction takes place between the ions and the 

electromagnetic fields, which are generated by the electric currents. By varying the 

amplitude and frequency of the RF, as well as the offset potential of the DC and the set 

position and passing velocity, only a set of specific ions with a m/z value will traverse 

through the quadrupole, as they traverse on stable trajectories [74]. The case with the 

other ions (i.e. other m/z values) is that they undergo increasing oscillation and are 

essentially filtered out when encountering the metal rods of the quadrupole [76]. By 

effectively selecting an RF and DC value, a m/z filter is essentially established for 

chosen ions. The stability areas below given m/z ratios represent possible combinations 

of RC and DC values that will result in stable trajectories through the quadrupole. One 

should, however, consider that certain m/z values have identical stability areas, thus 

the necessity of RF and DC being carefully set in order to prevent overlapping 

interferences between m/z values. It is therefore that during acquisition and scanning, 

the values for RF and DC are increased in a linear rate, with the intersection of this 

linear function and the stability areas being proportional to the acquired peak width and 

as a connection also to the peak resolution. In order to obtain the necessary resolving 

power, one has to carefully tune the quadrupole so that values between 0.6 to 0.8 units 

at full width at half maximum for the individual peaks are obtained. However, higher 

resolution comes with the price in sensitivity loss and vice versa [103,104]. Often 

quadrupoles are merely used as ion guides or collision cells when operated in <RF-only= 

mode. If DC is not present as a current, wider m/z transmission windows can be 

controlled via RF settings in order to obtain a quadrupole acting as a focused ion beam 

for the ion optics system. The ions passing through the quadrupole can be fragmented 

in MS/MS by the encounter with an inert gas (N2 or zero grade air) into an RF-only 

quadrupole and collision-induced dissociation (CID). How strong the effect of 

fragmentation is, depends solely on the kinetic energy that the ions carry, which can 

further be adjusted by an additional electric potential dubbed collision energy (CE). A 

QToF instrument essentially contains two quadrupoles, with the first one (Q1) being 

used as a mass filter and the second one (Q2) as a collision chamber (Figure 11). 

There is, however, the possibility to operate both in RF only mode to process the 



 

 

unfiltered precursor ions to the ToF drift tube. The physical principle behind a ToF 

instrument is based on the varying ion flight times (t) in a region, which is field-free, 

after the ions have been accelerated by a specific electric potential (V) [105]. The 

principle can be characterized by the following equation: ā��Ā ÿĀ ă� �ā� Equation 1 
 

Essentially, ions with a specific mass (m) and a total charge q (defined as the product 

of the charge number z and the elementary charge e) show certain velocities (v) after 

acceleration in a field (V) to reach a set kinetic energy (Ekin). Calculation of the velocities 

can be conducted by the following equation: 
 

 Ā √ �ÿ�ÿ Equation 2 

 

With the flight time of the ions being dependent on the length of the ToF drift tube (L) 

and the ion velocity (v): 

 
 
 

By combining equation 2 and 3: 
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What equation 4 provides as information is that the m/z ratio of a specific ion can be 

calculated, if the drift time (t) of the ion, the length of the drift tube (L) and the amplitude 

of the potential (V) are known values. Evidently, ions with an increasing m/z value will 

display higher drift times when compared with ones with lower m/z values. A critical 

point is that spontaneous changes in the length of the flight trajectory or potential 

amplitude can negatively alter the measurement accuracy. The main culprit for such 

issues are temperature fluctuations. It is therefore that such instruments should be kept 

in strictly temperature-controlled environments and mass calibrations are to be 

conducted regularly on a more often scale compared to quadrupoles [105]. The 

resolving power of a ToF instrument can be improved with a higher drift duration, 

however, increasing the length of the drift tube or reducing the acceleration voltage has 

been proven to be detrimental [105]. Poor resolution is often caused by starting 



 

 

conditions for the ions which are not identical, due to kinetic and spatial dispersion 

[105]. It is how the introduction of the reflectron took place, as both of these factors 

were significantly minimized [105], together with the implementation of delayed pulsed 

extraction elements [106, 107]. The principle of a reflectron is in its mirroring qualities 

for ions (Figure 11). 
 

Figure 11. Scheme of the SCIEX 5600+ TripleToF instrument. [Andrews GL, Simons BL, Young 
JB, Hawkridge AM, Muddiman DC. Performance characteristics of a new hybrid quadrupole 
time-of-flight tandem mass spectrometer (TripleTOF 5600). Anal Chem. 2011 Jul 1;83(13):5442- 
6. doi: 10.1021/ac200812d.] Reprinted with permission of Andrews et. al. from ref doi: 
10.1021/ac200812d. 

 

 
It additionally provides a correction to the kinetic spread of ions carrying identical m/z 

values. The element9s principle is based on the longer driftway of ions carrying a higher 

initial velocity, due to the fact that they reach deeper in the reflectron before being 

reflected. The position of the detector is critical, as it has to be located conveniently in 

order to record ions with identical m/z values as soon as the fast ions reach the slower 

ones. Ions with identical m/z values can nevertheless show a varying spatial 

distribution, despite being in a homogenous ion beam, due to diverse velocities and/or 

lacking homogeneity in the beam angle. In order to account for the missing resolution, 

the ions are collected once more in a field-free region before being <pushed= to an 

acceleration by an ion pusher. Ions which are found in closer proximity to the pulse (and 

thus essentially further away from the detector) are more drastically affected and thus 

experience a higher acceleration. The ions drift towards the detector and at a certain 

point join the originally separated ones, which earlier on were subjected to a lower 

acceleration, and are then recorded together with their flight time. The way a QToF 

functions is that this delayed pulsing takes place in an orthogonal direction, post the 

passage of the ions through the collision chamber [108]. By doing so the ion beam is 

transformed to an ion pulse. Furthermore, the detection axis is independent like this 



 

 

from the ion beam, which leads to the fact that values such as resolution, acquisition 

speed and sensitivity are improved [109]. The distribution in terms of usage of QToF 

instruments is now vast, as they are employed with different aims, due to their flexibility 

and fast acquisition speeds, making comprehensive analysis of complex samples, in 

conjuction specifically with high-throughput UHPLC state-of-the-art methods. Newer 

generations of instruments have benefited from qualities similar to those of targeted MS 

instruments, specifically a wider dynamic range and higher sensitivity, thus providing 

simultaneously the benefits of a triple quadrupole instrument, whilst utilizing the power 

of untargeted acquisition. The most critical part in a MS instrument is undoubtedly the 

detector. No matter how well the ionization process takes place, resolving and filtering 

takes place, every acquisition is inferior without a proper ion-to-signal connection. 

Obtaining an adequate signal-to-noise (S/N) ratio for a singularity of ions represents a 

challenge due to the low electric current they induce [77]. It is therefore that 

amplification is required, with a few exceptions [110]. Electron multipliers [111] 

represent a possibility to amplify the electric current induced by ions. After the ions pass 

through the ToF drift tube, they are accelerated in the direction of the electron multiplier 

dynode, by a voltage applied of the opposite polarity. In this manner, ions reach the 

electron multiplier with a higher kinetic energy and release multiple charged secondary 

particles (in negative mode those being positive ions and in positive mode those being 

negative ions and electrons) [77]. Through a following impact with the dynode, these 

secondary particles are converted into electrons, which on their end release further 

electrons in a chain reaction matter. The applied voltage8s intensity and the form of the 

surface of the dynode influence the signal and by this way multiplication factors of >106 

can be reached. Microchannel plates (MCPs) are the major electron multipliers used in 

QToF instruments. Those are essentially plates with a multitude of cylinder shaped 

holes, all functioning as single amplifying dynodes. A QToF instrument with regard to 

application has valuable qualities such as the swift response time, as the electron part 

is short and the larger detection area, which is perfect for large arriving ion beams. A 

further element down the detector system of a QToF is a digital converter for the 

released electron signals of the MCP. Two possibilities exist, with one being either an 

analog-to-digital converter (ADC), which has the advantage of a wider linear range and 

the ability to record signal amplitudes, or a time-to-digital converter (TDC). TDCs have 

the advantage of a higher sensitivity, thus resulting in a better S/N ratio [105]. 

Throughout the acquisition process the TDC is synchronized with the pulsating signals 

of the accelerator. Post amplification, the released ion signals are directed by a 

discriminator, provided that a certain threshold is reached. The arrival time of the ion 

signals is then registered by the TDC since the last pulse has occurred [105]. An m/z 



 

 

value can be calculated through Equation 4 from this acquisition. The TDC, however, 

harbors the drawback that it is unable to record any further ion events during a span of 

a few nanoseconds knows as deadtime [105]. Therefore, if multiple ions with identical 

m/z values arrive at the detector system at the same time during the same pulse cycle, 

they are essentially recorded only as a single ion. This results in a limitation of the linear 

range of the detector system. It is therefore that a mathematical correction is a necessity 

through probability statistics, for example Poisson distribution models can be used to 

predict the amount of ions not acquired during instrument dead time [105]. This signal 

correction mechanism can be used to enhance the linear dynamic range by over 10- 

fold. Multi-channel alignment is another possibility to overcome the TDC drawbacks. 

The QToF instrument used in this thesis has four TDC channels [113]. Provided that a 

uniform spread of the ion bean is assumed, the ion counting capacity can be increased 

by 4-times. Furthermore, automated ion gating is offered by the system, meaning 

transmission control of the ions (ITC). An extra lens in the Q0 region (Figure 11) 

modulates the transmission of the ions in a dynamic matter depending on the total 

intensity of the total ion current (TIC). Vice versa, by a decrease in the ion current TDC 

saturation is less likely to happen. A correction factor is always used and applied to the 

signal intensities recorded with reduced ITC. In the case of MS/MS experiments, the 

ion current is vastly reduced, meaning that ITC is only activated in ToF-MS acquisition 

modes, but not during MS/MS experiments. Ideally, the goal of untargeted MS analysis 

is to acquire all analytes which can be detected, in order to further progress biomarker 

discovery and analysis. It is therefore that absolute quantification is not the main 

objective in this form of acquisition, but a more qualitative approach of the features 

detected, together with their identification and relative quantification. Due to the 

complexity of the matrices that the analytes are contained in, instruments with high 

resolving power are required. In this thesis, a TripleToF 5600+ by Sciex was employed 

and in the following text the fundamental acquisition modes of the instrument are 

described. Beginning with the ToF-MS survey scan, in which a complete high-resolution 

precursor ion spectrum is acquired. Both quadrupoles (Q1 and Q2 as a collision 

chamber) are operated in the RF and thus <open= mode, with the CE value set to a 

minimum (-5 or +5 V depending on the ionization mode used) in order to prevent any 

unwanted fragmentation. The acquisition mode has a nominated resolution of 

≥30,000fwhm (@ m/z 829.5393 in ESIz and @ m/z 933.6363 in ESI{). Having obtained 

the precise m/z values, together with metabolite specific isotopic patterns, sum formulas 

can be predicted. This is, however, not sufficient to provide a high enough level of 

confidence for metabolite identification [113,114]. It is therefore that further data is 

required in order to strengthen the metabolite identification process. Further 



 

 

experiments can be appended by the addition of product ion scans, delivering a 

combination of targeted and untargeted analysis [115], called MRM-HR. Narrow Q1 

transmission ranges, usually with m/z values of roundabout 0.7 are employed to isolate 

certain precursor ions, which are then fragmented in the collision chamber via CID. Due 

to the similarities with a classic MRM acquisition in triple quadrupole instruments, but 

the difference being in the high mass accuracy, this scan mode has been dubbed MRM- 

HR. The obtained highly selective spectra can be used for structure elucidation and 

proper metabolite identification. Furthermore, as the acquisition process is dynamic, the 

extraction of ion chromatograms (EICs), can be beneficial for quantification be it on a 

MS1 or MS2 level. When employing tandem mass spectrometry, one has to consider 

variables such as cycle time, which is essentially the summed value of experimental 

accumulation times and system times such as instrument settling time. It is a general 

consensus that a minimum of 10 data points per peak are required [102]. The peak 

width is a value, which is therefore closely connected with the accumulation time in an 

experiment. As with increasing accumulation time the signal to noise value is improved 

[116], it should always be held at the highest possible value for the least abundant 

metabolites. The analytical run can be split into multiple periods different in their MS 

and MS/MS acquisition parameters [117]. Such period experiments are designed with 

the aim of monitoring a set of target analytes only during their elution time periods. It is 

in a manner comparable with scheduled multiple reaction monitoring (sMRM) analysis 

in triple quadrupole instruments, where accumulation times can be more efficiently 

distributed throughout the target metabolites. Compared to a triple quadrupole, the 

analysis of fragment ion ratios is automatically enabled without the necessity of any 

further MS experiments. The monitoring of these ion ratios is a good marker for the 

selectivity of the analysis, as the ratios should remain constant, provided no isobaric 

interferences are present [116]. Product ion analysis scans can either be conducted in 

high-resolution or high-sensitivity mode of action. In high-sensitivity, a focusing of the 

ions after their release from the collision chamber takes places, which increases the 

yield of the ions in the accelerator. However, the linear correlation between the initial 

ion velocity and the ion position in the pulser, on which the compensation by delayed 

pulsed extraction and reflection is based, is hereby distorted. It is therefore that this 

increase in sensitivity comes together with a lower resolution (resolving power 

≥15,000fwhm). During the high-resolution acquisition mode, the ion optics system is off 

and a loss of ions occurs at the tip of the skimmer towards the entrance of the 

accelerator. Thus, sensitivity is lower due to the reduced duty cycle. However, a 

resolution as in during a ToF-MS survey scan (resolving power ≥30,000fwhm) is 

reached owing to the correction of velocity and spatial spreads [118]. Other than these 



 

 

two acquisition options, signal intensity can be modulated by enhancing set m/z values 

via pre-tuning of the ion optic potentials, which leads to a momentarily ion trapping and 

accumulation in the collision chamber, with a following rapid ion release into the 

accelerator and optimized timing of the ToF ion pulse [105]. IRD values, meaning ideal 

ion release delays, as in the time between ion release and the conduction of the ToF 

pulse, and IRW values, as in the duration of the ToF pulse releasing the ion beam. By 

optimizing these values, a ≥3-fold gain in sensitivity for a m/z region of about 400 units 

around the set value can be achieved. By optimizing the experiment cycle, sensitivities 

compared to those achieved with instruments designed for targeted analysis, i.e. triple 

quadrupoles can be achieved. Despite that the ToF-MS survey scan acquires 

untargeted MS data on a MS1 level, acquiring comprehensive data on a MS2-level is 

much more challenging. A possibility to increase the comprehensiveness of MS/MS 

data is the implementation of information-dependent acquisition (IDA, which is a form 

of data dependent acquisition (DDA)) [119, 120]. In brief, it showcases a form of a 

dynamic product ion scan, triggered after certain set criteria are met in the ToF-MS 

scan. IDA is versatile and is used to acquire the product ion spectra of the most 

abundant metabolites in an analytical run. A further option to customize the IDA analysis 

is the utilization of so-called inclusion and/or exclusion lists. A limitation of IDA is the 

number of product ion scans that can be recorded during a single cycle, and this is set 

by the acquisition frequency of the individual instrument, which in this case is 100 Hz 

for the Sciex TripleToF 5600+, which leads to the fact that often only the top 10 – 20 

most abundant ions per cycle are chosen for further fragmentation and analysis. IDA 

provides an advantageous result with the amount of high-quality MS/MS spectra 

acquired, leading to a more reliable metabolite identification process. However, this 

highly selective result on a MS2 level cannot be fully relied upon for quantitative 

analysis, as often the amount of data points per peak is not sufficient. It is therefore that 

one is restricted to the data obtained in the ToF-MS survey scan, which is however, 

present with a certain risk to it, as interferences can occur. Despite the increased 

comprehensiveness provided by IDA, there is still a possibility to miss certain 

metabolites, which can be of high importance. Specifically, low abundant metabolites 

are not always acquired in IDA, which leads to missing information on a MS2 level. It is 

therefore that truly full comprehensive data can only be acquired by data-independent 

acquisition (DIA) modes. A simple, yet flexible possibility to achieve this is MSE, which 

has been originally reported in its use on the QToF instruments provided by Waters. It 

has often been also coined as All-ion-fragmentation (AIF), with this technique being 

implemented in the QToF system of Agilent Technologies and the Orbitraps designed 

by Thermo Fisher Scientific [121,122]. Essentially, two ToF-MS scans take place, one 



 

 

with a lower collision energy value for precursor isolation and detection and the second 

one with a higher one in order to provide adequate fragmentation. It is of utmost 

importance to achieve good chromatographic separation, otherwise the acquired 

spectra require the process of deconvolution [122]. MS/MSALL is another possibility for 

DIA acquisition [123], which relies on small unit mass resolution Q1 precursor window 

steps, so that sequential fragmentation is achieved. A limitation of this mode is its 

incompatibility with LC or GC techniques, as the cycle times are simply not compatible 

together. It is therefore that this DIA mode of analysis is only available when it comes 

to direct infusion, also known as shotgun acquisition. Experiments with sequential 

fragmentation via Q1 isolation have been reported in the scientific literature [124]. In 

this scenario, every MS2 experiment involved a m/z width of 10 units. The issue here 

was, however, that the acquisition rates of the instruments were not fast enough to 

record the complexity of the range acquired, especially when coupled with 

chromatographic separation techniques. This remained an issue until the introduction 

of the DIA acquisition mode called SWATH (sequential windows acquisition of all 

theoretical fragment-ion mass spectra) [121,125]. SWATH is based on setting the Q1 

transmission windows in variable widths. The precursor ions are then collectively 

fragmented in the collision chamber, which yields significantly more composite MS2 

spectra with a higher degree of selectivity compared to MSE (AIF). The drawback is that 

the quality of the spectra is more prone to interferences than the ones obtained in IDA, 

together with the requirement of deconvolution, which is a complex process. Despite 

this, it has been shown that SWATH data leads to better and more accurate metabolite 

identification, together with a much higher metabolome coverage [121,126,127]. A 

further advantage is the possibility to generate extracted ion chromatograms on both 

MS1 and MS2 levels, which provides an option to quantify via various ions. The 

comprehensive spectra acquired can be easily deconvoluted in the MS-DIAL software 

(Mass Spectrometry - Data-Independent Analysis) [128], which was also used in 

numerous projects in this thesis. Another tool utilized in this thesis is swathTUNER 

[129], which allows the more flexible design of SWATH experiments. As a conclusion, 

it can be regarded certainly that SWATH is the superior acquisition mode in terms of 

untargeted MS, with the qualitative and quantitative data obtained being of high 

reproducible quality [130]. 
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4. Objectives of the thesis 

 
The aim of this thesis was to develop new methods and optimize existing workflows for 

metabolomics in clinical bioanalysis. On the one hand, the focus was to improve both targeted 

and untargeted assays, which allow broad metabolite profiling in each sample. Focus was laid 

upon the quantification capabilities of such assays, whilst at the same time allowing broad 

metabolite coverage. The developed methods were implemented in various types of biological 

matrix (cell culture, plasma and urine) and successfully displayed the desired outcome. The 

thesis is built upon four topics in bioanalytical chemistry, namely those being: 

 
1. The development of targeted quantitative assays in metabolomics with the aim of 

providing a broad metabolite coverage. 

 
2. Developing specific targeted assays for metabolic pathways and metabolite classes, 

which were generally not sufficiently covered by the initial methods (i.e. thiols and 

phosphorylated compounds). 

 
3. Improving the retention time reproducibility challenge faced in HILIC metabolomics 

methods. 

 
4. The development of an untargeted assay as a complementary basis to the previous 

targeted methods, allowing post-acquisition retrospective data-mining and relative 

quantification of metabolites, which were not covered by the initially developed 

targeted methods. 

The publications included in this thesis deal specifically with these 4 points and are 

included in the following section. 
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In this study, a targeted approach with wide metabolite coverage was developed for cellular metabolomic 

analysis using a UHPLC-QTrap-MS system operated in the scheduled multiple reaction monitoring (sMRM) 

mode. MRM ion pairs were acquired from HeLa cell samples through untargeted analysis using UHPLC- 

QTOF-MS with SWATH acquisition complemented by missing metabolites from pathway databases. Four 

different cell extraction protocols were studied and compared based on an experiment series involv- 

ing the calculation of individual metabolite recoveries (pre/post extraction spiking U-13C isotope-labeled 

standards), with a Methanol/Water extraction mixture (1:1; v/v) showing the best results. Two HILIC- 

MS methods employing a Waters Premier BEH Amide column were developed, utilizing two different 

chromatographic conditions (20 mM ammonium formate as buffer additive adjusted to a pH 3.5 with 

formic acid in ESI mode and 20 mM ammonium acetate adjusted to a pH 7.5 with acetic acid in 

ESI− mode. One hundred sixty-one (161) metabolites were successfully detected in ESI mode, whereas 

92 were detected in negative ionization mode, totaling to a number of 253 compounds in three differ- 

ent biological matrices covered by the analytical system employed. Both established HILIC methods were 

calibrated and validated based on 105 authentic chemical standards and U-13C-labeled Pichia pastoris (Ko- 

magataella phaffii) yeast extract as internal standards for cellular matrix (HeLa cells). Within-day and 

between-day precision was determined on three different QC concentration levels and was below 15% for 

the entirety of the analytes. Inter- and intra-day accuracies showed values in the range between 85 and 

115% (assessed as % recovery) in the entire range. Matrix effects, extraction recoveries and process eû- 

ciencies were evaluated following the Matuszewski protocol with U-13C-labeled Pichia pastoris metabolite 

extract as internal standards. Eventually, the method was utilized to quantify metabolites in HeLa cell  

extracts. 

© 2022 Elsevier B.V. All rights reserved. 

 

 

1. Introduction 

 
The aim of metabolomics is to thoroughly study small molecule 

metabolites found in biological systems and their cellular re- 

sponses perturbed by either endogenous or exogenous stimu- 

lus [1–3]. The resultant information complements other omics 

technologies in biomarker discovery, disease diagnosis, biotech- 

nology, bioprocess optimization, cellular biology, drug develop- 

ment and other ûelds. Undoubtedly, mass spectrometry (MS), us- 

ing quadrupole-time-of-üight (QTOF), Fourier transform ion cy- 

clotron resonance (FT-ICR), triple quadrupole (QqQ), Orbitrap and 

quadrupole linear ion trap (QTRAP) instruments, is the leading an- 

alytical platform for metabolic analysis, due to its excellent molec- 

ular speciûcity and sensitivity [4,5]. To resolve the complexity of 
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metabolite extracts, reduce ion suppression and avoid (isobaric, 

isomeric, isotopic, and in-source fragmentation) interferences, MS 

is commonly hyphenated to separation techniques [6], such as liq- 

uid chromatography (LC), gas chromatography (GC) or capillary 

electrophoresis (CE). Recently, ion-mobility spectrometry (IMS) has 

been introduced as an additional separation dimension to LC-MS 

enhancing selectivity of the entire analytical worküow and pro- 

viding with collisional cross section (CCS) values an additional 

parameter for identiûcation [7]. Two distinct strategies are pur- 

sued in metabolomics, untargeted and target analysis. Untargeted 

metabolomics does not preselect speciûc metabolites for analy- 

sis and aims at a broad coverage of detected molecular features 

and discovery of signiûcant alterations between sample groups. 
This approach, however, is signiûcantly limited by a narrower dy- 

namic range and lower sensitivity. It commonly performs rela- 

tive quantiûcation rather than accurate quantitative analysis with 
authentic standards. On the contrary, targeted metabolomics se- 

lects predeûned metabolites which are measured typically using 
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multiple-reaction monitoring (MRM) acquisition with QqQ and 

QTRAP instruments relative to authentic calibrants leading to ac- 

curate quantiûcation [8]. Such assays are commonly more robust, 

have wider linear range, and lower LOQs. 

The choice of chromatographic conditions plays a major role in 

metabolomic analysis. Separation methods commonly used have 

been reviewed recently [9]. Reversed-phase liquid chromatogra- 

phy (RPLC) due to its compatibility with aqueous biological sam- 

ples, excellent chromatographic eûciency, and its ability to sepa- 

rate a large number of metabolites from diverse chemical classes is 

still the most popular LC mode in metabolomics [8,10]. Strategies 

to overcome the limited retention of very polar metabolites com- 

prise pre-column derivatization providing more eûcient analyte 
retention and dedicated detection properties [11,12] or addition 

of ion-pairing reagents to the mobile phase under RP conditions 

[13]. Hydrophilic interaction liquid chromatography (HILIC), on the 

other hand, provides extended retention for hydrophilic analytes 

without ion-pairing agent and without derivatization, and more- 

over is well compatible with ESI-MS detection. Therefore, HILIC 

represents a useful approach to increase the coverage of the po- 

lar metabolome [14–20]. Various HILIC stationary phases with re- 

gard to their chemical structure have been developed and are 

classiûed according to the ionic character of the functional group 

as neutral phases (amide, diol), charged phases (amino, silica) 

and zwitterionic phases (e.g., sulfobetaine-modiûed) [21]. A sig- 

niûcant drawback often in large-scale metabolomic studies is the 

limited availability of such large number of authentic metabolite 

standards. In order to overcome this bottleneck, pseudo-targeted 

metabolic proûling, in which MRM transitions are measured with- 

out standards for quantiûcation, is sometimes suggested as alter- 
native with even wider coverage, but allow relative quantiûcation 
only [22]. 

In this study, we present a worküow which utilizes targeted 

hydrophilic interaction liquid chromatography-tandem mass spec- 

trometry for metabolic proûling of biological samples, speciû- 

cally cell extracts. We have thoroughly evaluated new Premier 

hybrid, sub-2 μm, UHPLC–HILIC columns with two distinct sur- 

face chemistries, viz. zwitterionic sulfobetaine and neutral amide 

bondings, based on ethylene-bridged hybrid silica particles, which 

are stable from pH 2–10. These Premier columns utilize dedicated 

polymer-modiûed column hardware to minimize the interactions 

of highly hydrophilic analytes (such as e.g. hydroxy acids and phos- 

phates etc.) with metal surfaces through a high-performance sur- 

face coating [23,24]). A zwitterionic sulfobetaine core-shell particle 

(2.7 μm) HILIC column was evaluated as well. In this study, the 

chromatographic performance of these three HILIC columns were 

examined using different chromatographic conditions with both 

reference standards and biological samples. Included in this inves- 

tigation were chromatographic properties such as retention time, 

general metabolite distribution throughout the chromatographic 

run, peak widths and peak tailing factors. After full method op- 

timization with the best performing Premier BEH Amide column, 

a validated UHPLC-MS/MS assay for accurate quantitative analysis 

of a large number of metabolites based on authentic standards and 

another subset by pseudo-targeted analysis (for relative quantiûca- 

tion) was obtained. Its applicability to cellular samples was docu- 

mented by application to HeLa cells. 

 
2. Experimental 

 
2.1. Materials 

 
Formic acid, acetic acid, acetonitrile and methanol of Ultra LC- 

MS grade were supplied by Carl Roth (Karlsruhe, Germany). Try- 

pan blue solution and ammonium hydroxide solution (Suprapur® 

quality 28.0 - 30.0% NH3 basis) were purchased from Sigma-Aldrich 

(Merck, Taufkirchen, Germany). Deionized water was puriûed by a 
Purelab ultrapuriûcation system (ELGA LabWater, Celle, Germany). 
Uniformly (U-) 13C-labeled yeast extract of more than 2 109 

Pichia pastoris cells (∼15 mg; strain CBS 7435) was obtained from 

ISOtopic Solutions (Vienna, Austria). All standards used in this 

study were provided by Sigma-Aldrich (Merck). NIST SRM1950 

plasma was also provided by Sigma-Aldrich (Merck). Stock solu- 

tions of the individual calibrants were prepared at concentrations 

of 1 mg mL−1 and used for further dilution. The individual stocks 

were stored at −80 °C until use. Three different chromatographic 

columns (all of the same dimension of 150 2.1 mm) were used for 

further evaluation during method development. A direct compari- 

son was drawn between a Poroshell 120 HILIC-Z (2.7 μm, super- 
ûcially porous particle SPP) column, Acquity Premier BEH Amide 

(1.7 μm, fully porous particle FPP) column and an Atlantis Premier 

Z-HILIC (1.7 μm, FPP) column. 
 

2.2. Instrumentation 

 

Targeted LC-MS analysis was performed using an Agilent 1290 

Inûnity II series UHPLC system from Agilent Technologies (Wald- 

bronn, Germany) equipped with a binary pump, autosampler, ther- 

mostated column compartment and a QTrap 4500 mass spectrom- 

eter with a TurboIonSpray Source from SCIEX (Ontario, Canada). 

For untargeted analysis, an Agilent 1290 Inûnity I series LC sys- 

tem from Agilent Technologies equipped with a binary pump, ther- 

mostated column compartment and an HTC-xt PAL (CTC Analytics 

AG, Zwingen, CH) autosampler and a TripleToF 5600 mass spec- 

trometer with DuoSpray Source, operated in TurboIonSpray mode, 

from SCIEX (Ontario, Canada) was used. 

 
2.3. Preparation of HeLa cells 

 

The human cervical HeLa cells adapted to serum-free conditions 

(AC free, ECACC 08,011,102) were grown in a humidiûed incubator 

at 37 °C with 5% CO2. Cells were fed with EX-CELL Hela serum- 

free media (SigmaAldrich) with 2 mM -glutamine (Sigma-Aldrich), 

12 U mL−1 penicillin, and 12 μg mL−1 streptomycin until the cell 

density reached around 1 106. 

Cell counting was performed in triplicate with a hemocytome- 

ter. Aliquots of 3 106 HeLa cells were transferred into 15 mL 

falcon tubes and spun down for 5 min at 100 g. After removing 

the supernatant, cell pellets were washed twice with ice-cold Dul- 

becco9s phosphate-buffered saline (PBS) (Sigma-Aldrich) with re- 

peated centrifugation. Cell samples were snap-frozen in liquid ni- 

trogen and kept at −80 °C till use. 

For the extraction of the analytes, 1 mL of the ice-cold ex- 

traction solvent (50% methanol and 50% water) was added to the 

cell pellets (which were slowly thawed on ice) and the cells were 

lysed with the handheld ultrasonic cell disruptor Branson Soniûer 
(Cell Disruptor B15, Danbury, USA) at level ûve for one minute. 
After the cell lysis, the extract was centrifuged at 1968 rcf for 

10 min. The collected supernatants (extracts) were evaporated to 

dryness overnight under nitrogen using a high-performance evap- 

orator (Genevac EZ-2) (Genevac, Ipswich, UK). The dry residue of 

the extract was reconstituted in 10 μL methanol and 90 μL mobile 
phase B, followed by 3 cycles of vortexing and sonication (each 

30 s). The samples were vortexed centrifuged at 18,928 rcf for 

5 min and the supernatant further analyzed. 

 
2.4. Cell extraction protocol optimization 

 
Four different extraction protocols were carefully tested in 

this study regarding further method optimization: 1. Methanol/ 

acetonitrile/water (MeOH/ACN/H2O – 45/10/45; v/v/v); 2. Pure 

methanol (MeOH); 3. Methanol/water (MeOH/H2O – 50/50; v/v/); 
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and 4. Methanol/isopropanol/water (MeOH/IPA/H2O – 45/10/45; 

v/v/v). Cell pellets were thawed on ice. Extraction solvents were 

kept on ice before their addition to the cell samples. Evaluation 

of each extraction protocol9s performance was based on the ex- 

traction of 10 aliquots of cell samples (pellets containing 3 106 

cells). For the determination of metabolite extraction recoveries, 3 

of these samples were spiked before the extraction (pre-extraction 

spiking) with 10 μL of methanolic internal standard solution (13C- 

labeled yeast extract of Pichia pastoris cells, synonymous with Ko- 

magataella phaffii), whereas for the other 3 samples, 10 μL of the 
internal standard solution were added as a post-extraction spike. 

Extraction recoveries were calculated as the ratio of average peak 

areas for internal standards in the pre-extraction and post extrac- 

tion spiked sample. 

 

2.5. Human plasma sample preparation 

 
NIST SRM1950 human plasma was used as reference material in 

this study. The blood plasma was thawed on ice. ACN (1 mL) and 

100 μL of a methanolic fraction containing the 13C isotopic labeled 

Pichia pastoris extract was added to each plasma aliquot of 100 μL. 
The samples were vortexed for 30 s, centrifuged at 18,928 rcf for 

5 min and the supernatant evaporated to dryness under nitrogen 

in a GeneVac system. The dry residue was then reconstituted in a 

total volume of 100 μL (10:90; v/v) methanol and mobile phase B. 
Three (3) cycles of vortexing and sonication (each 30 s) were con- 

ducted followed by sample centrifugation at 18,928 rcf for 5 min. 

The supernatants were further analyzed. Samples were stored at 

−80 °C until analysis. 

 
2.6. Urine sample preparation 

 

Pooled urine (ûrst morning mid-stream), stored at 4 °C until 

use, was used for sample preparation. To each urine aliquote, a 100 

μL methanolic fraction containing the 13C isotopic labeled Pichia 

pastoris extract was added before sample preparation. As urine rep- 

resents a medium susceptible for bacterial growth, a 0.22 μm ster- 

ile ûlter was used to ûlter the samples. Samples were then cen- 

trifuged at 4 °C, 20,784 rcf x 15 min to remove cell debris and 

unwanted precipitants. Each 1 mL sample aliquot was preserved 

at −80 °C until further metabolomic analysis. Samples were freeze 

dried in a Labconco (Kansas City, MO, USA) FreeZone 4.5 L Bench- 

top Freeze Dry System for 24 h and subsequently reconstituted in 

100 μL methanol and 900 μL mobile phase B. Analogous as before, 

3 cycles of vortexing and sonication (each 30 s) were conducted 

following sample centrifugation at 18,928 rcf for 5 min and analy- 

sis of the supernatant. 

 

2.7. MRM Analysis with UHPLC-QTrap-MS 

 

Chromatographic separation was performed on a Waters (Es- 

chborn, Germany) Premier BEH Amide column (150 2.1 mm, 

1.7 μm). For metabolite analysis in ESI mode, mobile phases A 

and B were adjusted to a pH of 3.5 with formic acid and con- 

sisted of 20 mM ammonium formate in water and acetonitrile, re- 

spectively. In ESI-, the chromatographic conditions differed. Mobile 

phase A and B were adjusted to a pH of 7.5 with acetic acid and 

consisted of 20 mM ammonium acetate in water and acetonitrile 

respectively. The gradient elution proûle was the same for both 
positive and negative ionization mode (0.0 min, 100% B; 13 min 

70% B; 15 min 70% B; 15.1 min 100% B; 20 min 100% B) and was 

carried out at a üow rate of 0.25 mL min−1 and a constant col- 

umn temperature of 35 °C was maintained throughout the entire 

run. Injection volume was 10 μL. The autosampler was kept at 

4 °C. Ion source parameters were as follows: nebulizer gas (GS1, 

zero grade air) 50 psi, heater gas (GS2, zero grade air) 30 psi, cur- 

tain gas (CUR, nitrogen) 30 psi, source temperature (TEM) 450 °C, 

ion source voltage 5500 V (positive mode) and −4500 V (neg- 

ative mode). Compound speciûc parameters were optimized indi- 

vidually through direct infusion MS (Table S-4 and Table S-5). Due 

to the large amount of transitions monitored simultaneously, the 

Scheduled-MRM function was enabled. A window of 30 s was set 

around the designated metabolite speciûc retention time and the 

total cycle time was 1 s. Blank solvents (mobile phase A and B) 

followed by QCs in quintuplicate (n 5) were injected in the be- 

ginning of the chromatographic batch to ensure proper column and 

system equilibration. 

 
 

2.8. UHPLC-QToF-MS with swath acquisition 

 

LC-ESI and LC-ESI- conditions were the same as speciûed 

above for the UHPLC-QTrap-MS method. Injection volume was 10 

μL. The experimental MS-setup consisted of a TOF-MS survey scan 

for precursor detection in the mass range of m/z 60–1000 (ESI ) 

and m/z 70–900 (ESI-), respectively. 

For comprehensive recording of MS/MS spectra, SWATH acqui- 

sition was utilized with a collision energy of 30 V and a spread 

of 20 V. A total number of 20 SWATH-MS/MS experiments 

were created for both positive and negative ion mode (Table S-1). 

Variable SWATH window widths were optimized by swathTUNER 

based on preliminary measurements of cell culture extracts using 

IDA [25]. SWATH-experiment parameters were as follows - accu- 

mulation time was set to 30 ms. The total cycle time summed up 

to 750 ms, which yielded a minimum of 10 data points per peak 

with an average peak width at the base of 8 s. The MS instrument 

was run in high sensitivity mode achieving a TOF-MS resolution of 

30,000 (FWHM @ m/z 829.5393) and a SWATH-MS/MS resolution 

of 15,000 (FWHM @ m/z 397.2122). 

Ion source parameters were as follows: nebulizer gas (GS1, zero 

grade air) 50 psi, heater gas (GS2, zero grade air) 30 psi, curtain 

gas (CUR, nitrogen) 30 psi, source temperature (TEM) 450 °C, ion 

source voltage 5500 V (positive mode) and −4500 V (negative 

mode). Samples were ûrst analyzed in positive and subsequently 

in negative ionization mode. Mass calibration was performed be- 

fore every run via the Calibrant Delivery System (Sciex, Ontario, 

Canada). The analytical system was controlled by the Analyst 1.7 

TF software (Sciex, Ontario, Canada). 

 
 

2.9. Data processing and evaluation (SWATH-MS) 

 
Data processing comprising peak ûnding, blank subtraction, fea- 

ture alignment, normalization, MS/MS spectral deconvolution and 

score-based metabolite identiûcation, which relies primarily on 
MS/MS similarity of deconvoluted experimental MS2 spectra of the 

analytes to those of metabolite libraries, was performed with MS- 

DIAL software (version 4.7.0) [26]. A similarity score of 80% was 

chosen as threshold for reliable metabolite identiûcation. For peak 
ûnding an intensity threshold of 100 counts per second (cps) was 

selected. Further detailed information on data processing with MS- 

DIAL is provided in Table-S2. The raw QToF data ûles (.wiff) ob- 

tained were later converted to mzXML ûles using the <msconvert= 
program from ProteoWizard [27] (version 3.0.21211). The data ûles 
were grouped together in one ûle directory and processed by the 

R-Package SWATHtoMRM [28], in order to generate the MRM-ion 

pairs for UHPLC-QTRAP-MS analysis. 

All further data processing steps and evaluations were executed 

with MS-DIAL, PeakView 2.2 (Sciex), MultiQuant 3.0 (Sciex), Ex- 

cel 2016 (Microsoft, Redmond, WA, USA), Origin 2021 (OriginLab, 

Northampton, MA, USA), and R Studio 1.4.1717 (R Foundation for 

Statistical Computing, Vienna, Austria). 
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2.10. Metabolite quantification and method validation 

 

Matrix-matched calibration curves were constructed using 

weighted least-square linear regression (weighting factor: 1/x) by 

spiking ûve different calibrant levels in a standard addition ex- 

periment to a pooled HeLa cell extract and by plotting the peak 

area ratio of analyte to IS versus the nominal concentration of 

each analyte. The endogenous metabolite concentrations were de- 

rived from the x-axis intercept multiplied by −1. The resulting cal- 

ibration functionswere used to determine target analyte concentra- 

tions in real samples (HeLa cell extracts). Integration and data pro- 

cessing were conducted with the MultiQuant 3.0 software (Sciex) 

via an automated algorithm employing a Gaussian smoothing (1 

Point), noise percentage of 90%, baseline subtraction window of 

0.1 min and a peak splitting factor of 2. Excel 20,019 (Microsoft, 

Redmond, WA; USA) and Origin 2017 (OriginLab, Northampton, 

MA, USA) were used for further data processing. One hundred and 

ûve (105) authentic chemical standards were used to calibrate and 
validate the methods. Validation was performed in accordance to 

FDA (United States Food and Drug Administration Agency) guide- 

lines for bioanalytical method validation with modiûcations. Ma- 

trix effects, extraction recoveries, and process eûciencies were de- 

termined in accordance to the Matuszewski protocol [29] (Table 

S-8), with consideration of the endogenously present metabolite 

concentrations in the cell extracts, as there is no stripped matrix 

available. As mentioned previously, pre-determination of the in- 

dividual metabolites was conducted via LC-MS and standard ad- 

dition. The determined concentration of the individual metabolite 

was accounted for by background subtraction (i.e. subtraction of 

the endogenously present concentration A0 from the determined 

concentration to the matrix). Thus, signal suppression or enhance- 

ment due to matrix effect was calculated as follows: 

ME% 
Adetermined − A0 

Aneat 

Where Adetermined is the area of spiked cell extracts after extrac- 

tion, A0 the peak area of the analyte endogenously present in the 

extract and Aneat being the peak area of the selected metabolite in 

neat solution. Similarly, individual metabolite accuracies (Acc) were 

calculated in quality controls as% recovery as follows: 

 

 
 

Fig. 1. Venn diagrams representing the method9s metabolite coverage in positive 

and negative ionization mode in the different biological matrices. 

 

 

 

A minimum of 2 MRM transitions (quantiûer and qualiûer) 
were monitored for the majority of the metabolites, in order to 

allow for method selectivity evaluation and veriûcation regarding 
potential interferences from isobaric matrix components by quanti- 

ûer/qualiûer ratio monitoring. In Tables S-4 and S-5, precursor and 

product ions of the target metabolites, as well as the compound- 

speciûc optimized MS/MS parameters including DP, EP, CE and CXP, 

are summarized. 

Overall 253 metabolites were successfully detected with the 

presented analytical platform in three different biological matri- 

ces (Fig. 1). The identity of the peaks detected in the cell extract 

 
ACC% 

c found − c0 
was conûrmed by authentic standards, which were available for 

105 metabolites (Table S-6 and Table S-7), through retention time 
cspiked 

With cspiked is the concentration of spiked cell extracts after ex- 

traction, c0 the endogenously present amount and c found the con- 

centration of the selected metabolite found in the spiked sample. 

 

 

3. Results and discussion 

 
3.1. MS/MS optimization and MRM list generation 

 
The MRM transitions for the targeted UHPLC-MS/MS analy- 

sis were selected by two strategies: (1) Untargeted metabolomic 

UHPLC-QTOF-MS/MS analysis with SWATH acquisition and data 

processing through the R-Package SWATHtoMRM [28]; (2) miss- 

ing key metabolites of various biological pathways were collected 

from KEGG (http://www.genome.jp/kegg/pathway.html) and HMDB 

(http://hmdb.ca/) databases to supplement the MRM transition list. 

SWATHtoMRM is an R package used to construct a large-scale 

set of MRM transitions from the generated SWATH-MS data ûles. 
There are 4 steps for the analysis of SWATH-MS data: (1) MS1 

peak detection and alignment; (2) extraction of MS2 peaks and 

chromatograms; (3) MS1 and MS2 peak grouping; (4) generation 

of consensus MS2 spectra. As a result, a csv ûle containing all gen- 

erated transitions can be obtained by the SWATHtoMRM script. 

(RT), precursor mass and MS/MS spectra match (level 1 identiû- 

cation according to MSI). For the other detected targets for which 

no standards were available, level 2 identiûcation by UHPLC-QToF- 

SWATH-MS analysis and MS spectral matching of deconvoluted ex- 

perimental MS spectra with spectra from two publicly available 

MSP-Databanks (Riken Institute, All Public MS/MS) containing over 

290.000 and 36.000 metabolites in positive and negative ioniza- 

tion mode, respectively, was employed. These compounds were 

ûnally measured only in a pseudo-targeted manner (i.e. allow- 

ing relative quantiûcation e.g. when different sample groups are 
compared). 

For a few low molecular metabolites, the intensity of the prod- 

uct ions was too low or the generated fragment ions were not spe- 

ciûc enough for reliable qualitative and quantitative analysis. Thus, 
so-called pseudo-MRM transitions were employed for which the 

m/z of the intact precursor ion was measured also in the third 

quadrupole (e.g. Glycine, Pyruvic Acid, GABA). 

Some metabolite classes exhibit class-speciûc fragment ions, 
such as nucleotides. The detection of nucleotides by MRM was 

achieved in ESI− mode with [M-H]− precursor ion and the group- 

characteristic fragment ion with m/z of 79. For this reason, atten- 

tion was paid to a suûcient chromatographic separation of corre- 

sponding mono-, di- and triphosphates to avoid interferences in 

case of in-source fragmentation [30,31]. 

http://www.genome.jp/kegg/pathway.html
http://hmdb.ca/
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Fig. 2. Heatmap displaying an overview of extraction recoveries of a representative 

set of metabolites for extraction protocol comparison. Individual metabolite recov- 

eries evaluated with 13 C Pichia Pastoris yeast extract. 

 

 
3.2. Optimization of cell extraction protocol 

 

As described in Section 2.4, four different solvent composi- 

tions were evaluated for their extraction recoveries and metabo- 

lite coverage. Aliquots of washed HeLa cell pellets (each 3 106 

cells) were suspended in the extraction solvents (MeOH/ACN/H2O 

45/10/45, v/v/v; MeOH; MeOH/H2O 50/50, v/v; or MeOH/IPA/H2O 

45/10/45, v/v/v) and cell lysis induced by sonication for 1 min. Su- 

pernatants were dried and reconstituted in the 10 μL MeOH (con- 

taining the post-extraction 13C-IS spike) and 90 μL mobile phase 

B before analysis by UHPLC-ESI-MS/MS. The performance of the 

distinct extraction solvents was assessed by extraction recover- 

ies of the spiked internal standards (13C-cell extract) (Figs. 2 and 

suppl. S1). In terms of extraction recovery, out of the four differ- 

ent extraction protocols tested, the methanol-water mixture per- 

formed best. Pure methanol performed also suûciently. However, 
it proved to be a poor choice for the extraction of amino acids and 

their derivatives. The MeOH/ACN/H2O and MeOH/IPA/H2O mix- 

tures showed similar performance. The addition of ACN or IPA 

did not seem to improve further metabolite recovery, compared to 

MeOH/H2O. On contrary, it impaired extraction recoveries of highly 

polar metabolites like amino acids and their derivatives. 

 

3.3. Column performance comparison 

 
Chromatographic runs on 3 HILIC columns (FPP-based Premier 

Z-HILIC and Premier BEH-Amide, as well as SPP-based HILIC-Z) 

were evaluated with respect to retention time, peak width and 

peak tailing factors of individual analytes in order to obtain a com- 

prehensive data matrix of these chromatographic performance pa- 

rameters of the metabolites. The individual factors were calculated 

from triplicate injections of all the examined analytes. All of the 

253 metabolites covered in this analytical platform were used for 

the further assessment of each individual column9s performance. 

The distribution of the individual metabolites in both ionization 

modes is shown in Fig. S-2A, S-2B (for the HILIC-Z column) Fig. S- 

3A, S-3B (for the Z-HILIC column) and Fig. S-4A, S-4B (for the BEH 

Amide column). All four columns generally provided a similar dis- 

tribution pattern, speciûcally class-wise, which was also conûrmed 
by parity plots of normalized retention times shown in Fig. 3A, B 

and C. The spread of the data points closely around the 45° par- 

ity line indicates a similar chromatographic behavior in terms of 

retention between all columns. Substantial differences were, how- 

ever, observed between the columns when the peak widths and 

peak tailing factors were evaluated (Fig. 4A and B). It was observed 

that the values for the peak widths and peak tailing factors were 

signiûcantly higher in the case of the zwitterionic HILIC-Z and Z- 

HILIC columns when compared with the BEH Amide column. Some 

metabolites exhibit higher tailing factors in the range between 1.2 

and 1.7 which are mainly phosphorylated ones that are known to 

interact with stainless steel surfaces of LC systems esp. column 

inlet and outlet frits and the inner wall of electrospray probes 

leading to tailing, partly irreversible adsorption and even loss of 

analytes [32,33]. The currently used Premier BEH Amide columns 

shows reduced tailing as can be seen in (Fig. 4A and B), partly 

probably also due to its polymer coated frits and column hard- 

ware, respectively. Consequently, the Premier BEH Amide column 

was chosen for further method validation and analysis. 

 

3.5. Method validation 

 

Two HILIC methods were ûnally developed based on the Pre- 

mier BEH Amide column, one employing acidic conditions (positive 

ionization mode; pH 3.5) and the other one neutral conditions 

(negative ionization mode; pH 7.5). The corresponding retention 

times of all metabolites which could reliably and reproducibly be 

determined with these developed methods are given in Tables S-4 

and S-5 of the Supplementary Material. Under acidic conditions, in 

particular amino acids and nucleobases performed well. Negative 

ionization mode under neutral conditions was preferred speciû- 

cally for nucleotide and organic acid analysis 

 
3.5.1. Assay specificity 

A critical parameter of bioanalytical methods is assay speciûcity, 
i.e. the ability to differentiate the analytes from components of 

similar structure present in the respective complex biological ma- 

trix. Both methods were evaluated with respect to compounds that 

 

 
 

 

Fig. 3. Parity plots showing the chromatographic behavior of metabolites in terms of normalized retention times on the different stationary phases employed. Comparison 

between Atlantis Premier Z-HILIC and Acquity Premier BEH Amide (A). Comparison between Agilent HILIC-Z and Atlantis Premier Z-HILIC (B), and comparison between 

Agilent HILIC-Z and Acquity Premier BEH Amide (C). 
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can possibly interfer with other targets in MS/MS detection (such 

as isobaric compounds, isomers, in-source fragmentation products) 

and need to be separated chromatographically when no speciûc 
MRM transitions are available. Some examples are presented in 

Fig. 5. Under the employed chromatographic conditions, redox ac- 

tive critical analytes e.g. NAD and NADH are separated from each 

other, because oxidation in the ESI process could lead to an inter- 

ference (Fig. 5A). Similarly, cysteine was fully separated from cys- 

tine, as in-source oxidation could lead to assay speciûcity prob- 

lems (Fig. 5B) [34]. The adenylate energy charge molecules (AMP, 

ADP and ATP) are providing important information but are critical 

not only due to peak tailing, but also due to tentative interferences 

from in-source fragmentation. In the provided chromatographic 

method, they were separated from one another (Fig. 5C), thus 

avoiding signal interferences. Chromatographic separation is also 

required for isobaric and isomeric metabolites, such as Isoleucine 

(Ile), Creatine, Leucine (Leu) and 3-guanidinopropionic acid (3- 

GPA) which all have the same m/z of precursor and product ions 

in the present study, these four isobaric metabolites were suc- 

cessfully distinguished from each other by full baseline chromato- 

graphic separation (Fig. 5D). 
 

 

 
 

 
 

 

 

 

 

 

 
Fig. 4. Violin plots providing comparison of peak widths at half maximum (A) and 

tailing factors (B) between 2.7 μm SPP HILIC-Z Column, 1.7 μm FPP Premier Z-HILIC 

Column and 1.7 μm FPP Premier BEH-Amide Column. 

3.5.2. Matrix effects, extraction recoveries and process efficiencies 

Matrix effects (ME), extraction recoveries (ER) and process eû- 

ciencies (PE) were evaluated at an intermediate concentration level 

of each target analyte by comparison of the peak areas of post- 

extraction spiked cell extract vs standard solution, pre-extraction 

spike vs post-extraction spiked cell extract, and pre-extraction- 

spiked cell extract vs standard solution, respectively [31]. Values 

close to 100% represent minimum matrix effect, quantitative ex- 

traction and optimal process eûciency, respectively. The results are 

summarized in Table S-8. 

MEs ranged between 42% (Serine) and 110% (Threonine). It in- 

dicates that for several analytes isotope labelled IS are recom- 

mended which were considered in this work by the use of the 

 

 
 

Fig. 5. Extracted ion chromatograms showing method selectivity for selected metabolites. (A) Oxidized and reduced forms of nicotinamide adenine dinucleotide 

(NAD /NADH), (B) cysteine and cystine (Cys/CysCys), (C) the adenylate energy charge molecules (AMP, ADP and ATP), and (D) isobaric and isomeric compounds with 

m/z 132 (D) (Leucine, Isoleucine, Creatine, and 3-guanidinopropionic acid). 
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Fig. 6. Violin plots providing distribution of metabolite LoDs (A) and LoQs (B) values. 

 

U13C-labelled cell extract that allowed proper compensation of ion- 

suppression. ER between 77.4 and 98.1% were found which is in 

the acceptable range. PE was determined to be between 33.3 and 

104.1%. Detailed results for each individual analyte9s ME, PE and 
RE are provided in Table S-8. Based on these results it was con- 

cluded to use a 13C-labelled cell extract for compensating of MEs 

and losses during sample preparation. It is possible when a lim- 

ited number of samples is analyzed, for large scale metabolomics 

studies it may be too costly. 

 
3.5.3. Calibration, linearity and method sensitivity 

External calibration functions were established by plotting peak 

area ratios of analytes and their internal standards versus the con- 

centration of standard solutions. Weighted linear regression (1/x) 

was used to derive slopes, intercepts and correlation coeûcients of 
the calibration curves (Tables S-6 and S-7). Linearity was evaluated 

by the correlation coeûcients (r) of the external calibration func- 

tions for each metabolite and were, as can be seen form Table S-6 

(positive mode) and Table S-7 (negative mode), always r ≥ 0.99. 

indicating good linearity. Apart from external calibration, matrix 

matched calibration was performed as well by spiking series of 

5 concentration levels to the biological matrix (HeLa cell extract), 

as described in Section 2.9. Also, the matrix-matched calibration 

functions showed r ≥ 0.99) (data not shown). LoDs and LoQs were 

determined through the external calibration function for the indi- 

vidual metabolites as follows: 

3.3 x σ 
LoD 

m 

With σ being the standard error of the calibration function9s 
slope and m the slope value itself. Analogous for the LoQ determi- 

nation, the following equation was used: 

10 x σ 
LoQ 

m 

Tables S-6 and S-7 provide further information on this. The 

results prove that this multi-target metabolite assay shows ade- 

quate sensitivity for determining cellular metabolite concentrations 

in HeLa cells. Fig. 6 provides a graphical representation of the dis- 

tribution of the individual LoD and LoQ values in form of violin 

plots across the metabolites analyzed in this study. An additional 

experiment was conducted, which investigated the effect of cell 

count and number of metabolites detected. Apart from 3.0 106 

cells, four further aliquots were measured, those being 1.0 106, 

0.5 106, 1.0 105 and 1.0 104 cells. As expected, the lower 

the cell count, the lower the number of metabolites above LoD de- 

tected. Fig. S-5 displays the results obtained from this measure- 

ment series and the tabular results are provided as Tables S-13 and 

S-14. It turns out that a signiûcant loss of sensitivity is observed if 

less than 3.0 106 cells are used. If only lower cell numbers are 

available, it is advice to further optimized the sensitivity e.g. by 

using more sensitive MS instruments, exclude the qualiûer transi- 
tions and increase the dwell time of the quantiûer transitions, at 
least of the metabolite that give less sensitivity. 

 
3.5.4. Intra-assay and inter-day accuracy and precision 

Precision and accuracy were evaluated and the results are given 

in Tables S-8 and S-9. For this purpose, the intra-assay and inter- 

day precision and accuracy were assessed in cell matrix by using 

three quality controls prepared by spiking cell extract with dif- 

ferent concentrations using calibrants at 3 distinct levels: QCLow 

(50 ng mL−1), QCMid (100 ng mL−1), QCHigh (200 ng mL−1). These 

three QCs were measured in quintuplicate (n 5) on three differ- 

ent days to determine the within-day and between-day precision 

and accuracy, respectively. Precision was below 5% CV for the ma- 

jority of the analytes and below 15% in the entire analyte range, 

both within-day (Fig. 7A and B) and between-day. Inter- and intra- 

day accuracies showed values in the range between 85 and 115% 

(assessed as% recovery) in the entire range. This, together with 

the precision levels found, proved the adequate performance of the 

methods. 

 

3.5.5. Stability 

Analyte stability during freeze-thaw cycles and autosampler sta- 

bility was veriûed as well. Therefore, fresh QC samples at three 
levels (50 ng mL−1 QCLow , 100 ng mL−1 QCMid and 200 ng mL−1 

QCHigh ) were prepared and measured in quintuplicate (n 5) for 

all stability experiments. A total number of 4 freeze-thaw cycles 

were conducted, with the QC samples being kept frozen for 12 h 

between each cycle. To study extract stability, QCs were reanalyzed 

that were kept in an autosampler tray (4 °C) for 10 h, 24 h and 

48 h. All prepared QC samples for stability assays were compared 

with freshly prepared QCs. The results of the stability tests are 

summarized in Tables S-9 and S-10. It becomes evident that the 

analytes can be considered stable in the stock solutions. Changes 

in analyte concentration for autosampler and freeze/thaw stabil- 

ity were all within common acceptance limits for accuracy ( 15%) 

and hence can be considered suûciently stable. For certain com- 

pounds, autosampler stability values were outside common accep- 

tance limits. This was speciûcally the case with the reduced form 

of Glutathione, Cysteine, Cysteinyl-Glycine and N-Acetyl-Cysteine. 

For this reason, it may be advisable to derivatize the reactive 

sulfhydryls of these oxidation-prone metabolites if accurate quan- 

tiûcation is required as suggested in previous studies [34]. 

 

3.5.6. Carryover 

To ensure absence of any carryover, blanks were injected sub- 

sequently to a QC or a calibrant at highest concentration according 
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Fig. 7. Intra-day precision determined for the acidic HILIC (ESI ) (A) and neutral (B) HILIC method (ESI−). 

 

to the FDA guideline. No carryover was observed and thus the ac- 

ceptance criteria requested by the FDA guideline for carryover was 

met [35]. 

 
3.6. Comparison to previous methods 

 
There are several published methods showing the successful 

application of targeted HILIC-MS for the quantitative determina- 

tion of metabolites in biological samples. In their work, Xu et al. 

[31] have developed a targeted metabolomics method employing 

a Q-Orbitrap MS to initially generate the MRM ion pairs required 

for the tandem MS assay performed on QqQ. Despite providing a 

broader metabolite coverage compared to our developed assaysh, 

a full method validation wa not conducted in the aforementioned 

study and the distribution of precision values obtained as RSD was 

also shifted to higher RSDs. Further investigation into key analyt- 

ical performance parameters such as linearity, LoD and LoQ has 

also not been conducted. Preinerstorfer et al. [15] focused on the 

development of targeted LC-MS methods employing HILIC (with 

ZIC–HILIC, 3 μm column) in fermentation broths from beta-lactam 

antibiotics. When comparing the methods, our UHPLC assays pro- 

vide a wider metabolite coverage with better precision (RSD) val- 

ues. LoD and LoQ values between both works are similar. Con- 

trary to this former work, herein 13C labeled isotopic standards 

were used which better compensate for matrix effects. The utility 

of HILIC-MS is widely recognized, however, in most works focus 

on certain pathways or metabolite classes only, e.g. on histamine 

and its main metabolites in urine samples by Nelis et al. [36]. A 

 

 
 

Fig. 8. XICs of metabolites according to classes found in real sample (HeLa cell extract). (A) Amino acids and derivatives. (B) Organic acids and nucleotides. (C) Nucleobases 

and nucleosides. (D) Vitamins, selenocompounds and miscellaneous. 
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most recent work published by Lioupi et al. [37] investigated the 

performance of the new zwitterionic Premier Atlantis Z-HILIC col- 

umn by Waters during the metabolic proûling of mouse liver ex- 

tracts. The method provided coverage for 88 hydrophilic metabo- 

lites with targeted and untargeted metabolic proûling, however, no 
quantiûcation of the set metabolites was conducted. Our study re- 

veals that Premier BEH Amide gives better chromatographic perfor- 

mance than Premier Atlantis Z-HILIC phase in this former study., 

Herein, a wider metabolite coverage with quantiûcation including 
13C-labeled internal standards and full method validation. Recently, 

a novel approach employing stable isotope labeled standards to 

quantify endogenous present metabolites was discussed by Vis- 

conti et al. [38]. This technique, however, is not possible to im- 

plement at present in our worküow, as to do so a speciûed con- 

centration of the individually present U-13C metabolites used as 

IS is required and this is not the case in the Pichia pastoris ex- 

tract, as only a range for each individual metabolite is listed by the 

supplier, this making accurate quantiûcation impossible. However, 
for the metabolites available as authentic standards, the concentra- 

tions of the U-13C metabolites in the Pichia pastoris extract could 

be determined analytically to make this approach a simpliûcation 
and advancement of this worküow. 

 

3.7. Method application 

 

The validated UHPLC-ESI-MS/MS methods were applied to 

quantify metabolites in a HeLa cell extract. The sample extract 

was measured in quintuplicate (n 5). Quantiûcation of 105 en- 

dogenous metabolites was achieved by standard addition with 13C- 

labeled Pichia pastoris (Komagataella phaffii) yeast extract [39–42] 

included to ensure good precision, correct for sample losses dur- 

ing sample preparation and correct for matrix effects. Detailed re- 

sults are listed in Tables S-6 and S-7 for both ionization modes, 

respectively. Endogenous amounts detected varied between 10 ng 

mL−1 and 500 ng mL−1. Representative chromatograms of metabo- 

lite classes found in the cell culture extract are shown in Fig. 8A, 

B, C and D. 

 
 

4. Conclusion 

 
In this study, a wide-coverage targeted metabolomics method 

was developed and validated, which beneûts from the high speci- 
ûcity and sensitivity of UHPLC-MS/MS with scheduled MRM acqui- 

sition. Besides 107 key metabolites which can be accurately quan- 

tiûed by calibration with authentic standards another 146 metabo- 

lites can be monitored by selective MRM transitions for relative 

quantiûcation (no standards currently available in this study for 

calibration) (pseudo-targeted assay). To allow for monitoring as- 

say speciûcity throughout analytical batches, for the majority of 
metabolites besides the quantiûer transition a qualiûer transition 

was acquired as well. Precision and accuracy was assured by the 

incorporation of a U-13C-labeled cell extract which enables to cor- 

rect for matrix effects and analyte losses during sample prepa- 

ration. The validation conûrmed a good performance in terms of 
precision and accuracy. The assay was suûciently sensitive to al- 

low for accurate quantitative analysis of the 107 target metabolites 

in HeLa cell extracts. The initial screening of new sub-2 μm FPP 
and 2.7 μm SPP HILIC columns revealed the sub-2 μm FPP Pre- 

mier BEH Amide column with neutral bonding-chemistry provides 

better eûciency and less peak tailing compared to sub-2 μm FPP 
Premier BEH Z-HILIC and 2.7 μm SPP HILIC-Z with the zwitteri- 

onic sulfobetaine bonding. Overall, it can be concluded that the 

new targeted metabolomics assay is suitable for analysing cellular 

metabolite concentrations with good coverage of major metabolite 

classes. 
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In this study, the chromatographic behavior of mixed-mode and hydrophilic interaction liquid chromatog- 

raphy (HILIC) with the mixed-mode HILIC/strong anion-exchange (SAX) column HILICpak VT-50 2D and 

the two HILIC columns Atlantis Premier BEH Z-HILIC and Acquity Premier BEH Amide was assessed with 

regard to their separation capability of the metabolites from the glycolysis and pentose phosphate path- 

ways. Chromatographic conditions were evaluated with the aim of achieving separation of the isomeric 

glycolytic phosphorylated carbohydrate metabolites free from isomeric interferences and thus allowing 

for selective targeted analysis by liquid chromatography with tandem mass spectrometry (MS/MS) us- 

ing multiple reaction monitoring acquisition. The effects of pH values (8.0/9.0/10.0) of the ammonium 

bicarbonate buffer and gradient time were investigated during HILIC-MS/MS analysis, with the optimal 

conditions found at pH 10.0. Separation of the pentose phosphate isomers (ribose 5- and 1-phosphate, 

xylulose 5-phosphate and ribulose 5-phosphate) was achieved on the mixed-mode HILIC/SAX (HILICpak 

VT-50 2D) column and HILIC BEH Amide column. Column performance was evaluated based on the di- 

rect comparison of chromatographic parameters, i.e. peak width at 50% and peak tailing factors of the 

individual metabolites. Parity plots were generated allowing a direct comparison between the normalized 

retention times and assessment of orthogonality of all 3 stationary phases evaluated. Separation of 7 bio- 

logically relevant hexose monophosphates metabolites turned out to be challenging by HILIC-MS/MS, with 

the BEH Amide providing the best individual results for such a separation. However, fructose 6-phosphate 

and glucose 1-phosphate co-eluted. Therefore, an on-line heart-cutting HILIC-Mixed Mode 2D-LC-QToF 

experiment was conducted, allowing the separation of this critical isomer pair. In this setup, the BEH 

Amide column in the 1D separated the majority of target metabolites, while a heart-cut of the peak from 

totally coeluted fructose 6-phosphate and glucose 1-phosphate was separated in the 2D with HILICpak 

VT50-2D column, thus allowing undisturbed determination of the glycolytic phosphorylated carbohydrate 

metabolites due to their chromatographic separation from hexose monophosphate metabolites. The assay 

speciûcity towards 7 common hexose monophosphates was characterized (glucose 1- and 6-phosphate, 

galactose 1- and 6-phosphate, fructose 6-phosphate, mannose 1- and 6-phosphate). The selectivity of 

some rare hexose monophosphates (allose 6-phosphate, tagatose 6-phosphate, sorbose 1-phosphate) was 

also tested. 
© 2022 Elsevier B.V. All rights reserved. 

 
 

1. Introduction 

 
Sugar phosphates (SPx) are phosphoric acid esters of monosac- 

charides, which play crucial roles in biological systems. They are 

the major constituents in the central hub of energy metabolism in- 

 
∗ Corresponding author. 
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cluding glycolysis and pentose phosphate pathway (PPP), whereby 

the former is feeding into the tricarboxylic acid cycle (TCA) (see 

Fig. 1, in modiûed form from KEGG [1]). Thus, SPx participate 

in generating, storing and transferring energy. They also provide 

building blocks for key biomolecules such as nucleic acids and 

polysaccharides. Glycolysis is the conduit of glucose metabolism 

involving the catabolism of glucose to pyruvate, which is in turn 

decarboxylated and oxidized to produce acetyl-coenzyme A (CoA) 

for either further oxidation in the TCA cycle or biosynthesis of cell 
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Fig. 1. Sugar phosphates (SPx) and related metabolites of glycolysis pathway and pentose phosphate pathway (in modiûed form from KEGG [1]). 

 
constituents and metabolites [2]. As alternative pathway to glycol- 

ysis, in the irreversible oxidative phase of PPP, ribose 5-phosphate 

is generated by oxidation of glucose 6-phosphate, and NADPH is 

formed simultaneously. Subsequently, the reversible non-oxidative 

stage starts with interconverting SPx into ribose and phosphoribo- 

syl pyrophosphate (PRPP), which are essential precursors of histi- 

dine and purine/pyrimidine nucleotides biosynthesis [3]. Increased 

üux in glycolysis in vivo is a biochemical ûngerprint of cancer cells 

[4], as cancer cells can activate glycolysis in the absence of oxygen 

to meet their high energy demand (switch from aerobic to anaer- 

obic energy production). The phenomenon is also known as The 

Warburg Effect [5]. According to the studies of Kauffman et al., the 

levels of SPx in the PPP were measured in cerebral tissue of mice 

after periods of ischemia, anesthesia by phenobarbital, hyperther- 

mia, hypothermia, and iodoacetate and üuoroacetate way in brain 
poisoning, and were found altered dramatically [6]. The compre- 

hensive separation of those biologically relevant SPx forms the ba- 

sis for investigating and monitoring those pathways of central car- 

bon metabolism. 
The separation of phosphorylated sugar isomers is extremely 

challenging and an area of active investigation, and various unique 

and sensitive techniques have been employed. Generally, the meth- 

ods of choice for separating the SPx have been mainly capillary 

electrophoresis (CE) [7,8], gas chromatography (GC) [9,10], and liq- 

uid chromatography (LC) [11,12] hyphenated to mass spectrom- 

etry (MS) as the detector. Beneûting from the multi-target cov- 

erage, sensitivity, robustness, high eûciency, and ease-of-use, LC- 

MS has emerged as the most powerful technique for proûling SPx 
beneûtting from LC selectivity for isomers [13]. As one of the 

most important tools in the chromatographer9s armory, reversed- 

phase (RP) suffers drawbacks in SPx separation due to its poor 

retention of those highly polar metabolites. The state-of-art LC- 

MS methods establishing separation of SPx involve anion exchange 

chromatography (AEX) [14–16], hydrophilic interaction liquid chro- 

matography (HILIC) [17], ion pairing RPLC (IP-RPLC) [18,19], and 

more speciûcally porous graphitic carbon (PGC) and mixed-mode 

chromatography (MMC) [20–22]. AEX utilizes the electrostatic in- 

teraction between the cationic stationary phase and the oppositely 

charged phosphorylated carbohydrate analytes for retention, which 

turned out to be a valuable approach for addressing polar ionic 

or ionizable metabolites [23]. However, eûcient counterions, e g, 

phosphates, are required for elution. If volatile counterions are 

used such as ammonium acetate, high concentrations are required 

which are not well compatible with ESI-MS. To eliminate the ion 

suppression and ion source contamination resulting from high con- 

centration of buffer additives (electrolytes), the additional setup 

such as electrolytic suppressor prior to MS is required [16,24]. The 

hydrophilic interaction between analytes and immobilized thin wa- 

ter layer governs the retention of HILIC [25,26], possibly supported 

by adsorptive interactions (H-bonding, dipole, electrostatic). Nev- 

ertheless, HILIC suffers the drawback of poor peak shape when 

multiple phosphorylated sugars are of interest. The IP-based meth- 

ods have the advantage over other chromatography modes that the 

peak tailing problem, which arises from the strong adhesion of 

phosphates group to glassware and stainless steel, is to some ex- 

tent resolved [27–29]. Mathon et al. evaluated methylphosphonic 

acid as competitive reagent to the HILIC mobile phase to achieve 

the separation of eight SPx with good eûciency and peak shape 

[30]; however, ion suppression in ESI-MS is inevitable with this 

nonvolatile additive. To cope with the above-mentioned analytical 

challenges in SPx, chemical derivatization-based methods were es- 

tablished [31–35]. In spite of these beneûts, they have the disad- 

vantage of being laborious and causing hydrolysis of phosphoester 

groups in the course of the chemical reaction. 
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Herein, this study reports two different LC modes, MMC and 

HILIC, with three different columns, the mixed-mode HILIC/SAX 

(HILICpak VT-50 2D) and two HILIC hybrid organic/inorganic sur- 

face (Premier) technology columns (Z-HILIC and BEH Amide), for 

separating SPx from pentose phosphate and glycolysis pathway fo- 

cusing in particular on a thorough investigation of the selectiv- 

ity between the isomeric/isobaric hexose monophosphates (HMP) 

and pentose monophosphates (PMP). Besides focusing on optimiz- 

ing selectivity of critical isomeric peaks of the targeted metabolites 

(Fig. 1), assay speciûcity against potential interferences and some 
other less common isomeric analogs was thoroughly evaluated. 

Furthermore, peak performances were statistically evaluated as an- 

other criterion for column selection. Column coupling was ûnally 
evaluated as an option to achieve a full separation of all major bi- 

ologically important HMPs. While in the above discussed state-of- 

the-art worküows [13–24] several of the targeted isomeric sugar 

phosphates showed adequate selectivity, these works fall short in 

investigating assay speciûcity for a wide range of potential iso- 

meric interferences. To our knowledge, the present work investi- 

gates isomeric selectivity for the largest number of isomeric sugar 

phosphates including many that can be present in biological sam- 

ples but are usually ignored. While the present paper does not pro- 

vide a ûnal validated method, it should raise the awareness that it 

is insuûcient to test selectivity of the glycolytic target isomers (e.g. 

F6P and G6P) only, but needs thorough assay speciûcity evaluation 
towards many other biologically relevant potential isomeric inter- 

ferences as well. 

 

2. Materials and methods 

 
2.1. Materials 

 

Methanol and acetonitrile of Ultra-LC-MS grade were sup- 

plied by Carl Roth (Karlsruhe, Germany). Ammonium formate 

(NH4 FA), ammonium bicarbonate (NH4 HCO3 ), ammonium hydrox- 

ide solution (NH4OH, ∼25% NH3), were supplied by Sigma–Aldrich 

(Taufkirchen, Germany). Ultrapure water for LC-MS was obtained 

by puriûcation of demineralized water by a Purelab Ultra puriûca- 

tion system (ELGA LabWater, Celle, Germany). 
 
 

2.2. SPx standards 
 

³-D-Glucose 1-phosphate disodium salt hydrate (G1P), D- 

glucose 6-phosphate sodium salt (G6P), D-fructose 6-phosphate 
disodium salt hydrate (F6P), D-mannose 6-phosphate disodium 
salt hydrate (M6P), ³-D( )-mannose 1-phosphate sodium salt hy- 
drate (M1P), ³-D-galactose 1-phosphate dipotassium salt pentahy- 
drate (Gal1P), D-galactose 6-phosphate lithium salt (Gal6P), L- 

sorbose-1-phosphate lithium salt (Sor1P), D-tagatose 6-phosphate 

lithium salt (Tag6P), D-fructose 1,6-bisphosphate trisodium salt 

hydrate (F16P2), L-glyceraldehyde-3-phosphate solution (GA3P, 8- 

12 mg/ml in H2O), 2,3-bisphospho-D-glycerate (23BPG), D-(−)-3- 

phosphoglyceric acid disodium salt (3PG), D( )-2-phosphoglyceric 

acid sodium salt hydrate (2PG), phospho(enol)pyruvic acid 

monopotassium salt (PEP), sodium pyruvate (Pyr), sodium L-lactate 

(Lac), 6-phosphogluconic acid trisodium salt (6PGlcoA), D-xylulose 

5-phosphate lithium salt (X5P), D-ribose 5-phosphate disodium 

(Ri5P), D-ribose 1-phosphate bis(cyclohexylammonium) salt (Ri1P), 

D-ribulose 5-phosphate disodium salt (Ru5P), and D-sedoheptulose 

7-phosphate lithium salt (Se7P) were supplied by Sigma-Aldrich 

(Taufkirchen, Germany). Glycerone phosphate dilithium salt (di- 

hydroxyacetone phosphate, DHAP) and allose 6-phosphate (A6P) 

were obtained from BioZol (Eching, Germany). Standards were dis- 

solved in acetonitrile-water (50:50; v/v) to give stock solutions of 

100 μg/mL. All solutions were kept at -20°C until further use. 

2.3. HPLC-ESI-QTrap-MS/MS analysis with SRM acquisition 

 
Chromatographic separation was performed on a 1290 Inûnity 

UHPLC system (Agilent Technologies, Waldbronn, Germany) with a 

binary pump (G4220A), multisampler (G7167B) cooled to 4°C, and 

thermostatted column compartment (G1316A). For detection, the 

chromatographic system was hyphenated to a 4500 QTrap mass 

spectrometer equipped with a Turbo V source (Sciex, Framingham, 

MA, USA) operated by an ESI probe (TurboIonspray) in negative ion 

mode. Ion source parameters were as follows: nebulizer gas (GS1, 

zero grade air) 30 psi, heater gas (GS2, zero grade air) 30 psi, cur- 

tain gas (CUR, nitrogen) 35 psi, source temperature (TEM) 400°C, 

ion source voltage -4500 V. SRM transitions and compound depen- 

dent parameters for analytes are summarized in Table 1. 

The chromatographic separations were performed with three 

columns under the following conditions: 

(1) HILICpak VT-50 2D column (5 μm, 2.0 150 mm, Shodex, sup- 

plied by Showa Denko Europe, Munich, Germany). Mobile phase 

A was 20 mM ammonium formate in water, mobile phase B 

was methanol. The gradient elution (0.0 min, 20% B; 3.0 min, 

20% B; 13 min, 5% B; 20 min, 5% B; 20.1 min, 20% B; 30 min, 

20% B) was carried out at a üow rate of 0.2 mL/min with a 

constant column temperature of 60°C. Five μL of mixed and in- 

dividual standards of 10 HMP (G1P, G6P, F6P, M6P, M1P, Gal1P, 

Gal6P, Sor1P, Tag6P, and A6P) and 4 pentose sugar phosphates 

(X5P, Ri5P, Ri1P, and Ru5P) were injected. 

(2) Atlantis Premier BEH Z-HILIC column (pre-equipped with a 

VanGuard FIT guard-column) (1.7 μm, 2.1 150 mm, Waters, 

Eschborn, Germany). Mobile phase A and mobile phase B were 

adjusted to a pH of 10.0 with ammonia and consisted of 10 mM 

ammonium bicarbonate in water (mobile phase A) and 10 mM 

ammonium bicarbonate in water/acetonitrile (10:90; v/v), re- 

spectively. The gradient elution (0.0 min, 90% B; 17.0 min 82.5% 

B; 18.0 min 82.5% B; 18.1 min 90% B; 30.0 min 90% B) was car- 

ried out at a üow rate of 0.4 mL min−1 and a constant col- 

umn temperature of 35°C was maintained throughout the en- 

tire run. The mixed standards of 22 (SPx and some other) re- 

lated metabolites (G1P, G6P, F6P, M1P, M6P, Gal1P, Gal6P, X5P, 

Ri5P, Ri1P, Ru5P, GA3P, DHAP, F16P2, 23BPG, 3PG, 2PG, PEP, Pyr, 

Lac, 6PGlCoA, and Se7P) were injected. For the total mixture of 
all analytes after mixing, the solution containing the individual 
standard stocks was lyophilized and reconstituted in acetoni- 

trile to obtain a solution with a cocncentration of 10 μg mL−1. 

Injection volume was 5 μL. 
(3) Acquity Premier BEH Amide column (1.7 μm, 2.1 150 mm, 

Waters). The chromatographic conditions were the same as the 

ones for Z-HILIC column speciûed above. Five μL of the same 
mixture as the one for Z-HILIC column was injected. 

 
2.4. HILIC-mixed mode heart cutting 2D-LC-QToF-MS 

 
A 1290 Inûnity II 2D-LC Solution from Agilent Technologies 

(Waldbronn, Germany) was used for heart-cutting 2D-LC. The ûrst 
dimension (1D) LC system consisted of a binary high-pressure gra- 

dient UHPLC pump (High Speed Pump, G7120A), a Multisampler 

(G7167B), a Multicolumn Thermostat (G7116B), a diode array de- 

tector (G7117B) with 1 μL üow cell (G4212-60008) and a pressure 

release kit (G4236-60010) between UV-detector and 2D-interface. 

The second dimension (2D) LC system comprised a binary high- 

pressure gradient UHPLC pump (High Speed Pump, G7120A), a 

valve drive (G1170A) with a 5 position/10 port 2D-LC active sol- 

vent modulation (ASM) valve (5067e4266) connected to two 6 po- 

sition/14 port valve heads (5067e4142) carrying six 40 μL loops 

each and a multicolumn thermostat (G7116B). Experiments utiliz- 

ing active solvent modulation (ASM) were performed with the ASM 
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Table 1 

SRM transitions and compound speciûc MS parameters (dt, dwell time; DP, declustering 

potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential). 

SPx Q1, m/z Q3, m/z Dt, ms DP, V EP, V CE, V CXP, V 

HMP-1 259.3 79 20 -40 -10 -50 -10 

HMP-2 259.3 97 20 -40 -10 -22 -10 

F16P2-1 339.0 79 20 -10 -10 -70 -10 

F16P2-2 339.0 97 20 -10 -10 -23 -15 

GA3P/DHAP -1 169.0 79 20 -60 -10 -30 -10 

GA3P/DHAP -2 169.0 97 20 -60 -10 -12 -15 

3PG/2PG-1 185.0 79 20 -20 -10 -35 -10 

3PG/2PG-2 185.0 97 20 -20 -10 -20 -10 

PEP-1 167.0 79 20 -30 -10 -50 -10 

PEP-2 167.0 97 20 -30 -10 -20 -10 

6PGlcoA-1 275.0 79 20 -20 -10 -60 -12 

6PGlcoA-2 275.0 97 20 -20 -10 -23 -15 

Se7P-1 289.0 79 20 -40 -10 -60 -15 

Se7P-2 289.0 97 20 -40 -10 -20 -8 

PMP-1 229.0 79 20 -30 -10 -40 -10 

PMP-2 229.0 97 20 -30 -10 -15 -15 

23BPG-1 265.0 79 20 -40 -10 -50 -15 

23BPG-2 265.0 167 20 -40 -10 -16 -10 

Pyruvate-1 87.0 32 20 -20 -10 -12 -8 

Pyruvate-2 87.0 43 20 -20 -10 -10 -10 

Lactate-1 89.0 43 20 -30 -10 -18 -8 

Lactate-2 89.0 45 20 -30 -10 -12 -10 

 
factor 5.5 (split ratio 1:4) restriction capillary (85 0.12 mm, 0.96 

μL). For detection, the eüuent from the 2D column was directed 

to a TripleTOF 5600 QTOF mass spectrometer from Sciex (Con- 

cord, Ontario, Canada). The exact experimental setup is displayed 

in Fig. 8. The acquisition rates were set to 40 Hz in the 1D for the 

DAD. MS data acquisition and analysis was performed with Analyst 

TF 1.7 and PeakView software (Sciex), respectively. Multiple heart- 

cutting with time-based sampling was chosen as a 2D-LC mea- 

surement mode. The BEH Amide 150 2.1 mm, 1.7 μm column 
was used in the ûrst dimension, whereas the HILICpak VT50 2D 
150 2.0 mm, 5μm was employed as the second dimension col- 
umn. The sampling table was created beforehand in accordance to 

a 1D reference chromatogram with the 1D separation method (BEH 

Amide). Sampling time was 4.8 s. The mixed standard of G1P, F6P, 

Gal1P, M1P, M6P, G6P and Gal6P was injected and it was prepared 

from diluting the individual stock solutions with acetonitrile to ob- 

tain the concentration of 10 μg mL−1. Multisampler Injection vol- 

ume was 5 μL and constant column compartment temperature in 
ûrst dimensions was held at 35 °C, in second dimension the col- 
umn temperature was 60°C. Chromatographic conditions in both 

dimensions were as described in section 2.3. During the 2D-LC 

experiment, the following MS instrument parameters were used: 

curtain gas (CUR) 30 psi, ion source gas (nebulizing gas; GS1) 50 

psi, heater gas (drying gas; GS2) 30 psi, ion spray üoating volt- 

age (ISVF) -4500 V, source temperature (TEM) 450°C and declus- 

tering potential (DP) 100 V. Data acquisition was performed in 

information-dependent acquisition (IDA) in high sensitivity mode 

and the mass range of the TOF-MS full scan comprised m/z 70 - 

1000 with an accumulation time of 250 ms and a collision energy 

(CE) of 5 V. MS/MS in IDA (top 4) was performed with -30 V CE 

and 20 V CE spread (CES) and an accumulation time of 100 ms. 

Mass calibration was conducted with the Calibrant Delivery Sys- 

tem through the ESI inlet using the negative calibration solution 

for the SCIEX X500 System. 
 

2.5. Data processing 

 
Analyst 1.7 was employed for data acquisition and LC-MS sys- 

tem control. PeakView 2.2 was used for ion intensities extraction 

from the raw data ûles and for further data evaluation. MultiQuant 

3.0 and Origin 2021 (OriginLab, Northampton, MA, USA) were used 

for generating parity plots and distributions of peak widths and 

tailing factors. 

 

3. Results and discussion 

 
3.1. SPx separation on a mixed-mode column 

 
The mixed-mode HILIC/SAX (Shodex HILICpak VT-50 2D) col- 

umn was the ûrst one employed in this study for separating SPx. 

It is packed with 5 μm polymer particles modiûed with polyvinyl 
alcohol carrying quaternary ammonium as the basic ion-pairing 

group. The polymer-based packing material provides decent chem- 

ical stability, and furthermore, owing to utilizing PEEK as housing 

material, this column is able to minimize the adhesion of phos- 

phate groups to the column hardware. 

LC conditions were optimized in terms of buffer, organic mod- 

iûer, and pH value (shown in suppl. Fig. S1 -S3 along with a 

short description about the optimization) to examine the impact 

of these factors on the chromatographic separation of SPx. With 

the optimal chromatographic condition (20 mM NH4FA in aqueous 

phase; MeOH as organic modiûer, column temperature of 60°C), 
the mixed-mode column showed reasonable selectivity for sev- 

eral isomers but fell short in separating all ten hexose SPx tested. 

Fig. 2A and Fig. 2B depict the chromatographic separation of ten 

hexose SPx as mixed and individual injections, respectively. Con- 

sidering the relevant glycolytic metabolites G6P and F6P only, they 

are at least partially separated from each other. However, M6P (de- 

scribed as unique S.cerevisiae (yeast) metabolite [35]) represents 

an interference for F6P and G6P is only partially resolved from 

Gal6P. A6P, which coelutes with G6P, should be of less relevance 

for bioanalysis of mammalian systems as this metabolite is char- 

acteristic for E.coli according to PathBank. Similarly, a partial sep- 

aration of the PMP isomers including Ri5P, X5P, Ru5P, and Ri1P 

was also achieved with critical isomers for X5P and Ru5P. The 

mixed injection of those four isomeric pentose SPx is shown in 

Fig. 2C, while the separation as individual injections are shown 

in Fig. 2D. All 3 pentose phosphate metabolites from the pen- 

tose phosphate pathway (Ri5P, Ru5P, X5P) are partially separated 

from each other as well as from Ri1P, a metabolite of relevance 

as intermediate in nucleotide metabolism and biosynthesis, respec- 

tively. Other metabolites with more than one polar function such 
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Fig. 2. SPx isomer separations by HILIC/SAX mixed-mode chromatography (HILICpak VT-50 2D column). Chromatograms showing the separation of hexose sugar phosphates 

as a mixture of all (A) and as individually injected standards (B). Pentose sugar phosphates analogous as a mixture (C) and as individual injections of reference compounds 

(D) on the mixed mode column. Chromatographic conditions employed were as described in Section 2.3. 

 
as 2,3-BPG could not be eluted even with 90% of aqueous mobile 

phase. Moreover, the notable peak tailing resulting from the com- 

plex retention mechanism (relatively slow kinetics of ion-exchange 

compared to RPLC) and the peculiarity of phosphorylated carbohy- 

drates was also inevitable. While this HILICpak VT-50 2D mixed- 

mode column shows exceptional selectivity for the isomers of SPx, 

it is of disadvantage that this mixed-mode stationary is only avail- 

able with 5 μm particle diameter and no sub-2μm or core-shell 

UHPLC version is available which could result in even better reso- 

lutions. 

 
 

3.2. SPx separation on a BEH Z-HILIC column 

 
Based on rugged ethylene bridged hybrid (BEH) silica parti- 

cles, the new sub-2 μm Atlantis Premier BEH Z-HILIC column 

is able to maintain high performance from pH 2 -10. This sta- 

tionary phase was packed into column hardware with metal frits 

modiûed with high-performance surface coating, viz. hybrid or- 

ganic/inorganic surface (Premier) technology, to minimize the in- 

teractions of the phosphorylated analytes (such as sugar phos- 

phates) with metal surfaces [36]. It is known that these com- 

pounds tend to interact with stainless steel surfaces of LC systems 

and the inner wall of electrospray probes leading to partly irre- 

versible adsorption and even loss of analytes [27–29]. Hence, better 

performance, especially less tailing, was expected for the Premier 

columns. 

Three different alkaline buffer pH values (pH 8, 9 and 10) were 

evaluated in HILIC gradient elution mode on this Z-HILIC column 

to separate SPx of the central carbon metabolism, in which 10 mM 
NH4HCO3 was used as buffer additive (Fig. S4, S5 and Fig. 3). Under 

alkaline conditions, ³/´-anomer interconversion (of SPx with free 
hemiacetal function) is fast so that anomers elute in a single peak 

which simpliûes the SPx isomer analysis. Under evaluated condi- 
tions, pH 10 gave the best chromatographic separation of HMP iso- 

mers. Fig. 3 shows the chromatograms of hexose and pentose SPx 

at an eluent pH value of 10. A6P, Tag6P and Sorb1P are of less rel- 

evance for bioanalysis of mammalian systems, therefore they were 

not included in this method. Although adequate separation of all 

hexose SPx was not achieved, as shown in Fig. 3A, there is a full 

baseline separation between the two glycolytic metabolites G6P 

and F6P. Unfortunately, Gal6P coelutes with G6P and Gal1P with 

F6P. G1P is at least partially resolved from F6P. Gal1P is an inter- 

mediate in the interconversion of glucose and uridine diphosphate 

galactose and exists in all living species, including bacteria, plants 

and humans [35]. The peak shape was signiûcantly improved due 

to smaller particle diameter (1.7 μm for Z-HILIC vs 5 μm for HILIC- 

pak VT-50 2D) presumably also as a result of the Premier column 

hardware technology. Concerning the isomeric metabolites of pen- 

tose SPx, only Ri5P could be fully separated from the other iso- 

mers, yet the peak tailing might still slightly interfere in quanti- 

tative analysis (Fig. 3C, 3D). Finally, the separation performance of 

other metabolites of the glycolysis pathway and pentose phosphate 

pathway was evaluated (Fig. S-6). Except for 3PG all other analytes 

(pyruvate, lactate, 23PG, 6PGlcoA, 2PG, F16P2, Se7P, PEP, DHAP, and 

GAP3) showed an acceptable peak shape and eluted within the 

gradient under these conditions. 

 

3.3. SPx separation on a BEH amide column 

 
The third column evaluated for the separation of the phos- 

phorylated metabolites is a new sub-2 μm UHPLC-HILIC column 

(Premium BEH Amide) based on the ethylene-bridged hybrid or- 

ganic/inorganic silica chemistry, which is stable from pH 2-10, with 

high-performance surface coating of column hardware. 
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Fig. 3. SPx isomer separations by HILIC (Atlantis Premium BEH Z-HILIC column). Chromatograms showing the separation of hexose sugar phosphates as a mixture of all (A) 

and as individually injected standards (B). Pentose sugar phosphates analogous as a mixture (C) and as individual injections of reference compounds (D) on BEH Z-HILIC 

column at a pH value of 10. Chromatographic conditions employed were as described in Section 2.3. 

 
 

Three different buffer pH values were evaluated to deter- 

mine the effects on the chromatographic separation of the tar- 

get metabolites. The pH was adjusted to 8.0, 9.0 or 10.0, whilst 

the buffer concentration was kept constant at 10 mM NH4HCO3 

(chromatograms for different pH values are shown in the supple- 

mentary material as Fig. S-7, Fig. S-8 and Fig. 8). Optimal chro- 

matographic conditions for the separation of the mixture of the 

7 most important isomeric HMPs performed best at a pH value of 

10.0 (Fig. 4A). Individual injections of ten HMP metabolite stan- 

dards with such mobile phase are shown in Fig. 4B. The glycolytic 

metabolite pairs G6P and F6P were fully separated from each other, 

yet G1P coeluted with the latter. The two metabolites can only be 

determined as their sum with this method. Other isomeric glycoly- 

sis metabolite pairs such as GAP3/DHAP and metabolite pairs with 

potential isotopologue interferences such as Pyruvate/Lactate were 

also examined and fully separated, while simultaneously showing 

good peak shapes (Fig S-9). Bis-phosphorylated compounds such as 

2,3-BPG and F16P2 were successfully eluted during the chromato- 

graphic run. It was, however, noticeable that diphosphates pro- 

vided broader peaks, which can be attributed to the stronger in- 

teractions with the stationary phase, column hardware and chro- 

matographic system (associated with slow kinetics). On this col- 

umn, also 3PG gave acceptable peak shape, at least much better 

than on Z-HILIC columns (Figure S-9D). Metabolites from the pen- 

tose phosphate pathway were also further studied in terms of their 

chromatographic behavior. Signiûcant improvements in separation 
of the isobaric Ru5P, X5P, Ri1P and Ri5P, compared to Z-HILIC, was 

observed by increasing the pH value to 10.0 (Fig. 4C and 4D) and 

all PMPs were partially resolved from each other. Again, like on 

the mixed-mode column, the critical isomers was found between 

Ru5P and X5P, which however, eluted in reversed order compared 

to HILIC/SAX. For these critical metabolites, the mixed-mode phase 

 
gave, however, better resolution. Chromatograms of the separation 

of the pentose phosphate pathway metabolites at pH 8.0 and 9.0 

are further provided in the supplementary section (Fig. S-7B and 

Fig. S-8B). 

 
 

3.4. Evaluation of column performance 

 
Having determined the optimal chromatographic conditions for 

all 3 columns, their performance was compared by statistical eval- 

uation of peak width, peak tailing factors and retention time dis- 

tributions. Fig. 5A and 5B show violin plots representing the val- 

ues for peak widths at half maximum and peak tailing factors of 

the PMPs and HMPs. From Fig. 5A, it becomes evident that the 

mixed mode column gave much higher peak width values when 

compared to the Z-HILIC and BEH Amide columns. This is not fur- 

ther surprising as the mixed mode column is based on 5 μm par- 
ticles while the other two are UHPLC columns based on 1.7 μm 
BEH particles. The Z-HILIC and BEH Amide both performed rela- 

tively similar in terms of peak width, with the BEH Amide pro- 

viding a slightly narrower distribution yet minimally larger me- 

dian of the values. Peak tailing factors were also compared be- 

tween the 3 columns. Both the mixed-mode and Z-HILIC columns 

provided a wider distribution than BEH Amide. The mixed mode 

column provided a lower variance, yet the median was higher 

than for the Z-HILIC column. The BEH Amide column outper- 

formed both in terms of peak symmetry, as it provided the nar- 

rowest distribution with less analytes having a peak tailing factor 

above 1.5. 

To assess the complementarity of the individual columns, par- 

ity plots for normalized retention times showing their correlations 

between 2 columns at a time are shown in Fig. 6A, 6B and 6C. 
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Fig. 4. SPx isomer separations by HILIC (Acquity Premium BEH Amide column). Chromatograms showing the separation of hexose sugar phosphates as a mixture of all (A) 

and as individually injected standards (B). Pentose sugar phosphates analogous as a mixture (C) and as individual injections of reference compounds (D) on BEH Amide 

column at a pH value of 10. Chromatographic conditions employed were as described in Section 2.3. 

 

 
Fig. 5. Chromatographic performance of the evaluated columns for sugar phosphates. (A) Peak widths, (B) peak tailing factors. Chromatographic conditions as described in 

Section 2.3. Standards used are mentioned in Section 2.2 and the respective sMRM transitions can be found in Table 1. 

 

 
Fig. 6. Stationary phase orthogonality of tested mixed-mode and HILIC columns. Parity plot of normalized retention times on (A) Z-HILIC vs BEH Amide, (B) Z-HLIC vs Mixed 

Mode, and (C) BEH Amide vs Mixed Mode. Chromatographic conditions as described in Section 2.3. 
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Fig. 7. On-line 2D-LC-QToF separation of F6P and G1P. A) Separation of HMP on the BEH Amide column (1 D) showing also the heart-cut in the chromatogram (marked in 

gray). B) Separation ofF6P and G1P, which were co-eluted in the 1 D, but well resolvable on the second dimension HILICpak VT-50 2D column (time-based sampling based 

on prior 1 D chromatogram). Chromatographic conditions employed as described in 2.3. 

 

 
Normalized retention times were calculated by eq. 1 

tR x − tR f irst 

tR norm 
tR last − tR f irst 

(1)
 

Wherein tR,x, tR,first and tR,last represent the retention times 

of the respective SPx peak of interest, of the ûrst and last 

eluted SPx, respectively. It is interesting to note that the high- 

est correlation is observed between tR,norm of the two HILIC sta- 

tionary phases, viz. BEH Amide and Z-HILIC (Fig. 6A). Although 

there is a strong correlation, some minor retention orthogo- 

nalities do exist (data points distant from the diagonal parity 

line). On contrary, the mixed-mode column is quite orthogo- 

nal to both HILIC columns and data points scatter distinctly in 

the 2D-retention space of the two complementary HILIC columns 

(cf. Fig. 6B and 6C). It may also be a result of the altered pH 

value in the mixed-mode separation in comparison to the HILIC 

separations. 
Furthermore, gradient elution conditions were optimized with 

the Z-HILIC and BEH Amide columns, as they proved to be the 

best regarding chromatographic performance and were considered 

for further usage. Three different gradient times tg were tested 

for both columns (8, 15 and 30 min) with the aim of obtaining 

higher resolution between the individual HMP peaks. Concerning 

Z-HILIC column, as shown in Fig. S-10, the increase of tg yielded 

a minor improvement in selectivity of HMPs, while the sensitivity 

decreased. Similar results were observed for the PMPs (Fig. S-11A, 

Fig. S-11B, Fig. S-11C). For the case of the BEH Amide, it was ob- 

served that increasing the tg provided better resolution between 

the HMPs, speciûcally the increase of tg from 8 to 15 min showed 

a beneûcial effect. Increasing the gradient time from 15 to 30 min 
led to a further improvement but at expense of run time (Fig. S- 

12A, Fig. S-12B, Fig. S-12C). PMPs were, however, almost fully base- 

line separated by increasing tg to 30 min (Fig. S-13A, Fig. S-13B, 

Fig. S-13C). 

 
3.5. Separation of HMPs by HILIC-mixed mode-2D-LC-QToF-MS 

 
A multiple heart-cutting 2D-LC method with anion-exchange in 

the 1D and porous graphitic carbon column in the 2D for quan- 

tiative analysis of glycolytic metabolites by ESI-MS/MS detection 

was recently reported [37]. Based on the above experiments and 

obtained results, we decided to establish an on-line heart cutting 

HILIC-Mixed Mode 2D-LC-QToF experiment for the simultaneous 

LC separation of the 7 biologically most relevant HMP isomers. It 

was shown in Fig. 4A that the Acquity Premier BEH Amide col- 

umn can resolve all HMP isomers except for F6P and G1P, which 

coeluted in one peak. This most critical peak pair, on the other 

hand was separated well on the HILICpak VT-50 2D (Fig. 2A). The 

latter was preferred over the Z-HILIC column, as better selectivity 

between the isobaric G1P and F6P was achieved. Hence, the Ac- 

quity Premier BEH-Amide and HILICpak VT50-2D columns, were 

successfully coupled using a 5-position/10-port valve with active 

solvent modulation (ASM) capability a 2D-LC interface between 

the two dimensions. This valve was equipped with two loop decks 

each with six 40 μL sample storage loops. For collecting the en- 

tire peak and enhancing the sensitivity, a sample storage loop with 

larger volume should be used. Alternatively, a new software ver- 

sion allows to simultaneously analyze the entire loop deck at once 

(multi-inject option). The effect is similar to the use of a larger 

loop resulting in higher sensitivity. The use of an ASM (active sol- 

vent modulation) valve was utilized to minimize solvent incom- 

patibility between 1D and 2D, as the conditions between both di- 

mensions differed (basic conditions with ammonium bicarbonate 

buffer in the 1D and acidic conditions with ammonium formate in 

the 2D). Herein, a 40 μL heartcut of the co-eluting F6P and G1P 

(ûrst peak in the 1D separation) (Fig. 7A) was transferred via a 

time-based heart-cutting experiment into the second dimension 

with the HILICpak VT50 2D column, which in turn provided the 

separation of the two compounds that were unresolved in the 1D 

(Fig. 7B) (The instrumental setup of the 2D-LC system is shown in 

Fig. 8). The separation of Gal1P, M1P/M6P, G6P, and Gal6P could 

be maintained as can be seen in Fig. 7A. Details on the instru- 

mental setup are described in Section 2.4. and the individual chro- 

matographic conditions employed are provided in Section 2.3. The 

separation of all 7 biologically important HMPs achieved by this 

2D-LC separation is shown in Fig. 7A and Fig. 7B (both repre- 

senting the 1D and 2D separation). Using such heart-cutting 2D- 

LC setup, the glycolytic HMPs, F6P and G6P, can be resolved from 

potential isomeric interferences G1P, Gal1P, M1P/M6P and Gal6P, 

making a determination with adequate assay speciûcity possible. 

A second critical HMP isomer pair is M1P and M6P. These two 

compounds were only slightly separated during our experiments 

(with M1P eluting before M6P as shown in Fig. 7) and it needs fur- 

ther optimization if these isomers are of biological interest. Incom- 

plete separations of carbohydrate isomers and quantifying the sum 

of speciûc isomers is quite commonly accepted in metabolomics 

[38]. Nonetheless, this work was performed to prepare the 

grounds for the development of an accurate quantitative assay 
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Fig. 8. Experimental setup of the on-line 2D-LC-QToF instrument used for the separation of the critical G1P/F6P isomer pair via HILIC-Mixed Mode-2D-LC-QToF-MS. 

 
for glycolytic metabolites which is the next step of our ongoing 

research. 

 

 
4. Conclusions 

 
The analysis of SPx remains challenging due to problems in 

chromatographic separation and MS detection, including peak tail- 

ing, poor chromatographic retention in RP, and the presence of 

several isomers (i.e. isomeric interferences in the analysis of gly- 

colytic hexose phosphates). In this study, three different LC modes 

hyphenated to tandem MS for separating SPx from central car- 

bon metabolism were evaluated. The mixed-mode HILIC/SAX col- 

umn exhibited largely adequate separation for pentose SPx iso- 

mers (X5P, Ri5P, Ri1P, and Ru5P) with partial resolution of the crit- 

ical pair X5P/ Ru5P und full separation of the other two isomers. 

With Premier coating technology deactivating metal frits and other 

column hardware surfaces, the two BEH HILIC columns tested (Z- 

HILIC and Amide) offered largely satisfying peak shapes for SPx 

yet still signiûcant tailing was observed. The Premier BEH Amide 
column showed the best behavior at a pH value of 10, at which 

no anomer peaks were observed, and also satisfactory selectiv- 

ity except for F6P and G1P. A heartcut of the peak correspond- 

ing to those two overlapping metabolites was sampled into a stor- 

age and separated by complementary Mixed-mode (HILIC/SAX) LC 

using a HILIC-Mixed Mode 2D-LC-QToF experiment. Besides, the 

chromatographic behavior of other critical SPx from the glycolysis 

and pentose phosphate pathways were evaluated on the Premier 

BEH Amide column. As a conclusion, based on the currently per- 

formed systematic selectivity studies it was possible to derive that 
i) the Premium BEH Amide column provides the best separation of 

HMPs and PMPs, ii) the unresolved F6P/G1P critical peak pair can 

be well resolved on HILIC/SAX mixed-mode column, and iii) a 2D- 

LC-QToF heart cutting experiment combining the BEH Amide in the 
1D and HILICpak VT50-2D column in the 2D allows to establish a 

method which provide adequate assay speciûcity to determine the 
glycolytic metabolites G6P and F6P without interferences from iso- 

mer hexose monophosphates. Some further improvements in peak 

shape should be possible by using biocompatible UHPLC systems 

or UHPLC instruments with high performance surface coating tech- 

nology having inactivated surfaces in the üow path. The current 
work should raise the awareness that in quantitative analysis of 

glycolytic metabolites a number of isomeric metabolites have to 

be considered for assay speciûcity testing and not only the ma- 

jor glycolytic target metabolites G6P and F6P. This work prepared 

the grounds for a full method development to obtain a robust val- 

idated accurate assay for quantitative analysis of glycolytic sugar 

phosphate metabolites. 
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Text S1 | liquid chromatographic condition optimization on HILIC/SAX mixed-mode 

chromatography (HILICpak VT-50 2D column) 

LC conditions were optimized in terms of buffer concentration and type, organic modifier, and pH 

value. When utilizing ammonium acetate instead of ammonium formate as the buffer, most of the HMPs 

cannot be eluted with the 30 min run time (figure not shown). Four different concentrations of 

ammonium formate were also tested for gaining a better separation of 3 representative HMPs (G1P, 

G6P, and F6P). As shown in Fig S1, a decreasing buffer concentration attenuated the ionic interaction 

thus improved the separation of those 3 HMPs. Resulting from the increased retention, HMPs could not 

be eluted within 30 minutes when utilizing 10 mM NH4FA (figure not shown). Therefore, 20 mM 

NH4FA was selected as final buffer concentration. Concerning the organic modifier, methanol gave 

better separation of hexose mono-phosphates than acetonitrile (shown in Fig S2), therefore methanol 

was chosen as the organic modifier. The neutral pH value offered the best results compared to acidic 

and basic conditions, which lost the selectivity of isomeric HMPs due to insufficient retention or 

broadening of peak width (shown in Fig S3). 
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Figure S-1 | 

Buffer concentration optimization of SPx on HILIC/SAX mixed-mode chromatography (HILICpak 

VT-50 2D column). Chromatograms show the results by employing 50 mM (A), 35 mM (B), 20 mM 

(C) ammonium formate as mobile phase A, respectively. Acetonitrile was used as the mobile phase B. 

The gradient elution (0.0 min, 20% B; 3.0 min, 20% B; 13 min, 5% B; 20 min, 5% B; 20.1 min, 20% 

B; 30 min, 20% B) was carried out at a flow rate of 0.2 mL/min. The column temperature kept at 60°C 

for the whole process. Five µL of mixed solution (standards) of 3 hexose sugar phosphates (G6P, G1P, 

and F6P) were injected. 
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Figure S-2 | 

Optimization of HMP separations in terms of organic modifier by HILIC/SAX mixed-mode 

chromatography (HILICpak VT-50 2D column). Chromatograms (A) and (B) show the results by using 

20 mM ammonium formate as mobile phase A, methanol or acetonitrile as mobile phase B, respectively. 

The gradient elution (0.0 min, 20% B; 3.0 min, 20% B; 13 min, 5% B; 20 min, 5% B; 20.1 min, 20% 

B; 30 min, 20% B) was carried out at a flow rate of 0.2 mL/min and a constant column temperature of 

60°C. Five µL of mixed solution of 10 hexose sugar phosphate standards (Gal6P, G6P, A6P, M6P, F6P, 

Tag6P, M1P, Gal1P, G1P, and Sor1P) were injected. 
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Figure S-3| 

pH optimization of SPx separation on HILIC/SAX mixed-mode chromatography (HILICpak VT-50 2D 

column). Chromatograms (A), (B), and (C) show the results of G6P/F6P/G1P separation by using acidic 

(pH 3.5), neutral (without pH adjusting), and basic (pH 9.5) mobile phases. 20% ACN in 10 mM 

NH4FA was used as the mobile phase. The flow rate was 0.2 mL/min and the column temperature kept 

at 60 °C for the whole run. Five µL of mixed solution of G6P, G1P, and F6P were injected. 
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Figure S-4 | 

SPx isomer separations by HILIC (Premium BEH Z-HILIC column). Chromatograms showing the 

separation of hexose (A) and pentose (B) sugar phosphates. pH value was adjusted to 8, other 

chromatographic conditions employed were as described in section 2.3. A mixed solution of 7 hexose sugar 

phosphate standards (Gal6P, G6P, M6P, F6P, M1P, Gal1P, G1P) and 4 pentose sugar phosphate standards 

(Ru5P, Ri1P, X5P and Ri5P) were injected. 

 

 

 
Figure S-5 | 

SPx isomer separations by HILIC (Premium BEH Z-HILIC column). Chromatograms showing the 

separation of hexose (A) and pentose (B) sugar phosphates. pH value was adjusted to 9, other 

chromatographic conditions employed were as described in section 2.3. A mixed solution of 7 hexose sugar 

phosphate standards (Gal6P, G6P, M6P, F6P, M1P, Gal1P, G1P) and 4 pentose sugar phosphate standards 

(Ru5P, Ri1P, X5P and Ri5P) were injected. 
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Figure S-6 | 

SPx isomer separations by HILIC (Premium BEH Z-HILIC column). Chromatographic conditions 

employed were as described in section 2.3. A standard mixture containing all of the compounds annotated 

in Table-1 was injected. 

 
 

 
Figure S-7 | 

SPx isomer separations by HILIC (Premium BEH Amide column). Chromatograms showing the separation 

of hexose (A) and pentose (B) sugar phosphates. pH value was adjusted to 8, other chromatographic 

conditions employed were as described in section 2.3. A mixed solution of 7 hexose sugar phosphate 

standards (Gal6P, G6P, M6P, F6P, M1P, Gal1P, G1P) and 4 pentose sugar phosphate standards (Ru5P, 

Ri1P, X5P and Ri5P) were injected. 
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Figure S-8 | 

SPx isomer separations by HILIC (Premium BEH Amide column). Chromatograms showing the separation 

of hexose (A) and pentose (B) sugar phosphates. pH value was adjusted to 9, other chromatographic 

conditions employed were as described in section 2.3. A mixed solution of 7 hexose sugar phosphate 

standards (Gal6P, G6P, M6P, F6P, M1P, Gal1P, G1P) and 4 pentose sugar phosphate standards (Ru5P, 

Ri1P, X5P and Ri5P) were injected. 
 

 
 
Figure S-9 | 

SPx isomer separations by HILIC (Premium BEH Amide column). Chromatographic conditions employed 

were as described in section 2.3. A standard mixture containing all of the compounds annotated in Table- 

1 was injected. 
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Figure S-10 | 

Gradient optimization tg on the Z-HILIC column with regard to the separation of the hexose 

monophosphates with tg 8 min (A), tg 15 min (B) and tg 30 min (C). A mixed solution of 7 hexose sugar 

phosphate standards (Gal6P, G6P, M6P, F6P, M1P, Gal1P, G1P) (Ru5P, Ri1P, X5P and Ri5P) was injected. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure S-11 | 

Gradient optimization tg on the Z-HILIC column with regard to the separation of the pentose 

monophosphates with tg 8 min (A), tg 15 min (B) and tg 30 min (C). A mixed solution of 4 pentose sugar 

phosphate standards (Ru5P, Ri1P, X5P and Ri5P) was injected. 

M6P/M1P M6P/M1P M6P/M1P 

F6P/ Gal1P 

G1P 

F6P/ Gal1P 

G1P 

F6P/ Gal1P 
G6P 

Gal6P 
G6P 

Gal6P G1P Gal6P 

G6P 



 

 

Ri1P 
Ri1P Ri1P 

X5P 

Ru5P 
Ri5P 

X5P 

Ru5P 

Ri5P X5P 

Ru5P 

Ri5P 

10 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure S-12 | 

Gradient optimization tg on the BEH Amide column with regard to the separation of the hexose 

monophosphates with tg 8 min (A), tg 15 min (B) and tg 30 min (C). A mixed solution of 10 hexose sugar 

phosphate standards (Gal6P, G6P, A6P, M6P, F6P, Tag6P, M1P, Gal1P, G1P, Sor1P) was injected. 
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Figure S-13 | 

Gradient optimization tg on the BEH Amide column with regard to the separation of the pentose 

monophosphates with tg 8 min (A), tg 15 min (B) and tg 30 min (C). A mixed solution of 4 pentose sugar 

phosphate standards (Ru5P, Ri1P, X5P and Ri5P) was injected. 

 
 

 
Figure S-14 | MS2 spectra of G1P (blue) and F6P (pink) acquired via QToF-MS. The comparison shows 

that the two isomeric compounds have completely identical product ion spectra. 
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Compound ME ER PE 

Glycine 98.1 96.1 94.3 
Methionine 94.2 95.3 89.8 

Cystathionine 90.4 94.4 85.3 
Homoserine 90.5 93.5 84.6 

Taurine 94.7 97.6 92.4 
Cys-NEM 96.5 94.7 91.4 
CysCys 95.4 91.3 87.1 
GSSG 97.3 92.1 89.6 

Homocys-NEM 92.2 93.0 85.7 
GSH-NEM 90.1 92.1 83.0 

GluCys-NEM 91.8 90.6 83.2 
Serine 92.4 94.5 87.3 

Glutamic Acid 93.5 92.4 86.4 
CysGly-NEM 97.7 93.3 91.2 

Compound MeOH / H2O 
(50/50) 

MeOH / H2O 
(60/40) 

MeOH / H2O 
(70/30) 

MeOH / H2O 
(80/20) 

(U-13C) Methionine 97.8 ± 1.3 94.3 ± 1.1 90.3 ± 1.1 86.6 ± 2.2 

(U-13C) Cystathionine 98.5 ± 1.1 94.0 ± 1.2 91.0 ± 1.2 85.4 ± 1.4 

(U-13C) Homoserine 96.7 ± 2.0 92.1 ± 0.7 89.2 ± 1.3 84.4 ± 0.7 

(U-13C) Taurine 95.4 ± 1.5 91.0 ± 1.0 88.5 ± 0.7 85.3 ± 0.7 

(U-13C) Cysteine-NEM 99.2 ± 1.2 97.7 ± 1.2 95.5 ± 1.7 93.2 ± 0.6 

(U-13C) Cystine 95.4 ± 1.1 91.2 ± 1.3 86.4 ± 1.6 82.2 ± 0.5 

(U-13C) Glycine 97.1 ± 1.1 95.3 ± 1.0 89.2 ± 2.1 83.4 ± 1.1 

(U-13C) GSSG 94.5 ± 0.8 90.2 ± 0.7 88.6 ± 1.1 84.4 ± 1.2 

(U-13C) Homocysteine-NEM 98.9 ± 0.9 97.8 ± 1.2 95.4 ± 1.0 85.2 ± 1.2 

(U-13C) GSH-NEM 97.3 ± 1.1 96.4 ± 0.6 93.4 ± 1.1 92.3 ± 1.0 

(U-13C) GluCys-NEM 98.2 ± 0.7 97.1 ± 1.0 95.0 ± 0.9 94.2 ± 0.4 

(U-13C) Serine 96.7 ± 1.2 93.1 ± 1.2 88.6 ± 1.2 84.3 ± 0.5 

(U-13C) Glutamic Acid 96.6 ± 1.1 94.4 ± 1.6 92.2 ± 1.2 86.5 ± 0.3 

(U-13C) CysGly-NEM 98.5 ± 1.2 97.7 ± 1.1 96.5 ± 0.9 95.4 ± 1.2 



 

 

Compound 1 Cycle 2 Cycles 3 Cycles 4 Cycles 

Glycine 97.7% 99.5% 98.4% 96.4% 
Methionine 101.2% 99.6% 98.7% 97.5% 
Homoserine 99.3% 97.2% 96.5% 98.6% 

Taurine 99.3% 98.5% 97.7% 98.5% 
Cysein-NEM 99.5% 99.3% 98.5% 97.6% 

Cystine 98.5% 99.1% 99.3% 97.5% 
GSSG 99.1% 98.4% 98.0% 99.7% 

Homocystein-NEM 98.7% 99.1% 99.3% 98.5% 
GSH-NEM 99.1% 98.7% 98.5% 99.6% 

GluCys-NEM 97.6% 96.5% 95.7% 95.3% 
Serine 99.1% 98.5% 98.9% 96.4% 

Glutamic Acid 95.6% 96.0% 97.7% 98.3% 
CysGly-NEM 99.3% 98.5% 97.4% 96.5% 

Compound 12 h 24 h 36 h 48 h 

Glycine 102.5% 98.5% 97.6% 94.4% 
Methionine 99.7% 98.5% 94.3% 90.1% 
Homoserine 98.5% 97.5% 94.5% 90.3% 

Taurine 99.5% 97.6% 95.4% 93.2% 
Cys-NEM 98.2% 97.6% 94.4% 94.2% 
CysCys 99.3% 98.5% 97.4% 95.5% 
GSSG 99.2% 96.5% 94.5% 91.2% 

Homocys-NEM 98.5% 97.7% 92.2% 93.4% 
GSH-NEM 98.7% 97.6% 95.4% 91.2% 

GluCys-NEM 99.4% 97.6% 98.1% 95.4% 
Serine 98.9% 97.6% 96.2% 94.3% 

Glutamic Acid 99.3% 98.5% 96.5% 95.4% 
CysGly-NEM 98.5% 97.7% 97.3% 94.3% 



 

 



 

 



 

 



 

 



 

 



 

 

Optimization of MS source parameters 

MS source parameters (GS1, GS2 and TEM) were individually optimized and carefully 

selected to ensure the highest sensitivity. Figure S-5, S-7 and S-8 illustrate the effect of 

each source setting on every metabolite9s signal. It is evident that optimal conditions were 

achieved at higher TEM values (temperature of TurboIonSpray TIS probe) and GS2 

values (heater gas of TIS probe). The higher the TEM value, the more effective the 

nebulization process, thus resulting in a higher sensitivity, similar as for GS2. 

The effect of the ion source temperature on the metabolites9 signal was studied (Figure 

S-5). Seven different TEM values were programmed and their effect individually 

observed (350/400/450/500/550/600/650°C). Generally, higher source temperatures are 

required when working with high aqueous conditions, in order to provide optimal 

nebulization. As our method employs HILIC, high temperatures should generally not be 

required, as the mobile phase used is predominantly made out of organic solvents. 

However, we found an optimal signal to noise value at a source temperature of 650°C 

Another source parameter investigated was GS1, which is the nebulizing gas. A constant 

steady stream of nitrogen, in our case zero-grade-air, is infused into the ion-source, aiding 

the ESI-droplet build-up and following nebulization. Figure S-7 provides an overview of 

the effect of GS1 on the individual S/N ratio of each relevant metabolite analyzed in this 

study. It became evident, that a value of 30 psi provided the best results. Values close to 

10 psi provided lower metabolite intensity, as did higher values above 30 psi as well. A 

lower signal intensity due to lower GS1 values can be explained due to the fact that the 

nebulization process is not efficient enough, thus resulting in lower S/N values. Higher 

GS1 values can hamper signal intensity, as they can contribute to degradation processes 

inside the ion-source. 

The final source parameter requiring further optimization is the GS2 value. GS2, also 

called the heater gas, represents a steady constant flow of nitrogen, in our case zero- 

grade-air, which is infused to the ion-source, with the objective of keeping the 

temperature inside constant and equally distributed. Figure S-8 provides an overview of 

how GS2 plays a role in the S/N of each individual metabolite inspected throughout this 

study. It is evident that the higher the GS2 value is, the better the signal intensity. This 

can be attributed to the fact that the nebulization process is more efficient, when the GS2 

stream is at a higher psi value, as in this case 70 psi 
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Hydrophilic interaction (liquid) chromatography (HILIC) has become the first choice LC mode for the separation 

of hydrophilic analytes. Numerous studies reported the poor retention time repeatability of HILIC. The problem 

was often ascribed to slow equilibration and insufficient re-equilibration time to establish the sensitive semi- 

immobilized water layer at the interface of the polar stationary phase and the bulk mobile phase. In this 

study, we compare retention time repeatability in HILIC for borosilicate glass and PFA (co-polymer of tetra- 

fluoroethylene and perfluoroalkoxyethylene) solvent bottles. During this study, we observed peak patterns 

shifting towards higher retention times (for metabolites and peptides) and lower retention times (oligonucleotide 

sample) with ongoing analysis time when standard borosilicate glass bottles were used as solvent reservoirs. It 

was hypothesized that release of ions (sodium, potassium, borate, etc.) from the borosilicate glass bottles leads to 

alterations (thickness and electrostatic screening effects) in the semi-immobilized water layer which is adsorbed 

to the polar stationary phase surface under acetonitrile-rich eluents in HILIC with concomitant shifts in retention. 

When PFA solvent bottles were employed instead of borosilicate glass, retention time repeatability was greatly 

improved and changed from average 8.4 % RSD for the tested metabolites with borosilicate glass bottles to 0.14 

% RSD for the PFA solvent bottles (30 injections over 12 h). Similar improvements were observed for peptides 

and oligonucleotides. This simple solution to the retention time repeatability problem in HILIC might contribute 

to a better acceptance of HILIC, especially in fields like targeted and untargeted metabolomics, peptide and 

oligonucleotide analysis. 
 

 

 
 

1. Introduction 

 
Reversed-phase HPLC has become the preferred analytical technique 

for the analysis of organic molecules in fields like pharmaceutical and 

food analysis [1,2]. Besides excellent resolving power for molecules 

differing in lipophilicity, it provides robust and highly repeatable sep- 

arations. However, highly polar molecules like metabolites, small hy- 

drophilic peptides and oligonucleotides are often not sufficiently 

retained and separated. For this reason, hydrophilic interaction liquid 

chromatography (HILIC) is the favorable technique nowadays for hy- 

drophilic analytes. The term HILIC has been coined by Andrew Alpert 

and he showed already in his landmark paper from 1990 that it has 

exceptional selectivity for amino acids, peptides, oligonucleotides, car- 

bohydrates, organic acids, bases and metabolites [3]). It alleviates pre- 

column derivatization for enabling RPLC separation and makes the 

 
addition of MS-contaminating ion-pairing agents unnecessary [4,5]. The 

exceptional power of HILIC in various fields including metabolomics has 

been demonstrated in numerous studies and reviews [6316]. Part of the 

great success of HILIC is a wide choice of distinct, nowadays also stable 

HILIC stationary phases with wide flexibility in the surface chemistry 

and hence selectivity. According to the ionic character of the functional 

group being present on the stationary phase surface they can be classi- 

fied either as neutral phases (amide, diol), charged phases (amino, sil- 

ica) or zwitterionic phases (e.g., sulfobetaine-modified) [17]. As 

orthogonal separation principle to RP, HILIC is also of high interest in 

multidimensional liquid chromatographic separations [18320]. 

Although the retention and separation mechanism in HILIC is less 

clear than in RPLC, a significant gain in the understanding has been seen 

in the last decade due to a number of seminal fundamental works [21]. 

Like hypothesized in prior work on carbohydrates separation with 

 
 

* Corresponding author. 

E-mail address: Michael.laemmerhofer@uni-tuebingen.de (M. L ammerhofer). 
1 Shared first authorship 

 
https://doi.org/10.1016/j.chroma.2024.465060 

Received 22 April 2024; Received in revised form 5 June 2024; Accepted 7 June 2024 

Contents lists available at ScienceDirect 

 

Journal of Chromatography A 
 

https://doi.org/10.1016/j.chroma.2024.465060
mailto:Michael.laemmerhofer@uni-tuebingen.de
https://doi.org/10.1016/j.chroma.2024.465060
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2024.465060&domain=pdf
http://www.sciencedirect.com/science/journal/00219673
https://www.elsevier.com/locate/chroma


K. Serafimov et al. 

 

 

3-aminopropylsilica and acetonitrile-water eluents, it was already 

claimed by Alpert in his paper from 1990 that 8the stationary phase 
retains a semi-immobilized layer of mobile phase enriched with water. 

Chromatography of carbohydrates involves partitioning between this 

stagnant aqueous layer and the bulk of the (mostly organic) mobile 

phase. It would be reasonable to suppose that the partition mechanism 

advanced for the chromatography of carbohydrates represents the 

mechanism of HILIC fractionations of other classes of polar solutes as 

well’ [3]. Several studies have been published in following years with 

the aim to support the existence of a 8semi-immobilized’ water layer 

which dynamically changes its thickness and structure as the composi- 

tion of the mobile phase is altered [24326]. As a matter of consequence, 

hydrophilic analytes are stronger retained as the thickness of the water 

layer increases (due to increase in phase ratio), unless ionic interactions 

between analyte-adsorbent take over a dominant role. McCalley and 

Neue showed 8that about 4313 % of the pore volume of a silica phase is 

occupied by a water-rich layer when using acetonitrile3water containing 

95370 % (v/v) acetonitrile’ [25]. Tallarek and coworkers studied 

interface behavior of water-acetonitrile mixtures (with 2 to 30 % water) 

on HILIC surfaces (diol-silica and plain silica) by molecular dynamics 

simulations [27]. Their results suggest a rigid layer of bound water 

molecules adsorbed directly at the silica surface (immediate region 

containing almost exclusively water as measured by radial number 

density profiles of water oxygen) is surrounded by an interstitial diffuse 

layer of water molecules. The adjacent interface region showed a high 

water density towards the immediate region before it declined gradually 

into the bulk region, where the water (oxygen) number density profiles 

matched those of the bulk solvent composition. 

Experimental support for the surface-adsorbed water layer model 

comes from excess adsorption isotherm measurements [28,29] which 

also explain well the changing water-layer density and structure, 

respectively, with increasing water content in the HILIC eluent. Between 

10 and 30 % water in ACN the excess adsorbed amount of water reaches 

typically a maximum while it declines strongly above 30 % water in the 

eluent. Temperature also affects the water shell which is typically 

thicker at low temperature. The effect of salts in the HILIC eluent are 

complicated, due to their distinct solvation, kosmotropic-chaotropic 

effects and superimposed attractive-repulsive charge modulations 

[29]. Results by Alpert suggested that well hydrated eluent ions promote 

partitioning of charged solutes (less of neutral solutes) into the immo- 

bilized aqueous layer in HILIC, while poorly hydrated eluent ions have 

the opposite effect [29]. It was concluded that chaotropic ions, which 

are poorly hydrated, tend to partition into the predominantly organic 

mobile phase in HILIC and kosmotropic ions into the aqueous layer. In 

other studies, it was demonstrated that retention of neutral solutes 

increased at higher buffer concentration, which is usually attributed to 

the salt increasing the volume of the aqueous layer on the stationary 

phase [25]. This effect can be measured with toluene that cannot 

penetrate the water layer and is increasingly excluded from the pores 

with higher buffer concentration, and also as the polarity of the sta- 

tionary phase increases [25]. Besides partitioning between adsorbed 

water layer and bulk mobile phase, polar analytes can also directly 

interact with the ligands and silica backbone of the stationary phases 

under HILIC conditions through hydrogen-bonding, dipole-dipole in- 

teractions and ionic interactions (with dissociated silanols and/or 

charged groups of the immobilized ligands if present). Hence, a 

mixed-mode mechanism of partitioning and adsorption is commonly 

accepted in HILIC nowadays [26]. Knowledge of the above de- 

pendencies seem to be of importance to design robust separations in 

HILIC. While the fundamentals of HILIC retention mechanisms look 

complicated, practice of HILIC has put forth numerous advantages such 

as excellent selectivity for hydrophilic compounds, good peak shapes, 

higher sensitivity in ESI-MS, and so forth [23]). In spite of many suc- 

cessful HILIC separations, HILIC has still a poor reputation. Various 

authors reported poor run-to-run repeatability in HILIC [30]. Tacitly, it 

is often assumed that the repeatability problem arises from slow column 

re-equilibration in gradient HILIC. For this reason, several authors per- 

formed rigorous studies on partial and full re-equilibration in HILIC as a 

potential solution to the problem [22,23,31,32]. In particular for 

metabolomics (addressing a majority of acidic metabolites), other au- 

thors suggest the use of anion-exchange chromatography (hyphenated 

with mass spectrometry via suppressor technology) to overcome the 

repeatability problem observed in HILIC-based metabolomics [33,34]. 

Comparison of HILIC-MS and anion-exchange-suppressor-ESI-MS 

(AEX-MS) by McCullagh and coworkers provided significantly less 

retention time variance for AEX-MS compared to HILIC-MS [33]. 

Analytical methods, in which ion concentrations are critical, are typi- 

cally  using  plastic  bottles  as  eluent  reservoirs,  like  in 

ion-chromatography or ICP-MS to avoid background ion contamination. 

Hence, it might be supposed that in above cited AEX-MS experiments by 

McCullagh plastic bottles were used for the eluent and borosilicate glass 

bottles, which are standard for HPLC instruments, for HILIC. Indeed, 

there is an application note from Agilent Technologies which recom- 

mends the used of Nalgene FEP bottles for the mobile phase reservoirs in 

HILIC in order to avoid the negative effect of sodium ions [35]. How- 

ever, no comparison with borosilicate glass bottles was shown and this 

application note may not be known to a wider community of HILIC 

users. 
For this reason, the objective in this work is to elucidate the effect of 

using plastic (PFA) instead of borosilicate glass bottles for HILIC ex- 

periments. Retention time repeatability of polar metabolites (in untar- 

geted urinary metabolomics), peptides and oligonucleotide test samples 

was documented for bringing the advantage of plastic bottles in HILIC 

separations to the attention of a wider community of researchers. A 

discussion of the observed effects with interpretation in view of HILIC 

mechanisms is given. 

 
2. Experimental 

 
2.1. Materials 

 
Formic acid, acetic acid, acetonitrile and methanol of Ultra LC-MS 

grade were supplied by Carl Roth (Karlsruhe, Germany). Ammonium 

hydroxide solution (Suprapur® quality 28.0 - 30.0 % NH3 basis) was 

purchased from Sigma-Aldrich (Merck, Taufkirchen, Germany). Deion- 

ized water was purified by a Purelab ultrapurification system (ELGA 

LabWater, Celle, Germany). All metabolite standards and Teicoplanin 

(T0578) used in this study were provided by Sigma-Aldrich (Merck). The 

antisense (single) strand of Patisiran was synthesized by Oligo Sigma 

(Merck, Munich, Germany) and purchased as desalted raw products 

without any pre-purification. Stock solutions of the individual standards 

were prepared in glass vials at concentrations of 1 mg mL 1 (50/50 

MeOH/H2O) and used for further dilution. The individual stocks were 

stored at 80 ◦C until use. PFA co-polymer (tetrafluoroethylene and 

perfluoroalkoxyethylene) bottles were supplied by AHF Analy- 

sentechnik (Tübingen, Germany). Glass mobile phase solvent bottles 

were of Duran® borosilicate glass and were provided by Schott AG 

(Mainz, Germany). 

 
2.2. Metabolomics and oligonucleotide instrumentation 

 
LC-MS analysis of metabolites in urine and of oligonucleotides was 

performed using an Agilent 1290 Infinity I series LC system from Agilent 

Technologies (Waldbronn, Germany) equipped with a binary pump, 

thermostated column compartment and an HTC-xt PAL (CTC Analytics 

AG, Zwingen, CH) autosampler hyphenated to a TripleTOF 5600 mass 

spectrometer with DuoSpray Source, operated in TurboIonSpray mode, 

from Sciex (Ontario, Canada). The LC system was coupled to a Sciex CDS 

(calibrant-delivery-sytem) for mass calibration. All analytical hardware 

was standard and not equipped with biocompatible flow path. 
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2.3. Peptide analysis instrumentation 

 
LC-UV chromatograms were acquired using an Agilent Technologies 

1290 Infinity II 2D-LC system. The system consisted of two 1290 Infinity 

II High Speed (binary) pumps (G7120A), a 1290 Infinity II Multisampler 

(G7167B), two 1290 Infinity II Multicolumn thermostat compartments 

(G7116B), a 1290 Infinity II diode array UV absorbance detector 

(G7117B) and three 1290 Infinity II Valve Drives (G1170A). Both pumps 

were  utilized  with  the  100  μL  JetWeaver.  A  Max-Light  Cell 

(G421236008) with 10 mm path length and V(σ) 1 μL was used. The 
flow cell of the 1D UV detector was protected by a pressure relief kit 

(G4236360,010). Valve drives were equipped with two deck valve heads 

and an ASM valve head (G4243A, G4242A) to enable Multiple- 
Heartcutting (MHC) 2D-LC or Selective Comprehensive 2D LC 

(sLCxLC) with 40 μL sample loops. In addition, column selector valve 

heads (G4234C) were installed in both Multicolumn thermostat com- 
partments implementing the option for column screening. The 2D-LC 
system was coupled to a Sciex CDS (calibrant-delivery-sytem) and 

further to a Sciex TripleTOF 5600 system with DuoSpray source 

electrospray-ionization. All analytical hardware was standard and not 
equipped with biocompatible flow path. The 2D-HPLC system was 

operated using Agilent OpenLab CDS ChemStation Edition Rev.C.01.10 

and the mass spectrometer was controlled by Sciex Analyst TF 1.8.1. 

 
2.4. Urine sample preparation 

 
Pooled urine (first morning mid-stream) (from volunteers with 

informed consent), stored at 4 ◦C until use, was used for sample prep- 

aration. As urine is susceptible for bacterial growth, a 0.22 µm sterile 
filter was used to filter the samples. Samples were then centrifuged at 4 
◦  C, 20,784 rcf x 15 min to remove cell debris and unwanted precipitants. 
Each 1 mL sample aliquot was preserved at 80 ◦C until further 
metabolomic analysis. Samples were freeze dried in a Labconco (Kansas 

City, MO, USA) FreeZone 4.5 L Benchtop Freeze Dry System for 24 h and 

subsequently reconstituted in 100 µL water and 900 µL acetonitrile. 

Three cycles of vortexing and sonication (each 30 s) were conducted 

following sample centrifugation at 18,928 rcf for 5 min and analysis of 

the supernatant. 

 
2.5. Metabolomics methodology 

 

A Premier BEH Amide column (150 2.1 mm, 1.7 µm) provided by 

Waters (Eschborn, Germany) was used for the chromatographic sepa- 

ration. During analysis of metabolites in ESI mode, mobile phases A 

and B were set to a pH of 3.5 with formic acid and included 20 mM 

ammonium formate in water and water/acetonitrile (10/90; v/v), 

respectively. In negative ionization mode (ESI ), the chromatographic 

conditions were different. Mobile phase A and B were set to a pH of 7.5 

with acetic acid and included 20 mM ammonium acetate in water and 

water/acetonitrile (10/90; v/v), respectively. Gradient elution was 

identical for both ionization modes (0.0 min, 100 % B; 13 min 70 % B; 15 

min 70 % B; 15.1 min 100 % B; 20 min 100 % B) and was adjusted to a 
flow rate of 0.25 mL min 1 and a constant column compartment tem- 

perature of 35 ◦C was maintained throughout the entire analytical run. 

Injection volume was 5 µL. The autosampler was kept at 4 ◦C. The 

experimental MS-setup involved a TOF-MS survey scan for precursor 
detection in the mass range of m/z 6031000 (ESI ) and m/z 703900 

(ESI ), respectively. In order to ensure comprehensive recording of MS/ 

MS spectra, SWATH acquisition was implemented with a collision en- 
ergy of 30 V and a collision energy spread of 20 V. Twenty SWATH- 

MS/MS experiments were created for both positive and negative ion 

mode (Table S-1). Variable SWATH window widths were optimized by 

swathTUNER based on preliminary measurements using DDA [37]. 

Experimental parameters in SWATH were as follows - accumulation time 

was set to 30 ms. The total cycle time summed up to 750 ms. The MS 

instrument was run in high sensitivity mode achieving a TOF-MS 

resolution of 30,000 (FWHM @ m/z 829.5393) and a SWATH-MS/MS 

resolution of 15,000 (FWHM @ m/z 397.2122). Ion source parameters 

were the following: nebulizer gas (GS1, zero grade air) 50 psi, heater gas 

(GS2, zero grade air) 30 psi, curtain gas (CUR, nitrogen) 30 psi, source 
temperature (TEM) 450 ◦C, ion source voltage 5500 V (positive mode) 

and 4500 V (negative mode). Samples were initially analyzed in pos- 

itive and then in negative ionization mode. A Calibrant Delivery System 

by Sciex was used to provide mass calibration before every analytical 

run and the analytical system was controlled by the Analyst 1.7 TF 

software (AB Sciex, Darmstadt, Germany). 

 
2.6. Peptide analysis methodology 

 
The principal components of the mixture of Teicoplanin (1 mg/mL in 

ACN/H2O (80:20 v/v)) were separated in the first dimension on a Wa- 

ters Premier BEH Amide column (150 2.1, 1.7 µm) and analysed by UV 

detection. Mobile phase A consisted of water with 10 mM ammonium 

acetate and mobile phase B of water in acetonitrile (5:95, v/v). Injection 

volume was 1 μL. An extensive long 1D gradient was used due to the long 
2D run times. The gradient elution profile was 0.0 min, 100% B, 0.5 ml/ 
min; 30 min, 64% B, 0.5 ml/min; 30.01 min, 0% B, 0.3 ml/min; 42.1 

min, 100%, 0.3 ml/min; 42.11 min, 100% B, 0.3 ml/min; 54.2 min, 

100% B, 0.3 ml/min; 54.21 min, 100% B, 0.05 ml/min; 199.99 min, 

100% B, 0.05 ml/min; 200 min, 100% B, 0.5 ml/min; 206 min, 100% B, 

0.5 ml/min. The temperature of the column was kept at 50 ◦C and a 

multisampler temperature of 4 ◦C was programmed. A sampling rate of 
80 Hz and a wavelength of 254 nm were used for UV detection. 

 
2.7. Oligonucleotide analysis methodology 

 
Oligonucleotide separation was performed on a Waters (Eschborn, 

Germany) Premier BEH Amide column (50 2.1 mm, 1.7 µm) in ESI

mode. Mobile phases A and B were adjusted to a pH of 9.0 with acetic 

acid and consisted of 15 mM ammonium acetate (water/acetonitrile 30/ 

70 mobile phase A) and 15 mM ammonium acetate in water (mobile 

phase B). The gradient elution profile was (0.0 min, 100 % A; 10 min 40 

% A; 10.01 min 100 % A; 20.0 min 100 % A) and was carried out at a 

flow rate of 0.25 mL min 1 and a constant column temperature of 30 ◦C 

was maintained throughout the entire run. The injection volume was 5 

µL. The autosampler was kept at 4 ◦C. The MS experiment consisted of a 

TOF-MS survey scan for precursor detection in the mass range of m/z 

10032000. MS/MS spectra were recorded in DDA acquisition mode, 

with a collision energy of 35 V and a declustering potential (DP) value 

of 100 V. The total cycle time summed up to 1.25 s. The MS instrument 
was run in high sensitivity mode achieving a TOF-MS resolution of 

30,000 (FWHM @ m/z 829.5393) and a MS/MS resolution of 15,000 

(FWHM @ m/z 397.2122). Ion source parameters were as follows: 

nebulizer gas (GS1, zero grade air) 80 psi, heater gas (GS2, zero grade 

air) 80 psi, curtain gas (CUR, nitrogen) 40 psi, source temperature 

(TEM) 450 ◦C, ion source 4500 V (negative mode). 

 
2.8. Data processing and evaluation 

 
All further data processing steps and evaluations were executed with 

MS-DIAL, PeakView 2.2 (Sciex), MultiQuant 3.0 (Sciex), Excel 2016 

(Microsoft, Redmond, WA, USA), Origin 2021 (OriginLab, North- 

ampton, MA, USA), and R Studio 1.4.1717 (R Foundation for Statistical 

Computing, Vienna, Austria). 

 
3. Results 

 
3.1. Retention time repeatability of metabolites in urinary metabolomics 

analysis 

 
A pooled human urine sample (pooled urine QC sample) was sub- 

jected to gradient HILIC-MS analysis by untargeted SWATH-MS 
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detection once with common borosilicate glass bottles and once with 
PFA bottles as solvent reservoirs for both A and B channel. The sample 

was injected 30-times (n 20) over a period of 12 h for each glass and 

PFA bottles. It allowed to extract chromatograms of numerous metab- 

olites of different physicochemical character in terms of ionization state 

(anionic, cationic, zwitterionic) and hydrophilicity range (log D at mo- 

bile phase pH) to cover a wide molecular space. Fig. 1 shows overlays of 

representative chromatograms of tryptophan, ethylmalonic acid, and 1- 

methyl-adenosine recorded with the glass bottles. It can be seen that 

with the borosilicate glass bottles there is a significant drift of retention 

from the first injection to the last injection regardless what is the analyte 

character. Table S-2 gives the statistics for the retention time distribu- 

tions of representative analytes with glass bottles used during analysis. It 

can be seen that in all cases evaluated the drift in retention leads to 

longer retention times and the chemical properties of the selected me- 

tabolites (acidic, basic or zwitterionic) play no crucial role in the drift 

pattern, as the phenomenon observed is identical. 

The corresponding results for the PFA solvent bottles are shown in 

Fig. 2 (exemplified for citrulline, tryptophan, ethylmalonic acid, 

methionine, carnitine and 1-methyl-adenosine). Retention time data are 

summarized in Table S-3 for a wider set of analytes. Fig. 3 shows the 

distributions of the RSD values of retention times as a comparison be- 

tween PFA and glass bottles, with the difference between both being 

striking. It is evident that the RSD values obtained during measurements 

with glass bottles as mobile phase storage vessels are much higher than 

the ones obtained with PFA bottles. The choice of buffer anion, formate 

versus acetate, is not making a difference. Comparison of results from 2 
different ionization modes with ammonium formate as additive in ESI

and ammonium acetate in ESI under otherwise identical conditions 

showed the same results. It can be concluded that the use of PFA bottles 

reduced the retention time variance significantly. The%RSDs with PFA 

solvent bottles are now in a range (on average 0.14 % RSD versus 8.4 % 

with borosilicate glass bottles) which are commonly observed in RPLC. 

 
3.2. Retention time repeatability of 2D-LC peptide analysis 

 
2D-LC has become an accepted routine technology in pharmaceutical 

analysis to resolve complex mixtures or combine orthogonal selectivities 

from two columns when one dimension cannot solve the problem. 

Furthermore, the 2D has served as a tool to desalt MS-incompatible 1D 

separations before ESI-MS detection. This is of particular interest also for 

 

 
Fig. 1. Representative chromatograms of test solutes from successively injected 

metabolomics urine QC samples measured over 12 h (n 30) with mobile 

phase stored in (Duran) borosilicate glass bottles. Blue to red colour shift rep- 

resents n 1 to n 10, red to yellow n 10 to n 23, yellow to green-blue n 

23 to n 30. Pattern follows the trend that with progressive injection time an 
increase in retention time is observed (for corresponding retention time data see 

Table S2 of the supplementary material). 

complex therapeutic peptide samples. Various 2D-LC modalities are 

available, viz. (multiple) heart cutting, selective comprehensive and full 

comprehensive [38,39]. There are various critical factors in 2D-LC for 

the successful implementation and retention time repeatability of the 1D 

separation is one for (multiple) heartcutting 2D-LC. If retention time of a 

peak of interest to be sampled into the second dimension is shifted, the 

center of the peak (in case of a slight tR shift) or the peak entirely (in case 

of severe drift) may be missed and hence transfer into the second 

dimension was not adequate leading to sensitivity loss or complete loss 

of a peak. Stoll and co-worker already showed (for HILIC HILIC) that 

with quite short ( 10 min) re-equilibration times separation repeat- 

ability can be excellent, even when full column equilibration actually 

takes longer time [32]. The repeatability of separation was improved at 

higher flow rate. 

The goal of our study was to establish a multiple heart cutting 

method for Teicoplanin. Teicoplanin is a macrocyclic glycopeptide an- 

tibiotics which is produced by fermentation by Actinoplanes teichomice- 

ticus. The pharmacopeia specifies 6 major components (A232 as the 

main peak, A231, A233, A234, A235 and A331) and 2 minor components 

(A231a, A231b) (European Pharmacopeia 10.0). They differ by their 

fatty acid side chains on the amino sugar residue. A331 lacks the amino 

sugar residue at which different fatty acids are attached in the other 

components. Besides there are several microcomponents present. 

Methods for quality control are mostly based on RPLC and often employ 

phosphate buffers. Here, it was of interest to establish a complementary 

LC method based on HILIC as a first dimension (1D) separation. Fig. 3A 

shows the 1D-HILIC-UV runs of 18 consecutive injections using boro- 

silicate glass bottles as solvent reservoir. As can be seen there is a sig- 

nificant drift in the peaks, again to longer retention times with higher 

injection number. For the main A232 peak (largest peak in the chro- 

matogram), a mean tR of 20.980 ( 0.077) min was observed corre- 

sponding to 0.37 % RSD. While this looks at first glance not too bad, it is 

evident that such a 1D LC method would not be suitable for time-based 

multiple heart cutting. Better retention time repeatability is required. 

The same set of experiments was repeated with PFA bottles as solvent 

reservoirs in A and B channel. It is evident from Fig. 3B that the 

repeatability was greatly improved. A mean tR of 20.436 ( 0.009) min 
was observed corresponding to 0.045 % RSD. The repeatability gain was 

the same for the other peaks in the HILIC chromatogram. This robust, 

highly repeatable separation makes time-based multiple heart cutting 

possible. 

 
3.3. Repeatability in oligonucleotide analysis 

 
HILIC is gaining increasing interest for the separation of oligonu- 

cleotide and it was of interest whether retention time repeatability can 

be improved for this type of solutes as well. The antisense (single) strand 

of the siRNA Patisiran (the API of Onpattro) was employed as test 
sample. The repeated injection (n 7) on the HILIC Amide column 

showed a mean tR of 5.824 ( 0.043) min corresponding to 0.738 % RSD 

for the borosilicate glass bottles and a mean tR of 5.794 ( 0.016) min 
corresponding to 0.276 % RSD for the PFA bottles (Fig. 5). Again, a 

significant improvement of tR-repeatability can be observed with the 

PFA bottles also for oligonucleotides. However, for the tested oligonu- 

cleotide the retention drift is different than for the other analytes: 

Retention time decreases with increasing injection order. It is also 

noticeable that the peak area declines with every injection, both for glass 

and PFA bottles. It may be related to the fact that glass (instead of 

plastic) inserts to vials were used for the sample and only ultrapure 

water to dissolve the analyte. Possibly, more oligonucleotide adsorbs to 

the glass wall the longer the sample is standing. Analyses with glass 

bottles were performed first which explains the smaller peaks for the 

PFA bottles. It is further striking that the overlaid curves in Fig 4B with 

the PFA bottles look like a loading study with perfect match of the rear 

end of the peaks as commonly observed in adsorption isotherm mea- 

surements following the Langmuir model. If we omit the two first 
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Fig. 2. Representative chromatograms of test solutes from successively injected metabolomics urine QC samples measured over 12 h (n 30) with mobile phase 

stored in PFA plastic bottles. 
 

 

 
 

Fig. 3. Violin plot representing the distribution of% RSD values as a compar- 

ison between PFA and glass bottle usage during analysis. 

 
injections with the PFA bottles, after which the concentration does not 

change much anymore, the retention time repeatability is even better, i. 

e. a mean tR of 5.803 ( 0.003) min was observed corresponding to 0.054 
% RSD. This confirms that PFA bottles are also advantageous for HILIC 

of oligonucleotides. 

 

3.4. Discussion 

 
HILIC was repeatedly reported to suffer from poor run-to-run 

retention time repeatability [32] which makes problems for its accep- 

tance in untargeted analysis, metabolomics, quality control laboratories, 

and so forth. Intuitively, it was supposed that the problem is caused by 

slow re-equilibration to re-establish the complex structured <semi-- 

immobilized= water layer consisting of a strongly bound inner water 

layer adjacent to the polar stationary phase and a diffusive aqueous 

layer between this fixed layer and the bulk organic eluent phase [27,30]. 

Supposedly, the problem exists due to the fact that under typical 

experimental conditions (gradient HILIC) reequilibration of the sta- 

tionary phase is not sufficiently achieved. In a number of studies, 

controlled re-equilibration could at least partly alleviate or at least abate 

the problem [21]. Agilent Technologies has published a HILIC applica- 

tion note in which they used Nalgene FEP bottles as solvent reservoirs 

[36]. No comparative data on the effect of these plastic bottles compared 

to glass bottles on retention time repeatability are given. Since this 

application note is not widely known, we provide here a comparative 

study on borosilicate glass and plastic solvent bottles for HILIC separa- 

tions of 3 different sets of analytes. 

HPLC instruments are typically supplied with Duran borosilicate 

glass bottles as mobile phase reservoirs. It is composed of SiO2, B2O3, 

Na2O/K2O, and Al2O3 (81:13:4:2; approximate weight%). Their use in 

various modes of LC including HILIC is not much questioned. Borosili- 

cate glass is highly resistant to water, neutral and acidic (buffer) solu- 

tions, yet a slight release of monovalent ions takes place (protons diffuse 

into the glass network and ion-exchange takes place releasing Na or K

ions) [39]. Furthermore, borosilicate glass bottles can also release 

boron, silicate, calcium and aluminium ions [40,41344]. A thin layer of 

impervious silica gel is subsequently formed on the glass surface (dis- 
solution-reprecipitation mechanism). It slows down further attack of the 
glass surface. Moreover, glass dissolution (corrosion) is preferred under 

basic conditions [45]. This phenomenon of borosilicate glass corrosion is 

a result of the formation of the passivating gel layer on the glass surface 

[41]. In detail, when solvent and glass are in contact, the hydrolysis rate 

of B-O-Si linkages and the diffusion rate of the reactants (e.g. water 

molecules) and the reaction products (Baq, Caaq) through the closed 

pores in the gel layer try to reach an equilibrium [41]. These mecha- 

nisms remain poorly understood and are highly dependent on factors 

such as time, exact glass composition, pH, temperature, solvent, and 

even ions already present in the solvent. We assume that different sol- 

vents, buffers and modifiers, which are commonly used in HILIC, disturb 

such equilibria and cause therefore not only ion release but also ion 

replacement by hydrogenated species (e.g. Na by H ) [44]. 

The release of monovalent ions such as Na into the mobile phase has 
no significant influence on retention of lipophilic compounds in RPLC. 

However, in LC modes that are sensitive for varying ion concentrations 

such as in ion-exchange chromatography and obviously also HILIC, the 

glass corrosion with its release of ions into the mobile phase has a sig- 

nificant implication on the sensitive stationary phase-mobile phase 

partitioning equilibria. Na ions are known to be strongly solvated while 
ammonium ions are poorly solvated [29]. It has been shown by Alpert 

that, when the cation in the HILIC mobile phase (pH 2.5) with neutral 
PolyHydroxyethyl A column was exchanged, retention of a peptide 

increased in the order of NH Na Li [29]. This alteration of 

retention on a neutral stationary phase may be attributed to a thicker 
solvent shell on the stationary phase surface in this same order, thus 
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Fig. 4. Representative chromatograms of successively injected teicoplanin test sample solution and comparison of PFA vs glass bottles. (a) UV chromatogram with 

(Duran) borosilicate glass bottles, shift to higher retention times. (b) UV chromatograms with PFA, no shift. (c) Boxplot shows better repeatabibility for PFA bottles. 

 
increasing the phase ratio and hence retention. As the thickness of the 

solvation shell of the respective cation increases, the solvated cation has 

a stronger propensity to be distributed into the semi-immobilized sol- 

vent shell which then gets thicker and causes stronger retention of 

analytes. Sodium released from the borosilicate glass into the mobile 

phase is a strongly solvated ion, thus may slowly accumulate in the 

aqueous layer during HILIC analysis due to its poor thermodynamic 

solubility in acetonitrile-rich eluent. For keeping electroneutrality, less 

solvated ammonium ions may be exchanged into the bulk mobile phase 

due to its better thermodynamic solvation quality in the acetonitrile-rich 

eluent. This successive restructuring of the aqueous layer of the neutral 

stationary phase (BEH Amide) with increasing injection number (as 

more Na ions are released from the glass surface) could explain the 
increasing retention of the polar metabolites (at pH 3.5) (Fig. 1) and of 

the peptide sample (under weakly acidic conditions; pH 5.4) (Fig. 4a). 

To detect sodium in the system, ion currents for sodium acetate 

clusters were extracted from the injections of the peptide samples 

(Fig. 4). As can be seen from Fig. 6, sodium which was well retained 

elutes as a sharp zone from the HILIC column. Like the peptide sample, 

also the sodium peak shows increasing retention times and poor reten- 

tion time repeatability upon repeated injection with the borosilicate 

glass bottles. In contrast, with the PFA bottle only the first injection is 

slightly shifted (blue line in Fig. 6) while in general the sodium acetate 

peaks exhibit stable retention with the PFA bottle (black peaks in Fig. 6). 

Whether the sodium originates from the teicoplanin sample or from 

sharp elution of the sodium which was continuously released from the 

borosilicate bottles and trapped on the HILIC stationary phase until the 

elution strength is high enough to elute sodium remains unclear. 

For the oligonucleotide sample (pH 9), the trend was different. With 

increasing injection number retention decreased with borosilicate glass 

bottles (Fig. 5a). Obviously, the above hypothesis does not explain the 

retention shifts of the oligonucleotide test sample. A possible explana- 

tion is an altered retention mechanism. Oligonucleotides elute at much 

higher water content (here 30 %). This has been discussed also by 
D’Atri and coworkers [46]. As can be derived from excess (water) 

adsorption isotherm measurements [28,29] the water layer on the sur- 

face is destabilized above 30 % water in the eluent and disappears at 

around 50 %. Partitioning may no longer be of relevance. As discussed 

above, Na is stronger solvated than NH . It may therefore have lower 

effective charge density. While NH has a stronger charge screening 

effect on both the oligonucleotide and the negatively charged silanols (at 
pH 9), release of Na from the glass bottle to the mobile phase may 

slightly change the screening effect of electrostatics. If NH is replaced 

by Na (less charge density), repulsive electrostatics between negatively 
charged silanols and olignucleotide gets stronger leading to less reten- 

tion. This hypothesis reflects the experimental trend. 

On the other hand, also borate ion release from borosilicate glass 

bottles into the mobile phase could have an influence on HILIC retention 

repeatability. Nagasathiya et al. explained the formation of a stable 

complex of borate and tartaric acid [(C4H4O6)2B]- and blamed the bo- 

rosilicate glass solvent bottles as source of boron ions [40]. Likewise, 

Nishikaze et al. concluded that storage of trifluoroacetic acid (TFA) in 

borosilicate glass bottles causes boron contamination and recommended 

the use of PFA bottles [47] In addition, Kozono et al. stated the release of 

boron ions into alcohols from PYREX® glass [48]. Moreover, polyborate 

formation has also been described and confirmed by ESI-FTICR-MS by 

Gaspar et al. [41] Borate ions released into the acetonitrile-rich mobile 

phase tend to be distributed into the aqueous layer of the polar 
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Fig. 5. Extracted ion chromatogram (m/z 1330.7748) of oligonucleotide antisense strand of patisiran. Direct comparison between (a) (Duran) borosilicate glass and 

(b) PFA plastic bottles for storage of mobile phases. 

 

stationary phase due to its poor solubility in solutions with high aceto- 
nitrile content. Boric acid may, depending on the pH, exist as a distri- 

bution of distinct borate species [42]. At low pH (conditions of ESI

metabolomics; pH 3.5), it exists as neutral orthoboric acid (B(OH)3), in 

the intermediate pH range (conditions of peptide separation, pH 5.4 and 

ESI metabolomics, pH 7.5) as pentaborate as well as triborate and at 

high pH (pH 9 and above; conditions of oligonucleotide separation) as 

tetraborate, triborate dianion, and borate anion. These borate species 

may carry water molecules into the semi-immobilized water layer which 

swells and gets thicker, thereby increasing the phase ratio and retention, 

as seen for metabolites (Fig. 1) and peptide (Fig. 4a). The solubility of 

boric acid in water increases with the addition of chaotropic salts, while 

it decreases with kosmotropic salts [42]. Hence, the buffer/salt ions in 

the mobile phase may modulate the effect. The accumulation of nega- 

tively charged borate anions at high pH (pH 9) in the semi-immobilized 

aqueous layer of the stationary phase in the course of the oligonucleo- 

tide separations may, on the other hand, also explain increasingly 

reduced retention times due to increasing electrostatic repulsion with 

the negatively charged oligonucleotide. Although no borate was detec- 

ted in this work with glass bottles, in a recent study with borosilicate 

glass bottles we could detect bis(glycerol)borate in a sample that con- 

tained free glycerol but no borate according to ICP-MS (see suppl. ma- 

terial Fig. S1). It is supposed that borate was present, in traces at least, 

due to release of boron species from the borosilicate glass bottles into the 

eluent. Other species released from borosilicate glass could contribute in 

a similar way. Which ion effect is prevailing remains open at this point. 

The use of the PFA solvent bottles did not suffer from the retention time 

repeatability problem, as no ions are released into the mobile phase and 

the ion concentration hence stays constant. For this reason, the sensitive 

structure of the stationary phase and semi-immobilized aqueous layer, 

respectively, is not disturbed leading to stable retention times (Figs. 2, 

4b, and 5b). PFA is a copolymer of TFE (Tetrafluoroethylene) and 

perfluoroethers. According to vendor specifications, PFA is already used 

in the employed instrument for internal tubings in the degasser because 

it is a gas permeable material. Also other fluoropolymers are used in the 

instrument such as FEP (fluorinated ethylene propylene) (tubing be- 

tween solvent bottles, shutoff valves, solvent selection valves and 

degasser chambers), PEEK (inlets), FEP (tubings), ETFE (Ethylene tet- 

rafluoroethylene) (fittings). Changing the solvent bottle material from 

borosilicate glass to FEP or PFA reduces the number of materials that 

come in contact with the eluent, because FEP or PFA is already used in 

the pump. PFA is stable against common HPLC solvents except for some 

halogenated solvents. It does not contain plasticizers. PFA bottles fulfill 

the FDA requirements for food and pharma industry (21CFR177.1550, 

21CFR175.300,  21CFR175.105,  21CFR176.170,  21CFR176.180). 

DuPont, which is one manufacturer of PFA pellets, describe that their 

product DuPont Teflon PFA 450 HP <contains no additives and is 

designed for hostile chemical environments where purity in the 

parts-per-billon range is needed= [49]. Biron described food contact and 

medical grades for PFA [50]. Nevertheless, low extractable fluorides are 

generally described for PFAS. If antioxidants or lubricants are used and if 

or how the bottles are cleaned, depends on the exact process and falls 

under proprietary information. Contaminations on the surface can be 

easily removed by cleaning with LC-MS grade solvents. This is routinely 

done, when preparing mobile phases. To summarize, we did not have 

any notice during our experiments that PFA pollutes the MS and we did 

not see any changes in the background signals of the mass spectrometer 

during use. 

TFA can also be used as additive without problems. Boiling HNO3 or 
H2SO4 can be employed to wash the PFA bottles. Chemically, PFA is 
absolutely stable at common temperatures, yet elevated temperatures 

( 200 ◦C) have to be avoided and sharp objects are problematic. We 

consider both FEP and PFA to be suitable materials for solvent bottles in 
HILIC. However, PFA has slight advantages in terms of polymer purity 
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compromising retention time repeatability in (gradient) HILIC. This 

phenomenon can easily be circumvented by use of plastic bottles as 

solvent reservoirs. Herein, we used PFA bottles instead of borosilicate 

glass bottles for the eluents. Retention times of urinary metabolites, 

peptides and oligonucleotides were highly reproducible with RSDs 0.2 

%. PFA is resistant to common HPLC solvents and additives (TFA), 

highly pure and does not contaminate the ion source. It is a simple so- 

lution to replace borosilicate by PFA bottles to solve the commonly re- 

ported HILIC retention time repeatability problem. Further 

improvements in repeatability are envisaged if solvents with even better 

quality e.g. electrochemical grade are employed which are not supplied 

in glass bottles but plastic containers. However, for cost reasons it was 

not considered herein. Future research should also have a look into the 

effect of aging of the glass bottles and its effect on retention time 

repeatability addressing the question whether in aged glass bottles the 

release of ions levels off after a certain time. Moreover, it could be 

interesting to study the effect of integrating an ion suppressor between 

pump and injector which removes sodium and potassium cations or a 

borate ion trap column as suggested recently for improving peak shapes 

in carbohydrate analysis of some analytes such as mannose [51]. If these 

strategies along with the use of glass bottles solve the retention time 

repeatability problem as well, it would be an indirect confirmation for 

the above hypotheses. 
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Fig. 6. Extracted ion chromatogram (EIC) of sodium acetate cluster 

(CH3COONa)1 Na of Teicoplanin sample. Sodium acetate cluster 

(CH3COONa)nNa with n 1318 are detectable. Measured EICs with PFA 

bottles are blue (first measurement) and black (the following) coloured. 

 
 

 
and smoother surface texture, but the disadvantage of higher initial cost. 

In summary, in accordance with our results, we postulate that the 

storage of an eluent in borosilicate glass bottles changes the exact 

composition of the eluent over time, resulting in changes in the hydro- 

philic layer in HILIC and thus causes retention time shifts and repeat- 

ability problems. 

 
4. Conclusion 

 
In this study, retention time repeatability under gradient HILIC 

conditions (Premier BEH Amide column) was thoroughly investigated 

using three different sets of analytes (urinary metabolites, peptides, and 

oligonucleotides). The effect of standard borosilicate glass bottles and 

PFA bottles as the mobile phase storage vessels on retention time drifts 

was compared. It became evident that retention time shifts are signifi- 

cant when borosilicate bottles are employed. For the polar metabolites 

and the peptides, a shift pattern towards stronger retention with 

increasing analysis time was observed. In contrast, for the oligonucle- 

otide sample the opposite trend was found, i.e. lower retention with 

higher injection number. It was hypothesized that release of sodium, 

potassium, borate and other species from the borosilicate glass leads to 

changes in the semi-immobilized water layer structure and thickness at 

the interface of the HILIC stationary phase. The altered phase ratio and 

electrostatic screening effects may lead to shifted retention times 
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Table S1: MRM transitions and compound specific MS parameters (Dt, dwell time; DP, declustering 

potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential). 

SPx Q1, m/z 
Q3, 

m/z 

Dt, 

ms 
DP, V EP, V CE, V CXP, V 

HMP-1 259.3 79.0 20 -40 -10 -50 -10 

HMP-2 259.3 97.0 20 -40 -10 -22 -10 

F16P2-1 339.0 79.0 20 -10 -10 -70 -10 

F16P2-2 339.0 97.0 20 -10 -10 -23 -15 

GA3P/DHAP -1 169.0 79.0 20 -60 -10 -30 -10 

GA3P/DHAP -2 169.0 97.0 20 -60 -10 -12 -15 

3PG/2PG-1 185.0 79.0 20 -20 -10 -35 -10 

3PG/2PG-2 185.0 97.0 20 -20 -10 -20 -10 

PRPP-1 389.1 79.0 20 -40 -10 -35 -10 

PRPP-2 389.1 97.0 20 -40 -10 -15 -10 

E4P-1 199.0 79.0 20 -40 -10 -35 -10 

E4P-2 199.0 97.0 20 -40 -10 -15 -10 

PEP-1 167.0 79.0 20 -30 -10 -50 -10 

PEP-2 167.0 97.0 20 -30 -10 -20 -10 

6PGlcoA-1 275.0 79.0 20 -20 -10 -60 -12 

6PGlcoA-2 275.0 97.0 20 -20 -10 -23 -15 

S7P-1 289.0 79.0 20 -40 -10 -60 -15 

S7P-2 289.0 97.0 20 -40 -10 -20 -8 

PMP-1 229.0 79.0 20 -30 -10 -40 -10 

PMP-2 229.0 97.0 20 -30 -10 -15 -15 

23BPG-1 265.0 79.0 20 -40 -10 -50 -15 

23BPG-2 265.0 167.0 20 -40 -10 -16 -10 

Pyruvate-1 87.0 32.0 20 -20 -10 -12 -8 

Pyruvate-2 87.0 43.0 20 -20 -10 -10 -10 

Lactate-1 89.0 43.0 20 -30 -10 -18 -8 

Lactate-2 89.0 45.0 20 -30 -10 -12 -10 

U13C-HMP 265.3 79.0 20 -40 -10 -50 -10 

U13C-F16P2 345.0 79.0 20 -10 -10 -70 -10 

U13C-GA3P/DHAP 172.0 79.0 20 -60 -10 -30 -10 

U13C-3PG/2PG 188.0 79.0 20 -20 -10 -35 -10 

U13C-PEP 170.0 79.0 20 -30 -10 -50 -10 

U13C-6PGlcoA 281.0 79.0 20 -20 -10 -60 -12 

U13C-Se7P 296.0 79.0 20 -40 -10 -60 -15 

U13C-PMP 234.0 79.0 20 -30 -10 -40 -10 

U13C-23BPG 268.0 79.0 20 -40 -10 -50 -15 

U13C-Pyruvate 90.0 32.0 20 -20 -10 -12 -8 

U13C-Lactate 92.0 43.0 20 -30 -10 -18 -8 
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Table S2 | Instrumental detection (LoD, eq 2) and quantification limits (LoQ, eq. 3) determined with 
standard diluton series using 2 distinct buffer additves and gradient profile as specified (0.0 min, 90% 
B; 12.0 min, 15% B; 20.0 min, 20% B; 20.1 min, 10% B; 25.0 min, 10% B). 

 

SPx LoD NH4FA* 
[nmol/L] 

LoD NH4Ac 
[nmol/L] 

LoQ NH4FA* 
[nmol/L] 

LoQ NH4Ac 
[nmol/L] 

HMP 1.2 ± 0.2 2.7 ± 0.2 5.7 ± 0.5 8.3 ± 0.2 

PMP 2.0 ± 0.3 3.1 ± 0.2 6.2 ± 0.5 9.3 ± 0.3 

GA3P 1.5 ± 0.1 2.8 ± 0.3 4.5 ± 0.4 8.5 ± 0.4 

DHAP 1.9 ± 0.1 2.4 ± 0.2 5.9 ± 0.3 7.6 ± 0.5 

2PG 1.3 ± 0.3 2.5 ± 0.3 4.2 ± 0.2 8.2 ± 0.2 

3PG 1.5 ± 0.2 2.4 ± 0.2 4.5 ± 0.4 7.7 ± 0.4 

2,3BPG 1.7 ± 0.2 3.0 ± 0.2 3.6 ± 0.2 6.1 ± 0.5 

Pyr 2.6 ± 0.3 3.6 ± 0.2 8.4 ± 0.3 11.4 ± 0.7 

Lac 2.7 ± 0.2 3.5 ± 0.1 8.6 ± 0.3 10.9 ± 0.4 

E4P 2.0 ± 0.1 2.6 ± 0.2 6.1 ± 0.5 8.5 ± 0.2 

6PGlcoA 1.8 ± 0.3 3.2 ± 0.3 5.6 ± 0.3 9.9 ± 0.3 

S7P 2.0 ± 0.3 3.1 ± 0.4 6.1 ± 0.4 10.2 ± 0.3 

F16P2 2.9 ± 0.5 3.7 ± 0.5 8.7 ± 0.6 11.9 ± 0.5 

PEP 1.4 ± 0.2 3.1 ± 0.3 4.3 ± 0.4 9.9 ± 0.2 

PRPP 1.3 ± 0.1 2.4 ± 0.1 3.9 ± 0.1 8.3 ± 0.3 

* final method conditions 
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Table S3 | Retention times, peak widths at half height and tailing factors for the individual 
metabolites obtained for the method development conditions according to Figure S-1 (50 mM 
ammonium formate) 

 

 
 

Metabolite 

 
tR pH 

8.0 

[min] 

Peak 

Width 

pH 8.0 

[min] 

Tailing 

Factor 

pH 8.0 

tR pH 

9.0 

[min] 

Peak 

Width 

pH 9.0 

[min] 

Tailing 

Factor 

pH 9.0 

tR pH 

10.0 

[min] 

Peak 

Width 

pH 

10.0 
[min] 

Tailing 

Factor 

pH 

10.0 

tR pH 

11.0 

[min] 

Peak 

Width 

pH 

11.0 
[min] 

Tailing 

Factor 

pH 

11.0 

G6P 10.81 0.25 1.89 9.85 0.24 1.66 9.34 0.23 1.59 11.47 0.22 1.56 

G1P 8.93 0.24 1.66 8.06 0.21 1.54 8.58 0.21 1.67 8.81 0.20 1.45 

Gal1P 9.95 0.24 1.94 8.54 0.22 1.72 8.76 0.24 1.74 9.64 0.18 1.39 

Gal6P 10.34 0.23 2.01 9.27 0.23 1.81 9.48 0.19 1.69 12.01 0.24 1.44 

M1P + M6P 8.85 0.25 1.82 8.31 0.24 1.66 8.96 0.22 1.92 11.28 0.21 1.42 

F6P 9.44 0.25 1.64 8.92 0.25 1.56 8.55 0.26 1.44 8.68 0.19 1.31 

Ru1P 6.56 0.24 1.55 6.43 0.22 1.34 6.87 0.23 1.28 7.01 0.23 1.24 

Ri5P 7.75 0.25 1.93 7.52 0.26 1.45 7.65 0.25 1.32 7.98 0.22 1.34 

Xu5P 6.45 0.25 1.82 6.31 0.25 1.52 6.58 0.24 1.44 6.24 0.25 1.32 

Ru5P 6.21 0.24 1.74 6.12 0.23 1.53 6.44 0.22 1.37 6.01 0.20 1.26 

GA3P 8.86 0.25 1.61 8.60 0.24 1.48 8.34 0.25 1.56 8.10 0.19 1.41 

DHAP 8.99 0.24 1.64 8.71 0.25 1.50 8.51 0.23 1.42 8.38 0.24 1.35 

2PG 9.43 0.23 1.89 9.21 0.22 1.35 9.32 0.20 1.46 8.94 0.17 1.36 

3PG 9.78 0.23 1.78 9.44 0.20 1.48 9.55 0.21 1.35 9.32 0.19 1.27 

2,3BPG 15.87 0.13 2.21 15.45 0.09 1.77 15.62 0.08 1.38 15.12 0.07 1.27 

Pyr 1.13 0.05 1.15 1.14 0.05 1.11 1.11 0.05 1.14 1.14 0.05 1.01 

Lac 1.32 0.06 1.18 1.28 0.05 1.21 1.30 0.06 1.23 1.35 0.06 1.15 

E4P 10.38 0.24 1.67 9.96 0.22 1.56 10.00 0.20 1.35 9.89 0.18 1.45 

6PGlcoA 13.01 0.23 2.25 12.88 0.20 2.03 12.77 0.21 1.88 12.57 0.19 1.76 

S7P 10.34 0.26 2.01 10.22 0.23 1.76 10.01 0.22 1.56 9.89 0.21 1.42 

F16P2 16.89 0.15 2.45 16.44 0.10 1.87 15.76 0.08 1.34 15.31 0.08 1.22 

PEP 9.43 0.23 1.67 9.25 0.19 1.38 9.18 0.17 1.22 8.99 0.18 1.18 

PRPP 17.33 0.24 3.43 17.12 0.15 3.02 16.44 0.13 2.56 16.23 0.13 2.45 
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Table S4 | Retention times, peak widths and tailing factors for the individual metabolites obtained for 
the method development conditions according to Figure S-2. Gradient profile as specified 0.0 min, 
90% B; 12.0 min, 15% B; 20.0 min, 20% B; 20.1 min, 10% B; 25.0 min, 10% B. 

 

 
 

Metabolite 

tR 10 
mM 

NH4FA 
[min] 

Peak 

Width 10 

mM 

NH4FA 
[min] 

Tailing 

Factor 

10 mM 

NH4FA 

tR 50 

mM 

NH4FA 
[min] 

Peak 

Width 50 

mM 

NH4FA 
[min] 

Tailing 

Factor 

50 mM 

NH4FA 

tR 100 

mM 

NH4FA 
[min]* 

Peak 

Width 100 

mM 

NH4FA 
[min]* 

Tailing 

Factor 

100 mM 

NH4FA* 

G6P 9.31 0.24 2.12 11.47 0.22 1.76 13.88 0.14 1.50 

G1P 7.32 0.23 2.34 8.81 0.20 1.95 10.51 0.13 1.08 

Gal1P 8.45 0.25 2.55 9.64 0.18 1.89 11.57 0.10 0.82 

Gal6P 10.20 0.28 2.43 12.01 0.24 1.94 13.30 0.21 1.46 

M1P + M6P 8.82 0.26 2.76 11.28 0.21 2.02 12.27 0.11 1.16 

F6P 7.77 0.24 2.65 8.68 0.19 2.12 10.90 0.19 1.38 

Ru1P 6.02 0.28 1.94 7.01 0.23 1.56 8.95 0.17 1.14 

Ri5P 7.12 0.27 1.88 7.98 0.25 1.45 10.06 0.20 1.36 

Xu5P 5.65 0.29 1.92 6.24 0.24 1.41 8.44 0.20 1.12 

Ru5P 5.32 0.30 2.12 6.01 0.22 1.62 8.19 0.21 0.85 

GA3P 7.15 0.26 1.99 8.10 0.23 1.66 10.02 0.19 1.24 

DHAP 7.34 0.27 1.86 8.38 0.24 1.54 10.52 0.23 1.20 

2PG 7.66 0.29 2.12 8.94 0.24 1.34 10.90 0.14 1.29 

3PG 7.95 0.28 2.08 9.32 0.23 1.22 11.53 0.15 0.88 

2,3BPG 13.54 0.17 1.87 15.12 0.14 1.54 17.04 0.05 0.70 

Pyr 1.13 0.06 1.08 1.14 0.05 1.01 1.15 0.04 0.96 

Lac 1.38 0.07 1.01 1.35 0.04 0.98 1.42 0.05 1.55 

E4P 8.30 0.25 1.78 9.89 0.22 1.54 11.72 0.18 1.30 

6PGlcoA 10.98 0.24 2.12 12.57 0.20 1.81 14.46 0.13 1.65 

S7P 8.85 0.27 2.21 9.89 0.21 1.33 11.71 0.13 0.81 

F16P2 14.14 0.18 2.34 15.31 0.12 1.45 17.20 0.05 1.12 

PEP 7.94 0.24 2.45 8.99 0.18 1.18 10.81 0.14 0.99 

PRPP 14.93 0.16 3.12 16.23 0.12 2.67 18.19 0.09 2.17 

*optimized final conditions 



Table S5 | Matrix effect (ME) of SPx and extended metabolites without internal standard correction 
(Hela cells as matrix, n = 5). 
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ME, % QClow QCmid QChigh 

G6P 80.1 ± 1.5 79.7 ± 3.0 81.2 ± 1.1 

G1P 80.5 ± 2.1 87.6 ± 2.3 80.6 ± 3.0 

Gal1P 79.8 ± 1.4 79.4 ± 3.2 80.7 ± 2.2 

Gal6P 85.6 ± 2.2 81.5 ± 2.6 82.5 ± 2.3 

M1P + M6P 88.4 ± 1.3 79.8 ± 3.5 82.9 ± 3.4 

F6P 80.3 ± 1.7 79.6 ± 3.6 80.6 ± 3.1 

Ru1P 90.5 ± 1.6 86.9 ± 2.5 83.7 ± 1.0 

Ri5P 90.1 ± 2.4 85.6 ± 2.9 84.5 ± 2.5 

Xu5P 85.3 ± 1.5 83.7 ± 3.4 82.3 ± 2.4 

Ru5P 83.0 ± 2.8 84.9 ± 2.3 83.0 ± 2.2 

GA3P 86.2 ± 2.5 78.8 ± 3.0 82.6 ± 1.5 

DHAP 85.7 ± 2.2 80.1 ± 2.1 84.9 ± 1.6 

2PG 81.9 ± 2.4 80.4 ± 3.2 82.5 ± 1.2 

3PG 80.9 ± 1.0 81.9 ± 2.7 82.1 ± 2.1 

2,3BPG 80.8 ± 1.1 86.6 ± 2.5 83.0 ± 2.3 

Pyr 87.5 ± 2.2 80.8 ± 1.9 81.9 ± 3.0 

Lac 89.4 ± 2.5 88.9 ± 2.5 86.7 ± 2.3 

E4P 82.7 ± 2.6 80.3 ± 3.4 89.6 ± 2.6 

6PGlcoA 83.5 ± 1.4 85.0 ± 1.5 83.9 ± 2.7 

S7P 79.9 ± 1.5 82.1 ± 2.9 84.4 ± 2.3 

F16P2 86.9 ± 1.7 85.7 ± 2.3 85.2 ± 1.1 

PEP 86.3 ± 1.6 75.9 ± 2.2 86.8 ± 1.6 

PRPP 82.6 ± 1.9 82.5 ± 1.6 85.5 ± 1.0 

The concentrations of QClow, QCmid, and QChigh were 25 ng/mL, 250 ng/mL, and 500 

ng/mL respectively. 



Table S6 | Matrix effect (ME) of SPx and extended metabolites with internal standard correction 
(Hela cells as matrix, n = 5). 
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ME, % QClow QCmid QChigh 

G6P 98.7 ± 1.2 94.2 ± 3.5 97.5 ± 1.4 

G1P 97.1 ± 2.2 97.3 ± 2.4 98.0 ± 3.7 

Gal1P 97.1 ± 1.8 95.2 ± 3.3 98.2 ± 2.1 

Gal6P 95.4 ± 2.1 94.3 ± 2.7 102.4 ± 2.6 

M1P + M6P 98.9 ± 1.4 97.5 ± 3.3 98.3 ± 3.3 

F6P 98.4 ± 1.2 99.6 ± 3.1 108.2 ± 3.2 

Ru1P 97.7 ± 1.1 96.5 ± 2.8 96.8 ± 1.9 

Ri5P 98.4 ± 2.3 95.4 ± 2.2 97.3 ± 2.8 

X5P 95.4 ± 1.6 93.2 ± 3.1 96.6 ± 2.5 

Ru5P 93.3 ± 2.2 94.0 ± 2.9 95.1 ± 2.3 

GA3P 96.3 ± 2.9 98.2 ± 3.1 96.0 ± 1.8 

DHAP 95.7 ± 2.4 97.5 ± 2.2 99.1 ± 1.7 

2PG 97.1 ± 2.5 96.2 ± 3.1 95.4 ± 1.8 

3PG 95.4 ± 1.7 97.2 ± 2.4 99.7 ± 2.3 

2,3BPG 94.3 ± 1.8 96.1 ± 2.8 99.3 ± 2.5 

Pyr 97.3 ± 2.3 95.6 ± 1.8 96.2 ± 3.4 

Lac 96.2 ± 2.2 98.5 ± 2.1 94.3 ± 2.5 

E4P 98.4 ± 2.7 96.7 ± 3.2 99.3 ± 2.8 

6PGlcoA 103.1 ± 1.8 95.4 ± 1.8 102.5 ± 3.2 

S7P 94.4 ± 1.4 103.1 ± 2.6 97.6 ± 3.1 

F16P2 96.6 ± 1.1 95.4 ± 2.1 94.1 ± 1.7 

PEP 102.4 ± 1.2 95.7 ± 2.5 96.3 ± 2.1 

PRPP 94.3 ± 1.3 101.8 ± 1.5 95.7 ± 1.8 

The concentrations were the same as in Table S4. 



Table S7 | Extraction recovery (ER) of SPx and extended metabolites in this method without internal 
standard correction (Hela cells as matrix, n = 5). 
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ER, % QClow QCmid QChigh 

G6P 70.2 ± 1.4 67.2 ± 1.2 65.6 ± 2.6 

G1P 73.1 ± 2.5 66.4 ± 1.4 68.7 ± 3.6 

Gal1P 71.6 ± 2.1 73.6 ± 2.5 66.3 ± 1.7 

Gal6P 72.4 ± 3.3 74.5 ± 1.6 67.5 ± 2.0 

M1P + M6P 65.3 ± 4.6 73.8 ± 3.5 74.8 ± 3.3 

F6P 69.9 ± 1.5 66.9 ± 2.4 67.9 ± 1.5 

Ru1P 66.7 ± 2.2 73.9 ± 2.9 69.9 ± 2.2 

Ri5P 65.8 ± 3.1 76.9 ± 3.5 73.3 ± 2.3 

Xu5P 67.5 ± 2.6 75.6 ± 1.4 72.5 ± 2.0 

Ru5P 68.1 ± 1.3 67.5 ± 3.3 74.6 ± 1.4 

GA3P 70.0 ± 3.4 68.8 ± 2.6 76.3 ± 1.6 

DHAP 72.7 ± 2.5 69.5 ± 2.7 75.4 ± 1.4 

2PG 69.5 ± 3.6 72.4 ± 1.5 75.6 ± 1.5 

3PG 71.6 ± 2.7 68.6 ± 1.1 76.5 ± 2.3 

2,3BPG 72.7 ± 2.1 77.7 ± 2.4 73.9 ± 3.2 

Pyr 94.6 ± 3.3 95.5 ± 2.5 91.1 ± 1.6 

Lac 95.9 ± 3.6 93.8 ± 2.6 92.0 ± 1.4 

E4P 71.3 ± 2.4 70.6 ± 3.5 75.0 ± 1.7 

6PGlcoA 76.3 ± 3.3 68.3 ± 1.4 73.5 ± 2.1 

S7P 75.6 ± 3.7 76.9 ± 1.3 76.4 ± 2.0 

F16P2 71.5 ± 2.5 73.5 ± 2.1 70.3 ± 1.1 

PEP 76.1 ± 1.8 74.4 ± 2.7 72.1 ± 2.4 

PRPP 68.7 ± 1.9 75.9 ± 1.5 74.7 ± 2.3 

The concentrations were the same as in Table S4. 



Table S8 | Extraction recovery (ER) of SPx and extended metabolites in this method with internal 
standard correction (Hela cells as matrix, n = 5). 
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ER, % QClow QCmid QChigh 

G6P 88.5 ± 1.1 87.7 ± 1.4 89.2 ± 2.1 

G1P 89.3 ± 2.4 86.6 ± 1.9 88.4 ± 3.2 

Gal1P 87.4 ± 2.3 85.4 ± 2.1 86.5 ± 1.8 

Gal6P 86.6 ± 3.2 88.3 ± 1.1 87.4 ± 2.1 

M1P + M6P 88.1 ± 4.1 89.1 ± 3.2 89.2 ± 3.2 

F6P 89.1 ± 1.7 86.5 ± 2.3 87.5 ± 1.4 

Ru1P 86.4 ± 2.4 83.4 ± 2.7 89.1 ± 2.7 

Ri5P 85.4 ± 3.2 86.7 ± 3.3 86.9 ± 2.5 

X5P 87.7 ± 2.9 89.1 ± 1.5 86.3 ± 3.0 

Ru5P 88.4 ± 1.8 87.7 ± 3.2 87.1 ± 1.3 

GA3P 90.1 ± 3.1 88.3 ± 2.2 91.1 ± 1.2 

DHAP 92.2 ± 2.2 89.2 ± 2.9 93.2 ± 1.7 

2PG 89.1 ± 3.2 92.1 ± 1.8 90.3 ± 1.8 

3PG 91.3 ± 2.8 93.2 ± 1.9 92.2 ± 2.1 

2,3BPG 92.2 ± 2.9 94.3 ± 2.1 93.3 ± 3.1 

Pyr 94.4 ± 3.2 95.4 ± 2.2 91.2 ± 1.8 

Lac 95.4 ± 3.3 93.2 ± 2.6 92.4 ± 1.5 

E4P 87.7 ± 2.1 90.3 ± 3.0 89.6 ± 1.4 

6PGlcoA 90.1 ± 3.2 92.2 ± 1.9 93.1 ± 2.4 

S7P 89.3 ± 3.3 86.6 ± 1.4 91.1 ± 2.3 

F16P2 91.2 ± 2.1 93.4 ± 2.1 90.2 ± 1.2 

PEP 86.6 ± 1.5 89.2 ± 2.4 92.2 ± 3.2 

PRPP 88.5 ± 1.3 89.1 ± 1.6 94.5 ± 2.7 

The concentrations were the same as in Table S4. 



Table S9 | Process efficiency (PE) of SPx and extended metabolites in this method without internal 
standard correction (Hela cells as matrix, n = 5). 
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ER, % QClow QCmid QChigh 

G6P 56.2 ± 1.1 53.6 ± 1.6 53.3 ± 1.6 

G1P 58.8 ± 1.6 58.2 ± 1.5 55.4 ± 1.5 

Gal1P 57.1 ± 1.3 58.4 ± 1.4 53.5 ± 1.4 

Gal6P 62.0 ± 0.7 60.7 ± 1.3 55.7 ± 1.2 

M1P + M6P 57.7 ± 1.4 58.9 ± 1.6 62.0 ± 1.8 

F6P 56.1 ± 2.1 53.3 ± 1.8 54.7 ± 1.6 

Ru1P 60.4 ± 1.2 64.2 ± 2.2 58.5 ± 2.1 

Ri5P 59.3 ± 1.5 65.8 ± 2.4 61.9 ± 1.9 

Xu5P 57.6 ± 1.4 63.3 ± 0.9 59.7 ± 2.0 

Ru5P 56.5 ± 1.3 57.3 ± 1.6 61.9 ± 1.4 

GA3P 60.3 ± 1.2 54.2 ± 1.5 63.0 ± 1.5 

DHAP 62.3 ± 1.6 55.7 ± 1.8 64.0 ± 1.4 

2PG 56.9 ± 1.7 58.2 ± 2.0 62.4 ± 2.5 

3PG 57.9 ± 1.6 56.2 ± 2.1 62.8 ± 0.8 

2,3BPG 58.7 ± 1.5 67.3 ± 1.6 61.3 ± 1.3 

Pyr 82.8 ± 1.2 77.2 ± 1.5 74.6 ± 1.6 

Lac 85.7 ± 1.6 83.4 ± 1.4 79.8 ± 1.7 

E4P 59.0 ± 1.9 56.7 ± 1.3 67.2 ± 1.5 

6PGlcoA 63.7 ± 1.6 58.1 ± 1.1 61.7 ± 1.2 

S7P 60.4 ± 1.5 63.1 ± 0.9 64.5 ± 1.3 

F16P 62.1 ± 1.4 63.0 ± 1.6 59.9 ± 0.7 

PEP 65.7 ± 1.6 56.5 ± 1.7 62.6 ± 1.0 

PRPP 56.7 ± 1.8 62.6 ± 1.5 63.9 ± 0.9 

The concentrations were the same as in Table S4. 



Table S10 | Process efficiency (PE) of SPx and extended metabolites in this method with internal 
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standard correction (Hela cells as matrix, n = 5). 
 

ER, % QClow QCmid QChigh 

G6P 87.5 ± 1.2 87.1 ± 1.2 90.3 ± 1.5 

G1P 88.7 ± 2.1 86.4 ± 1.3 86.0 ± 1.6 

Gal1P 85.1 ± 0.9 85.3 ± 0.8 85.8 ± 1.7 

Gal6P 87.6 ± 3.2 86.8 ± 1.5 86.9 ± 1.4 

M1P + M6P 88.4 ± 2.1 87.5 ± 1.6 91.1 ± 2.1 

F6P 88.1 ± 2.2 85.9 ± 1.2 90.2 ± 2.2 

Ru1P 85.8 ± 1.6 81.5 ± 1.1 89.3 ± 2.3 

Ri5P 84.6 ± 1.4 88.5 ± 1.1 85.9 ± 0.9 

X5P 86.5 ± 1.3 92.1 ± 2.4 85.7 ± 0.8 

Ru5P 88.7 ± 1.9 87.6 ± 2.5 85.8 ± 1.4 

GA3P 90.3 ± 0.8 86.9 ± 2.3 90.4 ± 1.3 

DHAP 91.9 ± 2.0 88.4 ± 2.8 94.3 ± 1.2 

2PG 88.1 ± 2.0 91.4 ± 0.6 88.8 ± 1.1 

3PG 90.1 ± 1.8 94.3 ± 0.8 91.8 ± 2.4 

2,3BPG 94.1 ± 1.5 93.9 ± 1.4 91.9 ± 1.8 

Pyr 97.4 ± 1.5 95.5 ± 1.3 90.4 ± 1.5 

Lac 96.4 ± 1.3 92.4 ± 1.6 90.1 ± 1.4 

E4P 86.8 ± 1.2 92.2 ± 1.5 88.3 ± 1.3 

6PGlcoA 89.7 ± 1.7 91.1 ± 1.7 95.1 ± 1.2 

S7P 91.2 ± 2.4 85.7 ± 2.1 89.7 ± 0.9 

F16P 92.2 ± 2.3 92.8 ± 2.0 88.8 ± 1.3 

PEP 84.8 ± 2.2 87.7 ± 1.5 92.5 ± 1.2 

PRPP 83.4 ± 1.3 81.9 ± 1.6 90.4 ± 2.2 

The concentrations were the same as in Table S4. 



Table S11 | Calibration values for final method conditions (r2-value) and percent found of nominal 
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calibrator concentration. 
 

Calibrator concentration accuracy 
[%] 

1 ng/mL 50 ng/mL 100 ng/mL 500 ng/mL 1 µg/mL r2-Value 
matrix-matched 

calibration 

G6P 86.4 ± 0.8 88.4 ± 2.4 101.2 ± 2.3 88.3 ± 2.2 103.2 ± 3.3 0.9916 

G1P 87.9 ± 1.2 87.5 ± 2.0 100.9 ± 2.1 89.5 ± 3.2 98.3 ± 2.1 0.9893 

Gal1P 85.4 ± 1.2 92.3 ± 3.2 96.7 ± 1.6 102.3 ± 1.7 104.5 ± 1.6 0.9965 

Gal6P 85.1 ± 0.3 94.5 ± 1.6 99.5 ± 2.2 110.6 ± 3.4 99.3 ± 0.9 0.9945 

M1P + M6P 88.6 ± 2.2 102.3 ± 2.7 107.8 ± 1.7 104.3 ± 3.5 87.9 ± 1.2 0.9967 

F6P 87.3 ± 1.6 105.6 ± 2.5 110.3 ± 2.3 85.8 ± 2.5 93.3 ± 0.8 0.9926 

Ru1P 89.0 ± 2.3 109.3 ± 0.9 102.4 ± 0.9 88.6 ± 0.9 92.1 ± 1.4 0.9957 

Ri5P 88.2 ± 3.2 110.4 ± 0.8 105.6 ± 1.0 93.2 ± 1.2 91.5 ± 1.0 0.9975 

Xu5P 86.3 ± 1.1 99.5 ± 0.7 98.5 ± 1.2 92.4 ± 0.6 102.3 ± 0.4 0.9977 

Ru5P 90.5 ± 2.2 96.3 ± 2.1 97.3 ± 1.1 95.6 ± 2.2 105.6 ± 0.5 0.9969 

GA3P 94.3 ± 2.1 95.3 ± 3.5 90.6 ± 0.4 98.8 ± 1.7 99.6 ± 1.3 0.9975 

DHAP 91.2 ± 3.3 91.2 ± 2.1 98.2 ± 0.3 102.3 ± 2.0 104.5 ± 2.0 0.9996 

2PG 86.0 ± 1.6 94.3 ± 0.8 88.6 ± 2.2 110.7 ± 2.5 96.5 ± 1.8 0.9993 

3PG 85.2 ± 0.9 96.7 ± 1.3 91.4 ± 3.3 105.4 ± 1.5 94.3 ± 2.2 0.9991 

2,3BPG 88.3 ± 0.8 99.2 ± 1.2 92.5 ± 2.2 108.6 ± 1.3 89.1 ± 3.1 0.9929 

Pyr 90.3 ± 1.1 104.3 ± 3.2 94.6 ± 1.5 113.6 ± 0.4 103.4 ± 2.2 0.9919 

Lac 91.2 ± 1.0 107.8 ± 4.0 104.3 ± 1.3 87.7 ± 0.5 105.6 ± 1.8 0.9971 

E4P 87.2 ± 0.3 112.3 ± 0.6 109.8 ± 1.2 94.5 ± 1.6 112.3 ± 1.4 0.9943 

6PGlcoA 85.6 ± 0.5 101.2 ± 0.9 110.3 ± 0.7 99.6 ± 2.7 87.7 ± 2.1 0.9929 

S7P 88.4 ± 2.2 89.5 ± 1.1 112.5 ± 2.5 102.3 ± 0.9 103.3 ± 1.7 0.9954 

F16P2 89.2 ± 3.3 93.4 ± 2.2 99.1 ± 2.6 99.2 ± 0.7 102.6 ± 0.9 0.9912 

PEP 88.3 ± 2.6 95.5 ± 1.3 90.6 ± 0.9 105.4 ± 1.6 105.4 ± 2.0 0.9954 

PRPP 86.5 ± 1.3 96.7 ± 1.2 87.6 ± 0.8 88.6 ± 2.1 105.4 ± 0.4 0.9988 



Table S12 | Intra – day precision (as % RSD) (Hela cells as matrix, n = 5). 
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Precision, % QClow QCmid QChigh 

G6P 6.6 ± 1.2 5.5 ± 0.8 4.3 ± 0.9 

G1P 6.1 ± 0.9 6.1 ± 0.5 5.1 ± 1.5 

Gal1P 5.4 ± 0.8 6.4 ± 0.4 3.2 ± 0.7 

Gal6P 6.2 ± 1.1 7.7 ± 1.9 4.8 ± 1.2 

M1P + M6P 7.7 ± 1.3 4.6 ± 1.3 5.4 ± 0.6 

F6P 8.1 ± 0.9 5.1 ± 1.7 6.1 ± 0.5 

Ru1P 4.3 ± 0.7 6.9 ± 2.1 5.8 ± 1.3 

Ri5P 6.8 ± 1.4 8.3 ± 1.9 6.6 ± 1.2 

Xu5P 7.9 ± 1.2 3.3 ± 0.4 7.1 ± 0.9 

Ru5P 8.9 ± 2.1 4.4 ± 0.3 4.3 ± 1.0 

GA3P 10.1 ± 2.6 5.5 ± 0.4 3.8 ± 0.7 

DHAP 9.4 ± 1.5 2.8 ± 0.2 6.6 ± 0.5 

2PG 5.6 ± 0.6 3.5 ± 0.2 7.7 ± 2.1 

3PG 6.1 ± 0.5 4.1 ± 0.3 8.1 ± 1.9 

2,3BPG 7.7 ± 0.4 6.1 ± 1.2 5.4 ± 1.2 

Pyr 4.4 ± 0.3 7.8 ± 1.4 5.5 ± 0.7 

Lac 5.1 ± 0.6 6.1 ± 1.5 6.6 ± 1.1 

E4P 6.6 ± 0.5 5.4 ± 0.9 4.4 ± 0.9 

6PGlcoA 5.8 ± 0.4 6.6 ± 1.6 3.2 ± 0.4 

S7P 4.9 ± 0.3 3.1 ± 0.7 6.5 ± 0.8 

F16P2 6.6 ± 1.3 5.4 ± 0.9 7.7 ± 1.4 

PEP 8.1 ± 1.7 5.4 ± 2.1 7.7 ± 0.6 

PRPP 6.5 ± 1.5 5.4 ± 2.4 3.2 ± 1.2 

The concentrations were the same as in Table S4. 



Table S13 | Inter – day precision (as % RSD) (Hela cells as matrix, n = 5). 
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Precision, % QClow QCmid QChigh 

G6P 6.9 ± 1.2 5.6 ± 1.0 4.9 ± 0.9 

G1P 7.2 ± 2.1 6.3 ± 1.1 5.7 ± 1.1 

Gal1P 5.4 ± 0.9 6.2 ± 0.7 4.4 ± 1.2 

Gal6P 4.5 ± 1.2 8.2 ± 1.6 5.4 ± 0.7 

M1P + M6P 6.6 ± 0.7 5.5 ± 1.0 6.3 ± 1.2 

F6P 8.8 ± 1.4 5.7 ± 1.2 7.4 ± 1.0 

Ru1P 5.6 ± 0.6 7.7 ± 0.9 6.3 ± 0.9 

Ri5P 7.7 ± 0.9 8.8 ± 1.3 6.5 ± 2.1 

Xu5P 6.1 ± 1.0 4.3 ± 0.6 7.4 ± 2.4 

Ru5P 5.4 ± 1.1 5.5 ± 0.4 5.3 ± 0.4 

GA3P 8.8 ± 1.2 6.7 ± 0.3 4.5 ± 1.2 

DHAP 9.1 ± 1.0 3.3 ± 0.3 7.3 ± 1.3 

2PG 6.6 ± 2.1 4.1 ± 1.2 6.5 ± 0.9 

3PG 7.1 ± 0.6 5.5 ± 1.1 7.9 ± 1.2 

2,3BPG 6.8 ± 2.6 6.8 ± 0.9 6.6 ± 1.3 

Pyr 4.1 ± 1.4 8.8 ± 1.2 8.2 ± 1.2 

Lac 4.9 ± 1.0 7.2 ± 1.1 6.0 ± 0.7 

E4P 6.1 ± 0.9 5.6 ± 1.0 5.2 ± 0.6 

6PGlcoA 5.5 ± 0.5 7.3 ± 0.9 4.1 ± 1.2 

S7P 5.4 ± 1.2 4.3 ± 1.2 7.8 ± 1.3 

F16P2 6.1 ± 2.3 5.4 ± 1.8 7.7 ± 1.8 

PEP 8.8 ± 1.3 6.1 ± 1.1 9.3 ± 1.2 

PRPP 4.4 ± 1.2 2.1 ± 0.5 5.5 ± 1.7 

The concentrations were the same as in Table S4. 



Table S14 | Intra – day accuracy (as determined by % recovery) (Hela cells as matrix, n = 5). 
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Accuracy, % QClow QCmid QChigh 

G6P 99.3 ± 3.3 97.6 ± 5.4 93.3 ± 1.8 

G1P 95.4 ± 4.1 103.3 ± 3.4 104.3 ± 4.1 

Gal1P 90.3 ± 3.2 98.6 ± 4.2 95.5 ± 2.9 

Gal6P 105.4 ± 4.1 102.1 ± 3.3 98.8 ± 3.4 

M1P + M6P 103.2 ± 2.8 96.6 ± 2.9 92.2 ± 3.4 

F6P 89.3 ± 1.9 103.3 ± 2.6 94.3 ± 2.7 

Ru1P 92.2 ± 2.8 95.5 ± 3.7 101.2 ± 3.4 

Ri5P 91.1± 3.4 97.7 ± 4.3 90.2 ± 3.7 

Xu5P 88.4 ± 4.0 90.3 ± 3.2 88.4 ± 2.3 

Ru5P 90.3 ± 2.4 98.8 ± 4.5 94.4 ± 2.8 

GA3P 93.3 ± 2.8 102.2 ± 3.2 97.7 ± 1.9 

DHAP 95.5 ± 3.9 100.3 ± 4.1 93.3 ± 2.3 

2PG 98.8 ± 3.1 95.5 ± 5.4 92.2 ± 1.9 

3PG 100.2 ± 2.7 104.3 ± 4.8 94.4 ± 1.9 

2,3BPG 97.7 ± 3.2 98.8 ± 3.1 90.2 ± 2.1 

Pyr 106.7 ± 4.1 102.2 ± 3.9 96.6 ± 2.3 

Lac 107.7 ± 5.3 98.8 ± 3.3 94.3 ± 3.1 

E4P 104.3 ± 4.9 94.4 ± 3.0 91.1 ± 2.7 

6PGlcoA 98.8 ± 1.7 95.5 ± 2.8 93.3 ± 3.2 

S7P 96.6 ± 3.2 98.9 ± 3.2 98.5 ± 3.3 

F16P2 98.8 ± 3.4 97.7 ± 2.1 101.2 ± 4.4 

PEP 103.3 ± 4.6 95.5 ± 3.3 98.1 ± 4.1 

PRPP 93.3 ± 1.1 98.2 ± 1.5 95.4 ± 1.7 

The concentrations were the same as in Table S4. 



Table S15 | Inter – day accuracy (as determined by % recovery) (Hela cells as matrix, n = 5). 
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Accuracy, % QClow QCmid QChigh 

G6P 95.4 ± 3.3 97.7 ± 2.7 98.3 ± 2.5 

G1P 96.5 ± 3.1 95.4 ± 3.2 98.1 ± 3.1 

Gal1P 93.2 ± 2.8 98.3 ± 3.3 96.5 ± 3.2 

Gal6P 96.7 ± 4.1 95.4 ± 1.9 98.1 ± 2.2 

M1P + M6P 98.9 ± 3.2 101.1 ± 3.2 99.3 ± 2.4 

F6P 101.2 ± 3.3 99.3 ± 2.9 98.2 ± 1.8 

Ru1P 93.2 ± 2.8 94.4 ± 3.2 97.6 ± 2.7 

Ri5P 93.1 ± 3.8 95.5 ± 2.4 96.7 ± 3.2 

Xu5P 92.2 ± 2.9 93.2 ± 2.7 95.4 ± 3.1 

Ru5P 90.4 ± 2.7 96.6 ± 2.9 91.2 ± 2.0 

GA3P 88.8 ± 3.1 95.4 ± 3.1 96.7 ± 2.9 

DHAP 91.1 ± 2.8 94.3 ± 3.2 95.9 ± 1.5 

2PG 95.4 ± 3.1 97.7 ± 2.8 98.3 ± 1.2 

3PG 99.2 ± 3.5 98.4 ± 2.9 96.3 ± 1.1 

2,3BPG 101.1 ± 2.9 93.3 ± 2.4 96.6 ± 2.3 

Pyr 104.3 ± 3.1 98.2 ± 2.5 95.3 ± 2.0 

Lac 102.2 ± 2.8 98.1 ± 2.7 94.1 ± 3.1 

E4P 99.7 ± 3.0 94.4 ± 2.6 95.5 ± 3.2 

6PGlcoA 96.6 ± 1.8 96.6 ± 3.2 97.7 ± 2.1 

S7P 98.3 ± 1.4 97.7 ± 4.1 96.6 ± 2.2 

F16P2 103.3 ± 5.6 98.8 ± 4.1 93.3 ± 2.1 

PEP 101.1 ± 2.5 98.3 ± 2.9 98.3 ± 2.3 

PRPP 88.9 ± 2.1 93.2 ± 2.2 95.6 ± 2.7 

The concentrations were the same as in Table S4. 



Table S16A | Retention time repeatability of target analytes over 60 injections (over 25 hour 
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estimated). 
 
 

Inj Nr. G1P 

[min] 

G6P 

[min] 

F6P 

[min] 

Gal1P 

[min] 

Gal6P 

[min] 

Ru5P 

[min] 

Xu5P 

[min] 

Ru1P 

[min] 

Ri5P 

[min] 

GAP3 

[min] 

DHAP 

[min] 

1 10.49 13.85 10.92 11.59 13.31 8.2 8.46 8.96 10.07 10.04 10.5 

2 10.54 13.89 10.92 11.58 13.32 8.18 8.44 8.95 10.06 10.02 10.52 

3 10.55 13.88 10.91 11.56 13.32 8.19 8.45 8.94 10.05 10.02 10.5 

4 10.51 13.87 10.91 11.57 13.32 8.21 8.46 8.96 10.07 10.04 10.52 

5 10.52 13.88 10.92 11.59 13.31 8.2 8.45 8.94 10.06 10.01 10.52 

6 10.5 13.9 10.93 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.51 

7 10.49 13.86 10.94 11.55 13.3 8.21 8.45 8.96 10.05 10.04 10.5 

8 10.49 13.88 10.92 11.57 13.3 8.21 8.46 8.94 10.07 10.04 10.5 

9 10.52 13.88 10.91 11.59 13.31 8.2 8.42 8.96 10.06 10.04 10.5 

10 10.51 13.88 10.9 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.52 

11 10.48 13.89 10.9 11.58 13.3 8.18 8.42 8.95 10.06 10.01 10.5 

12 10.52 13.9 10.9 11.57 13.31 8.2 8.46 8.93 10.06 10.02 10.52 

13 10.53 13.87 10.9 11.59 13.34 8.18 8.43 8.95 10.05 10.01 10.51 

14 10.5 13.88 10.9 11.57 13.3 8.19 8.44 8.94 10.07 10.04 10.5 

15 10.49 13.86 10.9 11.58 13.31 8.2 8.43 8.96 10.07 10.01 10.5 

16 10.51 13.84 10.91 11.59 13.3 8.18 8.46 8.95 10.07 10.02 10.5 

17 10.48 13.86 10.93 11.58 13.29 8.19 8.44 8.94 10.05 10.02 10.51 

18 10.5 13.87 10.92 11.59 13.31 8.2 8.43 8.96 10.06 10.04 10.51 

19 10.52 13.9 10.92 11.58 13.34 8.18 8.46 8.93 10.05 10.02 10.52 

20 10.49 13.88 10.92 11.59 13.31 8.2 8.44 8.96 10.07 10.04 10.51 

21 10.49 13.85 10.92 11.59 13.31 8.2 8.46 8.96 10.07 10.04 10.5 

22 10.54 13.89 10.92 11.58 13.32 8.18 8.44 8.95 10.06 10.02 10.52 

23 10.55 13.88 10.91 11.56 13.32 8.19 8.45 8.94 10.05 10.02 10.5 

24 10.51 13.87 10.91 11.57 13.32 8.21 8.46 8.96 10.07 10.04 10.52 

25 10.52 13.88 10.92 11.59 13.31 8.2 8.45 8.94 10.06 10.01 10.52 

26 10.5 13.9 10.93 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.51 

27 10.49 13.86 10.94 11.55 13.3 8.21 8.45 8.96 10.05 10.04 10.5 

28 10.49 13.88 10.92 11.57 13.3 8.21 8.46 8.94 10.07 10.04 10.5 

29 10.52 13.88 10.91 11.59 13.31 8.2 8.42 8.96 10.06 10.04 10.5 

30 10.51 13.88 10.9 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.52 

31 10.48 13.89 10.9 11.58 13.3 8.18 8.42 8.95 10.06 10.01 10.5 

32 10.52 13.9 10.9 11.57 13.31 8.2 8.46 8.93 10.06 10.02 10.52 

33 10.51 13.88 10.9 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.52 

34 10.48 13.89 10.9 11.58 13.3 8.18 8.42 8.95 10.06 10.01 10.5 

35 10.52 13.9 10.9 11.57 13.31 8.2 8.46 8.93 10.06 10.02 10.52 

36 10.53 13.87 10.9 11.59 13.34 8.18 8.43 8.95 10.05 10.01 10.51 

37 10.5 13.88 10.9 11.57 13.3 8.19 8.44 8.94 10.07 10.04 10.5 

38 10.49 13.86 10.9 11.58 13.31 8.2 8.43 8.96 10.07 10.01 10.5 

39 10.51 13.84 10.91 11.59 13.3 8.18 8.46 8.95 10.07 10.02 10.5 

40 10.48 13.86 10.93 11.58 13.29 8.19 8.44 8.94 10.05 10.02 10.51 

41 10.5 13.87 10.92 11.59 13.31 8.2 8.43 8.96 10.06 10.04 10.51 

42 10.52 13.9 10.92 11.58 13.34 8.18 8.46 8.93 10.05 10.02 10.52 

43 10.49 13.85 10.92 11.59 13.31 8.2 8.46 8.96 10.07 10.04 10.5 

44 10.54 13.89 10.92 11.58 13.32 8.18 8.44 8.95 10.06 10.02 10.52 

45 10.55 13.88 10.91 11.56 13.32 8.19 8.45 8.94 10.05 10.02 10.5 

46 10.51 13.87 10.91 11.57 13.32 8.21 8.46 8.96 10.07 10.04 10.52 
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47 10.52 13.88 10.92 11.59 13.31 8.2 8.45 8.94 10.06 10.01 10.52 

48 10.5 13.9 10.93 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.51 

49 10.49 13.86 10.94 11.55 13.3 8.21 8.45 8.96 10.05 10.04 10.5 

50 10.49 13.88 10.92 11.57 13.3 8.21 8.46 8.94 10.07 10.04 10.5 

51 10.52 13.88 10.91 11.59 13.31 8.2 8.42 8.96 10.06 10.04 10.5 

52 10.51 13.88 10.9 11.57 13.3 8.19 8.44 8.95 10.06 10.02 10.52 

53 10.48 13.89 10.9 11.58 13.3 8.18 8.42 8.95 10.06 10.01 10.5 

54 10.52 13.9 10.9 11.57 13.31 8.2 8.46 8.93 10.06 10.02 10.52 

55 10.53 13.87 10.9 11.59 13.34 8.18 8.43 8.95 10.05 10.01 10.51 

56 10.5 13.88 10.9 11.57 13.3 8.19 8.44 8.94 10.07 10.04 10.5 

57 10.49 13.86 10.9 11.58 13.31 8.2 8.43 8.96 10.07 10.01 10.5 

58 10.51 13.84 10.91 11.59 13.3 8.18 8.46 8.95 10.07 10.02 10.5 

59 10.48 13.86 10.93 11.58 13.29 8.19 8.44 8.94 10.05 10.02 10.51 

60 10.5 13.87 10.92 11.59 13.31 8.2 8.43 8.96 10.06 10.04 10.51 

MEAN 
[min] 

10.51 13.88 10.91 11.58 13.31 8.19 8.44 8.95 10.06 10.03 10.51 

SD [min] 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

RSD [%] 0.18 0.12 0.11 0.10 0.09 0.13 0.16 0.11 0.07 0.12 0.08 
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Table S16B | Retention time repeatability of target analytes over 60 injections (over 25 hour 
estimated). 

 

Inj Nr. S7P 

[min] 

2,3BPG 

[min] 

Pyr 

[min] 

Lac 

[min] 

PEP 

[min] 

6PGlcoA 

[min] 

E4P 

[min] 

PRPP 

[min] 

F16P2 

[min] 

2PG 

[min] 

3PG 

[min] 

1 11.72 17.05 1.15 1.43 10.83 14.46 11.72 18.2 17.2 10.92 11.53 

2 11.71 17.03 1.14 1.42 10.82 14.45 11.71 18.21 17.19 10.9 11.51 

3 11.71 17.03 1.14 1.43 10.81 14.46 11.7 18.2 17.19 10.91 11.52 

4 11.7 17.05 1.15 1.43 10.83 14.45 11.7 18.2 17.2 10.91 11.51 

5 11.72 17.05 1.15 1.43 10.83 14.46 11.71 18.22 17.2 10.9 11.53 

6 11.7 17.03 1.15 1.43 10.83 14.46 11.72 18.21 17.19 10.92 11.52 

7 11.71 17.02 1.15 1.43 10.81 14.43 11.7 18.2 17.2 10.92 11.51 

8 11.7 17.02 1.14 1.43 10.82 14.45 11.7 18.22 17.2 10.91 11.51 

9 11.72 17.04 1.14 1.42 10.82 14.44 11.71 18.21 17.2 10.9 11.53 

10 11.71 17.04 1.15 1.42 10.81 14.46 11.72 18.19 17.2 10.9 11.53 

11 11.71 17.02 1.15 1.42 10.83 14.44 11.7 18.2 17.2 10.91 11.52 

12 11.7 17.05 1.15 1.42 10.81 14.45 11.71 18.19 17.19 10.92 11.5 

13 11.72 17.05 1.15 1.42 10.82 14.44 11.7 18.2 17.2 10.89 11.51 

14 11.71 17.05 1.14 1.42 10.82 14.46 11.72 18.2 17.2 10.9 11.52 

15 11.71 17.03 1.14 1.42 10.83 14.44 11.72 18.2 17.19 10.9 11.52 

16 11.72 17.05 1.14 1.43 10.82 14.45 11.72 18.2 17.2 10.92 11.53 

17 11.7 17.04 1.15 1.43 10.83 14.45 11.72 18.21 17.19 10.92 11.52 

18 11.72 17.05 1.14 1.43 10.81 14.46 11.71 18.19 17.2 10.89 11.53 

19 11.72 17.04 1.15 1.43 10.83 14.46 11.71 18.21 17.19 10.91 11.51 

20 11.72 17.05 1.15 1.43 10.83 14.46 11.72 18.2 17.19 10.92 11.53 

21 11.72 17.05 1.15 1.43 10.83 14.46 11.72 18.2 17.2 10.92 11.53 

22 11.71 17.03 1.14 1.42 10.82 14.45 11.71 18.21 17.19 10.9 11.51 

23 11.71 17.03 1.14 1.43 10.81 14.46 11.7 18.2 17.19 10.91 11.52 

24 11.7 17.05 1.15 1.43 10.83 14.45 11.7 18.2 17.2 10.91 11.51 

25 11.72 17.05 1.15 1.43 10.83 14.46 11.71 18.22 17.2 10.9 11.53 

26 11.7 17.03 1.15 1.43 10.83 14.46 11.72 18.21 17.19 10.92 11.52 

27 11.71 17.02 1.15 1.43 10.81 14.43 11.7 18.2 17.2 10.92 11.51 

28 11.7 17.02 1.14 1.43 10.82 14.45 11.7 18.22 17.2 10.91 11.51 

29 11.72 17.04 1.14 1.42 10.82 14.44 11.71 18.21 17.2 10.9 11.53 

30 11.71 17.04 1.15 1.42 10.81 14.46 11.72 18.19 17.2 10.9 11.53 

31 11.71 17.02 1.15 1.42 10.83 14.44 11.7 18.2 17.2 10.91 11.52 

32 11.7 17.05 1.15 1.42 10.81 14.45 11.71 18.19 17.19 10.92 11.5 

33 11.71 17.04 1.15 1.42 10.81 14.46 11.72 18.19 17.2 10.9 11.53 

34 11.71 17.02 1.15 1.42 10.83 14.44 11.7 18.2 17.2 10.91 11.52 

35 11.7 17.05 1.15 1.42 10.81 14.45 11.71 18.19 17.19 10.92 11.5 

36 11.72 17.05 1.15 1.42 10.82 14.44 11.7 18.2 17.2 10.89 11.51 

37 11.71 17.05 1.14 1.42 10.82 14.46 11.72 18.2 17.2 10.9 11.52 

38 11.71 17.03 1.14 1.42 10.83 14.44 11.72 18.2 17.19 10.9 11.52 

39 11.72 17.05 1.14 1.43 10.82 14.45 11.72 18.2 17.2 10.92 11.53 

40 11.7 17.04 1.15 1.43 10.83 14.45 11.72 18.21 17.19 10.92 11.52 

41 11.72 17.05 1.14 1.43 10.81 14.46 11.71 18.19 17.2 10.89 11.53 

42 11.72 17.04 1.15 1.43 10.83 14.46 11.71 18.21 17.19 10.91 11.51 

43 11.72 17.05 1.15 1.43 10.83 14.46 11.72 18.2 17.2 10.92 11.53 

44 11.71 17.03 1.14 1.42 10.82 14.45 11.71 18.21 17.19 10.9 11.51 

45 11.71 17.03 1.14 1.43 10.81 14.46 11.7 18.2 17.19 10.91 11.52 

46 11.7 17.05 1.15 1.43 10.83 14.45 11.7 18.2 17.2 10.91 11.51 

47 11.72 17.05 1.15 1.43 10.83 14.46 11.71 18.22 17.2 10.9 11.53 

48 11.7 17.03 1.15 1.43 10.83 14.46 11.72 18.21 17.19 10.92 11.52 
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49 11.71 17.02 1.15 1.43 10.81 14.43 11.7 18.2 17.2 10.92 11.51 

50 11.7 17.02 1.14 1.43 10.82 14.45 11.7 18.22 17.2 10.91 11.51 

51 11.72 17.04 1.14 1.42 10.82 14.44 11.71 18.21 17.2 10.9 11.53 

52 11.71 17.04 1.15 1.42 10.81 14.46 11.72 18.19 17.2 10.9 11.53 

53 11.71 17.02 1.15 1.42 10.83 14.44 11.7 18.2 17.2 10.91 11.52 

54 11.7 17.05 1.15 1.42 10.81 14.45 11.71 18.19 17.19 10.92 11.5 

55 11.72 17.05 1.15 1.42 10.82 14.44 11.7 18.2 17.2 10.89 11.51 

56 11.71 17.05 1.14 1.42 10.82 14.46 11.72 18.2 17.2 10.9 11.52 

57 11.71 17.03 1.14 1.42 10.83 14.44 11.72 18.2 17.19 10.9 11.52 

58 11.72 17.05 1.14 1.43 10.82 14.45 11.72 18.2 17.2 10.92 11.53 

59 11.7 17.04 1.15 1.43 10.83 14.45 11.72 18.21 17.19 10.92 11.52 

60 11.72 17.05 1.14 1.43 10.81 14.46 11.71 18.19 17.2 10.89 11.53 

MEAN 
[min] 

11.71 17.04 1.15 1.43 10.82 14.45 11.71 18.2 17.2 10.91 11.52 

SD [min] 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

RSD [%] 0.07 0.07 0.43 0.35 0.08 0.06 0.07 0.05 0.03 0.09 0.08 
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Table S17 | SPx and extended metabolites in glycolysis and pentose phosphate pathways quantified in 
3x106 Hela Cells n = 5. Matrix-matched calibration (HeLa cells) corrected for endogenous levels. 

 

SPx 
Concentration* 

[nmol/L] 
Amount per cell 

[fmol/cell] 

G6P 34.3 ± 2.3 11.4 ± 0.8 

G1P 71.2 ± 3.2 23.7 ± 1.1 

Gal1P 26.1 ± 1.1 8.7 ± 0.4 

Gal6P 17.1 ± 0.7 5.7 ± 0.2 

M1P + M6P 73.9 ± 4.5 24.6 ± 1.5 

F6P 38.2 ± 3.2 12.7 ± 1.1 

Ru1P 110.5 ± 6.7 36.8 ± 2.2 

Ri5P 23.6 ± 1.6 7.9 ± 0.5 

Xu5P 11.6 ± 0.6 3.9 ± 0.2 

Ru5P 12.5 ± 1.2 4.2 ± 0.4 

GA3P 14.7 ± 1.3 4.9 ± 0.4 

DHAP 14.4 ± 1.6 4.8 ± 0.5 

2PG 22.1 ± 0.6 7.4 ± 0.2 

3PG 14.3 ± 0.4 4.8 ± 0.1 

2,3BPG 10.8 ± 0.3 3.6 ± 0.1 

Pyr 140.1 ± 5.6 46.7 ± 1.9 

Lac 215.9 ± 8.8 71.9 ± 2.9 

E4P 13.1 ± 1.0 4.4 ± 0.3 

6PGlcoA 101.9 ± 3.2 34.0 ± 1.1 

S7P 21.1 ± 1.4 7.0 ± 0.5 

F16P2 55.7 ± 4.1 18.6 ± 1.4 

PEP 
PRPP 

15.5 ± 2.1 
8.4 ± 0.2 

5.2 ± 0.7 
2.8 ± 0.1 

*In reconstituted sample: Dried MOAC extract reconstituted in ACN/H2O (50/50; v/v) 
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Table S18 | SPx and extended metabolites in glycolysis and pentose phosphate pathways quantified in 3x106 HEK293 cells n=5. Matrix-matched calibration 
(HEK293 cells) corrected for endogenous levels. Cell volume determined by Coulter Counting at 1570 µm3 ± 24.7 µm3. 

 

 
SPx 

 
Ferroptosis induced* 

[nmol/L] 

Ferroptosis 
induced, 
per cell 

[fmol/cell] 

Ferroptosis 
induced, per 
cell volume 
[pmol/µm3] 

Control* 
[nmol/L] 

Control, 
per cell 

[fmol/cell] 

Control, per cell 
[pmol/µm3] 

G6P 32.4 ± 0.8 10.8 ± 0.3 20.6 ± 0.7 33.2 ± 0.4 11.1 ± 0.1 21.1 ± 0.1 

G1P 50.8 ± 1.2 16.9 ± 0.4 32.4 ± 0.4 52.8 ± 3.4 17.6 ± 1.1 33.6 ± 0.2 

Gal1P 22.4 ± 1.0 7.5 ± 0.3 14.3 ± 0.2 20.5 ± 1.6 6.8 ± 0.5 13.1 ± 0.1 

Gal6P 21.3 ± 0.9 7.1 ± 0.3 13.6 ± 0.1 20.2 ± 1.1 6.7 ± 0.4 12.9 ± 0.3 

M1P + M6P 63.4 ± 3.2 21.1 ± 1.1 40.4 ± 0.3 65.5 ± 5.6 21.8 ± 1.9 41.7 ± 0.2 

F6P 37.1 ± 2.6 12.4 ± 0.9 23.6 ± 0.2 32.4 ± 3.2 10.8 ± 1.1 20.6 ± 0.1 

Ru1P 87.9 ± 5.4 29.3 ± 1.8 56.0 ± 0.1 85.8 ± 7.1 28.6 ± 2.4 54.6 ± 0.5 

Ri5P 21.2 ± 2.6 7.1 ± 0.9 13.5 ± 0.1 17.9 ± 2.3 6.0 ± 0.8 11.4 ± 0.1 

Xu5P 8.8 ± 1.4 2.9 ± 0.5 5.6 ± 0.1 9.6 ± 0.6 3.2 ± 0.2 6.1 ± 0.1 

Ru5P 9.7 ± 1.3 3.2 ± 0.4 6.2 ± 0.2 9.4 ± 0.3 3.1 ± 0.1 6.0 ± 0.1 

GA3P 14.3 ± 0.7 4.8 ± 0.2 9.1 ± 0.1 13.7 ± 0.2 4.6 ± 0.1 8.7 ± 0.1 

DHAP 13.1 ± 0.6 4.4 ± 0.2 8.3 ± 0.2 14.1 ± 0.4 4.7 ± 0.1 9.0 ± 0.2 

2PG 21.7 ± 0.5 7.2 ± 0.2 13.8 ± 0.1 10.4 ± 0.5 3.5 ± 0.1 6.6 ± 0.1 

3PG 15.2 ± 0.3 5.1 ± 0.2 9.7 ± 0.1 5.8 ± 0.3 1.9 ± 0.1 3.7 ± 0.1 

2,3BPG 11.4 ± 0.3 3.8 ± 0.1 7.3 ± 0.1 4.9 ± 0.2 1.6 ± 0.1 3.1 ± 0.1 

Pyr 151.3 ± 7.7 50.4 ± 2.6 96.4 ± 0.3 156.1 ± 8.9 52.0 ± 3.0 99.4 ± 0.6 

Lac 207.1 ± 9.4 69.0 ± 3.1 131.9 ± 0.4 214.5 ± 9.6 71.5 ± 3.2 136.6 ± 0.5 

E4P 12.2 ± 1.1 4.1 ± 0.4 7.8 ± 0.5 11.6 ± 0.2 3.9 ± 0.1 7.4 ± 0.1 

6PGlc 81.9 ± 3.2 27.3 ± 1.1 52.2 ± 0.3 83.8 ± 5.6 27.9 ± 1.9 53.4 ± 0.1 

S7P 19.8 ± 2.1 6.6 ± 0.7 12.6 ± 0.2 18.8 ± 0.3 6.3 ± 0.1 12.0 ± 0.1 

F16P2 49.5 ± 3.2 16.5 ± 1.1 31.5 ± 0.1 26.1 ± 1.2 8.7 ± 0.4 16.6 ± 0.1 
PEP 

PRPP 
17.1 ± 0.7 
8.9 ± 0.2 

5.7 ± 0.2 
3.0 ± 0.1 

10.9 ± 0.1 
5.7 ± 0.1 

18.1 ± 1.2 
8.3 ± 0.6 

6.0 ± 0.4 
2.8 ± 0.2 

11.5 ± 0.1 
5.3 ± 0.1 

*In reconstituted sample: Dried MOAC extract reconstituted in ACN/H2O (50/50; v/v) 
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Table S19 | Fold change and statistical significance in ferroptosis model (3x106 HEK293 cells). 
Comparison between ferroptosis (erastin) group and control. 

 

SPx Fold Change Log2(FC) p-value (corr.) 

2PG 2.09 1.47 2.8625E-8 

3PG 2.78 1.18 8.3404E-9 

2,3BPG 2.27 1.06 6.5528E-8 

F16P2 2.07 1.05 2.1071E-9 
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Figure S1 | Comparative chromatograms of PEP, 6PGlcoA, F16P2 and PRPP using the optimized 
method conditions with (A) a standard stainless steel ESI-probe and (B) a PEEKsil probe as described 
in the main document. 

A 

B 
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Figure S2 | Effect of buffer pH value on peak shapes of HMP analytes. A) pH adjusted to 8.0. B) 9.0. 
C) 10.0. D) 11.0. Buffer concentration constant for all 4 at 50 mM NH4FA. Gradient profile as specified 
0.0 min, 90% B; 12.0 min, 15% B; 20.0 min, 20% B; 20.1 min, 10% B; 25.0 min, 10% B. 
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Figure S3 | Effect of buffer concentration on peak shapes of HMP analytes. pH value adjusted to 11.0. 
A) Buffer concentration 10 mM NH4FA. B) 50 mM NH4FA. C) Final method conditions 100 mM. 
Gradient profile as specified 0.0 min, 90% B; 12.0 min, 15% B; 20.0 min, 20% B; 20.1 min, 10% B; 
25.0 min, 10% B. 

 
 
 

 
Evaluation of Quenching Conditions 

 

We conducted an additional experiment providing further insight into different quenching possibilities 
of our adherent cell culture. The following options were more closely evaluated – quenching with hot- 
air using a hot-air-blower, quenching with organic solvent i.e. -80°C methanol and acetonitrile, 
quenching with AMBIC buffer and quenching by our current method with ice-cold PBS and liquid 
nitrogen. The efficiency of each quenching protocol was put into comparison by using the energy charge 
(EC) values, calculated as: 

 āÿ ��ÿ �Āÿ��ÿ �Āÿ �Āÿ (S1) 
 

After quenching and extraction, the samples were analyzed for the adenylate charge molecules 
AMP/ADP/ATP via the discussed method. The relative distribution of AMP/ADP/ATP for each 
protocol is provided in Figure S-5 together with the calculated energy charge. 

 
The results obtained were interesting. Beginning with the assumption that all samples coming from the 
same cell culture have the same EC, possible differences that would be observed are to be attributed to 
incomplete quenching of the metabolic processes and ongoing consumption of ATP, thus resulting in 
increased ADP and AMP concentrations and a reduced EC. From Figure S-5 it is evident that the 
maintenance of metabolites was best in the case of the protocol currently used by us in this study i.e. 
ice-cold PBS and liquid nitrogen, followed by the protocols utilizing MeOH, ACN and AMBIC buffer, 
which yielded approximately similar results and the hot-air quenching technique delivering the least 
satisfactory results 

 
Further information regarding each individual quenching/harvesting protocol is as follows: 

 
1) Ice-cold PBS and liquid nitrogen protocol (current protocol) 

 
The culture media was removed. Cells were washed and quenched by the addition of ice-cold phosphate 
buffered saline to the adherent cell flask and the flask was immersed in liquid nitrogen for 1 minute. 
Cells were gently removed with a scraper, transferred in Falcon tubes, centrifuged at 100 g, 5 min, 4°C, 
the leftover supernatant removed, immersed in liquid N2 once more after centrifugation and then kept 
for further storage at -80°C until extraction and analysis. 

 
2) Hot-air blower quenching 
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The culture media was removed. Cells were washed once with ice-cold phosphate buffered saline to the 
adherent cell flask. Quenching was performed with hot air for 5 s using the hot-air blower. Cell flask 
was then immersed in liquid nitrogen and the cells were gently removed with a scraper and transferred 
in Falcon tubes, centrifuged at 100 g, 5 min, 4°C and the leftover supernatant removed, the pellet then 
once more snap frozen in liquid nitrogen after centrifugation and then kept for further storage at -80°C 
until extraction and analysis. 

 
3) Organic solvent quenching (methanol) 

 
The culture media was removed. Cells were washed once with ice-cold phosphate buffered saline. 5 
mL of quenching solution (-80°C methanol) were added and kept on the cells for 5 minutes. The 
quenching solution was then removed and the flask was immersed in liquid nitrogen for 1 minute and 
the cells were gently removed with a scraper and transferred in Falcon tubes. Centrifugation was 
conducted at 100g for 5min at 4°C, the leftover supernatant removed and the cell pellet once more snap 
frozen in liquid nitrogen and then kept for further storage at -80°C until extraction and analysis. 

 
4) Organic solvent quenching (acetonitrile) 

 
The culture media was removed. Cells were washed once with ice-cold phosphate buffered saline. 5 
mL of quenching solution (-80°C acetonitrile) were added and kept on the cells for 5 minutes. The 
quenching solution was then removed and the flask was immersed in liquid nitrogen for 1 minute and 
the cells were gently removed with a scraper and transferred in Falcon tubes. Centrifugation was 
conducted at 100g for 5min at 4°C, the leftover supernatant removed and the cell pellet once more snap 
frozen in liquid nitrogen and then kept for further storage at -80°C until extraction and analysis. 

 
5) AMBIC quenching (ammonium bicarbonate) 

 
The culture media was removed. Cells were washed once with ice-cold phosphate buffered saline. 5 
mL of quenching solution (-80°C 0.85% (w/v) ammonium bicarbonate pH 7.4) were added and kept on 
the cells for 5 minutes. The quenching solution was then removed and the flask was immersed in liquid 
nitrogen for 1 minute and the cells were gently removed with a scraper and transferred in Falcon tubes. 
Centrifugation was conducted at 100g for 5min at 4°C, the leftover supernatant removed and the cell 
pellet once more snap frozen in liquid nitrogen and then kept for further storage at -80°C until extraction 
and analysis. 
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Figure S4 | Energy charge and adenylate metabolite concentrations obtained during the comparative 
study of metabolism quenching. Five individual protocols tested as labeled. 



S32 

 

 

B 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S5 | A) HILIC retention time shift observed when using classic borosilicate bottles instead of 
PFA bottles. E4P chosen as representative example, method conditions as described in the main 
document. E4P detected in HeLa cell sample. Retention time towards higher tR values observed with 
progressing sequence duration. B) Samples over 25 hours, E4P as example, with PFA bottles as a 
comparison, no tR shift observed. 

A 
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Figure S6 | Results obtained from the Glucose-Uptake-Go Assay. It determines the amount 2-deoxy- 
glucose that is taken up by the cells. The assay involved the addition of two buffers - the addition of the 
stop Buffer stops 2-deoxy-glucose transport, lyses cells, destroys any NADPH within the cells and 
inactivates proteins. The addition of the neutralization buffer neutralizes the solution before addition of 
the 2-deoxy-glucose-6-phosphate detection reagent. The glucose-6-phosphate dehydrogenase (G6PDH) 
within the reagent oxidizes 2-deoxy-glucose-6-phosphate (2DG6P) to 6-phosphodeoxygluconate 
(6PDG) and reduces NADP+ to NADPH. The reductase uses the NADPH to convert the proluciferin to 
luciferin, which is then used by luciferase to produce light. The detection then is photometric. 
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List of Abbreviations 
 

2PG 2-Phosphoglycerate 

3PG 3-Phosphoglycerate 

2,3BPG 2,3-Bisphosphoglycerate 

6PGlcoA 6-Phosphogluconate 

CE Collision energy 

CUR Curtain gas 

DHAP Dihydroxyacetone phosphate 

DP Declustering potential 

EIC Extracted ion chromatogram 

E4P Erythrose-4-phosphate 

F6P Fructose-6-phosphate 

F16P2 Fructose-1,6-bisphosphate 

FDA U.S. Food and Drug Administration 

GA3P 

G1P 

G6P 

Gal1P 

Gal6P 

Glyceraldehyde 3-phosphate 

Glucose-1-phosphate 

Glucose-6-phosphate 

Galactose-1-phosphate 

Galactose-6-phosphate 

GS1 Nebulizer gas 

GS2 Heater gas 

HMP Hexose monophosphate 

IS Internal standard 

Lac Lactate 

M1P 

M6P 

Mannose-1-phosphate 

Mannose-6-phosphate 

ME Matrix effect 

PE Process efficiency 

PEP Phosphoenol pyruvate 

PMP Pentose monophosphate 
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Abstract 

 
Alkaptonuria (AKU) is a rare autosomal-recessive disease which is characterized through 

black urine and ochronosis. It is caused by deficiency of the enzyme Homogentisate 1,2- 

dioxygenase in the Phenylalanine/Tyrosine degradation pathway which leads to the 

accumulation of Homogentisic acid (HGA). Urine was provided by AKU patients and 

healthy controls. Several different methods were developed in this study each with a 

specific goal: 1) A simple and inexpensive RP-UHPLC-UV method for routine 

monitoring of HGA as a key metabolite employing a Phenylhexyl stationary phase 

chemistry. Validation was performed in accordance to FDA guidelines and method 

selectivity was further evaluated via on-line high-resolution sampling 2D-LC-QToF-MS, 

coupling the Phenylhexyl phase in the first dimension with a C18 phase in the second 

dimension. 2) A targeted and accurate RP-UHPLC-MRM-QTrap assay, providing 

quantitative analysis of the relevant pathway metabolites based on a Phenylhexyl 

stationary phase, and 3) an untargeted HILIC-UHPLC-QToF-MS/MS method with 

SWATH acquisition employing a sulfobetaine-type HILIC-Z superficially porous 

particle column, with the aim of uncovering more details about the metabolic profile of 

this genetic disorder. Untargeted analysis allowed to annotate 204 metabolites detected 

in positive and negative ESI mode in total. Two separate LC methods were employed, 

differing in their conditions depending on the ionization mode (20 mM ammonium 

formate as buffer additive adjusted to a pH = 3.5 with formic acid in ESI+ mode and 20 

mM ammonium acetate adjusted to a pH = 7.5 with acetic acid in ESI- mode). By 

effectively combining the aforementioned methods, a comprehensive workflow was 

developed, allowing the effective analysis of both patient and control urine samples. 

 
 

1. Introduction 

 
Alkaptonuria is a rare autosomal-recessive disease occurring in 1 in 100,000 – 250,000 

births [1]. The disease is characterized through darkened urine, premature 

spondyloarthropathy and ochronosis. AKU is caused by deficiency of the enzyme 

Homogentisate 1,2-dioxygenase in the Phenylalanine/Tyrosine degradation pathway 

(Figure 1). 



 

 

 

Figure 1. Phenylalanine and Tyrosine degradation pathway with regard to its defect in 

AKU. 

 
Under normal physiological conditions, the enzyme converts Homogentisic acid (HGA) 

into Maleylacetoacetate (MAA). Instead of forming MAA, HGA accumulates. HGA gets 

oxidized into Benzoquinone acetic acid (BQA), which in turn easily polymerizes. The 

exact structure of the resultant polymer and pigment, respectively, is unknown [2]. The 

accumulated HGA and resultant polymer, respectively, is then deposited in connective 

tissues, leading to further complications associated with the disease9s progression. 

Depending on where the mutation is on the deficient enzyme9s structure, the severity of 

the disease differs [3]. The enzyme is predominantly expressed in the prostate, small 

intestine, colon, kidney, and liver, as well as in osteoarticular compartment cells 

(chondrocytes, synoviocytes, and osteoblasts) [4]. Clinical features are darkened or 

blackened urine after exposure to air caused by the oxidation of HGA to BQA. This is 

often the first symptom and can already be seen in AKU-affected children, although it is 

often only discovered years later at diagnosis of the disease. In clinical practice, the test 

for HGA in urine is the gold-standard assay for diagnosing AKU with the amount of 



 

 

homogentisic acid in the 24-hour urine is detected via gas chromatography-mass 

spectrometry (GC-MS) analysis [5]. The amount of HGA excreted each day in patients 

with AKU is usually between 1 and 8 grams. Based on the results obtained, the diagnosis 

and evaluation of the disease is established on the AKU Severity Score Index (AKUSSI) 

[6]. Methods described in the literature involving LC-MS [7] are also available as a 

diagnostic tool, via the accurate quantitative analysis of HGA. Recent advances in 

diagnosis include the usage of dried urine paper spots for the determination of HGA with 

colorimetric assays, which involve the usage of dried HGA paper spots with known 

concentration and their color development in alkali and the following comparison with 

the unknown sample [8]. Capillary electrophoresis (CE) has been reported in the literature 

as a reliable method in combination with filter paper collection of urine for the 

determination of organic acids [9]. The goal of this study was i) to develop a simple and 

cheap method for routine monitoring of HGA levels in patients without complicated LC- 

MS instrumentation to assess the effect of diet and therapeutic treatments, ii) to develop 

an accurate targeted LC-MS/MS assay to monitor the relevant pathway metabolites for 

the same purpose, and iii) to identify by untargeted metabolomics other possibly relevant 

or interesting metabolites which are regulated significantly in AKU patients and have 

received less attention previously. Urine as a convenient biofluid which can be obtained 

by non-invasive sampling was employed for this study. It requires sample normalization 

as described e.g. [10]. Creatinine was employed herein for this purpose. UV detection 

and analysis of HGA has been described previously in the literature with a RP-LC C18 

column in urine of AKU patients, as aromatic acids like HGA show reasonable retention 

on common C18 columns [11-15]. However, for convenient extension of the target 

analyte set to other metabolites of the pathway, a phenylhexyl-modified sub-2µm fully 

porous silica particle column was selected in this study, which is an aspect not previously 

discussed in other studies. While in metabolomics HILIC [16-19] and RPLC with C18 

[19] and pentafluorophenyl-phases [20-22] are dominating the field, phenylhexyl is less 

commonly applied in metabolomics. In the case of the untargeted metabolomics analysis 

performed here, new insights can be offered into unknown metabolic alterations and 

therefore help to generate new hypothesis. Hence, more and more studies showed its 

potential for the identification and characterization of inborn errors of metabolism 

[23,24], including very few also to address specific questions in context of AKU [25,26]. 

Untargeted metabolomics was used to follow the metabolite changes in nitisinone-treated 

patients [27-29]. Untargeted LC-QTOF-MS metabolomics methodology recently was 



 

 

applied for the investigation of the indolepyruvate pathway which employed a mixed- 

mode C18-PFP column [30]. New methodologies, e.g. NMR vs LC-MS/MS [27] or data- 

dependent [27] vs data-independent acquisition (DIA) LC-MS/MS workflows (in this 

work), may reveal new insights into compensatory pathways and specific metabolite 

patterns not in the primary focus. In view of this, we utilized here HILIC-UHPLC-ESI- 

QTOF-MS/MS by DIA with SWATH to establish digital maps of urinary AKU patient 

metabolomes vs those of healthy volunteers as controls, which has not yet been described 

from an analytical and experimental setpoint. In order to cover a wider range of polar 

metabolites, we employed in this work HILIC with a sulfobetaine HILIC-Z core-shell 

column, as an advancement of our targeted HILIC metabolomics platform [31]. It has a 

good chance to be complementary to above referenced RPLC assays. All samples were 

injected twice, ESI+ and ESI- modes, with adjusted conditions in terms eluent pH to 

optimize ionization efficiency for each mode. Data-independent acquisition (DIA) by 

SWATH-MS, as described in the experimental section, may also lead to new discoveries, 

as MS/MS are available for all precursor ions and do not depend on MS1 information, 

unlike in DDA which often fails to trigger MS/MS experiments for low abundant 

metabolites. 

 
2. Experimental 

2.1. Materials 

 
Formic acid, acetic acid, acetonitrile and methanol of Ultra LC-MS grade were supplied 

by Carl Roth (Karlsruhe, Germany). Creatinine-d3, 4-hydroxyphenyl pyruvic acid, 

homogentisic acid, fumaric acid, acetoacetate, nitisinone, phenylalanine, tyrosine, 

trifluoroacetic acid and ammonia solution (25% of Suprapur quality) were purchased 

from Sigma-Aldrich (Merck, Taufkirchen, Germany). Deionized water was purified by a 

Purelab ultrapurification system (ELGA LabWater, Celle, Germany). The uniformly 

U13C,15N-labelled amino acid metabolomics mix used as internal standard was provided 

by Cambridge Isotope Laboratories (Eurisotop, Saarbrücken, Germany). 

 
2.2. Urine sample preparation 

 
Urine samples were collected from 10 male healthy volunteers (control group) and 4 

alkaptonuria patients (3 male and 1 female as case group). Volunteers and patients were 

instructed to stay sober until sample donation. Second morning urine (mid-stream) was 



 

 

collected. As urine represents a medium susceptible to bacterial growth, a 0.22 µm sterile 

filter was used to filter the samples. Argon was introduced to each sample aliquot of 1 

mL and frozen at -80°C until further metabolomic analysis. For untargeted HILIC- 

UHPLC-QTOF-MS/MS metabolomics analysis, samples were freeze dried in a Labconco 

(Kansas City, MO, USA) FreeZone 4.5 L Benchtop Freeze Dry System for 24 h. Before 

freeze-drying, the isotope labeled internal standards were added to each sample (U- 

13C,15N-labelled amino acid mix and creatinine-d3). After freeze-drying, the samples 

were reconstituted in 100 µL water and 900 µL acetonitrile. Samples were then 

centrifuged at 4°C, 13000 rpm x 15 min to remove cell debris and unwanted precipitants. 

In addition, a 50 µL aliquot of each urine sample was pipetted into an Eppendorf tube to 

prepare a pooled quality control (QC) sample for validation of the experimental precision, 

repeatability and stability in the untargeted metabolomics approach. 

 
 

 
2.3. Standard solutions 

 
Standard stock solutions of the individual target analytes (HGA, Tyr, Phe, HPP, 

Acetoacetate, Fumaric Acid) (1 mg mL-1) were prepared in water/methanol (50:50; v/v). 

Stability of the analytes in solution was evaluated and is discussed further in section 4.2 

and 4.3. Working solutions were obtained by diluting the stock solution to the appropriate 

concentration with deionized water and in the case of HILIC – dilution was performed 

with acetonitrile. 



 

 

2.4. Methods 

2.4.1. UHPLC-UV method for homogentisic acid analysis in urine samples 

A general overview of the workflow and methods applied herein is provided in Figure 2. 
 
 

 

Figure 2. Schematic representation of the workflow employed in the LC analysis of urine 

samples. 

 

 
LC-UV measurements were conducted on a 1290 Infinity series liquid chromatography 

system from Agilent Technologies (Waldbronn, Germany). The system consisted of a 

binary pump, a thermostatted column compartment (TCC), a diode array detector (DAD) 

and an autosampler. The system was equipped with an ultralow dispersion kit. This 

included a Max-Light ultralow dispersion cartridge flow cell (inner volume 0.6 μL) and 

an ultralow dispersion needle seat assembly. MarvelX capillaries from Idex Corporation 

(Lake Forest, Illinois, USA) were installed from autosampler to TCC (350 mm length x 

0.075 mm inner diameter) and from TCC to DAD (250 mm x 0.075 mm). 

Chromatographic separation was achieved by an Acquity Premier BEH Phenyl column 

(150 x 2.1 mm, 1.7 µm) from Waters (Eschborn, Germany). Mobile Phase A consisted 

of 0.1% TFA in H2O, whereas mobile phase B consisted of 0.1% TFA in methanol. A 

linear gradient was employed from 3% B at 0 min to 100% mobile phase B in 11 min, 

with a subsequent change to starting conditions in 0.1 min and a re-equilibration step of 

4.9 min, resulting in a total analysis time of 15 min. The column compartment was held 

constant at 35°C during the entire chromatographic run. The flow rate was set to 0.4 mL 

min-1. The method was largely validated in accordance to the FDA guideline for 

bioanalytical method validation with some modifications [32]. LoDs and LoQs were 



 

 

determined through the external calibration function for the individual metabolites as 

follows: ÿāĀ � �ÿ (1) 

With σ being the standard error of the calibration function9s slope and m the slope value 

itself. Analogous for the LoQ determination, the following equation was used: ÿāĀ � �ÿ (2) 

(Table S-1). QC samples were used to determine within-day and between-day precision 

and accuracy (Table S-1). Freeze-thaw HGA stability was also evaluated, with a total 

number of 4 freeze-thaw cycles conducted, with the QC sample (100 ng mL-1) being kept 

frozen for 12 hours between each cycle (Table S-1) and no carryover was observed (blank 

injection post highest concentration QC sample). As there is no HGA stripped matrix 

available, accuracy values were calculated in quality controls (pool of urine of healthy 

volunteers) as % recovery as follows: 
 �ÿÿ ýĀāÿĀþ−ýýýĂ��ÿþ (3) 

With ýýĂ��ÿþ is the concentration of spiked urine sample, ý the endogenously present 

amount and ýĀāÿĀþ the concentration of the selected metabolite found in the spiked 

sample. Matrix-matched calibration curves (with correction for endogenous amount 

present as there was no stripped matrix available) were constructed using weighted least- 

square linear regression (weighting factor: 1/x2) by spiking five different calibrant levels 

(100 ng mL-1; 250 ng mL-1; 500 ng mL-1; 750 ng mL-1 and 1000 ng mL-1) to a pooled 

urine sample and by plotting the peak area versus the nominal concentration of each 

analyte. With the final validated method, the patient samples from our cohort were 

analyzed for HGA and the values obtained are provided in Table S-2. 

 

 
2.4.2. 2D-LC-QTOF-MS/MS with high-resolution sampling for peak purity testing 

of the homogentisic acid peak 

 

A 1290 Infinity II 2D-LC Solution from Agilent Technologies (Waldbronn, Germany) 

was used for high-resolution sampling 2D-LC. The first dimension (1D) LC system 

consisted of a binary high pressure gradient UHPLC pump (High Speed Pump, G7104A), 

a Multisampler (G7167B), a Multicolumn Thermostat (G7116B), a diode array detector 

(G7117B) with 1 µL flow cell (G4212-60008) and a pressure release kit (G4236-60010) 



 

 

between UV-detector and 2D-interface. The second dimension (2D) LC system was 

comprised of a binary high-pressure gradient UHPLC pump (High Speed Pump, 

G7104A, a valve drive (G1170A) with a 5 position/10 port 2D-LC active solvent 

modulation (ASM) valve (5067e4266) connected to two 6 position/14 port valve heads 

(5067e4142) carrying six 40 µL loops each and a multicolumn thermostat (G7116B). 

Experiments utilizing active solvent modulation (ASM) were performed with the ASM 

factor 5 (split ratio 1:4) restriction capillary (85×0.12 mm, 0.96 µL). For detection, the 

effluent from the 2D column was directed to a TripleTOF 5600+ QTOF mass 

spectrometer from Sciex (Concord, Ontario, Canada). The acquisition rates were set to 

40 Hz in the 1D for the DAD, and 40 Hz for the DAD detector in the 2D, respectively. 

The 2D-chromatographic data from the UV detectors were processed with Open Lab 

CDS Rev. C.01.07 SR4 from Agilent Technologies. MS data acquisition and analysis 

was performed with Analyst TF 1.7 and PeakView software (Sciex), respectively. 

Sampling time in the 1D was 0.08 min for the respective peak. Individual cuts taken from 

the first dimension were collected in the 40 µL sample loops and stored until the 2D 

system was ready for the analysis of the next fraction. The operation of the multiple heart 

cutting interface was fully automated using the high-resolution sampling functionality of 

the 1290 Infinity II 2D-LC Solution system. The Acquity Premier BEH Phenyl (150 x 

2.1 mm, 1.7 µm) column was used in the first dimension, whereas an Agilent Eclipse 

Zorbax Plus C18 (50 x 3.0 mm, 1.8 µm) was employed as the second dimension column. 

Chromatographic conditions in the first dimension were as described in section 2.2.3., 

whereas 0.1% formic acid in H2O and methanol, respectively, was used in the second 

dimension. The following gradient profile as used in the second dimension: 0 min 5% B, 

0.5 min 5% B, 1.5 min 80% B, 1.8 min 80% B, 1.81 min 5% B, 2.5 min 5% B. The 

column compartment in the second dimension was held at 35°C and the flow rate was 1.0 

mL min-1. The total analysis time in the second dimension was 2.5 min. During the 2D- 

LC-MS experiment, the following MS instrument parameters were used: both polarities 

were employed in separate runs, curtain gas (CUR) 30 psi, ion source gas (nebulizing 

gas; GS1) 30 psi, heater gas (drying gas; GS2) 70 psi, ion spray floating voltage (ISVF) 

+5500 V (positive mode) and -4500 V (negative mode), source temperature (TEM) 650° 

C and declustering potential (DP) +/-100 V. Data acquisition was performed by 

information-dependent acquisition (IDA) in high sensitivity mode and the mass range of 

the TOF-MS full scan comprised m/z 70 - 1000 with an accumulation time of 250 ms and 

a collision energy (CE) of +/-5 V. MS/MS in IDA (top 4) was performed with +/-30 V 



 

 

CE and 20 V CE spread (CES) and an accumulation time of 100 ms. Mass calibration 

was conducted with the Calibrant Delivery System through the APCI inlet using the 

positive calibration solution for the SCIEX X500 System. Further details on the 2D-LC- 

MS heart cutting experiment are provided in Table S-3. 

 
2.4.3. Targeted analysis of the relevant alkaptonuria metabolites by UHPLC-ESI- 

QTrap-MS/MS 

 

Targeted LC-MS analysis was performed using a 1290 Infinity UHPLC system from 

Agilent Technologies equipped with a binary pump, thermostated column compartment 

hyphenated to a QTRAP 4500 mass spectrometer with a TurboIonSpray source from 

Sciex. Metabolites from the Phenylalanine and Tyrosine catabolic pathway were analysed 

as targets. Chromatographic separation was achieved by an Acquity Premier BEH Phenyl 

column (150 x 2.1 mm, 1.7 µm) from Waters (Eschborn, Germany). Mobile phase A 

consisted of 0.1% FA in H2O, whereas mobile phase B consisted of 0.1% FA in methanol. 

A linear gradient was employed from 3% B at 0 min to 100% mobile phase B at 15 min, 

back to starting conditions in 0.1 min and a re-equilibration step of 4.9 min, resulting in 

a total analysis time of 20 min. The column compartment was maintained at 35°C during 

the measurement. A flow rate of 0.4 mL min-1 was adjusted. Injection volume was 5 µL. 

The autosampler was kept at 4°C. Ion source parameters were as follows: nebulizer gas 

(GS1, zero grade air) 30 psi, heater gas (GS2, zero grade air) 70 psi, curtain gas (CUR, 

nitrogen) 30 psi, source temperature (TEM) 650 °C, ion source voltage +5500 V (positive 

mode) and -4500 V (negative mode). Polarity switching was employed with a settling 

time of 50 ms between positive and negative ion modes. Compound specific parameters 

were optimized individually through direct infusion MS and are reported in Table S-4. 

Due to the significant number of transitions monitored simultaneously, the Scheduled- 

MRM function was enabled. A window of 60 seconds was set around the designated 

metabolite specific retention time. Blank solvents (mobile phase A and B) were injected 

in the beginning of the chromatographic batch to ensure proper column and system 

equilibration. The method was validated largely according to the FDA guideline for 

bioanalytical method validation with some modifications. Quantitative results from 

patient samples (Table S-5), range, LoD, LoQ and within- and between-day precision 

and accuracy, matrix effects for the relevant metabolites were determined (Table S-6) 

and freeze-thaw stability evaluated (Table S-7). A fresh QC sample 100 ng mL-1 QCMid) 



 

 

was prepared and measured in quintuplicate (n = 5). A total number of 4 freeze-thaw 

cycles were conducted, with the QC sample being kept frozen for 12 hours between each 

cycle. A minimum of 2 MRM transitions per metabolite were monitored, in order to 

enable the assessment of the method9s selectivity by monitoring of ion ratios. Matrix- 

matched calibration curves (with correction for endogenous amount present as there was 

no stripped matrix available) were constructed using weighted least-square linear 

regression (weighting factor: 1/x2) by spiking five different calibrant levels (10 ng mL-1; 

50 ng mL-1; 100 ng mL-1; 250 ng mL-1 and 500 ng mL-1) to a pooled urine sample and by 

plotting the peak area versus the nominal concentration of each analyte. Integration and 

data processing were conducted with the MultiQuant 3.0 software (Sciex) via an 

automated algorithm employing a Gaussian smoothing (1 Point), noise percentage of 

90%, baseline subtraction window of 0.1 min and a peak splitting factor of 2. Excel 2021 

(Microsoft, Redmond, WA; USA) and Origin 2017 (OriginLab, Northampton, MA, 

USA) were used for further data processing. Matrix effects, extraction recoveries, and 

process efficiencies were determined in accordance to the Matuszewski protocol [33] 

(Table S-6), with consideration of the endogenously present metabolite concentrations, 

as there was no stripped matrix available. Pre-determination of the individual metabolites 

was conducted via LC-MS and standard addition. The endogenous levels were considered 

during matrix effect and accuracy determination. Thus, signal suppression or 

enhancement due to matrix effect was calculated as follows: Āā �ýĂ��ÿþ−��Āÿ�þ (4) 

Where �ýĂ��ÿþ is the area of spiked urine sample, � the peak area of the analyte 

endogenously present and �Āÿ�þ being the peak area of the selected metabolite in neat 

solution. Similarly, individual metabolite accuracies (Acc) were calculated in matrix- 

matched quality controls as % recovery in accordance to equation 3 above in section 

2.4.1. External calibration functions were established by plotting the peak area ratios of 

the individual target metabolites and internal standard versus the concentration of the 

solutions. Weighted linear regression (1/x2) was used to derive slopes, intercepts and 

correlation coefficients of the calibration curves. Matrix-matched calibration was also 

performed by performing a spiking experiment series of the target analytes to the 

biological matrix. LoDs and LoQs were determined through the external calibration 

function for the individual metabolites as stated in equation 1 and 2, section 2.4.1. 



 

 

2.4.4. Untargeted analysis by UHPLC-ESI-QTOF-MS/MS with SWATH 

Acquisition 

 

For untargeted analysis, a 1290 Infinity UHPLC System from Agilent Technologies 

(Waldbronn, Germany) equipped with a binary pump, thermostated column compartment 

and a HTC-xt PAL (CTC Analytics AG, Zwingen, CH) autosampler was hyphenated to 

a TripleTOF 5600+ mass spectrometer with DuoSpray Source from Sciex (Ontario, 

Canada). An Agilent Poroshell 120 HILIC-Z column (150 x 2.1 mm, 2.7 µm), equipped 

with a guard-column, was used for the HILIC separation. Depending on the electrospray 

ionization mode, pH and buffer of the mobile phase were adjusted. For positive ionization 

mode, mobile phase A was composed of 20 mM NH4FA in H2O, pH = 3.5 and mobile 

phase B of 20 mM NH4FA in H2O/ACN (10/90; v/v), pH = 3.5 and a linear gradient was 

applied from 0% A to 30% A in 13 min. For negative ionization mode, the gradient profile 

remained the same, however, mobile phase conditions differed – mobile phase A (20 mM 

NH4Ac in H2O, pH = 7.5) and mobile phase B (20 mM NH4Ac in H2O/ACN 10/90, v/v, 

pH = 7.5). An isocratic hold for 2 min at 30% A at the end of the gradient was added to 

allow late eluting compounds to be eluted within the gradient. Re-equilibration for 10 

min afterwards resulted in a total chromatographic run time of 25 min. The flow rate was 

set to 250 µL min-1 and a constant column compartment temperature of 35°C was 

maintained throughout the chromatographic run. A 5 µL sample volume was injected and 

samples were maintained at 4°C in the autosampler during the analytical sequence. 

MS data acquisition was done in data-independent acquisition (DIA) mode with 

SWATH. Each MS-cycle consisted of a TOF-MS survey scan for precursor ion detection 

in the mass range of m/z 70-1000 and the accumulation time of the MS1-experiment was 

set to 100 ms. For comprehensive recording of MS/MS spectra, SWATH acquisition was 

utilized with a collision energy (CE) of ±30 V and a collision energy spread (CES) of ± 

20 V. A total number of 25 consecutive SWATH-MS/MS experiments were created for 

both positive and negative ion mode covering the precursor ion range from m/z 70 - 1000. 

The variable SWATH window widths, i.e. the variable precursor ion isolation windows, 

were optimized for each ionization mode by swathTUNER based on corresponding IDA 

experiments (vide infra) [34]. The accumulation time was set to 30 ms. The total cycle 

time summed up to 850 ms. The MS/MS experiments were run in high sensitivity mode 

achieving a TOF-MS resolution of 30,000 (FWHM @ m/z 829.5393) and a SWATH- 

MS/MS resolution of 15,000 (FWHM @ m/z 397.2122). Ion source parameters were as 



 

 

follows: nebulizer gas (GS1, zero grade air) 30 psi, heater gas (GS2, zero grade air) 70 

psi, curtain gas (CUR, nitrogen) 30 psi, source temperature (TEM) 650 °C, ion source 

voltage +5500 V (positive mode) and -4500 V (negative mode). The data inputs for the 

swathTUNER were acquired from preliminary measurements of urine samples using 

information-dependent acquisition (IDA) and the resultant TOF-MS survey scan data in 

each mode. Samples were first analyzed in positive and subsequently in negative 

ionization mode. Blank solvents (mobile phase A and B) were measured at the beginning 

of each analytical sequence, followed by 10 QC samples to ensure system equilibration. 

Mass calibration was performed before every 5th run via the Calibrant Delivery System. 

The analytical system was controlled by the Analyst 1.7 TF software. 

 
 
 

2.5. Data processing (untargeted analysis). 

 
Data processing of untargeted analysis data was performed with MS-DIAL (version 

4.7.0) [35]. PeakView 2.2 (Sciex), MultiQuant 3.0 (Sciex), Excel 2021 (Microsoft, 

Redmond, WA, USA), Origin 2021 (OriginLab, Northampton, MA, USA), and R Studio 

1.4.1717 (R Foundation for Statistical Computing, Vienna, Austria). MS-DIAL was used 

for peak finding, blank subtraction, feature alignment, normalization, MS/MS spectral 

deconvolution and metabolite identification by spectral matching with library spectra 

(Riken Institute, All Public MS/MS) containing over 290.000 and 36.000 metabolites in 

positive and negative ionization mode, respectively. Authentic chemical standards were 

used, when available, to confirm certain putative identification results through retention 

time (RT), precursor mass and MS/MS spectrum match. The quality of the reported 

identifications is indicated in suppl. Table S-8 and Table S-9 as suggested by the MSI 

consortium [36]. Level one is attributed to compounds which were identified by matching 

of the retention time, MS and MS/MS spectra to an authentic chemical standard. Level 

two indicates structural annotations based on matching of MS and MS/MS spectra to 

those found in MS spectral libraries, thus annotating such compounds only in a putative 

manner. A total score of 80% was set as a criterium for initial automated metabolite 

annotation. Further detailed information on the experimental design and data processing 

with MS-DIAL is provided in Table S-10 and Table S-11. For statistical analysis, the 

freely available online platform MetaboAnalyst [37] was utilized. Thus, data were 

normalized to the creatinine content in the samples (determined previously via LC-MS) 



 

 

and then LOWESS normalized, log transformed. T-Tests (adjusted for multiple 

hypothesis testing using false discovery rate FDR < 0.05) were used to compare 

metabolites between AKU and control groups. FDR adjustment was used in all statistical 

significance tests. Fold change calculation was based on the normalized peak areas of 

each metabolite. Orthogonal projections to latent structures-discriminant analysis 

(OPLS-DA) models with pareto-scaling, principal component analysis (PCA) and 

pathway analysis were also performed using MetaboAnalyst. 

 

3. . Results and discussion 

 
3.1. UHPLC-UV method for HGA analysis in urine samples 

 
For routine monitoring of Alkaptonuria patients9 urine samples a straightforward LC-UV 

method for HGA analysis was developed. Its selectivity may benefit from additional 

aromatic interactions superimposed upon classical hydrophobic interactions in RPLC. 

Thus, MeOH was selected as organic modifier for gradient elution which does not disrupt 

such --interactions. A chromatogram obtained of an AKU patient urine sample is 

shown in Figure 3A, with the HGA peak annotated, and a chromatogram of a healthy 

patient in Figure 3B. 

 
 

 
Figure 3: Chromatogram of unspiked urine representing a AKU patient (A) and a healthy 

patient (B) at a wavelength of 230 nm. Detection via LC-UV on an Agilent 1290 system 

using an Acquity Premier Phenyl-Hexyl (150 x 2.1 mm, 1.7 µm) column. Peak of HGA 

marked. 



 

 

It can be seen that HGA gives a symmetrical narrow peak on the phenylhexyl column 

with given conditions and is well retained and separated from potential interferences 

which elute in the early part of the chromatogram. With the developed LC-UV method, 

the patient samples from our n=4 cohort were quantified for HGA. The results obtained 

are provided in Table S-2. The results for HGA are provided in µmol HGA per mmol 

Creatinine as the standard for AKU in scientific literature (values for AKU reported 

between 1134 – 2504 µmol/mmol creatinine according to HMDB). It is evident that the 

values obtained correspond with the literature values for HGA, with a lower value 

obtained for Patient C, due to the intake of Nitisinone. 

To validate assay specificity of HGA, peak purity testing by diode array detection was 

supported by heart-cutting 2D-LC-UV-ESI-QToF-MS. The HGA peak from a pooled 

urine sample heart-cut (1 fraction total) was transferred into the second dimension, in 

which the fraction was separated again by complementary LC (Zorbax Eclipse Plus C18 

with gradient elution by water/methanol containing 0.1% formic acid). The 2nd dimension 

LC comprised both UV and ESI-QToF-MS in data dependent (IDA) acquisition mode. 

Figure S-1A shows the heart-cut and Figure S-1B the 2D UV chromatogram of the cut 

from the HGA peak. The cut peak corresponding to HGA did not show other peaks in 

the 2nd dimension chromatogram indicating absence of interferences and high peak purity 

in the 1st dimension, confirmed through comparison of the UV-spectra with a reference 

HGA standard (see Figure S-2). The MS/MS-spectrum of HGA was also successfully 

acquired via HR-MS with no other interfering ions detected during the IDA-QToF 

acquisition. (Figure S-2). The results of the peak purity testing showed adequate assay 

specificity. The LC-UV method was then validated (for results see Table S-1). 

Calibration (matrix matched) was performed and the details on the HGA calibration 

functions (i.e. slope and intercept, r2 coefficients and calibrator back calculations) are 

provided in Table S-1. LoD and LoQ for HGA were determined as described in section 

2.4.1. through the calibration function. Back-calculations of the concentrations of the 

non-zero calibrators with regard to their nominal concentrations (i.e. spiked 

concentrations after correction for endogenous) was always < ±15% of calibrator levels. 

Within-run and between runs precision and accuracy were evaluated in urine as matrix 

by using quality control samples in 3 different concentrations. The following spiking 

levels to pooled urine from healthy volunteers have been employed: QCLow (50 ng mL- 

1), QCMid (100 ng mL-1), QCHigh (500 ng mL-1). These three QCs were measured in 

quintuplicate (n = 5) on three different days to determine the within-run and between runs 



 

 

precision and accuracy, respectively. Precision results for HGA were always below 5% 

CV, both within-run and between runs. Within-run and between runs accuracy showed 

values in the range between 85 and 115% (assessed as % recovery) (see eq. 1). Freeze- 

thaw stability was evaluated based on QCMid (100 ng mL-1), and showed results as 

reported in Table S-1. There was no change in the % recovery even after 4 freeze-thaw 

cycles indicating sufficient stability when no more than 4 freeze thaw cycles are applied. 

Carryover was also studied, with blank injections subsequently to the highest 

concentrated QC sample of HGA. No carryover was observed, thus confirming proper 

performance of the method. 

 
 

3.2. Targeted analysis of AKU metabolic network by UHPLC-ESI-QTRAP-MS/MS 

For investigations with a closer look into the Tyr degradation pathway related to AKU, 

as an extension, but requiring more advanced instrumentation, a targeted assay for 

accurate quantitative analysis of 7 out of the 9 metabolites of the metabolic AKU network 

was developed. Fumaryl and maleyl acetoacetate were not included because of lack of 

authentic standards. MRM transitions for the targeted UHPLC-MS/MS analysis were 

optimized with standards by direct infusion MS. A minimum of 2 MRM transitions 

(qualifier and quantifier) were monitored for the AKU metabolites, in order to allow for 

within-run assay specificity evaluation and verification of absence of matrix interferences 

by monitoring the specific qualifier-quantifier ion peak area ratios. Table S-4 

summarizes acquired precursor and product ions of the target metabolites, as well as the 

compound-specific, optimized MS/MS parameters, including DP, EP, CE and CXP. As 

described in section 2.2.2., polarity switching was employed: amino acids and their 

derivative were detected in positive ionization mode, whilst organic acids better ionized 

in negative ion mode. The LC method was based on the sub-2µm phenylhexyl phase 

which was also employed for UV. The elution conditions were slightly adapted by 

replacing 0.1% TFA for 0.1% formic acid as additive and slightly adjusting the gradient 

profile. All target analytes, organic acids and amino acids as well, were sufficiently 

retained on the phenylhexyl phase (see Table S-6 for retention times) and showed good 

peak shapes (Figure 4). 



 

 

 
 
 

Figure 4: XICs of analytes detected in a pooled urine sample during UHPLC-QTrap- 

MRM acquisition. 1) Tyrosine; 2) Fumaric Acid; 3) Acetoacetate; 4) Phenylalanine; 5) 

HGA; 6) HPP 
 
 
 

Matrix effects (ME), extraction recoveries (ER) and process efficiencies (PE) of each 

target analyte were evaluated via a QC sample (10 ng mL-1). Values close to 100% 

represent minimum matrix effect, quantitative extraction and optimal process efficiency, 

respectively. MEs ranged between 88.4% (Phenylalanine) and 101.6% (Fumaric acid). 

ER were between 88.5% and 97.7% which is in the acceptable range. PE was determined 

to be between 78.8% and 99.3%. Detailed results for each individual analyte9s ME, PE 

and RE are provided in Table S-6. Detailed information on each individual analyte9s 

calibration functions (i.e. correlation coefficient, slope and intercept of the matrix 

matched calibration fuctions), LoD and LoQ are also provided in Table S-6. Within-run 

and between runs precision and accuracy were evaluated in urine as matrix by using 

quality control samples spiked at 3 different concentrations: QCLow (10 ng mL-1), QCMid 

(100 ng mL-1), QCHigh (500 ng mL-1). The results are shown in Table S-6. These three 

QCs were measured in quintuplicate (n = 5) on three different days. Precision was below 

5% CV for all of the analytes, both within-run and between runs. Within-run and between 

runs accuracies showed values in the range between 85 and 115% (assessed as % 

recovery) in the entire range. Freeze-thaw analyte stability was evaluated as well and all 

were within common acceptance limits for accuracy (±15 %). (Table S-7). Calibration 



 

 

functions showed r2 ≥ 0.99 and back-calculations of the concentrations of the non-zero 

calibrators with regard to their nominal concentrations (i.e. spiked concentrations after 

correction for endogenous) was always < ±15% of calibrator levels. Based on these 

results, it is evident that the analytes can be considered stable if not more than 4 freeze- 

thaw cycles are performed. To ensure absence of any carryover, blanks were injected 

subsequently to a QC or a calibrant at highest concentration according to the FDA 

guideline. No carryover was observed and thus the acceptance criteria requested by the 

FDA guideline for carryover was met. Representative EICs of metabolites relevant to the 

AKU pathway were extracted and are shown in Figure 4 in a pooled urine QC sample 

containing both healthy and AKU patient urine. With the results obtained for this method, 

we performed a quantification of the patient samples from our study for the key 

metabolites in the pathway. The results obtained are listed in Table S-5. It is evident that 

the results obtained for HGA with our LC-UV assay correspond to the obtained results 

with our targeted LC-MS acquisition. Patient C once more shows lower HGA values due 

to the administration of Nitisinone, whilst having higher HPP values, as expected, due to 

the conversion of HPP to HGA being blocked. The values obtained for HGA correspond 

to those known already in the literature, with reference ranges for HGA in urine reported 

between 1134 – 2504 µmol/mmol creatinine, according to HMDB. 

 

 
3.3. Untargeted analysis by UHPLC-ESI-QTOF-MS/MS with SWATH Acquisition 

 
In total, 204 metabolites were successfully annotated by the described untargeted analysis 

approach with MS-DIAL data processing. The detailed information on all the detected 

metabolites is provided in Table S-8 (positive ion mode) and Table S-9 (negative ion 

mode) in the supporting information of this study, with each table providing information 

on the retention time and accurate m/z of each individual compound. After data pre- 

processing as described in the experimental section, features displaying RSD-values 

above 15% based on QC samples were omitted. Samples were normalized by the 

creatinine content to account for varying dilution. Resultant data were LOWESS 

normalized and log-transformed prior to further statistical evaluation. Multivariate and 

univariate statistical analysis was performed to extract the molecular features 

significantly regulated. First, non-supervised PCA was conducted to analyze the global 

metabolic profiles in the different groups. As shown in Figure S-3A and S-3B, the 



 

 

samples were clustered even by non-supervised statistics into two fully separated classes 

corresponding to the healthy volunteers and AKU patient groups in both positive and 

negative ionization modes. Subsequently, supervised OPLS-DA models were generated, 

which showed enhanced between-group separation between the AKU and control groups 

in score plots of both ionization modes (Figure 5A and 5B). 

 
 

 
Figure 5. OPLS-DA model in positive (A) and negative (B) ionization mode obtained 

from patient and control sample set. The x-axis and y-axis indicate the first principal 

component and second principal component, respectively. 

 

 
Candidate metabolites with a p-value (pFDR < 0.05) and fold changes > 2.0 identified by 

univariate statistics and Volcano plots (p-value adjusted FDR) were considered to be 

potential biomarkers (Figure 6A and 6B; full statistical data can be found in suppl. 

Tables S-10 and S-11). It is evident that differences are observed between both sample 

groups. In the peak lists of Table S-8 and S-9 as well as the Volcano plots (Figure 6A 

and 6B), a number of exogenic compounds and their metabolites (e.g. caffeine, 

theophylline, theanine, salicylic acid, ascorbic acid) show up which are not related to 

AKU but to diet and drug intake (they have not been removed). Furthermore, in the 

Volcano plot of Figure 6A (positive mode), amino acids, vitamins, indole derivatives, 

glycine conjugates, purine and pyrimidine bases, and phenylpropanoids. Most of these 

metabolites are upregulated, while acylcarnitines (see also suppl. Figure S-4), Phe, 

cadaverine, choline and N-acetyllysine were found to be downregulated in AKU 

compared to healthy controls. It can be partly explained by the diet of AKU patients 



 

 

which consume less meat. In the Volcano plot separately generated for the negative mode 

(Figure 6B), HGA and other metabolites of the Tyr degradation pathway, organic acids 

including those of the TCA cycle, phenylpropanoids, Trp and indole metabolites are 

significantly upregulated, glutamine, glutaric acid, and hippurate are significantly 

downregulated. 

 

 
 



 

 

Figure 6. Volcano plots with metabolites identified in ESI+ (A) and ESI- (B) mode. 

Significantly upregulated metabolites in AKU group marked in red. P-Value (FDR 

adjusted) threshold 0.05. Fold Change threshold 2.0. 

 

 
Pathway analysis was then conducted using MetaboAnalyst. As expected, it showed a 

significantly enriched pathway for the Tyrosine metabolism (as indicated by the large - 

log(p) value on the y-axis) and also a relatively large pathway impact from topology 

analysis (Figure 7). Besides, several other amino acid metabolism pathways with 

significant impact were indicated by this pathway analysis. This pathway analysis not 

only confirmed previously discussed Tyr, purine and TCA (citrate) cycle pathway 

perturbations [26] as well as Trp metabolism [30], but gave further insights in more 

complex metabolic alterations. 

 

 
Figure 7: Pathway analysis results. 

 
 

4. Conclusion 

This study aimed at providing a set of methods for having a closer look into the alterations 

of the metabolite profiles of alkaptonuria patients. It was based on i.) a cheap 

straightforward reversed-phase UHPLC-UV method with sub-2µm phenylhexyl column 

for monitoring of the primary AKU key metabolite HGA, ii) a targeted reversed-phase 

UHPLC-ESI-QTrap-MS/MS  method  based  on  MRM  acquisition  with  sub-2µm 



 

 

phenylhexyl column for monitoring of the key metabolic pathway related to tyrosine 

degradation, and iii) an untargeted metabolomics method based on sulfobetaine-type 

core-shell particle-based HILIC-UHPLC-ESI-QTOF-MS/MS with data-independent 

SWATH acquisition for global metabolite profiling. Besides analysing the changes in the 

well-known key metabolites by the two targeted assays in urine of patients with 

alkaptonuria, the untargeted assay allowed to explore the biomarkers and metabolic 

pathways associated with the disease, leading to a deeper understanding of the AKU 

metabolic network and related pathways. The developed methods provided a broad 

metabolite coverage, successfully detecting over 200 metabolites stemming from various 

pathways. While on the one hand the detected metabolic changes of the Tyrosine 

metabolism where well known and in agreement with former studies, in this work also 

other metabolic pathways were significantly perturbed, as found by untargeted 

metabolomics and pathway analysis, such as Trp metabolism, Gln and Glu metabolism, 

His metabolism, Phe/Tyr/Trp biosynthesis, citrate cycle, vitamin B6 metabolism, Arg and 

Pro metabolism, and the nicotinate metabolism. The developed method provided a broad 

metabolite coverage, successfully detecting over 200 metabolites stemming from various 

pathways. Our developed diagnostic LC-UV method provides adequate run-times and 

sensitivities, coupled with selective analysis, thus making it a powerful tool for the 

clinical monitoring of this metabolic disorder. Overall, it can be considered that the 

proposed workflow and developed methods can be successfully utilized for both the 

comprehensive and specific analysis of metabolites in AKU urine patient samples. 
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Figure captions 

Fig. 1 

Phenylalanine and Tyrosine degradation pathway. In AKU, an inborn genetic deficiency 

of the enzyme Homogentisate 1,2-dioxygenase leads to accumulation of HGA. 

Fig. 2 

 
Schematic representation of the workflow employed in this study. 

 
Fig. 3 



 

 

LC-UV chromatogram of urine sample of an AKU patient (A) and of a healthy control 

(B) at a wavelength of 230 nm. Column, Acquity Premier Phenyl-Hexyl (150 x 2.1 mm, 

1.7 µm). Peak of HGA annotated. 

Fig. 4 

 

EICs of analytes detected in a pooled urine sample during UHPLC-QTrap-MRM 

acquisition. 1) Tyrosine; 2) Fumaric Acid; 3) Acetoacetate; 4) Phenylalanine; 5) HGA; 

6) HPP. 
 

Fig. 5 

 
OPLS-DA model in positive (A) and negative (B) ionization mode obtained from patient 

and control sample set. The x-axis and y-axis indicate the first principal component and 

second principal component, respectively. 

Fig. 6 

 
Volcano plots (AKU vs control) with metabolites identified in ESI+ (A) and ESI- (B) 

mode. Significantly upregulated metabolites in AKU group marked in red. P-Value (FDR 

adjusted) threshold 0.05. Fold Change threshold 2.0. 

Fig. 7 

 
Pathway analysis results. 
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