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Abstract 

Capillary electrophoresis coupled with mass spectrometry (CE-MS) is a powerful technique in 

many fields of analytical chemistry, especially for the separation of charged molecules. 

However, the widespread standard sheath liquid interface lacks sensitivity which is why many 

studies and inventions have attempted improvement. Based upon two novel principles, a 

porous tip interface and nanoflow sheath liquid interface were developed to systematically 

study their performance compared to the standard sheath liquid interface. Both nanoflow 

interfaces showed similar improvements in sensitivity of 13 to 114 times over the standard 

interface for organic acids, peptides, and monoclonal antibodies. In these experiments, the 

nanoflow sheath liquid interface demonstrated higher versatility and easier manufacturing 

compared to the sheathless porous tip approach. Therefore, it was chosen for further technical 

improvement and application for trace analysis of drinking water and non-targeted 

metabolomics analysis. The characterization of its electrical current flows and resistances 

disproved the misconception that electroosmosis is the main driving force for the sheath liquid 

flow, as found in the literature. Improvements in handling and robustness were achieved by 

introducing a second capillary into the emitter for sheath liquid supply with a switching function 

for both capillaries. The resulting valve mechanism enabled a conditioning mode and 

separation mode. By this means, not only emitter lifetime and usability were strongly improved 

but also unique functions added, such as a divert to waste function for exclusion of MS 

interfering matrix components, online preconditioning with MS incompatible cleaning/coating 

agents, and the potential of online capillary isoelectric focusing with MS detection (CIEF-MS). 

This two-capillary nanoflow sheath liquid interface prototype was then applied for enrichment-

free trace analysis and quantification of anionic micropollutants in drinking water. A CE-

Orbitrap method with nanoflow interfacing was developed to enable the quantification of 

halogenated acetic acids down to the ng/L range, required to meet the strict WHO Guidelines 

for Drinking Water Quality. Seven drinking water samples from various production plants in 

Germany were analyzed and the quantitative results (0.1 to 6.2 µg/L) verified by a validated 

liquid chromatography-MS (LC-MS) method, which emphasizes the strength of CE-MS as an 

alternative technique for the analysis of highly polar and ionic compounds in water. A 

subsequent suspect screening indicated the presence of halogenated methanesulfonic acids, 

which were identified and quantified by standard compounds (0.2 to 2.6 µg/L). Reviewing the 



Abstract 

6 

 

data, a screening revealed around 20 additional anionic suspects such as sweeteners, organic 

sulfonates, and sulfates as well as inorganic ions, which shows the perspective for non-targeted 

analysis and discovery of contaminants. Non-targeted screening can be used as an exploratory 

tool in many fields of application. In this context, of a workflow for the discovery of metabolites 

by LC- and CE-MS in bioreactors was implemented. Substrate samples of biogas plants for 

methane production were analyzed to uncover the differences in metabolite concentration in 

varying process conditions. This work strongly focused on evaluating the influence of different 

separation techniques, mass spectrometer instruments and data processing software on the 

outcome of a non-targeted analysis. The samples were separated by both capillary zone 

electrophoresis (CZE) and reversed phase LC (RPLC) coupled to time-of-flight (TOF) and 

Orbitrap mass spectrometers. The non-targeted data were processed with mzMine and XCMS 

and the resulting features prioritized by partial least square regression (PLSR), which enabled 

the distinction between high and low gas yield reactor conditions with ranking by Variable 

Importance in Projection (VIP). As expected, RPLC-MS and CZE-MS delivered complementary 

information but also good correlation between 10% of the commonly detected features 

regarding fold change and importance for the PLSR model. Unexpectedly, strong differences 

between data sets were observed between TOF and Orbitrap (<50% common features), which 

suggest a major influence on the discovery of biomarkers if different MS instrumentation is 

used. Between MZmine and XCMS, significant differences in the total number of features were 

found (<57% common features), despite having a good overlap for features which were 

prioritized by the VIP ranking (up to 95% common features). This indicates a comparable 

performance for finding true positive features, but also highlights the drawbacks of automated 

data processing tools which generate high numbers of false positive features. This work 

underlined the high complexity of non-targeted workflows, and it was clearly shown that 

different approaches and slight variations can have a strong impact on the final outcome.  

Overall, next generation nanoflow electrospray interfaces for CE-MS coupling offers a strong 

potential to establish new fields of application, by combining its strength for the separation of 

ionic compounds with high sensitivity detection. Yet, automation, affordable instrument parts 

and broad instrument compatibility are key to stimulate a broader use of CE-MS in the future. 

Hopefully, this thesis supports CE-MS as a technique on its way to become a more widely 

accepted technique, next to chromatography.  
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Kurzfassung 

Kapillarelektrophorese gekoppelt mit Massenspektrometrie (CE-MS) ist eine leistungsstarke 

Technik in vielen Bereichen der analytischen Chemie, insbesondere für die Trennung geladener 

Moleküle. Das weit verbreitete Standard Interface „Triple Tube“ hat jedoch eine geringe 

Empfindlichkeit, weshalb in vielen Studien versucht wurde die Sensitivität von CE-MS 

Elektrospray Ionenquellen zu erhöhen.  

Auf der Grundlage zweier neuartiger Prinzipien wurden ein „porous tip“ Interface und ein 

„nanoflow sheath liquid“ Interface entwickelt, und ihre Leistung im Vergleich zum „Triple Tube“ 

systematisch untersucht. Beide Nanoflow Interfaces zeigten ähnliche Verbesserungen der 

Empfindlichkeit mit Response-Faktoren zwischen 13- bis 114-fach gegenüber dem Standard-

Interface für organische Säuren, Peptide und einem monoklonalen Antikörper. In diesen 

Experimenten zeigte sich, dass das „nanoflow sheath liquid“ Interface im Vergleich zur „porous 

tip“ Interface vielseitiger und die Herstellung einfacher ist. Daher wurde es für technische 

Weiterentwicklung mit Anwendungen für die Spurenanalyse in Trinkwasser und die Non-Target 

Metabolomanalyse ausgewählt. Die Charakterisierung der elektrischen Stromflüsse und 

Widerstände widerlegte zusätzlich die in der Literatur verbreitete Annahme, dass 

Elektroosmose die Hauptantriebskraft für die Flussrate des Sheath-Liquids ist.  

Durch die Einführung einer zweiten Kapillare in den Emitter wurden Handhabung und 

Robustheit verbessert, resultierend aus der Zufuhr von Sheath-Liquid über die zweite Kapillare 

zusammen mit einer Schaltfunktion zur Positionsänderung. Dieser Ventilmechanismus 

ermöglichte einen Konditionierungs- und einen Trennmodus. Auf diese Weise wurden nicht nur 

die Lebensdauer und die Benutzerfreundlichkeit des Emitters stark verbessert, sondern auch 

bisher unmögliche Funktionen hinzugefügt, wie z. B. eine "Divert to waste"-Funktion zum 

Ausschluss von MS-interferierenden Matrixkomponenten, eine Online-Vorkonditionierung mit 

MS-inkompatiblen Reinigungs-/Beschichtungsmitteln und das Potenzial einer Online-Kapillar-

Isoelektrischen Fokussierung mit MS-Detektion (CIEF-MS). Dieser Prototyp eines Zweikapillar-

Interfaces wurde anschließend für die anreicherungsfreie Spurenanalyse und Quantifizierung 

von anionischen Spurenstoffen in Trinkwasser eingesetzt.  

Eine CE-Orbitrap-Methode wurde entwickelt um die Quantifizierung von halogenierten 

Essigsäuren bis in den ng/L-Bereich zu ermöglichen, was zur Einhaltung der strengen WHO-

Richtlinien für Trinkwasserqualität erforderlich ist. Sieben Trinkwasserproben aus 
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verschiedenen Wasserwerken in Deutschland wurden analysiert und die quantitativen 

Ergebnisse (0,1 bis 6,2 µg/L) durch eine validierte Flüssigchromatographie-MS-Methode (LC-

MS) verifiziert. Dieses Projekt unterstreicht die Stärke der CE-MS als alternative Technik für die 

Analyse von hochpolaren und ionischen Verbindungen in Wasser. Ein anschließendes Suspect-

Screening wies auf das Vorhandensein von halogenierten Methansulfonsäuren hin, die 

anschließend durch Analyt-Standards bestätigt und quantifiziert wurden (0,2 bis 2,6 µg/L). Ein 

tiefergehendes Screening der Daten ergab rund 20 weitere anionische Suspects wie Süßstoffe, 

organische Sulfonate und Sulfate sowie anorganische Ionen, was die Eignung von CE-MS zur 

Non-Target Analytik in Trinkwasser Proben aufzeigt.  

Non-Target Screening kann in vielen Anwendungsbereichen als exploratives Werkzeug 

eingesetzt werden. In diesem Zusammenhang wurde ein Workflow für die Entdeckung von 

Metaboliten in Bioreaktoren durch LC- und CE-MS implementiert. Substratproben von 

Biogasanlagen zur Methanproduktion wurden analysiert, um die Unterschiede der Metabolit 

Konzentrationen bei unterschiedlichen Prozessbedingungen aufzudecken. Der Schwerpunkt 

dieser Arbeit lag auf der Bewertung des Einflusses verschiedener Trenntechniken, 

Massenspektrometer Typen und Datenverarbeitungssoftware auf das Ergebnis einer Non-

Target Analytik. Die Proben wurden sowohl durch Kapillarzonenelektrophorese (CZE) als auch 

durch Umkehrphasen-LC (RPLC) in Verbindung mit Flugzeit- (TOF) und Orbitrap-

Massenspektrometern analysiert. Die Non-Target Daten wurden mit mzMine und XCMS 

verarbeitet und die daraus resultierenden Features durch Partial Least Square Regression 

(PLSR) priorisiert, was die Unterscheidung von Reaktorbedingungen mit hoher und niedriger 

Gasausbeute ermöglichte. Wie erwartet, lieferten RPLC-MS und CZE-MS nicht nur 

komplementäre Informationen, sondern auch eine gute Korrelation zwischen ca. 10% der am 

häufigsten gefundenen Features in Bezug auf Fold-Change und ihre Priorisierung. 

Unerwarteterweise wurden starke Unterschiede zwischen den Datensätzen von TOF und 

Orbitrap festgestellt (<50% gemeinsame Features), was auf einen großen Einfluss auf die 

Entdeckung von Biomarkern schließen lässt, wenn unterschiedliche MS-Instrumente 

verwendet werden. Zwischen MZmine und XCMS wurden signifikante Unterschiede in der 

Gesamtzahl der Features festgestellt (<57 % gemeinsame Features), obwohl es eine gute 

Überschneidung bei den Features gab, die durch das PLSR-Ranking priorisiert wurden (bis zu 

95 % gemeinsame Features). Dies deutet auf eine ähnliche Leistung bei der Suche nach richtig-
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positiven Features hin, verdeutlicht aber auch die Nachteile automatisierter 

Datenverarbeitungstools, die eine hohe Anzahl falsch positiver Features erzeugen. Dieses 

Projekt unterstreicht die hohe Komplexität von Non-Target Workflows und zeigt, dass 

verschiedene Ansätze und geringfügige Variationen einen starken Einfluss auf das Endergebnis 

haben können.  

Abschließend bieten Nanoflow Interfaces für die CE-MS-Kopplung ein großes Potenzial für die 

Erschließung neuer Anwendungsbereiche, indem sie die Stärke von CE bei der Trennung 

ionischer Verbindungen mit einer hochempfindlichen Detektion kombinieren. Die 

Automatisierung, eine breite Gerätekompatibilität und Kosteneffizienz von neuen Interfaces 

sind jedoch kritisch, um eine Verbreitung von CE-MS in der Zukunft zu fördern. Hoffentlich 

unterstützt diese Arbeit die CE-MS als Technik auf dem Weg eine breitere Akzeptanz neben der 

Chromatographie zu finden. 
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1 Chapter 1: General introduction 

1.1 CE-ESI-MS interfacing 

This chapter is partially redrafted from Christian Neusüß, Jennifer Römer, Oliver Höcker, Kevin Jooß, 

Chapter 12 - Coupling of Capillary Electromigration Techniques to Mass Spectrometry, In Handbooks in 

Separation Science, Capillary Electromigration Separation Methods, Colin F. Poole, Elsevier, 2018 

 

Capillary electrophoresis (CE) is generally coupled mass spectrometry (MS) by electrospray 

ionization (ESI) interfacing [1]. An electric field is applied to a conductive liquid which initiates 

the formation of a meniscus, the so-called Taylor Cone [2]. From this cone, a jet of charged, 

uniform droplets emerges which undergo fission due to solvent evaporation, charge 

concentration and Coulombic repulsion, ultimately resulting in charged gas phase ions as 

described by the charge residue or ion evaporation model [3]. The coupling of capillary 

electrophoresis with electrospray ionization mass spectrometry requires two separate 

electrical circuits and has to deal with changes in the flow rates and direction of the 

electroosmotic flow in the separation capillary [4]. Two major principles of CE-MS interfacing 

principles can be distinguished: sheath liquid and sheathless interfaces. 

The purpose of an additional make-up liquid for sheath liquid interfaces is to drain the 

separation current at the capillary outlet and to modify the background electrolyte for an 

enhanced electrospray performance and for spray stability. The sheath liquid composition can 

be modified to yield best ionization efficiency by addition of organic solvents such as 

isopropanol or methanol, also with acids or bases as charge carriers. On the other hand, 

analytes are diluted by the addition of sheath liquid which reduces the signal intensity since 

electrospray is concentration sensitive [3]. Within the group of sheath liquid interfaces several 

subtypes have been developed, mainly to address issues of sensitivity by miniaturization of the 

emitter or reduction of sheath liquid flow. 

The co-axial sheath liquid interface is the most widely applied interface for CE-MS coupling, 

invented in 1988 by Smith et al [5, 6]. The additional sheath liquid is delivered by a metal needle 

around the capillary and sprayed with a surrounding nebulizing gas. Due to the proximity of the 

capillary outlet to the metal needle, the electrical contact is good enough to even use sheath 

liquid without charged additives and to allow a complete decoupling of both separation and 

electrospray circuits. The sheath liquid is delivered at a constant flow by either a syringe pump 

or isocratic LC pump at 2 to 10 µL/min, mixing with the capillary effluent at the sprayer tip to 
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allow a stable electrospray process. This “triple tube” design is commercialized by Agilent 

Technologies and shown in Figure 1. 

Positioning of the CE capillary in relation 

to the metal needle is crucial to obtain 

electrical contact and reproducible 

performance. The nebulizer gas flow 

should be low to minimize the suction 

effect caused by the pressure difference 

between capillary inlet and outlet, 

causing an accelerated liquid flow inside 

the capillary. This flow reduces 

separation efficiency and leads to peak 

broadening [8]. To compensate the 

lower sensitivity caused by dilution, 

various approaches reduce the orifice 

diameter of the electrospray needle 

enabling a sheath liquid flow rate in the 

nL/min range. The sharper tips and lower 

flow rates enable nano electrospray, 

therefore produce smaller initial droplets. Nano electrospray is more efficient and also more 

tolerant against electrospray (ES) interfering components [9, 10]. In addition, the spray tip is 

positioned closer to the MS, and in axis, which improves sampling by the MS inlet, whereas a 

nebulizing gas is not required.  

 

 

Figure 1: Setup of the co-axial sheath liquid interface or “Triple 

Tube” interface. The separation capillary is surrounded by a 

metal needle with sheath liquid flow. A nebulizing gas sprays the 

mixed electrolyte and sheath liquid. Adapted from [7] 
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Various types of nanoflow 

sheath liquid interfaces 

have been published for 

CE-MS coupling, and in 

most cases the separation 

capillary is inserted into 

an emitter, with a small 

and sometimes tapered 

orifice to allow nanoliter 

sheath liquid flow due to 

low volume Taylor cones 

[12]. Several publications use stainless steel needles with blunt or beveled tips, such as the 

micro flow-through (Figure 2) [13], or a simplified nanoflow interface using a blunt metal 

needle, similar to the needle inside of the triple tube interface, but without nebulizer gas flow 

and in axis with the MS inlet (Figure 3) [14].  

 

Figure 3: Schematic of the cone geometry (A), microphotographies of the Taylor cones and the electrospray droplets 

offspring (B) and (C) with laser lighting.  [14] 

One of the earliest publications for CE-MS nano-interfacing from Hsieh et al uses a glass emitter 

with 1-5 µm orifice [15], which was then further developed by Dovichi and Co-workers over 

several instrument generations [16–18] and which was mainly applied for peptide and protein 

analysis [19, 20]. A general setup of a nanoflow sheath liquid interface using a glass emitter is 

shown in Figure 4. Here, the sheath liquid is delivered only by the consumption of liquid during 

the electrospray process and replenished by capillary action. To minimize the dead volume, the 

separation capillary outlet is grinded or etched to reduce its outer diameter and to allow a 

better alignment with the emitter orifice which reduces peak broadening. The influence of the 

orifice diameters on the detection sensitivity was experimentally tested (8 – 35 µm) [16]. CMP 

Scientific commercialized this interface under the name EMASS-II. In the recent design, orifice 

 

 

Figure 2: Schematic of the micro flow through vial interface with metal needle [11] 
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diameters of 30 µm are used since they are more robust against clogging with comparable 

sensitivity to smaller orifice diameters. Further, the sheath liquid has to be conductive since 

the electrode for electrical contact is located several centimeters away from the capillary 

outlet. Therefore, both circuits are not completely independent and fluctuations in the 

separation current can influence the electrospray performance. 

 

Figure 4: Setup of a nanoflow sheath liquid interface. The separation capillary is guided into a glass emitter and micrometer 

orifice, filled with sheath liquid which is delivered by liquid consumption of the electrospray process and no additional 

pump. Background electrolyte and sheath liquid mix after the separation and are sprayed to the MS inlet. Comparable to 

EMASS-II from CMP Scientific. Adapted from [7] 

Nanospray can be also achieved by a liquid junction, which combines benefits of sheath liquid 

and sheathless interfaces (Figure 5). Separation capillary and emitter are connected by a gap 

of low µm distance which allows both electrical contact and the addition of a modifier. The flow 

rates are in the low nL/min range, controlled by pressure to the modifier or a slight vacuum at 

the needle tip. This arrangement decouples flow rate as well as the current circuit of the CE 

capillary from the emitter [21]. Nevertheless, controlling flow rates and ensuring proper 

alignment of the CE capillary with the spray tip to achieve low gap tolerances is difficult. This 

can create dead volumes leading to peak broadening and migration time shifts. To date, no 

interface was commercialized using this setup. 
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Figure 5: Typical set up for a liquid junction interface. The sheath liquid flow can be delivered by external pressure or 

vacuum from the mass spectrometer inlet. Adapted from [7] 

Sheathless interfaces utilize only the background electrolyte for spray generation without 

addition of a make-up liquid. The benefits of sheathless designs are the simplicity and lack of 

dilution which yields high signal intensities. However, since one important function of the 

sheath liquid is to provide electrical contact, other technical solutions must be applied. While 

old designs used rather unstable electrically conducting coatings (Figure 6 A) [22, 23] or 

inserted wires (Figure 6 B) [24], recent designs apply sub-µm fractures (Figure 6 C) [25] or use 

laser ablation combined with semi-permeable membranes (Figure 6 D) [26] to allow contact to 

the background electrolyte through the capillary wall [27, 28]. The simplest approach of an 

interface by Tycova et al. consists of a sharpened, narrow internal diameter capillary with a 

sharpened tip, that omits a second circuit for the electrospray (Figure 6 E) [29]. The inlet 

separation voltage is adjusted to fit the nano ampere current required for a stable spray. In this 

way, all separation current is drained by the MS inlet and no second circuit needed. To achieve 

the low currents required for stable electrospray, only small ID capillaries (<20 µm) and low 

concentrated buffers can be used [30, 31]. This solution is very elegant due to its simplicity, 

however, it is a compromise between separation efficiency and electrospray efficiency. Either 

the separation is performed at low voltages to meet the low current necessary for continuous 

and stable electrospray process, or high voltages can be used for efficient separation. In this 

case, the separation voltage has to be lowered when the analyte reaches the capillary outlet to 
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initiate the electrospray which requires exact knowledge of the migration time and is therefore 

not applicable for discovery analyses.  

 

Figure 6: Different examples for sheathless CE-MS interfacing. (A) A conductive coating is applied to the emitter, the current 

is drained by a conductive liquid [32], (B) in-capillary electrode inserted through side hole [24], (C) microdialysis junction 

with sub µm fracture [25], (D) Laser ablated nanochannels with cellulose acetate cast [26], (E) “Interface Free” interface 

with one electrical circuit for separation and electrospray [29], (F) Detachable porous tip interface with large bore separation 

capillary [32].  

 

A now very popular approach was commercialized by Sciex (Capillary electrophoresis 

electrospray ionization, CESI), based on a publication from Moini despite challenging 

manufacturing of the porous tip interface. The outer diameter is reduced to a thickness of 

around 5 µm by etching with hydrofluoric acid, which provides enough conductivity for the 

electrical contact to drain the separation current and apply the electrospray voltage through 

the glass wall (compare Figure 7). Additionally, the spraying tip is extremely sharp, which 
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generates a low volume Taylor cone and preserves narrow peak widths. Also, clogging is 

minimized compared to tapered emitters due to its constant internal diameter. Half of the 

etched tip is immersed in a conductive liquid, while the rest protrudes and sprays the 

background electrolyte with lowest flow rates of 5-20 nL/min which enables low ion 

suppression and high sensitivity. This porous tip interface gained popularity, especially for 

metabolomics and protein analysis applications due to its significant increase in sensitivity and 

its commercialization [33–36]. 

 

Figure 7: Setup of a sheathless interface with porous tip segment. Outer diameter is reduced to 5 µm thickness by etching 

with hydrofluoric acid to allow electrical contact to ground or power source via conductive liquid. Background electrolyte is 

sprayed without additional liquid. Comparable to CESI8000 from Sciex. Adapted from [7] 

A modified porous tip interface with detachable tip was later developed by Wang et al [32], 

where a piece of capillary with smaller OD and porous etched tip is glued into the separation 

capillary (Figure 6F). The larger bore separation capillary combines high sample loadability with 

the fine spray tip of a small ID capillary. Apart from benefits, sheathless interfaces have some 

disadvantages compared to sheath liquid interfaces. A high electroosmotic flow (EOF) in outlet 

direction is often required to facilitate a stable electrospray, however, most separations of 

peptides, proteins or other cations are performed at low EOF conditions to achieve the best 

separation. Therefore, a low pressure must be applied to provide enough liquid flow, which 

influences the separation efficiency negatively. The electrospray of sheathless interfaces is 

directly influenced by changes in parameters which influence the EOF and flow rate of the 
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background electrolyte (BGE). This means that changes in the separation method or parameter 

drifts during separation, directly influence the spray performance. On the contrary, in sheath 

liquid interfaces the sheath liquid flow is rather decoupled from the separation, so that both 

can be independently tuned to some extent. Nevertheless, in nanoflow sheath liquid interfaces, 

a high flow of electrolyte mixing with low nL/min sheath liquid flow rates can also influence the 

spray performance negatively. Overall, both sheathless and sheath liquid interfaces have their 

strengths and weaknesses. Interface development for CE-MS remains a trending and active 

topic of research, which has much potential for advanced solutions.  
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1.2 Analysis of persistent and mobile organic compounds in the aquatic environment 

 

Water quality is one of the most important components for the integrity of the environment, 

its ecosystems, and finally essential to human health especially due to its use for hygiene and 

as drinking water. In recent decades, the accessibility to safe drinking water resources 

improved continuously worldwide, however approximately 15 to 20% of the world population 

still cannot access clean drinking water [37, 38]. While issues with microbial contamination and 

pathogens are mostly under control in the wealthy level three and level four income countries, 

the mostly anthropogenic chemical contamination of water sources in general is a topic of 

concern. Unlike other planetary boundaries such as climate change or biosphere integrity 

(Figure 8), the impact magnitude of anthropogenic, novel entities onto the environment is still 

not defined [39]. Achievements like the Stockholm Convention in 2004 [40, 41] or the 

implementation of the REACH regulation since 2006 [42] drive the elimination and regulation 

of chemicals for industrial use to prevent or at least reduce the release into the environment. 

However, these regulations are by far not comprehensive and continuous adaptation to cover 

new emerging and discovered contaminants.  
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Figure 8: Current status of the control variables for nine planetary boundaries. Green zones are safe operating space, yellow 

a zone of uncertainty and red is a high-risk zone. Adapted from [39]. Boundaries for novel entities could be still not 

estimated. 

 

In recent years a new group of persistent and mobile organic contaminants (PMOC) emerged 

as a topic of concern and became a strong driving force for new trends in analytical water 

chemistry [43]. PMOCs are known and unknown compounds which are highly mobile, long term 

stable and have the potential to damage the aquatic environment irreversibly [44, 45]. 

Generally, contaminants in the aquatic environment can be classified according to their 

chemical and physical properties which influence their impact on the environment and 

organisms such as toxicity (T) and bioaccumulation (B), their persistence (P), and their mobility 

(M) [46]. Nowadays, most of the T, B and PBT substances are regulated to either ban their use 

in industrial applications or to ensure a proper handling and disposal. Due to low polarity and 

low water solubility, these substances are easily removed from water by various sorption 

processes and are nowadays no real threat for drinking water supplies anymore. This is mainly 

due to established methods for the analysis of nonpolar to polar contaminants, which enable 

a broad screening and high level of confidence in evaluating the chemical drinking water safety 

[44]. On the contrary, PMOCs exhibit opposing properties which can be covered by parameters 
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such as high water solubility (SW), low Kd values (absorption to soil), low DOW values 

(octanol/water distribution, i.e. polarity), low vapor pressures and ionizability [46, 47]. These 

properties can disable the proper analysis by well-established approaches based on RPLC-MS 

and complicate removal from water resources. Such compounds were therefore termed “gap 

compounds” by Reemtsma et al [44]. 

 

Figure 9: Scheme of a partially closed water cycle with emission sources of chemicals and different barriers. Adapted from 

[44] 

 

Wastewater treatment plants (WWTPs) are a major barrier to prevent the contaminants from 

reaching surface waters, which are the recipients of the WWTP effluents. Due to the 

persistence of PMOCs, the elimination processes in WWTPs are insufficient and additionally, 

the highly polar or ionic properties reduce their sorption to microbial biomass. Therefore, 

natural and artificial barriers are easily overcome which poses global contamination scenarios 

(Figure 9). To protect drinking water supplies, drinking water treatment plants use various 

techniques to purify natural water resources, such as riverbank filtration which eliminates 

compounds by mechanical retention, adsorption, and biodegradation [44]. However, this might 

not be sufficient for the removal of all PMOCs which finally leads to a high mobility and 

accumulation in the water cycle. To eliminate PMOCs for drinking water production, novel large 

scale treatment techniques are explored such as reverse osmosis based on steric hindrance, 

electrostatic and hydrophobic interactions [48] and ion exchange materials [49] which provide 

a more robust barrier against most polar micropollutants. Nevertheless, the implementation 

of these techniques for a global wastewater treatment seems to be difficult as an attempt to 

protect large scale natural water resources and complete ecosystems.  

While toxicity and bioaccumulation are important criteria for regulation, proposals recommend 

a regulation based on persistence and mobility alone [45]. In addition, the REACH regulation 
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considers only the effect of single substances, but complex substance mixtures might pose an 

even higher risk for human and environmental health which has to be evaluated [50]. The 

ability of PMOCs to access all parts of the water cycle including drinking water is alarming and 

emphasized by an increased production and use of PMOCs in industries which had to substitute 

regulated PBTs [47]. Efforts for definition of criteria which aim to include PM and PMT 

substances into the REACH framework have already been made, striving for increased future 

regulations to force industries to safely use substances over their complete life cycle. The 

protection of drinking water quality has a high priority for protection against chemical 

contamination in the European Union, but a literature review summarized over 300 chemicals 

detected in ground and drinking water from which 43% were regulated under REACH [45]. This 

indicates that regulation alone cannot prevent pollution and emissions of critical substances. 

For screening and protection, these new regulations will demand methods for the identification 

and quantification of known PMOCs as well as explorative tools for discovery of unknowns. This 

poses new challenges for the analytical community which mostly relied on well-established 

reversed phase and gas chromatography for water analysis.  

An example for PMOCs is trifluoroacetate (TFA) which is used as solvent or raw material up to 

10.000 tons per year in the EU alone. Concentrations more than 20 µg/L were found in the river 

Neckar which influenced drinking water supplies and is a permanent background, detectable 

in most common tap water. However, it also appears as a transformation product from large 

varieties of substances, such as pharmaceuticals or pesticides. Drinking water samples from 

Spain, France, Netherlands, and Germany were screened for 64 PM substances, whereupon in 

half of all samples around one third of the targets could be detected. This included compounds 

such as acesulfame, melamine, epsilon-caprolactam and trifluoromethane sulfonic acid in 

ranges from low ng/L up to µg/L [51].  

To estimate a plausible number of persistent and mobile compounds, studies have evaluated 

over 14000 substances registered in the REACH regulation. Considering their properties and 

possible degradation products, half are ionizable compounds and around 2200 could be 

classified as potential PM substances from which around 760 to 1100 had a significant 

probability of being released into the environment [45].  

In addition to chemicals originating from industrial use and naturally occurring transformation 

products, some drinking water treatment techniques such as disinfection or ozonation produce 
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transformation products or byproducts during the process. Oftentimes, the transformation 

products are shifted to higher polarity and their structures are mostly unknown and difficult to 

predict [52]. Therefore, even if chemicals are registered and monitored by targeted analyses, 

their transformation products might be undetected and even more persistent, mobile, or even 

toxic. This involves for example the halogenation of organic compounds to form haloacetic 

acids (HAA), halogenated methanesulfonic acids (HMSA), haloacetonitriles, aldehydes or 

ketoacids. Many of these compounds were discovered only by tedious non-targeted screening 

approaches which were focused on highly polar gap compounds. It is expected that hundreds 

of unknown PMOC candidates are still hidden in environmental water sources [53, 54]. 

In RPLC, the compounds are separated based on their polarity by nonpolar column material 

and polar eluents where nonpolar compounds interact stronger with the stationary phase than 

polar compounds. Polar endcapped column materials can enhance polar interactions and 

enable analysis of compounds with log P values till around 0 to -2 [47, 55]. However, gap 

compounds have much lower P values and are therefore not retained on RP columns but elute 

in the void volume, unseparated from others which hinders determination and quantification, 

especially with MS detection due to ionization suppression effects.  

Currently, complementary separation techniques are explored to enable the coverage of gap 

compounds in environmental and water analysis (Figure 10). Many of them are already around 

for decades but less demanded, however experience a revival due to the trend in water 

analysis. Potential candidates include hydrophilic interaction chromatography (HILIC, based on 

polarity and charge), ion chromatography (IC, based on charge), mixed-mode liquid 

chromatography (MMLC, based on charge state and polarity) supercritical fluid 

chromatography (SFC, based on polarity) and Capillary Electrophoresis (CE, based on charge, 

size and polarity depending on mode) (Figure 11).  
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Figure 10: Polarity (logDow) of analytes covered by GC- or RPLC-MS analysis.1: Aminomethylphosphonic acid (AMPA), 2: 

Paraquat, 3: Cyanuric acid, 4: DMS, 5: Diquat, 6: 5-Fluorouracil, 7: Glyphosate, 8: Melamine, 9: Metformin, 10: 

Perfluoroacetic acid, 11: EDTA. Adapted from [56] 

 

HILIC represents one of the most promising candidates for extending RP chromatography due 

to its close relation by using the same instrumental equipment and eluents. The 

complementary separation mechanism is based on partitioning between low water containing 

mobile phase and the immobilized water layer surrounding the hydrophilic stationary phase. 

More polar compounds retain longer due to a stronger attraction to the aqueous layer and 

elute only with higher water content. The retention mechanism is more complex than for RPLC 

and no generally applicable stationary phase and buffer composition exists for analyses of most 

polar analytes. Additionally, the retention time is more sensitive to variation in buffer 

components, their concentrations and pH values. Thus, a higher degree of precision for eluent 

preparation and longer equilibration times are demanded to achieve good retention time 

reproducibility [47, 54]. However, analog to high organic samples in RPLC, pure aqueous 

samples matrices are not ideal due to analyte breakthrough and degraded peak shape and 

require dilution with organic solvent. Also, the performance regarding peak capacity and 

theoretical plates cannot keep up with C18 materials in RPLC [57]. By serial coupling of an RPLC 

with a HILIC column, over 250 compounds with a broad range of polarity (log D -2.5 to +2) could 

be analyzed by a single injection and nearly all compounds were retained. Comparing this RPLC-

HILIC system to SFC-MS, a similar separation selectivity was observed. This finding is very 
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promising since it demonstrates the versatility of SFC and a great potential to cover a wide 

polarity range which might be useful for non-targeted screening approaches and compound 

discovery. Even nonpolar molecules were sufficiently retained and did not coelute in the void 

volume [57]. In a recent study, a rapid SFC-MS method was validated for the quantification of 

17 PM substances in less than 7 minutes, showing good recovery and low ng/L limits for 

quantification and potential for explorative screening. Nevertheless, retention mechanisms are 

still not fully understood which poses difficulties for method development. Special SFC 

instruments are required and are still less developed compared to widely established RPLC 

systems [58]. However, with an increased understanding of the theory and improved 

instruments, a rapid growth in application of SFC is expected [47].  

 

 
Figure 11: General applicability of analytical methods and polarity-based definitions. Solid lines indicate polarity ranges in 

which a method is expected to work, dashed lines indicate ranges in which a method might work. Since the applicability of 

analytical methods is never solely dependent on the analyte polarity these polarity ranges are merely indicators. Adapted 

from [47] 
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IC uses charged stationary phases where charged compounds interact and therefore retain 

until they are displaced by an increasing concentration of a stronger binding ion species in the 

eluent. Therefore, eluents are mostly aqueous with high concentrations of mostly non-volatile 

buffers (e.g. NaOH or NaHCO3) which hinders ESI to mass spectrometry. To eliminate high 

sodium or potassium load, suppressors are used for their exchange to hydronium ions [47]. The 

application of IC-MS for the analysis of gap compounds is limited so far, despite the application 

for the trace determination of phosphonates in wastewater and environmental samples [59]. 

However, an increasing number of studies uses mixed mode columns with ion exchange 

functionalities in addition to RP materials [60]. 

CE is an established technique for the separation of ionizable or permanently charged 

molecules in many fields of application [12]. However, only a few publications applied CE-MS 

for the analysis of PMOCs such as glyphosate and degradation products, metformin, artificial 

sweeteners, herbicides and chlorine species [61–66]. This is surprising, especially since CE is 

known since decades for its ability to separate permanently charged, small ions such as 

inorganic ions [67] representing comparable challenges for chromatographic separation as 

PMOCs. Apart from historical reasons and a strong chromatography community in water 

analysis, the limited loading capacity and lower concentration sensitivity for mass spectrometry 

coupling avoided the establishment and routine application. To address this issue, novel 

interfacing techniques enable the combination of sensitive nanoflow electrospray, easy 

handling and robust performance. Chapter 5 describes the application of a homebuilt, high 

sensitivity CE-MS interface for the trace analysis of halogenated acetic acids (HAA) and 

halogenated methanesulfonic acids (HMSA). This group of PMOCs is mostly created as 

disinfection byproducts by chlorination and can be found in treated drinking water, however 

the precursors and formation mechanism of HMSAs are not fully understood yet [68].  
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1.3 Metabolomics 

Metabolomics covers the identification and quantification of low molecular weight metabolites 

which are generated as metabolic byproducts by all organisms and biologic systems. The 

metabolite identities and their concentration provide insight into the physiology of the cells. 

Their abundance can be strongly influenced by adverse factors and environmental alterations 

[70–72]. Therefore, cells, tissues or excreted biomaterial are analyzed with various analytical 

techniques such as nuclear magnetic resonance (NMR), GC-MS, LC-MS and CE-MS to extract as 

much chemical information as possible [73]. Metabolomics is part of a branch of analytical 

science, the so-called “Omics”, which 

aim to characterize components of a 

biological system as comprehensive as 

possible, including the genome, 

proteome, lipidome and metabolome 

(compare Figure 12). It is a vast field, 

interconnecting various disciplines such 

as medicine, biology, analytical 

chemistry, bioinformatics, and data 

science. The ability to simultaneously 

measure thousands of chemicals can 

provide answers for the interaction 

between the environment and the 

genome of organisms [74]. 

While targeted metabolomics aims to 

identify and quantify metabolites known 

to be present in that specific system, non-targeted approaches are explorative and try to 

generate hypotheses. Therefore, coverage of the broadest range of molecules is aspired to 

gather as much information as possible, if no prior knowledge about the analytes of interest is 

available [74]. However, subsequent targeted analyses are generally used, since untargeted 

metabolomics is not quantitative, and the ultimate identification of analyte signals can be 

guaranteed by reference material only [75, 76]. Nevertheless, metabolomics brought valuable 

contributions for the understanding of diseases and untargeted analyses revealed biomarkers 

 

Figure 12: The ‘‘Omics’’ cascade. Interrelations and interactions 

between genomics, transcriptomics, proteomics, and 

metabolomics.   Adapted from [69] 
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which are nowadays used for early diagnostic in a targeted manner. Figure 13 shows the major 

steps of a general LC-MS driven metabolomics workflow. One of the most important strengths 

of non-targeted approaches is its ability to reveal the differences in metabolite concentration 

between samples.  Although the identity and absolute concentrations might be unknown, it is 

explorative and enables to focus subsequent analyses [77]. 

 

Figure 13: General overview of an untargeted LC-MS workflow. Adapted from [78] 

 

Often, the global metabolic profiles of two or more groups are compared to each other to 

evaluate differences resulting from varying conditions between the groups. This can range from 

controlled frameworks such as changes in growing conditions for yeast strands and their 

interaction [79] over the variations of metabolite concentrations in different lettuce varieties 

[80] to the full characterization of the human metabolome for building the Human Metabolome 

Data Base (HMDB). This HMDB includes includes over 100.000 metabolite structures but also 

additional information about changes in metabolite concentrations in patient metabolism for 

over 5000 different human diseases [81]. 

Although the biochemical interpretation of changes in metabolic concentrations is overly 

complex and requires experts in biology or medicine, also the analytical side involves a 

multitude of challenging steps to provide clues for answering a biological question. These 

include sampling and sample preparation, the choice of instrumental analysis technique, data 

processing, statistical evaluation, and final identification [80]. Data processing is a crucial part 

of metabolomics experiments, also called data mining due to its explorative nature, which 

implies the difficulties in searching and extracting the right information of interest [80].  
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During CE-MS or LC-MS analysis several thousand analyte signals are recorded, usually called 

“features” during data processing, and are assigned to a specific separation time and mass to 

charge value. For each analysis and sample, the feature signal intensity corresponds to its 

concentration but can differ among sample groups. In case of non-targeted approaches, the 

absolute concentration cannot be determined since the identity of the features is unknown, 

but the relative change among sample groups indicates a change in the metabolism. Ideally, 

each feature contains information from a fragmentation experiment for a better chance of 

subsequent structure elucidation. In any case, at least high mass accuracy information, several 

adducts, and isotopic pattern are required to postulate an elemental composition for 

annotation. Especially in a non-targeted approach, multivariate statistical methods are used to 

explore the large data sets of several thousand features and reveal candidates which are 

significantly different among the sample groups.  

 

Figure 14: General workflow of a non-targeted metabolomics workflow for data mining and preparation for statistical 

analysis. Adapted from [78] 
 

To allow the use of statistical analyses, the raw data need to be preprocessed and reduced in 

dimensionality to receive a feature table in an appropriate format. A general workflow for the 

feature extraction of untargeted metabolomics experiments is shown in Figure 14. LC-MS data 

contain information about mass to charge ratio (m/z), retention time (RT) and intensities. 

Additionally, MS/MS data can be acquired which can give hints about the structure of a feature. 

A key issue of these analytical methods are the data variations of the m/z and RT values due to 

instrumental performance or changes in the sample matrix compositions during automated 

data evaluation. For automation, an algorithm has to recognize the feature identity (m/z and 
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RT) and its intensity to perform an alignment over various samples. The raw data are then 

converted into a matrix (feature list) where an average m/z and RT value is assigned to each 

feature and by which the three-dimensional data is reduced into two dimensions. Among other 

software, the most popular software tools for peak picking and alignment are mzMine [82] and 

XCMS [83] which enable an automated processing from the raw data to the aligned feature 

table and even basic statistical operations. Peak picking is a computational procedure to detect 

analyte signals from raw data and extract their exact m/z ratio, retention time and peak 

intensity. The ability to separate true signals from noise is an important requirement to reduce 

data size and to generate meaningful results. Generally, data are smoothed to reduce random 

noise and intensity thresholds avoid picking of false noise signals. Several algorithms have been 

developed for this purpose, for example, “matchedFilter” or “centWave” [84, 85]. Most 

software tools use so called “binning”, which slices the m/z information into units of e.g. 0.001 

m/z. In these bins, peaks above the signal to noise ratio are detected, e.g. by wavelet filters, 

which search for regions with low m/z deviations and data points increasing and then 

decreasing in intensity. Bins which do not contain peaks with the predetermined requirements 

or contain background noise are excluded by this process. The ideal width of the slices depends 

on the MS instrument and method parameters and have to be chosen adequately to avoid 

alternation of a feature between different bins or loss of small peaks in high noise levels. A 

peak alignment is then performed by grouping of peaks and their intensity across different 

samples by a previously determined RT range or bandwidth in which the features are scattered 

across the samples. Various algorithms for alignment exist, such as “RANSAC” or “ObiWarp”, 

to compensate for non-linear time shifts [83]. Since one molecule generally shows various 

signals in the MS spectra, the peak list must be deconvoluted. This means, that all related 

isotope and adduct signals are grouped together into one compound, which reduces the 

number of features and increases the confidence for annotation.  

An alternative approach to binning procedures is the use of multivariate curve resolution-

alternating least squares (MCR-ALS), which enables data resolution independent of peak 

alignment on the time axis, since it uses alignment on the spectral dimension [86]. Therefore, 

it is a useful alternative for strong retention time shifts between data sets, such as capillary 

electrophoresis data [85]. 
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Since non-targeted analysis generally deals with unknowns, the molecular identification of 

features is a crucial step. One of the most crucial points of non-targeted analysis by mass 

spectrometry is the annotation or identification of features, yet it is considered as the 

bottleneck of non-targeted analysis workflows in general [75]. It allows placing the data into a 

context which is required to draw biological conclusions. Accurate mass measurement for the 

determination of elemental compositions but without any further constraints is still 

challenging, even with sub-ppm accuracy of modern high resolution mass spectrometers. 

Generic approaches limit the variety of elements used for formula generation (mostly C, H, O, 

N and S) to reduce the number of candidates. However, in case of a true unknown compound, 

the true sum formula is likely to be overlooked due to rare elemental compositions [75]. In 

addition to the monoisotopic mass, orthogonal filters have to be applied, including isotope 

ratio abundances and constraining of chemical formula generation to minimize the number of 

possible sum formulas [87]. Further, the production of in source fragments and unknown 

adduct formation complicates annotation [76]. Annotation or identification can be achieved in 

various ways, for instance by building a compound library for a specific analytical method with 

actual standard substances by determination of their retention time, MS spectra and MS/MS 

information. Compound libraries containing over 600 common metabolite standards are 

already commercially available in well plate formats for high throughput acquisition to build 

true retention time and spectra libraries on individual separation and detection setups [88]. 

This way, the identification is the most reliable since the library data are acquired on the same 

instrumental setup as the actual measurement, yet this approach is very labor intensive. 

Alternatively, external libraries offer experimental MS and MS/MS spectra acquired on similar 

instruments which can be used to match an unknown feature. However, the conditions under 

which this library information are acquired might be different which leads to differences in the 

spectra and reduces confidence for the identification [89]. Lastly, in-silico fragmentations can 

be used to predict retention times under different separation conditions and to simulate MS 

and MS/MS spectra [90]. However, this is still a rather unreliable way for feature identification 

since the machine learning algorithms need to be based on good data sets which are still scarce 

[91]. Using mass spectral data bases is currently the best compromise approach for fast 

annotation with more than two million experimental compound spectra which are 

complemented by in-silico generated databases [91].  
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After the extraction from the raw data and annotation, the feature tables should be further 

refined before using statistical methods. The goal of the statistical evaluation is to find variation 

which is related to changes in the biological system. However, there are several reasons leading 

to unrelated variation in the data sets. These include drift of performance from the analytical 

method, features not originating from the biological system, and variation in sample 

preparation. Representative, pooled samples (QC) can be used to verify the presence in the 

samples themselves since they include all features. Further, a drift can be corrected by 

interpolation if the change of QC signal intensities over the sequence is evaluated [92].  

As a last treatment step before multivariate data analysis, the response values have to be 

scaled. Because there is no prior knowledge about an unknown compound’s ionization 

efficiency and therefore its concentration range, the highest intensities do not necessarily 

relate to the highest concentrations. Without scaling, the high intensity values would have a 

stronger influence on the statistical results than low intensity ones, which would discriminate 

low intensity features with a high fold change. Therefore, a typical approach is to use unit 

variance scaling or autoscaling which means to center a feature by subtracting the average 

intensity over all samples and division by its standard deviation. Others include pareto or log 

scaling, which enables comparison of intensities over several orders of magnitude and have 

their own advantages and drawbacks [93]. 

In general, univariate and multivariate methods can be distinguished for statistical data 

evaluation. Univariate methods focus on single variables and mostly to known, identified 

compounds, such as ANOVA or t-test. Multivariate methods are generally applied to all 

compounds of a data set simultaneously, can handle thousands of variables and are able to 

discover relationships between them [78]. Some of the most applied are Principal Component 

Analysis (PCA), as unsupervised method, and Partial Least Squares Regression or Discriminant 

Analysis (PLSR or PLS-DA), as supervised methods [94]. PCA is the first step to enable an 

overview of the differences among sample groups and enables exploratory data evaluation 

without prior knowledge of differences. PLS-DA is able to discover relationships between the 

independent and dependent variables and therefore discovery of features which are 

responsible for the changes among sample groups which takes advantage of the experimental 

design, such as known different properties among sample groups [95]. These methods are 

prone to overfitting of models, which might lead to overinterpreting the contribution of a 
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feature to the metabolic change. However, cross validation techniques can be applied to 

compensate and test the model in combination with root mean square of calibration for 

regression and calibration accuracy [96]. From the resulting PLS model, the contribution of a 

feature or loading can be extracted. Also, an up- or downregulation of a feature can be 

determined, which means an increase or decrease of its concentration among sample groups. 

A common approach is to determine the Variable Importance in Projection (VIP) which shows 

the overall contribution of a metabolite to the change between the sample groups [97].  

As a last step, the relevance and position of the annotated metabolites need to be identified 

by metabolic pathway and network analysis, to finally enable a mechanistic insight of the 

studied biological system. Currently, there are no analytical methods which cover all 

metabolites comprehensively, leading to gaps in the interpretation of metabolic pathways and 

speculation. Bioinformatic tools can be used to evaluate and simulate pathways, however, they 

are currently limited to be used by bioinformatic experts and comprehensive data bases are 

still under development [98]. Tools such as MassTRIX, MarVis or MetaMapp recognize 

previously annotated features and automatically compares them to all compounds of the KEGG 

database (Kyoto Encyclopedia of Genes and Genomes) and present them in the genomic 

context of the organism [98, 99]. Large scale metabolomics data sets are more accessible, yet 

a big challenge and current bottleneck of integrated “multi-omics” is the interconnection of 

various omics disciplines, which are generally performed under non-standardized conditions 

and mostly contain only qualitative information [100].  Integrated approaches can combine 

transcriptome, proteome and metabolome profiling information to yield a comprehensive 

insight of biological systems, called “Systems Biology” (Figure 15), which aims to interpret 

cellular phenomena at a systems level based on Omics data analysis and computational 

simulation [101]. It has the potential to derive causative mechanisms from the observed 

metabolomics profile and start to gradually become a new standard due to the modern 

possibilities of analytical chemistry [102].  
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Figure 15: Relationship between the systems biology cycle and the metabolomics pipeline [98] 
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1.4 Anaerobic bioreactors for methane production 

The process of anaerobic digestion is utilized to produce renewable energy by conversion of 

biomass into methane or biogas. This naturally occurring process accounts for more than half 

of the annually produced methane worldwide, contributing to the environmental methane 

cycle as a part of the carbon cycle [104]. If this process is enclosed in bioreactors, the methane 

gas can be collected and used as biofuel for transportation, heat, and electricity production. 

Different groups of microorganisms break down macromolecules in four major steps with 

methane as a final product among other gases. 

During hydrolysis, polymers (proteins, fats, 

carbohydrates) are broken down into their 

monomers or simpler molecules by extracellular 

hydrolases from hydrolytic bacteria, which are 

phylogenetically diverse and robust against 

environmental changes. During acidogenesis, 

the hydrolytic products such as amino acids, 

fatty acids and sugars are converted into volatile 

fatty acids and alcohols by acidogenic bacteria. 

Acetogenic microorganisms further metabolize 

the acids into acetic acid, hydrogen, and carbon 

dioxide during acetogenesis (Figure 16). Finally, 

methanogenic archaea are producing methane 

directly from acetate (acetoclastic), from 

hydrogen (hydrogenotrophic) or from methyl 

compounds (methylotrophic) [103]. 

Biomass is widely available and has potential for the reduction of carbon dioxide emission from 

fossil fuels and thus to contribute to the energy revolution and slow down climate change. 

Various substrates are available, such as plant matter from agricultural and forestry resources, 

food wastes, sewage sludge, wastewater and animal manure. Therefore, bioreactors could be 

operated in a cost effective, highly efficient, and sustainable way since these substrates are 

generated as byproducts. Conveniently, the digestate contains a high concentration of 

nutrients which can be recycled as fertilizer for agricultural crop cultivation [105]. The number 

 

Figure 16: Conversion of organic matter into methane in 

an anaerobic digestion process. Adapted from [103] 
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of biogas plants in Europe increased from around 6.000 to over 18.000 in the last decade with 

88 TWh electricity production in 2017, from which 40% were generated in Germany [106]. This 

is comparable to the annual consumption of around 10 million average European households. 

It is expected that in 2021, more than 20% of the energy is generated by renewable energy 

sources [107], from which 12% were expected to come from bioenergy. However, the biogas 

production is still a small contributor with around 8% [108].  

After the Renewable Energy Act EEG 2012, the investment in building new biogas plants 

declined since the governmental support scheme changed drastically in Germany, and similar 

trends are observed as well in other European countries such as Italy [108]. Even though the 

production of biogas is regarded as a method for the reduction of greenhouse gas emissions, 

the overall supply chain for substrate production must be considered. Not all substrates 

generate the same energy yield and therefore lead to monocultures of energy crops such as 

maize with the only purpose of fermentation in biogas plants. This was, together with 

governmental support schemes, a driver of lower biodiversity in agriculture and therefore 

counteracting the idea of using wastes. The greenhouse gases, emitted during the production 

chain of these crops, has to be considered if the biogas reactor should have a net reducing 

impact on total emissions [109]. Therefore, it is more favorable to use waste products from 

already existing industries and avoid crop production solely for use in bioreactors.  

Apart from the use as renewable energy sources, the anaerobic process is under research for 

the degradation of drug residues, personal care products and other anthropogenic substances 

during wastewater treatment, to reduce the contaminant pressure on water resources [110, 

111]. Conventional wastewater treatment plants are not specifically designed for the removal 

of highly polar pollutants, hardly biodegradable compounds or xenobiotics, which is why the 

impact of anaerobic processes on their degradation are studied, especially using membrane 

reactors [110–113].  

There are several types of reactor systems and configurations. Most differences are in the 

number of digestion stages, temperature range, water content and feeding cycle. The simplest 

configuration is a one stage batch reactor, where a container is filled to produce methane and 

emptied after the substrate is depleted. A more widely used system is the continuously fed one 

stage reactor, where substrate is constantly added and partially removed. This type was also 

used in the experiments for this thesis. All above mentioned processes occur in the same stage 
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and the microbial communities share space and grow under the same conditions as pH, 

temperature, available nutrients, etc. In a two-stage reactor, hydrolysis/acidification and 

acetogenesis/methanogenesis are separated which can improve the conditions for the 

microbiota and lead to increased efficiency, since acidogenic bacteria prefer lower pH values 

(5.5 – 6.5) than methanogenic archaea (7.0). More stages for an improved fermentation 

process were proposed, however more stages strongly increase costs and system complexity 

[114]. New reactor types are proposed which utilize a membrane (anaerobic membrane 

reactors) to provide the slow growing methanogenic bacteria a surface to form flocks or 

granules and remain in the process without being washed out. Loss of microbial biomass can 

reduce the efficiency, however this type faces issues with fouling membranes [115]. The 

microorganisms of each step depend on the reaction products of the previous stage and are 

strongly influenced by the substrate and environmental parameters [116]. Therefore, a huge 

variety of microorganisms can be found within these reactors depending on the process 

parameters [117]. Typically, they are determined in PCR based studies in combination with 

stable isotope probing. Still, new species are discovered and their interactions and metabolic 

pathways are still not fully understood [118].  

For a stable fermentation process and efficient biogas production, several operational 

parameters are monitored on a regular basis. These include parameters for process 

characterization such as substrate type and amount, gas yield and its composition, 

temperature, dry matter content, ammonia concentration, and pH value, parameters for 

detection of instabilities such as volatile fatty acid spectrum, redox potential, dissolved trace 

elements and hydrogen concentration, but also other variable process parameters [106]. Some 

of these parameters can be determined automated and on-line, while other analyses have to 

be performed by external laboratories. Though, a literature study evaluated the conditions for 

various reactors and concluded that the optimal process parameters can vary among different 

plants [106]. Hence, it appears that the conventional parameters are insufficient to reflect the 

complex interplay of the microbial communities which are driving the anaerobic process. 

Advanced analytical approaches could provide additional insight into the process [119], as 

similarly applied in other fields such as biology, medicine and food science. Some studies have 

already attempted to analyze a broader spectrum of biological and chemical parameters by 

“omics” technologies, such as genomics, proteomics, transcriptomics, and metabolomics. 
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These studies contributed to the elucidation of microbe diversity in various reactors to gain 

insight into the function of the organisms [117]. Further, it was proposed to control the biogas 

process by regulating the diversity and amount of microbiota involved in the process [120]. 

Others discovered metabolites in a non-targeted approach, contributing to elucidate metabolic 

pathways [121] or develop ideas to increase the production of biofuels [122]. In this thesis, a 

metabolomics approach based on mass spectrometry was established to enable a monitoring 

of various metabolites in different reactor process states and evaluate their change in 

concentration. Together with other “omics” disciplines, it may allow for a deeper insight into 

the mechanisms of anaerobic digestion and to provide evidence for process stability and 

efficiency.   
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2 Chapter 2: Aims and Scope 

One major drawback of CE-MS coupling is the low sensitivity of established electrospray 

interfaces, which unfortunately limits its application in various fields of analytical chemistry. To 

improve the sensitivity, novel interfacing techniques aim to improve electrospray ionization 

efficiency and sampling of the MS source. During this thesis, promising nanoflow interfaces 

were explored, technically improved and their performance compared in a broad range of 

applications. 

Chapter 3 describes the initial comparison of three different electrospray interfaces for CE-MS, 

focusing on their sensitivity, but also evaluating their potential for improvement and future 

applications. A widely used standard sheath liquid interface was compared to a novel 

sheathless interface with a porous tip and a nanoflow sheath liquid interface with glass emitter 

and nanoliter flowrates. Also, both nanoflow interfaces were never compared directly before, 

hence this work delivers facts to adequately compare their performance. The interfaces were 

tested for the analysis of three molecular compound groups to reveal strengths or weaknesses 

for specific applications. Additionally, the nanoflow electrospray interface was characterized in 

detail regarding fluidic and electrical characteristics to address misconceptions about the 

sheath liquid flow, which can be found in the literature. During this work, the main technical 

drawbacks of the interface were studied to further improve the interface. 

Based on this, Chapter 4 describes conceptual solutions to technically improve the nanoflow 

sheath liquid interface and further increase its usability. The miniaturization of analytical 

systems comes along with complications, meaning blocked emitter tips, introduction of air 

bubbles, uncontrolled mixing of fluids and insufficient replenishment. Solving these issues was 

addressed together with a concept for future automation. Additionally, the proposed approach 

enabled further functionalities which ultimately enabled the CE-MS analyses performed in 

Chapter 6, and which would not have been possible with other interfaces.  

In Chapter 5, the improved nanoflow CE-MS interface was then applied for the analysis of 

anionic pollutants in drinking water to prove its ability for sensitive analysis. Water analysis 

demands quantification in the low µg/L range which is out of reach for normal CE-MS interfaces 

without preconcentration. Mainly because of this drawback, CE is underrepresented in 

environmental analysis, despite its high separation efficiency of highly polar and ionic 
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substances. This project demonstrates the ability of CE-MS to complement chromatographic 

techniques, combining separation efficiency with high sensitivity without the necessity of a 

sample preparation.  

Metabolomics is an arising field for capillary electrophoresis to cover charged metabolites as a 

complementary technique to chromatographic approaches. In this context, Chapter 6 covers 

the application of reversed phase LC-MS and CZE-MS, using the two capillary nanoflow sheath 

liquid interface, to a set of complex bioreactor samples. The scope was to establish an MS based 

non-targeted workflow that enables the discovery of metabolites or biomarkers in bioreactor 

substrate. In general, data from non-targeted analyses are complex and require advanced 

software tools and multivariate statistical tools with many parameter settings, which can lead 

to variation in the outcome. Therefore, in this study the differences between the separation 

techniques, mass spectrometer instruments and challenges of the data processing workflow 

were evaluated. 
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Figure 17: Graphical abstract for visualization of the interconnection between all main chapters 
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3 Chapter 3: Characterization of a nanoflow sheath liquid interface and 

comparison to a sheath liquid and a sheathless porous tip interface for 

CE-ESI-MS in positive and negative mode 

Redrafted from: Oliver Höcker, Cristina Montealegre, Christian Neusüß, in Analytical and Bioanalytical 
Chemistry, 2018, 410, 5265–5275 
 

3.1 Abstract 

Coupling of capillary electrophoresis to electrospray mass spectrometry still remains 

challenging and a topic of research to find the best interface regarding sensitivity, robustness 

and ease of use. Here, a nanoflow sheath liquid interface for CE-ESI-MS is presented and 

compared to both a standard triple tube sheath liquid and a porous tip sheathless interface for 

three groups of analytes. The nanoflow sheath liquid interface with a separation capillary 

inserted into a glass emitter was initially characterized to facilitate optimization and method 

development. Implementation of a shut-off valve, syringe pump and inline filter enabled easy 

handling and fast analyses, repeatable both in positive and negative mode (intra-day RSD of 

6.6 to 12.0 %). The same setup was used for sheathless interfacing by exchanging the emitter 

and using a porous etched tip separation capillary. Both nanoflow interfaces showed similar 

performance. Average peak areas using the nanoflow sheath liquid interface were a factor of 

38 for six organic acids in negative mode, 114 and 36 for the light and heavy chain of a 

monoclonal antibody, and 13 higher for peptides in positive mode compared to the triple tube 

interface. This first direct comparison of the three most common interfaces exhibits a strong 

improvement in sensitivity to the same extent for both nanoflow interfaces, where sheath 

liquid interfaces offer full flexibility in method development. 
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3.2 Introduction 

The hyphenation of capillary electrophoresis (CE) with mass spectrometry (MS) is a valuable 

technique for the analysis of charged compounds in a wide field of application like proteomics, 

metabolomics, drug analysis, and bioanalysis as well as in food and forensic sciences [1]. The 

commercially available co-axial sheath liquid electrospray (ESI) interface is used for routine 

analyses in many applications due to its robustness and analytical stability [2]. However, 

utilization of sheath liquid flow rates of 1 to 10 µL/min dilutes the low flow CE effluent and 

decreases sensitivity, wherefore nanoflow electrospray ionization represents an alternative. 

Nanoflow electrospray interfaces are characterized by the use of small ID emitters and flow 

rates below 1000 nL/min [3] omitting a nebulizing gas. In this regime, comparably smaller initial 

droplets are produced, thus generating gas phase ions more efficiently and the tip can be 

positioned closer to the MS orifice to enhance sampling [4]. In the last years, several new 

designs appeared in the literature, aiming at the enhancement of sensitivity while trying to 

maintain reproducibility and robustness, demonstrating the relevance of the topic. Recent 

reviews summarize the properties of the interfaces and study the principles of ESI and nanoESI 

concepts [3, 5–8].  

Sheathless interfacing benefits from the absence of additional liquid diluting the capillary 

effluent by spraying the background electrolyte (BGE) directly, resulting in high ionization 

efficiencies. The lack of supporting liquid can compromise separation and electrospray 

conditions, since pH value, electroosmotic flow (EOF), capillary coating, organic solvent, or inlet 

pressure need to be considered to achieve an effective spray. The electrical contact for 

grounding can be realized in various ways, leading to different designs reported in the 

literature, for example a sheathless porous tip interface [9], by using a detachable porous 

emitter [10, 11], a metal coated emitter [12], a sub-micrometer fracture in the capillary for the 

electrical contact [13], or an “interface free” approach by using a narrow capillary with an ID ≤ 

15 µm omitting an additional power supply or grounding [14]. The sheathless porous tip 

interface, introduced in 2007 by Moini [9], is based on a 30 µm capillary etched to porosity to 

close the electrical contact over the conductive liquid. This interface has been commercialized 

by Beckman Coulter (now Sciex, Brea, California, USA) and, thus, has been used by several 

research groups. LODs in nanomolar to picomolar concentrations have been reported for 

anionic metabolites [15] or intact proteins [16]. Comparisons with the triple tube sheath liquid 
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interface demonstrated an improvement of at least 8 – 30 times for the analysis of the urinary 

metabolome [17], 50 – 140 times lower LODs for intact proteins [18], and improvements of 

more than 5-fold in intensity and 10 times higher number of peaks detected for cationic 

metabolites [19]. 

Nanoflow sheath liquid interfaces operate in the nL/min flow range [20] with minimal sample 

dilution but benefit from the sheath liquid regarding spray formation, ionization process, and 

flexibility in the selection of the BGE. Examples are a low sheath flow interface with a blunt [21] 

or tapered stainless steel needle [22], a flow through microvial using a tapered stainless steel 

needle [23], a nanoflow sheath liquid interface with a glass emitter [24, 25], a self-aligning 

hybrid liquid junction interface with a polished fused silica capillary as emitter [26]. The 

nanoflow sheath liquid interface using a glass emitter introduced by Hsieh in 1999 [25] was 

electrically connected by metal wire. Dovichi’s group connected the tapered glass emitter of 8-

35 µm opening via a cross piece to the electrode in a sheath liquid reservoir at ambient pressure 

[20, 24, 27] (commercialized as EMASS-II, CMP Scientifc, Brooklyn, NY). The outer diameter of 

the separation capillary end can be reduced by etching to reach further into the emitter tip and 

minimize analyte diffusion [20]. With this interface, more than 20 applications have been 

published, mainly in the field of monoclonal antibody (mAb) analysis, proteomics, 

metabolomics, polysaccharides and peptide analysis where LODs of picomolar concentrations 

could be achieved [27–31]. However, comparison with other interfaces has not been 

performed yet, as also noted by others [6].  

In this work, the first systematic comparison of a nanoflow sheath liquid interface to the 

standard triple tube sheath liquid and to a sheathless interface for CE-ESI-MS coupling is 

presented. A nanoflow sheath liquid interface with an etched capillary inside a glass emitter 

and a sheathless interface using a capillary with porous tip were selected as representative 

interfaces due to the number of publications and reported performance. The experiments were 

performed under identical conditions applying the same instrumentation, samples and 

timeframe, using organic acids in negative mode and tryptic peptides and a reduced mAb in 

positive mode to cover a wide mass range. For the nanoflow sheath liquid interface the electric 

and flow characteristics were studied, and a syringe pump, shut-off valve and inline filter 

enabled fast and repeatable analysis. The same interfacing setup was used to perform both 

nanoflow sheath liquid and sheathless porous tip coupling with only minor modifications. 
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3.3 Materials and Methods 

 Chemicals and samples 

Methanol, isopropanol (both LC-MS grade), acetic acid, formic acid, sodium hydroxide, and 

hydrochloric acid were obtained from Carl Roth GmbH und Co. KG (Karlsruhe, Germany). All 

solutions were prepared using ultrapure water (18 MΩ*cm at 25 °C, SG Ultra Clear UV from 

Siemens Water Technologies, USA). Hydrofluoric acid 40 % (v/v) was purchased from Merck 

(Darmstadt, Germany). Dithiothreitol (DTT) and sodium bicarbonate were obtained from 

Sigma-Aldrich (Steinheim, Germany). “ES Tuning mix” solution was obtained from Agilent 

Technologies (Palo Alto, CA, USA). Dynamic UltraTrolTM low normal (LN) coating was from 

Target discovery (Palo Alto, CA, USA). Sample solutions of a model mAb (kindly provided by F. 

Hoffmann-La Roche AG) were used. For the reduction, 1 M DDT was added and, after heating 

during 5 min at 70 °C in a Thermomixer (Eppendorf, Wesseling-Berzdorf, Germany), the sample 

was centrifuged at 14500 rpm for 45 s (MiniSpin plus, Eppendorf, Wesseling-Berzdorf, 

Germany). Standard mixtures of six organic acids (4-toluenesulfonic acid, 4-styrenesulfonic 

acid, 1-octanesulfonic acid, 3-nitrobenzenesulfonic acid, naphtalene-2-sulfonic acid, decane-1-

sulfonic acid) obtained from Sigma-Aldrich (Steinheim, Germany) were prepared by solving 

them in ultrapure water and diluting to final concentrations. The trypsin-digested BSA was from 

New England Biolabs (Ipswich, USA) and diluted to final concentration in acetonitrile:water 

(20:80 v/v) with 0.01 % (v/v) formic acid. 

 Nanoflow CE-MS interface 

The setup of the nanoflow interface is shown in Figure 18. A separation capillary is threaded 

through a PEEK T-union with 1.3 mm ID (Upchurch Scientific, Munich, Germany) into a 

borosilicate electrospray emitter of 5.5 cm length, 1 mm OD, 0.75 mm ID and 3 mm tapered 

tip, finishing in a 30 µm opening (Gynemed, Lensahn, Germany). The capillary outlet of 30 or 

50 µm ID and 365 µm OD capillaries (Polymicro Technologies, AZ, USA) was etched with 

hydrofluoric acid to reduce the outer diameter to 5 – 10 µm wall thickness. For sheathless 

porous tip applications, capillaries were etched to 5 µm wall thickness till porosity [9] over 

approximately 3 cm length and the emitter tip was opened to approximately 100 µm so that 

the porous capillary tip protrudes approximately 1 cm.  

An XYZ-stage allowed positioning of the emitter in front of the MS entrance. A 10 µm inline 

filter, PEEK T-unions and PEEK tubing with 0.5 mm ID and 1.6 mm OD were obtained also from 

Upchurch Scientific. The tubing for sheath or conductive liquid had a total length of 35 cm from 
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the emitter T-union to the reservoir (Figure 18]. A syringe pump (Cole-Parmer®, IL, USA) with 

5-mL syringe (5MDF-LL-GT, SGE Analytical Science, Melbourne, Australia) was used to fill the 

system with sheath or conductive liquid. Between analyses the flow to the reservoir was closed 

by a shut-off valve to flush the emitter (Upchurch Scientific). Emitter tip and spray plume were 

observed using a digital microscope (HR 5 MP Long distance, Dino-Lite Europe, The 

Netherlands). For standard sheath liquid experiments, the triple tube interface (G1607A from 

Agilent Technologies) was used at a flow rate of 4 µL/min. 

 

Figure 18: Schematic representation of both nanoflow interfacing setups. Syringe with pump (A), 10 μm inline filter (B), shut-

off valve (C), sheath/conductive liquid reservoir with grounding electrode (D) nanoflow sheath liquid (E), and sheathless 

porous tip (F) interface. 
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 CE-MS conditions 

CE experiments were performed using a PrinCE Next 850 (Prince Technologies, Emmen, The Netherlands) or an Agilent 7100 (Agilent 

Technologies). For MS detection, a micrOTOF-Q controlled by micrOTOF control software (Bruker Daltonik, Bremen, Germany) was used. Data 

processing was performed using the Bruker Compass Data Analysis software (Bruker Daltonik). The conditions employed for each analyte and 

each CE-MS interface are summarized in Table 1 

 

Table 1: Final conditions used for each analyte for the three interfaces 
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3.4 Results and discussion 

 Setup of the nanoflow interfaces 

For nanoflow sheath liquid interfacing, a CE capillary is introduced into a glass emitter 

protruding a PEEK T-union where the third port is connected to a reservoir filled with sheath 

liquid and a grounding electrode, similar to the EMASS-II (CMP Scientifc, Brooklyn, NY) [25, 32]. 

In the literature, flushing of the separation capillary is performed by applying low pressures 

with running electrospray [20, 33] leading to long preconditioning times. The implementation 

of a syringe pump in combination with a shut-off valve allows synchronized flushing of sheath 

liquid and BGE in between analyses. This setup prevents displacement of sheath liquid in the 

emitter tip by BGE during preconditioning. This leads to reproducible starting conditions also 

at high capillary inlet pressure to speed up preconditioning and thus reducing total analysis 

time. Any CE instrumentation and different capillary dimensions can be used. Figure 18 shows 

the setup used where the third port of the emitter T-union is connected via a second T-union 

to a reservoir with a grounding electrode and to a sheath liquid syringe pump for filling and 

flushing the system free of air bubbles. During analysis, the sheath liquid reservoir is open to 

ambient pressure for grounding and a free flow of sheath liquid. Between analyses, a shut-off 

valve locks the path between reservoir and emitter to allow flushing of sheath liquid and 

electrolyte at the same time. The reservoir and syringe pump are leveled with the emitter tip 

to prevent hydrodynamic flows generated by siphoning. A 10-µm filter is positioned inline 

between the syringe pump and second T-union for filtering the sheath liquid to avoid clogging 

of the emitter tip.  

To perform the sheathless experiments, the setup allows switching from nanoflow sheath 

liquid to sheathless mode by simply exchanging the sheath liquid by conductive liquid and the 

tip by an emitter with a 100 µm opening so that the capillary can protrude. In this case, 

capillaries with a porous and electrically conductive tip were used. 

 Electric and flow characterization of the nanoflow sheath liquid interface 

In order to optimize the interface parameter settings and facilitate method development, the 

involved potentials, currents, resistances and sheath liquid flow rates during ESI were 

determined. To achieve a proper electrospray, the potential at the emitter tip is an important 

value, which is indirectly set by applying potentials at the CE capillary inlet and the MS inlet, 

respectively. Typical nano electrospray currents appear to be in the range of some hundred 

nanoamperes and are limited by the rate of charge separation [14, 34]. Consequently, 
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electrospray voltages of around 1-2 kV lead to resistances in the order of several GΩ for 

electrosprays (Figure 19 RES). In contrast, typical separation currents in CE are in the low to 

mid microampere range. In our setup for the nanoflow sheath liquid interface, as shown in 

Figure 18, a current of 6 µA was measured using a BGE of 10 % (v/v) acetic acid and a sheath 

liquid of methanol:water (50:50 v/v) with 0.5 % (v/v) formic acid while applying 30 kV at the 

inlet of a 70 cm long fused silica capillary with 30 µm ID, resulting in a total resistance of 5 GΩ. 

Taking the same CE capillary in a CE system where both ends are introduced in BGE vials with 

electrodes, the measured current increased by around 0.2 µA. This difference implies a certain 

resistance of the sheath liquid system and a voltage drop of some hundred volts from capillary 

outlet to the grounding electrode and therefore a potential located at the emitter tip. By 

calculating the resistance of the sheath  

liquid system by using measured values 

for the specific resistance of individual 

sheath liquids and the geometry of the 

sheath liquid system (calculated value 

for RSL = 0.08 GΩ, Figure 19, for emitter 

with inserted capillary, T-unions and 

tubing), remaining potentials of 0.3 to 

0.5 kV are present at the emitter tip. This 

is in agreement with the fact that the 

electrospray onset potential at the MS 

inlet is lowered by 400 V when CE voltage 

is turned on. It is obvious that the generally higher current in the separation capillary requires 

a drain for the excess current that is unable to flow over the electrospray which is why the 

sheath liquid needs to be conductive and determines the remaining potential in the emitter 

tip. Therefore, the maximum separation current, electrospray voltage and sheath liquid 

composition are interdependent and careful optimization is required. This kind of nanoflow 

interface with a glass emitter has been reported to be electrokinetically driven, with sheath 

liquid pumped by EOF generated on the emitter surface [28]. The voltage drop of about +400 

V from the capillary outlet to the grounding electrode by applying a positive potential in the CE 

inlet can generate an EOF only away from the emitter tip, independent of electrospray polarity 

 

Figure 19: General scheme for liquid supported electrospray 

systems for CEMS with reservoir held on ground with RCE, 

resistance of the separation capillary; RSL, resistance of the 

sheath liquid tubing including emitter tip; RES, resistance of the 

electrospray. UCE is the applied CE potential and UES the 

electrospray potential. 
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and independent of location of ES potential (positive needle or negative MS inlet). This fact is 

generally caused by the higher currents in CE compared to ESI. Consequently, the EOF cannot 

be the driving force of the sheath liquid flow which is contradictory to previously published 

statements [28, 35]. 

So far, flow rate for this type of interface was only estimated [20], however, is of importance 

in the context of stable and sensitive CE-ESI MS as also noted by others [6]. The flow rate in 

self-flow nano electrospray is depending on liquid parameters like surface tension, viscosity, 

conductivity, electric field strength, emitter geometry, orifice diameter and backpressure [36–

39]. To determine the flow rates in the setup, an additional tubing of 0.5 mm ID and 10 cm 

length filled with sheath liquid was connected horizontally (leveled to prevent siphoning 

effects) extending the reservoir. The consumption was measured during analysis depending on 

spray voltage and sheath liquid composition. In negative mode, flow rates of approximately 0.4 

µL/min were measured with 900 V MS inlet potential, 2.0 mm distance and a sheath liquid of 

isopropanol:water (50:50 v/v) with 0.5 % (v/v) formic acid or with 10 mM ammonium acetate. 

The flow rate increased to 0.8 µL/min with increased distance of the capillary outlet to emitter 

tip from 0.30 mm to 0.80 mm without influencing the peak intensity or peak shape (Figure 20). 

In positive mode, lower flow rates of approximately 0.2 µL/min for methanol:water (50:50 v/v) 

with 0.5 % (v/v) formic acid were determined under optimized conditions. 
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Figure 20: Influence of the distance between capillary outlet and emitter orifice (d) on the peak shape 

 

 Optimization of interfacing parameters 

In the following, experiments for the optimization of the interface parameters are described. 

The final conditions are shown in Table 1. 

Distances and electrospray voltage 

To study the influence of the distance between emitter tip and MS inlet and the applied 

electrospray voltage on signal intensity, direct infusion experiments were performed for the 

nanoflow sheath liquid interface and sheathless porous tip interface. The separation capillary 

was filled with a mixture of four organic acids (0.5 µg/mL), the digested BSA (0.225 pmol/µL), 

or the reduced mAb (0.057 mg/mL) solved in BGE and separation conditions were applied. 

Intensities of related analyte traces and signal stability were measured in dependency of 
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distance from 0.5 – 4.0 mm and electrospray voltages from 500 – 2000 V in both interfaces. In 

accordance to the literature, closer distances led to higher signal intensities in the three 

applications due to more efficient sampling of the electrospray plume [40] but also to lower 

spray stability [41]. A distance of 2.0 mm between emitter tip and MS inlet offered sensitive 

and stable spray for both interfaces and was therefore chosen for the final experiments for the 

comparison of the interfaces. The lowest MS inlet potential, at which the spray was stable, 

yielded the highest signal intensities for both nanoflow interfaces and all groups of analytes. 

Stable spray conditions were achieved with approximately 100 – 200 V more than the onset 

voltage. These results from the direct infusion experiments were confirmed by separation 

experiments. For the nanoflow sheath liquid interface it is important to note that the CE current 

influences the remaining potential at the emitter tip. Therefore, the spray stability is affected 

by current fluctuations, e.g. due to high resistivity sample plugs or unstable CE-conditions. 

To minimize dead volume and prevent diffusion for the nanoflow sheath liquid interface, it is 

recommended to reduce the OD of the capillary outlet (Figure 18). The same etching protocol 

was used as for the porous tip capillaries to 5 – 10 µm wall thickness. By using a microscope, 

the capillary outlet could be positioned 0.30 mm away from the emitter orifice without 

impeding the sheath liquid flow. A distance of 0.40 mm did not influence peak width or 

intensity, whereas distances of 1.5 mm and 1.2 mm led to significant peak broadening for the 

sulfonic acids (Figure 18) and the light chain (LC) and heavy chain (HC) of the mAb respectively, 

corresponding to the distance of a non-etched capillary. Therefore, the precise etching is not 

as important for the nanoflow sheath liquid as for the porous tip interface and could be also 

manufactured by grinding to avoid working with hydrofluoric acid [42]. 

Sheath liquid composition  

The sheath liquid composition was optimized individually for both sheath liquid interfaces and 

each group of analytes. For the organic acids, different proportions of isopropanol and 

methanol to water with formic acid, acetic acid and ammonium acetate as additives in 

concentrations of 0.1, 0.2, 0.5 and 2 % (v/v) were tested. In contrast to positive mode where 

methanol:water mixtures are commonly used for the nanoflow sheath liquid interface, in 

negative mode methanol contents lower than 75 % (v/v) can lead to corona discharge for the 

required onset voltage [4]. However, increasing the methanol content to 75-99 % (v/v) reduces 

the surface tension of the sheath liquid and stable electrospray is possible [43, 44]. All 
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combinations of the different additives with isopropanol:water (50:50 v/v), where the surface 

tension is similar to mixtures with 85 % (v/v) methanol [45], led to a stable spray. For low 

conductivity sheath liquids of more than 85 % (v/v) methanol with 0.5 % formic acid or 

isopropanol:water (50:50 v/v) with acetic acid content of up to 2 % (v/v), onset voltage is 

reached and electrospray could be initiated when -30 kV were applied in the CE inlet without 

MS inlet voltage.  Therefore, these sheath liquids are not applicable in this setup since the 

actual electrospray voltage cannot be controlled. Altering the sheath liquid tubing dimension 

could minimize this limitation. 10 mM ammonium acetate as basic additive did not improve 

ionization efficiency in both interfaces. Finally, a mixture of isopropanol:water in 50:50 v/v with 

0.5 % (v/v) formic acid provided the highest signal intensities for both sheath liquid interfaces. 

For the reduced mAb, 50 % (v/v) methanol or isopropanol in water with 0.2 or 0.5 % (v/v) formic 

acid as sheath liquids were tested for the triple tube and nanoflow sheath liquid interface, 

selecting methanol with 0.5 % (v/v) formic acid due to the higher intensity observed. In the 

case of tryptic BSA digest, isopropanol:water (50:50 v/v) with 0.5 % (v/v) formic acid provided 

the highest signal intensities. In all experiments, the conductive liquid used for electrical 

contact in the sheathless porous tip interface was the same as the BGE, which is common 

practice [15, 41]. 

Pressure in sheathless porous tip interface  

The capillary flow in the sheathless porous tip interface is mainly caused by the EOF and the 

suction from the ESI process. The latter becomes negligible above a flow rate of 10 nL/min [46]. 

In the case of mAb analysis, capillaries with a dynamic pre-coating as UltraTrol LN were used to 

prevent protein adsorption and minimize the EOF. Therefore, an inlet CE pressure is required 

to create a sufficient flow of BGE to maintain electrospray. With pressures between 10 and 100 

mbar (flow rates between 2 and 20 nL/min for a 30 µm ID and 70 cm capillary considering the 

EOF=0), no significant differences in signal intensity were observed. Jarvas et al. [47] 

demonstrated that the signal intensity of an infused mAb stays constant for flow rates between 

250 nL/min and 20 nL/min. A 100 mbar inlet pressure was selected during experiments for the 

reduced mAb due to higher spray stability. In the case of the organic acids, bare fused silica 

capillaries in combination with reversed polarity (-30 kV inlet potential) were used and the low 

EOF with pH of around 2 for 10 % (v/v) acetic acid was counterbalanced with 35 mbar inlet 

pressure. However, the EOF generated in the MS direction by normal polarity (+30 kV) for the 
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tryptic BSA digest was sufficient to sustain a stable spray and no extra pressure was applied in 

the CE inlet. 

Capillary dimensions 

Different capillary dimensions have been used so far without showing any limitation or 

restriction in design for the nanoflow sheath liquid interface [48] which is advantageous for 

method development. For the sheathless porous tip interface, Moini suggested in the first 

experiments in 2007 that a wide range of capillary sizes could be used, but 20-30 µm ID 

capillaries were especially appropriate [9]. In the commercial sheathless porous tip interface 

by Sciex, the dimensions are fixed in length (90 cm), ID (30 µm) [49], and OD (150 µm) by design. 

In our experiments, capillaries with 30 µm and 50 µm ID were compared in the triple tube and 

nanoflow sheath liquid interfaces to study the difference in analytical performance for the 

reduced mAb. By injecting the same plug length for both capillary diameters (corresponding to 

3-fold lower injected volume for the 30 µm capillary), factors of 1.5 in intensity and 2.0 in area 

were determined for 50 µm ID capillaries in the triple tube interface. However, for both IDs 

used in the nanoflow sheath liquid interface, similar intensities and peak areas were obtained 

(data not shown). This could be explained by a better ionization efficiency due to a reduced 

mass flow of BGE with 30 µm ID capillaries [50]. Therefore, depending on the capillary 

dimension used in the triple tube interface, different improvement factors can be expected for 

the comparison between the interfaces. 

 Analytical performance of the three interfaces 

Comparative analyses between all interfaces were carried out within two to three days for each 

group of analytes using the same instrumentation with the previously optimized conditions 

(Table 1) to minimize deviations in instruments performance. The CE method and MS 

parameters were not optimized for highest sensitivity, since the comparison was the goal of 

the study. Factors of improvement for signal intensity and area were determined for both 

nanoflow interfaces in relation to the triple tube interface. Reproducibility for one type of 

interface was tested on two subsequent days with exchanged separation capillaries and glass 

emitters in case of the nanoflow sheath liquid interface.  
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For the comparison in negative mode, a mixture of six organic acids was separated within 12 minutes (Figure 21). In case of the nanoflow sheath 

liquid interface stable electrospray was achieved without coating of the borosilicate emitter in negative mode, although recommended in a recent 

publication [4]. Calibration curves were generated from five concentration levels between 200 to 5000 ng/mL for the triple tube and 8 to 1000 

ng/mL for the nanoflow interfaces to compare sensitivity, linearity of response and LOD for the compounds (Table 2).  

Table 2: Comparison of sensitivity represented by the slope and limit of detection for the sulfonic acids 

Interface Sulfonic acid [M-H]- Peak 
# 

Range 
(n=5) a 

Slope 
[cts*mL/µg] b 

Factors 
slopes c 

R² d Noise level 
[cts] 

Noise 
[cts] 

LOD (S/N = 3) 
[ng/mL] e 

Triple tube 

4-toluenesulfonic 171.011 2 

200 – 5000 
ng/mL 

190 1 0.9940 11 20 141 

4-styrenesulfonic 183.011 3 174 1 0.9878 55 120 1120 

1-octanesulfonic 193.089 5 288 1 0.9980 10 20 104 

3-nitrobenzenesulfonic 201.981 1 278 1 0.9911 14 18 43 

naphthalene-2-sulfonic 207.011 4 218 1 0.9885 7 32 344 

decane-1-sulfonic 221.121 6 266 1 0.9999 5 22 187 

Nano flow 
sheath liquid 

4-toluenesulfonic 171.011 2 

8 – 1000 
ng/mL 

15789 83 0.9913 17 70 10 

4-styrenesulfonic 183.011 3 10145 58 0.9979 106 122 5 

1-octanesulfonic 193.089 5 19436 67 0.9976 8 55 7 

3-nitrobenzenesulfonic 201.981 1 15849 57 0.9958 15 69 10 

naphthalene-2-sulfonic 207.011 4 15789 72 0.9922 33 60 5 

decane-1-sulfonic 221.121 6 20904 78 0.9953 16 105 13 

Sheathless porous 
tip 

4-toluenesulfonic 171.011 2 

8 – 1000 
ng/mL 

3229 17 0.9986 32 86 50 

4-styrenesulfonic 183.011 3 2820 16 0.9962 68 110 45 

1-octanesulfonic 193.089 5 1269 4 0.9962 7 27 48 

3-nitrobenzenesulfonic 201.981 1 9137 33 0.9962 35 55 7 

naphthalene-2-sulfonic 207.011 4 4701 22 0.9873 240 350 71 

decane-1-sulfonic 221.121 6 739 3 0.9909 14 65 208 
a Five concentration levels (n=3 for nanoSL and triple tube, n=2 porous tip), b Regression intercept forced to noise level, c Compared to triple tube interface, d Value from intercept forced through 

noise level, e Calculated with x = 3 * (noise – noise level) / slope , with x : LOD S/N = 3 
With noise level: average of EIE baseline, noise: highest amplitude of EIE baseline, slope: slope of linear regression 
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In comparison with the triple tube, factors in area for the six analytes in 500 ng/mL samples of 

4 to 22 higher for the sheathless porous tip interface and 21 to 59 higher for the nanoflow 

sheath liquid interface were achieved. No significant peak broadening was observed for both 

nanoflow interfaces. The triple tube and nanoflow sheath liquid interface show good results 

regarding repeatability and reproducibility (Table 2). No reproducibility data for the sheathless 

interface are given due to difficulties in the etching process and limited lifetime, though several 

capillaries were tested. 

 

Figure 21: Comparison of the three different interfaces (in rows: triple-tube, nanoflow sheath liquid interface; sheathless 

porous-tip interface) for the three analytes selected (in columns: organic acids; reduced mAb; tryptic BSA digest). Organic 

acids: EIEs for 4-toluenesulfonic acid (#2, m/z 171.011), 4-styrenesulfonic acid (#3, m/z 183.011), 1-octanesulfonic acid (#5, 

m/z 193.089), 3-nitrobenzenesulfonic acid (#1, m/z 201.981), naphthalene-2-sulfonic acid (#4, m/z 207.011), decane-1-

sulfonic acid (#6, m/z 221.121); 0.5 μg/mL in water. mAb: EIEs for HC and LC of reduced model mAb (2.27 mg/mL) in water 

with the corresponding mass spectra. BSA digest: EIEs for trypsin digested BSA peptides 

(0.225 pmol/μL) in acetonitrile:water (80:20, v/v) with 0.01%(v/v) formic acid. 
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To compare the three interfaces also in positive mode, a reduced mAb and trypsin digested 

BSA were analyzed. The HC and LC were separated in around 10 min (Figure 21). Both nanoflow 

interfaces showed significant gains for peak area and intensity compared to the triple tube 

interface. Alterations of the obtained LC mass spectra were observed for the three interfaces 

(see Figure 21 and Figure 22). In contrast to sheathless, the charge state distribution is shifted 

to lower charge state and higher m/z in both sheath liquid interfaces. Several factors can be 

responsible for this effect such as the concentration of available protons, flow rate (micro- or 

nanospray regime), electrospray voltage, or the low polarity and higher gas-phase basicity of 

methanol from the sheath liquid in comparison with water [51, 52].  Mass spectra of the LC at 

low concentrations (Figure 22) show better spectra quality for both nanoflow interfaces 

demonstrating the advantages for analysis of low concentrated samples. 

 

Figure 22: Comparison of raw mass spectra of LC (0.076 mg/mL) for A triple tube sheath liquid interface, B nano flow sheath 

liquid interface and C sheathless porous tip interface. 
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For the tryptic BSA digest (0.225 pmol/µL), average factors in area of 14 and 11 higher for the 

26 most intense peaks were observed in the nanoflow sheath liquid interface and sheathless 

porous tip interface, respectively (Table 2), as exemplarily shown in Figure 21. Due to the low 

concentration used, greater variabilities in signal intensity led to poor repeatability in the triple 

tube interface (Table 2). The overall higher sensitivity allowed observation of additional peaks 

with the nanoflow sheath liquid and sheathless porous tip interface, showing the advantage of 

the nanoflow interfaces for sequence coverage where only low concentrated samples in 

minute volumes are available. 

The high signal intensities reached with the nanoflow sheath liquid interface compared to the 

triple tube can be mainly explained by a lower sheath liquid flow rate of 20 and 40-fold (flow 

rates of 4 µL/min for triple tube and 0.2 - 0.4 µL/min for nanoflow sheath liquid, see section 

3.2) and therefore reduced dilution. Moreover, the ionization process is more efficient due to 

the emitter geometry that causes smaller droplet formation and the closer distance for better 

sampling. In this context higher gains would be expected for the sheathless porous tip interface 

having a similar emitter geometry with a low flow rate of around 20 nL/min without dilution. 

However, the factors obtained with the nanoflow sheath liquid interface were similar. This can 

be associated with the improved ionization efficiency caused by the sheath liquid. In fact, the 

use of organic solvents as additive in the BGE can enhance ionization efficiency for a sheathless 

approach [18, 21], but could interfere with the quality of separation. In the literature, this 

porous tip interface has been already compared to the triple tube interface showing similar 

factors of improvement as in this work for metabolites and intact proteins [17–19].  

3.5 Conclusions 

In this work, the analytical performance of a nanoflow sheath liquid interface for CE-ESI-MS 

was compared to standard sheath liquid and sheathless porous tip interfacing. In research 

articles where the sensitivity for one interfacing technique is reported in terms of absolute 

quantities, comparison with others is not ideal because of differences in the applicable 

conditions and available instrumentation, concealing the real influence of the technique itself. 

This first comparison was done by keeping most instrument parameters, samples and time-

frame constant and covering a wide mass range in positive and negative MS mode in an attempt 

for fair comparison, despite knowing the difficulty of good and objective methodology. 
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The triple tube interface is robust, easy to use and flexible regarding capillary dimensions, 

sheath liquid or BGE selection. Nevertheless, when better analytical sensitivity is required, both 

nanoflow interfaces demonstrate great benefits both in positive and negative ESI. The 

performance of the nanoflow sheath liquid interface was similar to the sheathless interface 

even with the dilution by the sheath liquid. However, sheath liquid supported systems offer full 

flexibility in method development due to independence of separation and electrospray 

conditions that make them more versatile tools. In general, comparable sensitivity could be 

expected for nanoflow interfaces with similar tip geometry, regardless if sheathless or low flow 

sheath liquid supported, remarking that organic modifiers in the electrolyte can enhance 

ionization for sheathless interfacing for some analytes. 

Other key points for the design of new CE-ESI-MS interfaces are handling, reproducibility, and 

robustness. The characterization of the nanoflow sheath liquid interface adds valuable 

information for the operation and working principle. The setup used provides a technical 

solution for reproducible analyses, compatibility with all instrument manufacturers and ability 

for high flushing rates of sheath liquid and electrolyte, although the manual handling and 

fragility still hinder the practicability. Well-engineered and sophisticated parts to simplify 

assembling for a reasonable price with automated conditioning steps and with the possibility 

to use standard separation capillaries could be a promising perspective to provide future CE-

ESI-MS interfaces to a broader range of users. 
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4.1 Abstract 

Capillary electrophoresis hyphenated to electrospray ionization mass spectrometry (CE-ESI-

MS) is a well-established technique to analyze charged analytes in complex samples. Although 

various interfaces for CE-MS coupling are commercially available, the development of 

alternatives which combine sensitivity, simplicity and robustness remains a topic of research. 

In this work, a nanoflow sheath liquid CE-MS interface with two movable capillaries inside a 

glass emitter is described. The setup enables a separation mode and a conditioning mode to 

guide the separation capillary effluent either into the electrospray or to the waste, respectively. 

This enables to exclude parts of the analysis from MS detection and unwanted matrix 

components reaching the mass spectrometer, comparable to divert valves in LC-MS coupling. 

Also, this function improves the overall robustness of the system by reduction of particles 

blocking the emitter. Preconditioning with electrospray interfering substances and even the 

application of coating materials for every analysis is enabled, even while the separation 

capillary is built into the interface with running electrospray. The functionality is demonstrated 

by analyses of heavy matrix bioreactor samples. Overall, this innovation offers a more 

convenient installation of the interface, improved handling with an extended lifetime of the 

emitter tips and additional functions compared to previous approaches, while keeping the 

higher sensitivity of nanoflow CE-MS-coupling. 
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4.2 Introduction 

Capillary electrophoresis coupled to mass spectrometry (CE-MS) offers great separation of 

charged analytes, however a major disadvantage of standard electrospray (ES) interfacing is 

the low concentration sensitivity, mainly due to the high sheath liquid flow rate in contrast to 

the small peak volumes. In recent years, novel designs focused in miniaturization with 

micrometer emitter tips to enable flow rates in the nanospray regime and match the 

dimensions of the separation system, as summarized in a recent review article [1]. By these 

means, remarkable improvements in sensitivity from 10 to 100 times in comparison to 

conventional interfacing were reported [2, 3]. While these improvements in sensitivity are 

beneficial, the ease of use and handling might be limited because of fragile parts and small 

dimensions. Sheathless interfaces are straight forward as a matter of principle as they avoid 

the use of a sheath liquid by spraying the background electrolyte only, and therefore avoiding 

dilution completely. Unfortunately, the establishment of a stable electrical contact for 

grounding of the separation current and application of the electrospray voltage is challenging 

but was encountered by various technical solutions, such as miniature cracks in the capillary 

wall, conductive coatings, or a porous tip for the exchange of charge [1, 4]. However, 

manufacturing precision is crucial in some of these approaches and make commercial spare 

parts cost intensive which might be detrimental for a widespread utilization of these interfaces, 

also because the use of custom made capillaries is problematic for users outside of academia. 

The direct spray of the background electrolyte compromises separation and electrospray and 

also limits post separation modification, but offers high sensitivity which was demonstrated in 

many applications and comparative studies [5–7]. In contrast, nanoflow sheath liquid interfaces 

enable the decoupling from separation and electrospray conditions by using a make-up liquid 

for current dissipation and application of the electrospray voltage, but reducing the dilution to 

a minimum [8, 9]. These interfaces require an additional emitter that sprays the combined 

separation capillary effluent and sheath liquid for electrospray modification. In many cases, 

nanoflow sheath liquid interfaces are more versatile in use of various capillary types and allow 

separations without flow in general, which is limited in sheathless approaches. In the here 

presented system, micropipettes made of borosilicate glass are used due to production at low 

costs, optical transparency, and good reproducibility in manufacturing. Interfaces in a similar 

arrangement, using this kind of emitters, were already applied in various applications of 

research groups demonstrating high sensitivity [10, 11]. These interfaces were improved over 
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the course of several generations [12] and even commercialized (EMASS-II, CMP Scientific, 

Brooklyn, NY). In conjunction with the interfaces using borosilicate glass emitters, the terms 

“electrokinetically pumped” or “EOF driven” sheath liquid interface were introduced and 

widely spread by the research group of Dovichi and co-workers [13], but are misleading in 

explaining the actual driving force of the sheath liquid flow. A detailed characterization of this 

interface demonstrated that the electroosmotic flow has, if at all, only a minor influence on the 

flow rate and no influence on the overall flow direction of the sheath liquid [2]. In both negative 

and positive mode, the sheath liquid flow rates were experimentally determined and generally 

increase with the applied electrospray voltage independent of the polarity. Nevertheless, a 

publication by the Dovichi group [14] suggests an internal emitter coating to reverse the sheath 

liquid EOF in negative mode and enable a stable spray. Contradicting results were published [2, 

15], demonstrating excellent limits of quantification and reproducibility of anions such as 

halogenated acetic and sulfonic acids in drinking water analysis, using uncoated emitters and 

negative MS detection without difficulties described by Sarver et al. All these results provide 

strong evidence that the main driving force is not the EOF inside the emitter but rather simply 

the consumption of liquid by the electrospray and its substitution by liquid from a reservoir.  

However, despite the significant gain in sensitivity, the practical use is still impaired due to 

technical difficulties in assembling the interface, blocked emitter tips by particles and limited 

flushing routines of background electrolyte and sheath liquid. Also, manual replenishment of 

sheath liquid can be tedious and lead to uncontrolled electrolyte and sheath liquid 

compositions in the emitter tip by accident, as described in a recent publication [16]. These 

drawbacks prevent routine application of these nanointerfaces. The here presented setup 

(Figure 23) demonstrates a technical solution to encounter these issues which allows an easier 

handling and reduced failure of the emitters, thus an improved overall robustness. Apart from 

additional functionalities, such as advanced rinsing protocols with running electrospray, the 

liquid composition in the emitter tip can be contained while flushing the capillary with high 

flow rates. The functional principle of a nanoflow sheath liquid interface with two movable 

capillaries is presented and the benefits discussed in detail. An example for a technical 

realization is shown and applied for various types of samples in coupling to mass spectrometers 

from various vendors (Agilent, Bruker, Thermo). 
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Figure 23: Schematic of the nanoflow sheath liquid interface with a two capillary approach. (A) Sheath liquid capillary in 

conditioning mode to flush emitter with sheath liquid. (B) Separation capillary in separation mode to perform analyses while 

the sheath liquid capillary provides fresh sheath liquid. (C) Exemplary realization of the setup by using a PEEK cross piece to 

guide both capillaries into the glass emitter. The cross piece is open to ambient pressure to drain excess sheath liquid to the 

waste (continuous flow). Electrospray voltage is applied via platinum electrode at the fourth arm connection. (D) The sheath 

liquid is connected to a syringe or HPLC pump for sheath liquid supply in a continuous flow, the separation capillary to CE 

device with high voltage power supply. A stopping system ensures precise and repeatable movement of both capillaries, to 

keep distance between capillary outlet and emitter tip. 

 

4.3 Materials and Setup 

In the interface setup presented in Figure 23, two capillaries (365 µm OD each) are guided in 

parallel through a PEEK tube (10 mm length, 1.0 mm ID) into a PEEK cross union (1.0 mm ID) 

into a borosilicate electrospray emitter with orifice openings in the µm range (5.5 cm length, 

1.0 mm OD and 0.78 mm ID, 15 or 30 µm tip ID, Gynemed, Germany). The outer diameter of 

the separation capillary (e.g. 30 or 50 µm ID) is reduced on the outlet side, either by etching 

with hydrofluoric acid or grinding into a cone shape [17]. However, the precision range for 

reduction of the outer diameter the capillary outlet and capillary positioning are not as 

important as in sheathless approaches, as demonstrated in previous work [2]. The second 

capillary has a larger internal diameter (100 µm ID) and a blunt tip to deliver sheath liquid, 

continuously supplied by a syringe pump. Both capillaries can be moved in axial position. In the 

backside, the emitter is open to ambient pressure via the third port of the cross union which 

drains the excess liquid. Therefore, the emitter is free of pressure and the electrospray 

consumption is unaffected by the pumping flow rate. The remaining port is used to ground the 
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separation current and to apply the electrospray voltage with a platinum electrode, either 

connected to the ground or mass spectrometers power supply. Positioning of the cross union 

in front of the MS entrance is performed by a XYZ-stage. A digital microscope is used to adjust 

the emitter tip position relative to the mass spectrometer inlet and position the capillaries 

inside the emitter. To prevent the capillaries from protruding and breaking the emitter tip by 

sliding too far into the frontal position, mechanical stops are attached to the capillaries which 

allow a reproducible positioning in the µm range. The sheath liquid capillary has a length of 

roughly 20 cm and is connected to the syringe pump by a PEEK tubing with 1 mm internal 

diameter to reduce backpressure and allow the use of a 10 µm inline filter (Upchurch Scientific) 

to prevent particles entering.  

For initial assembly, the cross union is attached to the XYZ stage and both capillaries are 

inserted. The electrode and tube for draining the excess sheath liquid are then connected and 

the syringe pump switched on. Finally, the emitter is slid on both capillaries and connected to 

the cross union. Air and particles introduced by the assembly are flushed out of the draining 

port by the sheath liquid. During this process, the capillaries can be positioned with help of the 

digital microscope and the mechanical stops adjusted.  

 

4.4 Multifunctional Interface 

Switching of capillaries allows the interface to function as a kind of valve which offers several 

advantages over traditional approaches. In one capillary the separation is performed while the 

other delivers a sheath liquid in a continuous flow. In practice, they can be switched between 

two positions. The two positions are corresponding to conditioning mode and separation mode 

(Figure 23, A and B). This allows to control the constitution of liquid in the very tip of the emitter 

and therefore acts as a valve, used to decide whether the separation capillary effluent reaches 

the mass spectrometer or not. Analysis is performed in separation mode so that migrating 

analytes exit the capillary outlet and mix with the sheath liquid to be sprayed. In-between 

analyses, the separation capillary is drawn behind the sheath liquid capillary so that the 

capillary positions are switched (conditioning mode) and the effluent is flushed out backwards 

by the continuous flow of sheath liquid. The possibility to control the flow direction of the 

separation capillary effluent offers a multitude of advantages, such as capillary conditioning 

with non ESI compatible agents, application and refreshing of capillary coatings, reduced 
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plugging of the emitter by particles, lower MS contamination and overall improved handling. 

These benefits are described in the following:  

Obviously, fused silica capillaries require initial conditioning with ES incompatible substances 

such as hydrochloric acid and sodium hydroxide for activation of silanol groups and rinsing 

steps between analyses to re-establish initial conditions. For all other CE-MS interfaces the 

capillary needs to be removed from the sprayer to prevent contamination of the electrospray 

source and mass spectrometer. In the here presented setup, the initial conditioning can be 

performed with built-in capillary in conditioning mode (Figure 23, A and B) without 

contamination of the mass spectrometer, even with running electrospray. By these means, also 

in-between every analysis the capillary can be rinsed with any type of cleaning agent for 

regeneration. This is an important benefit, especially when sample constituents are binding to 

the capillary wall, leading to systematic migration time shifts. Likewise, coating agents can be 

applied initially with built in separation capillary and a re-coating can be performed before 

every run. This was successfully performed with successive multilayer coatings for EOF reversal 

and semi-permanent neutral coating materials to suppress the EOF. The ability to restrict the 

separation capillary effluent from flowing into the emitter tip also reduces blocking of the 

needle. This is, because in conditioning mode particles and sample residues are flushed out to 

the backside of the emitter which otherwise could potentially block the micrometer opening 

of the emitter tip. In fact, this was a serious issue in previous setups which used micrometer 

orifice needles with only one fixed capillary where all liquid from replenishment had to exit the 

emitter orifice, increasing the risk of blockage. This issue was also described by Dovichi and Co-

workers [12], whereupon 30 µm orifice diameters were preferred over smaller diameters in 

the third generation. The possibility to divert the capillary effluent in the two capillary approach 

minimizes the risk of blockage, which turned out to be especially handy for the non-targeted 

analysis of bioreactor substrate samples, consisting of decomposed animal manure and plant 

matter from an anaerobic digestion (Figure 24, A1).  
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Figure 24: (A1) Base peak electropherogram of a bioreactor sample with heavy matrix after filtration (0.2 μm) and 

adjustment to pH 2 in a 10% acetic acid separation electrolyte in a 90 cm× 50 μmfused silica capillary with +30 kV separation 

voltage. MS spectra ofminutes 5 to around 22 show a continuous background signal with no distinct peaks, probably 

consisting of fast migrating salts. (A2) Faster migrating zone was excluded by diverting capillary effluent to waste in 

conditioning mode from 0 to 21 min (Compare Fig. 1A). (B1 and B2) show microscopic images of a blocked emitter situation 

if capillary was preconditioned in separation mode (capillary outlet is etched to 20 μm wall thickness). Precipitated particles 

which remained in capillary during separation are flushed out and accumulate in emitter tip. This 

case leads to a blocked orifice and exchange of emitter is mandatory. (C1–C4) show a series in conditioning mode while 

preconditioning (separation capillary concealed) to prevent blocking of emitter tip with matrix residues. Particles are 

transported to waste by sheath liquid during flushing of background electrolyte. 

 

It allowed a direct injection of the samples with a filtration step as only sample preparation, 

whereupon several thousand molecular features could be detected. Transient 

isotachophoresis enabled a large volume injection with sharp peaks, however, because of the 

high salt concentration in the sample, mass spectra of minutes 5 – 22 show a continuous 

background signal without distinct signals. Figure 24, B1 shows a replicate analysis of A1, but 

the exclusion of these high abundant and fast migrating matrix components in conditioning 

mode till minute 21. Therefore, the interface enables the exclusion of matrix components from 

the analysis from reaching the mass spectrometer, analogous to a six-port valve in LC-MS, to 
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reduce MS contamination. During analysis, matrix components precipitated in the capillary 

inlet and were flushed out after analysis. These particles blocked the emitter tip, if 

postconditioning was performed in separation mode (equivalent to standard/commercialized 

set-up of this interface), as shown in Figure 24, B1 and B2. To prevent blocking of the emitter 

tip, the capillary was rinsed in conditioning mode with 5 molar sodium hydroxide solution for 5 

min, followed by water and running buffer for 10 minutes. The precipitated particles can be 

flushed out to waste as shown in Figure 24, C1 to C4. The analysis of these samples would not 

have been possible without the two capillary approach used in this experiment, since the 

emitter would have been inevitably blocked after each analysis. An additional application can 

be the direct coupling of (imaged) capillary isoelectric focusing for the separation of protein 

charge variants. Interfering constituents will be removed during focusing and mobilization 

whereas the capillaries can be switched to allow detection of the analytes of interest. 

The presented setup with two movable capillaries offers the possibility to guide the separation 

capillary effluent away from the emitter tip and prevent unwanted substances from entering 

the mass spectrometer. Intensive rinsing procedures with ES incompatible cleaning agents and 

the application of coating materials of built-in capillaries even with running electrospray are 

possible, which improves robustness and allows more flexibility for the user. Also, the emitter 

lifetime is strongly improved over previous setups since particles are guided out to the backside 

of the emitter. Therefore, smaller emitter orifice diameters could be reconsidered in future 

experiments to achieve an even more sensitive electrospray. These advancements over 

previous setups facilitate the next steps in the evolution of CE-MS interfacing. 
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5 Chapter 5: Enrichment-free analysis of anionic micropollutants in the 

sub-ppb range in drinking water by Capillary Electrophoresis-High 

Resolution Mass Spectrometry 

Redrafted from: Oliver Höcker, Tobias Bader, Torsten C. Schmidt, Wolfgang Schulz, Christian Neusüß, 
Analytical and Bioanalytical Chemistry, 2020, 412, 4857–4865 
 

5.1 Abstract 

Reversed phase liquid chromatography (RPLC) used for water analysis is not ideal for the 

analysis of highly polar and ionic contaminants because of low retention. Capillary 

electrophoresis (CE), on the other hand, is perfectly suited for the separation of ionic 

compounds but rarely applied in environmental analysis due to the weak concentration 

sensitivity when coupled to mass spectrometry (MS). However, novel interface designs and MS 

technology strongly improve the sensitivity. Here, a method is presented enabling the 

screening of anionic micropollutants in drinking water without sample pretreatment by 

coupling of CE to an Orbitrap mass spectrometer by a nanoflow sheath liquid interface. 

Targeted analysis of halogenated acetic acids, trifluoro methanesulfonic acid, 

perfluorooctanoic and perfluorooctanesulfonic acid was conducted in drinking water samples 

which were chlorinated for disinfection. A bare fused silica capillary with an optimized 

background electrolyte (BGE) for separation consisting of 10% acetic acid with 10% isopropanol 

with large volume sample injection and optimized interface parameters offer limits of 

quantification in the range of <0.1 to 0.5 µg/L with good linearity (R² > 0.993) and repeatability 

(14% standard deviation in area). Concentrations of the target analytes ranged from 0.1 to 6.2 

µg/L in the water samples. Masses corresponding to halogenated methanesulfonic acids have 

been found as suspects and were subsequently verified by standards. Mono-, dichloro- and 

bromochloro methanesulfonic acid were quantified in a range of 0.2 to 3.6 µg/L. Furthermore, 

five sulfonic acids, four organosulfates and the artificial sweeteners acesulfame and cyclamate 

as well as inorganics such as halides, halogenates, phosphate and sulfate could be determined 

as suspects among more than 300 features in a non-targeted screening. Overall, this approach 

demonstrates the great potential of CE-nanoESI-MS for the screening of ionic contaminants in 

environmental samples, complementary to chromatographic approaches. 
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5.2 Introduction 

The monitoring of persistent mobile organic contaminants (PMOCS) in the aquatic environment 

is difficult because conventional reversed phase chromatographic approaches exhibit low 

retention. The number of these highly polar or ionic substances in the aquatic environment is 

constantly increasing due to anthropogenic activity but the monitoring is only possible to a 

limited extend. This is a threat for the water resources because it is expected that many PMOCs 

cannot be removed by wastewater treatment or drinking water production plants. In addition, 

disinfection agents like chlorine, ozone and others, used for the reduction of pathogenic 

microorganisms, can react with all kind of natural and anthropogenic substances to a vast 

amount of more polar/ionic molecules. And while many of these disinfection byproducts (DBPs) 

have been identified, only few are regulated and it is unknown how many PMOCs are still 

hidden [1, 2]. Since conventional RPLC and GC separation mechanisms depend on nonpolar 

interaction, the analytical repertoire is extended by mixed mode materials, hydrophobic 

interaction chromatography (HILIC) or ion chromatography (IC) in combination with mass 

spectrometry [3, 4]. E.g. mixed mode solid phase extraction for analyte enrichment in 

combination with a mixed mode separation column enabled the fast analysis of 23 target 

PMOCs with good separation in surface and drinking water, reaching limits of detection (LOD) 

below 50 ng/L [5–7]. Mixed mode columns offer the advantage to combine reversed phase and 

ion exchange properties for the separation of highly polar substances and can be used in widely 

available HPLC systems. The analysis of Glyphosate and AMPA in drinking water by CE-MS was 

shown, reaching limits of quantification (LOQ) of low µg/L without derivatization in high ionic 

strength matrices [8]. In a non-targeted HILIC-MS approach, halogenated methanesulfonic 

acids (HMSAs) were discovered recently by Zahn et al. [9, 10] for the first time in surface and 

drinking water. This class of new emerging DBPs was tentatively discovered and later confirmed 

by standards in subsequent analyses in concentrations between 0.07 and 11.5 µg/L. HILIC-MS 

is becoming more popular because it extends the range of polarity compared to reversed 

phase, but for aqueous samples, a solvent exchange is necessary to enable sufficient retention, 

and often SPE is needed for sample preparation. While SPE is useful for preconcentration, there 

is always a risk of losing analytes in this step, which can be problematic for non-targeted 

approaches to discover new analytes of concern.  
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Capillary electrophoresis is perfectly suited to separate ionic analytes in aqueous samples due 

to the high selectivity and complementary separation mechanism to RPLC. Studies have found 

that capillary electrophoresis might be complementary to HILIC in finding analytes and 

therefore useful to extend the range of charged analytes due to its separation mechanism 

based on the charge-to-size ratio [11]. However, CE was rarely applied for the analysis of 

pollutants in water analysis [12–14], which is mostly due to the weak concentration sensitivity. 

To some extent, this can be compensated by online preconcentration techniques such as inline-

SPE [15] or stacking [16]. CE-MS was applied for the analysis of halogenated acetic acids (HAAs) 

in water samples with an acetic acid and methanol-based electrolyte [17]. Detection limits 

between 1600 and 100 µg/L (S/N = 3) could be achieved by direct analysis with a sheath liquid 

containing trimethylamine, while a preconcentration with SPE of 30 mL water could lower the 

LODs to 0.3-7.6 µg/L. Zhang et al. [18] published a method using a sophisticated online 

preconcentration by balancing the electroosmotic flow by external pressure during injection 

with enhancement factors of over 3500 over hydrodynamic injection, reaching LODs of 0.013 

to 0.12 µg/L with a standard CE-MS interface. This demonstrates the suitability of CE-MS for 

drinking water analysis applying efficient online preconcentration due to the low conductivity 

of such samples. With modern LC-MS and mixed mode solid phase extraction (SPE) 

preconcentration, Hu et al. [19] showed a method for the quantitation especially for iodinated 

HAAs with LODs between 0.02 and 0.48 ng/L. 

For perfluorinated alkylated substances (PFAs) a CE method with UV detection and SPE 

preconcentration reports LODs in the low ng/L-range with a non-aqueous buffer system and 

detectable concentrations of 0.8 ng/L in a spiked river sample [20]. Even though, high 

resolution electrospray mass spectrometry (HRMS) offers great possibilities for identification, 

the coupling of CE with conventional (sheath liquid) interfaces limits the sensitivity. High sheath 

liquid flow rates in standard interfaces (1 to 10 µL/min), compared to the low nL/min flow CE 

effluent, highly dilute the sample zone leading to limited sensitivity. In recent years, significant 

progress has been made in order to increase the sensitivity of CE-MS coupling by development 

of new emitter designs, reduction of sheath liquid flow rate, or even direct spray of the 

background electrolyte [12]. These nanoflow sheath liquid or sheathless interfaces are 

characterized by the use of spray tips with openings in the µm range and liquid flows far below 

1 µL/min, thus reducing analyte dilution. Furthermore, these interfaces produce smaller initial 
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droplet sizes which is beneficial for gas phase ion production and MS sampling. Enhancement 

of sensitivity by 30 to 100 times was reported in many applications such as protein analysis 

[21], metabolomics [22] and also for small molecules like sulfonic acids [23], relevant for water 

analysis. However, to the best of our knowledge there is no report on the direct screening 

(without SPE preconcentration) of ionic micropollutants in the sub-µg/L-range, as required for 

most cases when drinking water is analyzed. 

Here, we present a method for the separation and quantification of selected anionic 

contaminants (HAAs, PFAs, and HMSAs) in drinking water by CE-HRMS. The method uses a 

nanoflow sheath liquid interface, simple large volume injection and acidic pH. The target 

compounds were quantified in seven samples from four drinking water production plants in 

Germany using chlorination for disinfection purpose. Furthermore, the data were screened for 

known and unknown anionic environmental contaminants to evaluate the general ability for 

the analysis and discovery of PMOCs in water samples. 

5.3 Materials and Methods 

 Chemicals and samples 

Isopropanol (LC-MS grade), acetic acid, sodium hydroxide, and hydrochloric acid were obtained 

from Carl Roth GmbH und Co. KG (Karlsruhe, Germany). All solutions were prepared using 

ultrapure water (18 MΩ*cm at 25 °C, SG Ultra Clear UV from Siemens Water Technologies, 

USA). Hydrofluoric acid 40 % (v/v) was purchased from Merck (Darmstadt, Germany). 

Dithiothreitol (DTT) and sodium bicarbonate were obtained from Sigma-Aldrich (Steinheim, 

Germany). “ES Tuning mix” solution was obtained from Agilent Technologies (Palo Alto, CA, 

USA). Standards of haloacetic acids and PFAs were purchased by different suppliers: 

dibromochloro-, dichloro-, trichlor-, bromochloro acetic acid from Sigma Aldrich, dibromo 

acetic acid, perfluorooctanoic and perfluorooctanesulfonic acid from Dr. Ehrenstorfer and 

Trifluoro acetic acid from Alfa Aesar. The HMSA standards chloro-, bromo-, dichloro- and 

bromochloromethanesulfonic acid were kindly provided by Daniel Zahn (Fresenius University 

of Applied Sciences, Idstein, Germany). For external calibration, the standards were solved in 

ultrapure water. Seven water samples were provided by four different water treatment plants 

from Germany which were disinfected by chlorination. Samples with same numbers originate 

from the same drinking water production plant. Some of the samples were neutralized by 
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addition of thiosulfate which is indicated by the letter “T”, and an additional chlorination step 

by “C”. The water suppliers agreed that the results are published in an anonymous form. 

 Nanoflow CE-MS interface 

The setup of the nanoflow interface is shown in Figure 25. The separation capillary (50 µm ID, 

365 µm OD) is threaded through a PEEK cross-union into a borosilicate electrospray emitter 

with a 15 µm opening (5.5 cm length, 1.0 mm OD and 0.75 µm ID). An XYZ-stage allowed 

positioning of the emitter in front of the MS entrance. The capillary outlet OD was reduced by 

etching with hydrofluoric acid in the last part (ca. 1 cm) to minimize dead volume inside the 

emitter tip. The sheath liquid is delivered 

by a second capillary with 100 µm ID and 

a blunt tip which is also guided through 

the cross-union into the emitter, parallel 

to the separation capillary. A syringe 

pump delivers sheath liquid 

continuously, in which the third port of 

the cross union is used to drain the 

excess liquid. Both capillaries can be 

adjusted in axial position: During 

analysis, the separation capillary is in 

frontal position while fresh sheath liquid 

is delivered some millimeters behind by 

the second capillary which reduces the carryover of contaminants from the system. In between 

analyses, the separation capillary is positioned behind the SL capillary, so that all excess 

electrolyte and residues from the previous analysis are flushed out backwards and no 

contamination reaches the emitter tip. The remaining port is used to ground the separation 

current and to apply the electrospray voltage.  

  

 

Figure 25: Setup of the nanoflow sheath liquid CE-MS interface 

for the analysis of strongly acidic compounds in drinking water. 

(A) 10%(v/v) acetic acid exhibits a low pH (~ 2.2) which causes a 

low electroosmotic flow enabling negative CE polarity. The 

separation capillary and a capillary to deliver sheath liquid are 

guided through a PEEK cross (B) into the borosilicate glass 

emitter (C). The third arm drains excess liquid and opens the 

emitter to ambient pressure while the fourth arm is used to 

ground the CE current and apply the electrospray voltage. 
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 CE-MS conditions 

CE experiments were performed using an Agilent 7100 (Agilent Technologies) coupled to a 

Thermo Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). The separation 

was conducted in a bare fused silica capillary with 50 µm ID and 60 cm length, initially 

conditioned with 5 M sodium hydroxide for 15 min, followed by water for 10 min and 

electrolyte for 30 min. The final electrolyte consisted of 10% acetic acid (v/v) with 10% (v/v) 

isopropanol. For separation, a potential of -30 kV was applied to the capillary inlet. Samples 

were injected hydrodynamically with 100 mbar for 80 seconds. The sheath liquid consisted of 

isopropanol:water (50:50 v/v) with 0.5 % (v/v) formic acid. A distance of 3.0 mm between 

emitter tip and transfer capillary was chosen, giving highest signal intensities. The Orbitrap 

mass spectrometer was operated in negative ion mode with 1200 V electrospray potential, full 

scan from 75 to 510 m/z, 30000 resolving power, 64 ms accumulation time, 1E5 AGC target, 

45% RF lens and 4 microscans. MS/MS experiments were conducted with quadrupole isolation 

in 1.6 Da window, fragmentation by high collision dissociation (stepped 15, 30, and 45%) and 

Orbitrap detection with first mass 50 m/z, AGC target 1E4 and 54 ms maximum injection time. 

5.4 Results and discussion 

The initial objective of this work was to develop a sensitive method for the separation and 

identification of HAAs, PFAs and trifluoromethanesulfonic acid in drinking water samples, 

ideally avoiding any preprocessing for enrichment. HAAs have pKa values between 0.7 and 3.5, 

thus, BGEs at low pH values were tested for best separation: At low pH, a high selectivity for 

these HAAs is expected because of a differing degree in deprotonation and resulting net charge. 

Furthermore, increasing the electrolytes pH would result in an EOF towards the capillary inlet, 

resulting in an interfering flow of sheath liquid into the end of the separation capillary. Avoiding 

such an EOF would require a coating for EOF suppression. Thus, a fused silica capillary under 

low pH conditions is preferred since it is inexpensive and can be regenerated easily. 10% acetic 

acid (pH 2.2), 0.2 (pH 2.2) and 0.5 M formic acid (pH 2.2) were tested as BGE. Formic acid-based 

BGE showed similar separation but broader peaks than the acetic acid-based BGE. Different 

organic modifiers such as ethanol, acetonitrile and isopropanol in concentrations of up to 30% 

showed changes in selectivity and partially better resolution. However, higher concentration 

of organic modifiers led to longer separation times and increased peak widths (data not 

shown). A concentration of 10% acetic acid (v/v) with 10% isopropanol (v/v) was the best 

compromise between resolution, peak shape and analysis time and was chosen for final 
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analyses. The samples exhibit a low conductivity compared to the separation electrolyte, thus 

a simple and reliable field amplified sample stacking could be used for online preconcentration. 

Therefore, it was possible to inject up to 20% of the capillary volume (0.24 µL) while preserving 

sharp bands of around six seconds for the HAAs. The sheath liquid composition turned out to 

be crucial to achieve the low quantification limits as well as the distance of emitter tip to the 

mass spectrometers inlet and electrospray voltage. While previous publications [17, 18] tested 

only alkaline additives, in our case the addition of formic acid offered significantly higher signal 

intensities compared to ammonia or volatile ammonium salts. ES voltage and distance were 

optimized for different sheath liquid compositions by filling the capillary with low concentrated 

analytes solved in background electrolyte and applying separation voltage while observing 

signal intensities of selected ion traces. The optimum electrospray voltage of 1200 V, emitter 

distance of 3.0 mm and sheath liquid composition of isopropanol:water (50:50 v/v) with 0.5 % 

(v/v) formic acid were confirmed by analysis of injected sample plugs under normal separation 

conditions. Compared to single capillaries used in setups with similar emitters [21], the 

interface setup with two capillaries shows improved robustness in overall handling and 

operation, since particles can be flushed out backwards, which prevents blocking of the tip. 

When correctly handled, the lifetime of the emitter is several days of continuous analysis. The 

emitter can be exchanged within several minutes and after flushing the system for ten minutes, 

the next analysis can be performed. After emitter change, the performance was evaluated with 

known analyte standards to ensure reproducible performance.
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Table 3: Calibration parameters for the determination of concentrations of HAAs, PFAs, and HMSAs in drinking water. LOQs determined by lowest point of calibration curve that could be 

detected repeatedly (marked by x), or signal to noise ratio of 10 if the extracted ion electropherogram (± 2.5 ppm) showed noise (marked by y) 

Group Compound Abbreviation Formula Ion m/z 
migration time 
[min +- stdev] 

slope 
[area*L/µg] 

intercept 
[area] 

R² 
Peak area 
stdev [%] 

LOQ 
[µg/L] 

H
A

A
 

Bromochloro acetic acid BCAA C2H2BrClO2 [M-COOH]- 126.8945 8.6 ± 1.0 233375 -35597 0.997 19 0.1x 

Trichloro acetic acid TCAA C2HCl3O2 [M-COOH]- 116.9060 9.0  ± 1.2 222671 -24312 0.996 11 0.1x 

Dichloro acetic acid DCAA C2H2Cl2O2 [M-H]- 126.9348 9.2  ± 0.9 803858 -72020 0.997 11 0.1x 

Dibromo acetic acid DBAA C2H2Br2O2 [M-COOH]- 170.8440 9.9 ± 0.8 609153 -56276 0.997 15 0.1x 

Dibromochloro acetic acid DBCAA C2HBr2ClO2 [M-COOH]- 204.8050 10.6 ± 0.9 12670 -34 0.997 27 0.5x 

P
FA

 Perfluorooctanoic acid PFOA C8HF15O2 [M-H]- 412.9653 11.4  ± 0.8 2222303 310401 0.999 8 0.04y 

Perfluoroctansulfonic acid PFOSA C8HF17O3S [M-H]- 498.9291 11.6 ± 1.2 518827 451732 0.985 8 0.4y 

H
M

SA
 

Trifluormethansulfonic acid TFMSA CF3SO3H [M-H]- 148.9526 8.4 ± 0.5 10222591 1945661 0.998 13 0.03y 

Chloromethanesulfonic acid MCMSA CH2ClSO3H [M-H]- 128.9419 8.7 ± 1.1 608458 134760 0.998 23 0.2x 

Bromomethanesulfonic acid MBMSA  CH2BrSO3H [M-H]- 172.8914 8.9 ± 0.7 420783 105773 0.998 22 0.2x 

Dichlormethanesulfonic acid DCMSA CHCl2SO3H [M-H]- 162.9029 9.2 ± 0.8 1387925 233245 0.997 17 0.2x 

Bromochloromethanesulfonic acid BCMSA CHBrClSO3H [M-H]- 206.8524 9.4 ± 0.8 157879 75567 0.993 29 0.2x 
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Linear calibration curves were derived from six standard concentration levels with triple 

injection from 10 µg/L to 0.1 µg/L of five HAAs (DBCAA, DBAA, DCAA, BCAA and TCAA) and two 

fluorosurfactants (PFOS and PFOA) (Table 1). This set-up was used for external calibration and 

to determine the concentrations in seven drinking water samples from four water suppliers, 

which were chlorinated for disinfection purposes. The calibration showed a good linearity over 

all concentrations (R² > 0.993, except PFOS with 0.985). Limits of quantification (LOQ) were 

determined by a signal to noise ratio of 10, if the extracted ion electropherogram (± 2.5 ppm) 

showed noise. Since this was only the case for three of the substances, the other LOQs were 

estimated by the lowest point of the calibration curve, where the signal could be detected 

repeatedly. In accordance with the literature, for most HAAs, the decarboxylated ion species 

showed higher signal intensity and were chosen for quantitation [24]. The samples were 

analyzed randomly in triplicates alternating with the calibration standards. Degradation of the 

analytes in low concentrated standard solutions was observed. Especially the brominated HAAs 

showed degradation behavior in solution as it was reported previously, hence the dilutions 

were prepared right before measurements [25]. Analytes were baseline separated with an 

average base width of 6 seconds which indicates a good stacking mechanism. Further, no peak 

broadening was caused by the (low) dead volume in the transition between capillary outlet and 

emitter tip. Migration times in real samples were shifted by up to 2 min compared to the 

standards solved in ultrapure water, which is an expected effect for stacking techniques and is 

caused by differences in total ion concentration of different matrix constituents. To approach 

this effect, the addition of internal standards would allow the correction of migration time 

shifts as already used in metabolomics profiling. Here, the identification of the target analytes 

was confirmed by standard addition. An exemplary separation of BCAA, TCAA and DCAA in a 

drinking water sample is shown in Figure 26.  
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Figure 26: Extracted ion electropherograms (exact mass ± 2.5 ppm) of targeted (HAAs, HMSAs, PFAs) and suspect targeted 

analytes in water sample WS-4-C. Signals are normalized due to large variations in signal intensities. Target analytes are 

confirmed by standard addition, while organic and inorganic suspects are proposals on basis on exact mass sum formula 

generation (cp. text for details) 

Quantification of the targeted analytes by CE-MS was performed by measurements of seven 

water samples in triplicates and application of the external calibration curve obtained by 

triplicate measurements of standard solutions at the same time (randomly). The results for all 

target analytes in the drinking water samples are given in Table 4. 
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Table 4: Determined concentrations of HAAs, PFAs, and HMSAs by CE-MS in micrograms per liter in water samples (WS). The production plant is indicated by the number, a neutralization by 

thiosulfate by “T,” and an additional chlorination step by “C” 

Group Compound Abbreviation Sum formula Ion m/z 
Sample name with measured concentration [µg/L ± stdev] 

WS 1 WS 1 T WS 2 WS 2 T WS 3 T WS 4  WS 4 C 

H
A

A
 

Bromochloro acetic acid BCAA C2H2BrClO2 [M-COOH]- 126.8944 0.2 ± 0.1 0.3 ± 0.03 0.2 ± 0.1 0.4 ± 0.1 - - 0.2 ± 0.1 

Trichloro acetic acid TCAA C2HCl3O2 [M-COOH]- 116.9060 0.4 ± 0.2 1.0 ± 0.03 0.3 ± 0.1 0.4 ± 0.2 0.5  ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

Dichloro acetic acid DCAA C2H2Cl2O2 [M-H]- 126.9348 3.8 ± 1.1 6.3 ± 0.2 0.5 ± 0.2 1.8 ± 0.4 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 

Dibromo acetic acid DBAA C2H2Br2O2 [M-COOH]- 170.8439 - 0.12 ± 0.1 - - - <LOQ - 

Dibromochloro acetic acid DBCAA C2HBr2ClO2 [M-COOH]- 204.8049 - - - - - - - 

P
FA

 Perfluorooctanoic acid PFOA C8HF15O2 [M-H]- 412.9653 0.1 ± 0.02 0.1 ± 0.03 0.1 ± 0.02 0.3 ± 0.2 0.8 ± 0.4 0.8 ± 0.4 0.6 ± 0.3 

Perfluoroctansulfonic acid PFOSA C8HF17O3S [M-H]- 498.9291 0.4 ± 0.01 0.4 ± 0.01 0.33 ± 0.1 0.5 ± 0.1 0.8 ± 0.2 1.0 ± 0.9 0.7 ± 0.01 

H
M

SA
 

Trifluormethansulfonic acid TFMSA CF3SO3H [M-H]- 148.9526 0.1 ± 0.04 0.3 ± 0.01 0.1 ± 0.02 0.10 0.10 0.1 ± 0.1 0.2 ± 0.01 

Chloromethanesulfonic acid MCMSA CH2ClSO3H [M-H]- 128.9419 <LOQ <LOQ <LOQ <LOQ <LOQ 0.3 ± 0.03 <LOQ 

Bromomethanesulfonic acid MBMSA CH2BrSO3H [M-H]- 172.8914 - - <LOQ <LOQ - <LOQ <LOQ 

Dichlormethanesulfonic acid DCMSA CHCl2SO3H [M-H]- 162.9029 1.6 ± 0.7 2.2 ± 0.1 1.0 ± 0.4 0.7 ± 0.4 1.1 ± 0.1 >LOQ (2.3) 1.7 ± 0.1 

Bromochloromethanesulfonic acid BCMSA CHBrClSO3H [M-H]- 206.8524 <LOQ - 0.3 ± 0.1 <LOQ <LOQ >LOQ (3.6) 1.5 ± 0.1 
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 Halogenated Acetic Acids 

BCAA, DCAA and TCAA were found in most of the seven water samples in a range of 0.1 to 6.3 

µg/L.  The sum concentration of the HAAs is below 10 µg/L for all samples, which is the guideline 

level according to the Guidelines for Drinking-water Quality of the WHO [26]. To verify the 

determined concentrations, the samples were analyzed and quantified by RPLC- 

MS/MS as an orthogonal method. The results of both techniques, showing similar 

concentrations (Figure 27). With HPLC-MS, three additional HAAs could be quantified and were 

not found in the CE-MS measurements. On the other hand, by CE-MS a low concentration of 

DBAA could be found additionally in one 

sample. TFAA could not be quantified for 

the CE-MS measurements due to high 

background signals, probably caused by 

contamination from other methods used 

in the laboratory. Additionally, 

subsequent LC-MS analysis revealed a 

contamination of three samples (marked 

by “x” in Figure 27) and a quantification 

was not reasonable. The TFAA 

concentrations of the remaining four 

samples are in a plausible range for 

drinking water. The results for all 

drinking water samples are summarized 

in Table 4. 

 PFOS and PFOA 

The migration velocity of PFOs and PFOA 

is significantly slower compared to the HAAs which might be related to the larger molecular 

size and differences in pKa value. Both analytes show a broader peak shape than other analytes, 

also due to longer analysis time but probably because of capillary wall interactions or a different 

stacking behavior. An example for the detected peaks can be found in Figure 26. PFOS and 

PFOA were found in all DWPP samples from 0.1 to 0.7 µg/L, according to the calibration data. 

Since these findings are much higher than typical concentrations found in drinking water [27], 

a contamination of the samples cannot be excluded. However, blank values and laboratory tap 

 

Figure 27: HAA concentrations determined by CE-MS and LC-MS 

in seven drinking water samples 
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water samples did not show any signals of PFOS or PFOA above LOQ. Thus, further 

measurements are needed to evaluate these findings and to determine matrix effects possibly 

influencing signal intensity in the presented CE-ESI-MS approach.  

 Halomethanesulfonic acids 

After data evaluation for the determination of HAAs, PFAs and TFMSA, the CE-MS data were 

reviewed and scanned for additional HMSAs which might have been formed during the 

disinfection. Several sharp signals with increasing migration times close to TFMSA were found, 

some with characteristic isotopic patterns of 81Br and 37Cl. The group was baseline separated 

with six second base line peak widths and migrated faster than the HAAs, which is related to a 

higher degree of dissociation due to 

negative pKa values. An example of the 

separation in drinking water can be 

found in Figure 26. The findings were 

confirmed in subsequent CE-MS and CE-

MS/MS analyses with standards. To 

determine the concentration levels, 

calibration curves were recorded with 

four points from 2.0 to 0.2 µg/L with 

triple determination in ultrapure water 

with an acceptable linearity (R² 0.993 – 

0.998) and LOQs in the range of 0.03 - <0.2 µg/L (cp. Table 1). However, the standard deviations 

were not optimal for exact quantification and the determined concentrations should be 

considered as semi-quantitative, nevertheless certainly being improved when internal 

standards will be used. TFMSA and DCMSA could be detected in all seven drinking water 

samples, however, integrated signal areas of MCMSA and MBMSA were mostly below the 

lowest calibration point. In one sample, the signal of BCMSA was higher than the calibration 

range but estimated to be around 3.5 µg/L for DCMSA and BCMSA, while TFMSA was generally 

below 0.3 µg/L. The quantitative results can be found in Table 4 and Figure 28 and are similar 

to Zahn et al. [10]. The sum of all HMSAs is below 10 µg/L in all samples. 

 Further suspects and non-target screening 

The datasets were further screened for other micropollutants. The search could be narrowed 

to molecules with a low pKa value since the method is selective to molecules with a (partial) 

 

Figure 28: Determined concentrations of PFOA, PFOS, and four 

HMSAs found in seven drinking water samples 
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negative charge at pH 2.2. The data were searched by means of accurate mass (±2.5 ppm) for 

over 20 suspects which included some halogenated and non-halogenated sulfonates and 

sulfates such as the anions of methanesulfonic acid, pentafluoroethanesulfonic acid, sulfamic 

acid or ethyl sulfate but also the artificial sweeteners acesulfame and cyclamate and inorganic 

anions as halides, halogenates, sulfate or phosphate. An exemplary electropherogram is shown 

in Figure 26. The full list of these suspects with peak intensities and proposed compound with 

sum formula deviated from MS1 data is presented in Table 5 and Figure 29. Some traces show 

double peaks in the same accuracy window, illustrating the need for further confirmation 

(migration time, MS-MS data) of these tentatively detected molecules. Nevertheless, a relative 

high confidence of these rather small molecules can be assumed based on the resolution of 

30000 and the mass accuracy (±2.5 ppm) [28]. While the organic suspects are distributed over 

the whole migration time range, some of the inorganic suspects migrate faster and in broad 

bands which indicates that the stacking mechanism does not apply in their case, which makes 

the simultaneous quantification difficult. However, quantification with good peak shape could 

be performed by injecting a lower sample volume. Anyway, the observed separation of highly 

concentrated salts from the organic anions is beneficial for quantitative determination of these 

organic micropollutants since they do not interfere with their ionization. This is especially 

important for samples with a more complex matrix such as wastewater. However, maximum 

injection volumes are restricted for such samples with high conductivity and thus, sensitivity of 

the CE-MS method is expected to be reduced. A preliminary non-targeted approach for the 

data evaluation was tested for selected samples to explore the potential for finding additional 

features. The raw data of the drinking water samples were processed with MZmine 2 [29] 

against injections of calibration standards solved in ultrapure water to extract aligned feature 

lists. An absolute amount of over 5000 features was found, of which around 4000 were unique 

to the drinking water samples. Even with strict filtration criteria, over 300 features remained 

unique for the water samples. The filtration included removal of a) features found in less than 

three of three injections, b) features with peak intensities with a standard deviation larger than 

25% and c) features which were found both in samples and blank injections. This number of 

features indicates the large number of potential contaminants which could be determined in 

water samples by CE-MS in general. 
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Figure 29: Presentation of data from Table S1 of intensities in logarithmic scale of  additional analytes found in the water 

samples 

In the field of metabolomics, the use of CE-MS for non-targeted screening is already widely 

accepted and the strength of CE for the separation of highly polar and ionic substances as a 

complementary technique to RPLC was evaluated for many applications and matrices [22, 30]. 

Even nanoflow interfacing techniques were already applied and non-targeted software 

solutions were developed to address the drawbacks of CE concerning migration time shifts by 

converting the time axis into effective mobility [31]. The here presented results demonstrate 

the ability for the separation and high sensitivity detection of analytes of concern in drinking 

water. In context of the widely accepted use in the metabolomics community, CE-MS could be 

a helpful and complementary tool for the discovery of unknown and quantitation of identified 

PMOCS in various water samples. 
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Table 5: Organic and inorganic suspects that were screened in water samples. Only compounds found in all three replicates are listed. Sum formulas were deviated from exact mass on MS1 

level. 

Group Compound 
Sum 

formula 
Ion 

Theoretical 
suspect m/z 

Experimental 
m/z 

m/z deviation 
[ppm] 

Sample name and measured intensity [counts] 

WS-1 WS-1-T WS-2 WS-2-T WS-4 WS-4-C 

O
rg

an
ic

 s
u

sp
ec

ts
 

Methyl bisulfate CH4O4S [M-H]- 110.9758 110.9755 2.1 6.E+05 8.E+06 - 3.E+06 1.E+05 1.E+05 

Methanesulfonic acid CH4SO3 [M-H]- 94.9808 94.9806 2.4 1.E+06 1.E+06 5.E+05 2.E+06 2.E+06 4.E+05 

Sulfamic acid H3NSO3 [M-H]- 95.9761 95.9759 2.4 - 2.E+06 2.E+06 1.E+06 5.E+05 6.E+05 

Ethyl sulfate C2H6O4S [M-H]- 124.9914 124.9911 2.2 1.E+05 2.E+05 8.E+04 - 4.E+05 1.E+05 

Vinyl sulfate C2H4O4S [M-H]- 122.9758 122.9755 2.2 2.E+04 6.E+04 - - 6.E+04 4.E+04 

Acesulfam C4H5NO4S [M-H]- 161.9867 161.9864 1.4 - - - - 4.E+05 2.E+05 

p-Toulenesulfonic acid C7H8O3S [M-H]- 171.0121 171.0121 0.6 1.E+05 1.E+05 3.E+05 2.E+05 3.E+05 1.E+06 

Dimethylbenzenesulfonic acid C8H10O3S [M-H]- 185.0278 185.0277 0.4 8.E+03 - - - 3.E+04 3.E+04 

Naphthalene-2-sulfonic acid C10H8O3S [M-H]- 207.0121 207.0118 1.7 1.E+06 - - - 6.E+05 2.E+06 

Cyclamate C6H13NO3S [M-H]- 178.0543 178.0541 1.2 - - - - 1.E+04 1.E+04 

In
o

rg
an

ic
 s

u
sp

ec
ts

 

Bromide Br [M]- 78.9189 78.9187 2.4 2.E+05 2.E+04 2.E+05 4.E+04 1.E+06 8.E+05 

Bromate BrO3 [M]- 126.9036 126.9041 4.1 4.E+04 - 6.E+04 8.E+04 2.E+04 2.E+04 

Iodide I [M]- 126.9050 126.9045 3.9 - 4.E+04 - - 7.E+04 2.E+05 

Sulfate SO4 [M]- 82.9541 82.9540 2.4 2.E+05 3.E+05 2.E+05 2.E+05 3.E+05 2.E+05 

Chlorate ClO3 [M]- 95.9523 95.9525 2.0 8.E+04 1.E+05 1.E+05 - 1.E+07 1.E+07 

Iodade IO3 [M]- 174.8898 174.8896 0.7 3.E+04 - 1.E+05 - 4.E+06 3.E+06 

Phosphate PO3 [M]- 78.9591 78.9588 2.6 4.E+06 5.E+06 1.E+06 9.E+05 4.E+06 5.E+06 

Sc
re

en
ed

 s
u

sp
ec

ts
 

Pentafluoroethanesulfonic acid C2HF5O3S [M-H]- 198.9494 not found        

Pentafluoropropionic acid C3HF5O2 [M-H]- 162.9824 not found        

Heptafluoropropanesulfonic acid C3HF7O3S [M-H]- 248.9462 not found        

Perfluorobutanesulfonic acid C4HF9O3S [M-H]- 298.9430 not found        

Salicylic acid C7H6O3 [M-H]- 138.0322 not found        
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5.5 Conclusions 

The here presented work demonstrates the potential of CE-MS for the analysis of anionic 

micropollutants (expected to belong mostly to the group of PMOCs) in drinking water analysis. 

The ability for separation and quantification was proven with a range of analytes of concern 

like HAAs, PFAs and HMSAs. Due to the selectivity of the method, it is possible to analyze 

various ions which are negatively charged under acidic conditions (pH ~2.2) as a 

complementary technique to more traditional chromatography. The absence of sample 

preparation offers the possibility to screen a multitude of analytes relevant in water analysis 

and even to discover unknowns, demonstrated here by the screening of organic and inorganic 

suspects and preliminary non-targeted screening detecting about 300 features. This screening 

approach is of interest, especially since it is expected that many ionic micropollutants are not 

discovered yet. The quantification limits reached by a simple large volume injection and the 

use of a nanoflow sheath liquid interface are sufficient for the determination of pollutants in 

the sub-µg/L range. The method sensitivity could be improved by offline preconcentration 

techniques, commonly used in LC-MS approaches to reach LOQs in the ng/L range. Also, the 

separation of inorganic ions from analytes of interest was achieved which allows their trace 

quantification as well as it is expected to cause less ion suppression in ESI, possibly faced by 

other techniques. To cover other substance classes such as weak acids or cationic 

contaminants, different modes of CE-MS can be applied. All these methods will promote wider 

use of CE-MS in environmental and water analysis, in conjunction with further advancement of 

nanoESI interfaces with respect to automation, ease of use and robustness. Then widely 

accepted and standardized analysis protocols as well as appropriate data evaluation workflows 

for non-targeted approaches by CE-MS should be developed, with possible adaptations from 

related fields such as untargeted metabolomics.  
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6.1 Abstract 

Liquid separation coupled to mass spectrometry is often used for non-targeted analyses in 

various fields, such as metabolomics. However, the combination of non-standardized methods, 

various mass spectrometers (MS) and processing tools for data evaluation affect biomarker 

discovery potentially. Here, we present a comprehensive study of these factors based on non-

targeted liquid chromatography coupled to time-of-flight (TOF) and Orbitrap MS and capillary 

zone electrophoresis to Orbitrap analyses of the same bioreactor samples, describing the 

correlation of its gas yield with changing feature signal intensity. The three datasets were 

processed with MZmine 2 and XCMS online and subsequential Partial Least Square Regression 

(PLSR) with Variable Importance in Projection (VIP) ranking for feature prioritization. The six 

feature tables were compared to evaluate their overlap of shared features and the influence 

of the processing software and MS instrument on the VIP values and fold changes. The 

overlaps, defined as a fraction of one feature table found in the comparative table, were from 

27% to 57% for the comparison of MZmine and XCMS and from 15% to 50% between Orbitrap 

and TOF data sets, respectively. Considering the most relevant features only (VIP >1.5), the 

overlaps were increased significantly in all cases from 26% to 95%. For the same data set, both 

VIP values and fold changes were well correlated, however, varied significantly between TOF 

and Orbitrap. CE-MS showed higher total feature numbers compared to LC-MS, most likely due 

to its more appropriate selectivity, different sample preparation, and/or the sensitive nano-ESI 

interface. Since only less than 10% of MS/MS data overlapped, CE-MS provided complementary 

information to LC-MS. Overall, our systematic study proves the benefits of using different 

separation techniques and processing tools but also indicates a significant influence of mass 

spectrometry on comprehensive biomarker discovery. 
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6.2 Introduction 

Separation techniques such as liquid chromatography (LC), gas chromatography (GC) and 

capillary electrophoresis (CE) coupled to mass spectrometry (MS) are valuable tools in various 

“-omics” fields, such as proteomics, metabolomics and in environmental analysis [1–4]. Non-

targeted approaches enable the screening of a broad range of molecules to gather maximum 

chemical information without initial knowledge. The data contain information about relative 

concentration changes of features as a time trend over various samples and offer the potential 

of tentative identification of unknown compounds, especially if combined with tandem mass 

spectrometry. Apart from the experimental design, sampling and sample preparation [5], the 

choice of analytical methods, data processing tools and their settings have a strong impact on 

biomarker discovery and therefore on the biological interpretation of the results. 

For this study, a series of bioreactor samples with a high complexity was analyzed. The 

microbial diversity in anaerobic digestion processes exceeds several thousand species which 

interact with the countless constituents from wastewater, manure, plant material or organic 

waste used as substrate [6]. Bioreactors are a trending topic of research due to their various 

applications, e.g. for the production of renewable energy sources, such as hydrogen [7] and 

methane from organic material, biofuel or volatile fatty acid production [8] or in terms of 

recirculation to the environment with reduction of organic load [9, 10]. These bioreactor 

systems exhibit a high diversity and complexity which is amplified by variations in substrate 

material in an agricultural environment. In general, most of the anaerobic microbiome is still 

unknown and it is believed that each digestor develops its unique community [6]. For a better 

understanding of the processes, in 2018 Murovec et al. applied 1H nuclear magnetic resonance 

spectroscopy for the profiling of metabolites in full scale agricultural biogas reactors. Evaluation 

by artificial neural network analysis revealed strong differences between normal and inhibited 

conditions [11]. In 2019, Lu et al. used GC-MS with XCMS online data analysis in a non-targeted 

approach to discover differences in metabolites of different types of animal manure before and 

after anaerobic digestion [12]. Apart from metabolomics studies, the proteome of a bioreactor 

under trace element deprived conditions was analyzed by LC-MS to evaluate the shifts in 

microbial diversity and the enzymes related [13].  

Compared to LC-MS, the application of CE-MS for non-targeted metabolomics is still 

underrepresented compared to the widely used chromatography despite its strong separation 
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power of charged compounds [14]. This is mostly attributed to susceptibility to migration time 

instabilities complicating the data processing workflow with regards to alignment and 

identification of metabolites over the course of an analytic sequence or even multiple studies. 

Migration time in capillary zone electrophoresis is sensitive to variations caused by, e.g. the 

internal capillary surface influencing the magnitude of the electroosmotic flow, by suction of 

the electrospray interface and by varying ion concentrations in samples. However, a recently 

published interlaboratory study with 13 laboratories on various instrumental platforms 

confirmed the reproducibility and robustness of CE-MS for wide range metabolomic 

applications [15]. Gonzalez-Ruiz et al. attempt to solve the migration time shifts by a software 

tool which utilizes the electrophoretic mobility as a much more robust characteristic for each 

compound [16]. The tool ROMANCE (RObust Metabolomic Analysis with Normalized CE) was 

developed for targeted and non-targeted CE-MS metabolomics to pseudo-align 

electropherograms by converting the time axis into the effective mobility scale. An update (v2) 

solved an issue of quantitative data evaluation which was caused by peak shape distortion in 

the previous version [17]. Moreover, the sensitivity of CE-MS coupling was improved in the last 

years by the development of improved interfacing technology which enables competitive 

performance, especially suited for limited sample volumes [18]. 

For the processing of LC-MS data, a vast amount of software packages with different 

approaches is available [19]. Even though different algorithms are used, which might influence 

the outcome, the general goals are extraction of peak information, reduction of redundant 

data, separation of true peaks from noise and traceability of a feature over multiple samples. 

The final output is a so-called feature table where compounds are listed in rows and are 

assigned to an averaged retention time and m/z value (feature) with corresponding intensities 

of each sample in columns. MZmine is an open source software for processing of GC-MS and 

LC-MS data in the field of metabolomics and proteomics which was invented and further 

developed by Katajamaa et al. and Pluskal et al. [20, 21] and is still under constant 

development. In MZmine, various modules can be combined to configure the program for 

different fields of application. The basic steps consist of mass detection, chromatogram 

building, chromatogram deconvolution and feature alignment. Additional modules can be 

applied, such as smoothing, isotope grouping, adduct filter or peak identification over 

databases. Smith et al. invented XCMS for non-targeted metabolomics as an open source 

package for the R software environment [22] which requires experienced user knowledge. To 
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enable a broader application of XCMS, Tautenhahn et al. introduced a browser based online 

platform which uses the XCMS algorithms but does not require technical or bioinformatic 

expertise and no intensive computer processing power [22]. Data files must be uploaded to the 

XCMS online servers and are processed by customizable preset methods. Basic statistical tools 

are provided, such as principal component analysis, clustering, heat map and a unique Cloud 

Plot. Further pathway analysis with connection to the METLIN database can be utilized for 

feature identification. Furthermore, the final feature table can be downloaded and processed 

for customized analysis.  

In recent years, various studies have evaluated the performance of data processing tools, which 

revealed variations in the number of features detected and overlaps of shared features 

between feature lists. These studies assessed either complex biological samples or artificial 

standard mixtures with more than thousand compounds in different concentration ratios. 2014 

Coble et al. [23] showed that MetAlign, MZmine and XCMS produced a high number of false 

positive features, respectively, for the evaluation of LC-MS and GC-MS data sets. Nevertheless, 

the tools were still able to find true peaks with a coverage between 35% and 80% of all known 

impurities, even with low intensity. The authors suggest combining tools to maximize the 

number of true discoveries. 2012 Gürdeniz et al. [24] applied XCMS, MZmine and MarkerLynx 

to a set of blood plasma samples analyzed by LC-MS to evaluate the change in plasma 

metabolites, finding an overlap of shared features between 18% and 54% for the three 

approaches. Yet, the grouping by Principal Component Analysis and the classification by PLS 

with Discriminant Analysis (PLS-DA) was possible with all software outcomes and the most 

important markers were found accordingly. In their findings, the strongest variations occurred 

in the number and type of adducts found. In 2018, Rafier and Sleno [25] compared the 

performance between Peakview, Markerview, MetabolitePlot and XCMS online on LC-MS data 

of bile and urine samples for the detection of metabolites and a mix containing 84 standard 

substances. They concluded that the data processing workflow has a direct impact on the 

metabolomics results, since only 10% of all generated features were identical for all four tools 

and therefore the authors suggest the use of several tools as well. Only 13 of the 84 standard 

substances were found in all software tools (maximum of 24 out of 84 for one tool), and a 

maximum overlap of shared features of 11% between two tools for the analysis of the biological 

samples. In 2017, Myers et al. [26] identified  the “centWave” algorithm to cause a high number 

of false positive features in both MZmine and XCMS, which explains the strong differences 



Chapter 6: LC-MS and CE-MS analysis of bioreactor samples: Influence of separation technique, mass 
spectrometry and data processing tools on non-targeted metabolomics workflows 

106 

 

between the feature lists. Issues in estimating signal to noise ratios caused noise peaks to be 

recognized as false positive features. In the same year, Myers et al. [27] presented a new 

detection algorithm (ADAP) which produces fewer false positive features compared to the 

centWave algorithm from XCMS and MZmine while keeping good sensitivity. This new ADAP 

workflow was then included as a new package for MZmine. The overlap of shared features for 

the previous MZmine and XCMS algorithms were 68% while the ADAP approach generated 83% 

overlap with less false positives. In 2018 Li et al. [28] performed a comparison of five tools 

(MarkerView, Compound Discoverer, MS-Dial, MZmine and XCMS online) for non-targeted 

data processing on a LC-MS dataset of over 1000 standard substances in various concentrations 

with similar true feature identification rates of 86 to 96%. 

For the evaluation of the overly complex data sets from non-targeted analyses, supervised and 

unsupervised multivariate chemometric methods are applied to locate similarities and 

differences between samples [29]. PLS Regression (PLSR) is a multivariate regression method 

able to find a correlation model between predictive variables (X data matrix, here feature 

intensity) and response variables (Y matrix, here gas yield) [30]. A suitable parameter to 

measure the contribution of a variable to the model is the Variable Importance in Projection 

(VIP) [31, 32]. The VIP score consists of the weighted sum of squares of the PLS weights, 

considering the amount of explained variance of the Y variable [30]. The identification of 

potential biomarkers remains the bottleneck of every mass spectrometry driven non-targeted 

workflow, since true identification demands reference standards. However, modern high-

resolution MS enables the determination of sum formulas and, in combination with tandem 

mass spectrometry, even provides clues for molecular structure elucidation. Nevertheless, 

interpretation of the complex MS/MS spectra remains challenging [33].  SIRIUS 4 as a novel 

computational approach has proven itself to predict molecular structures reliably by the 

“CSI:FingerID” web service, based on isotopic patterns and comparison of the experimental 

fragmentation trees with in silico fragmentation patterns, which is one of the most 

sophisticated approaches for identification as yet [34]. 

This study aims to evaluate the influence of the mass spectrometers (TOF and Orbitrap) and 

data processing tools (MZmine and XCMS online) on the results of a commonly used workflow 

for analyses of non-targeted LC-MS and CE-MS data sets with multivariate data analysis. An 

overview of the workflow is provided in Figure 30. For this purpose, a series of complex samples 
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derived from a small-scale bioreactor was analyzed with LC-TOF, LC-Orbitrap and CE-Orbitrap 

and subsequent MZmine and XCMS data processing. All data sets were evaluated with PLSR to 

allow a ranking of individual features for their importance (VIP). The impact of the MS 

instrument type and processing software on the ranking of the feature importance was 

evaluated by determination of overlaps of shared features between feature tables based on 

m/z and retention time. The overlaps of shared features between LC-MS and CE-MS data sets 

were estimated by consideration of MS/MS data only to study the benefits of orthogonal 

separation techniques in complex sample analysis. Known metabolites from the literature were 

found, however, the identification of specific features is not the major focus of this publication. 

 

 

 

Figure 30: Study workflow. Substrate samples obtained from a bioreactor with increasing gas yield were analyzed by LC-

TOF, LC-Orbitrap and CE-Orbitrap to discover features which correlate with the gas production. The three data sets were 

processed with each MZmine 2 and XCMS online to extract features from the raw data. All six feature tables were further 

evaluated by partial least square regression to enable a feature ranking according to its VIP value. Finally, the overlaps of 

shared features between the feature tables were evaluated to compare the performance of both processing tools and MS 

instruments. LC and CE were compared based on MS/MS information from the Orbitrap analyses using SIRIUS software. 
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6.3 Materials and Methods 

 Bioreactor setup, sampling and sample preparation 

Substrate samples were taken daily over a period of 30 days from an experimental bioreactor 

for methane production under anaerobic conditions in a single stage and continuous operation 

under controlled mesophilic temperature of 43 °C. The reactor with a capacity of 150 liter was 

fed daily with substrate originating from renewable sources, such as animal manure, corn, 

silage, and other plant material. The experimental bioreactor copied the process of a large-

scale commercial biogas plant under identical conditions to study the influence of certain 

process parameters on the methane production.  

 

Table 6: Conditions used in the bioreactor feeding experiments. Relations between the feeding 

components remained stable while the overall feeding amount increased weekly. 

 

 

In this experiment, the influence of an increased feeding amount on the methane gas yield was 

evaluated and the substrate samples were analyzed by LC-MS and CE-MS to determine 

differences in the metabolic profile. Therefore, over the course of four weeks experiment, the 

daily feeding amount was increased weekly from 2.0 to 3.2 kg organic dry matter per cubic 

meter reactor volume (kgm-3d-1) and the daily gas volume and composition were measured. As 

a result, the gas volume doubled from 160 liter per day (lN/day) with a low daily feeding to 320 

lN/day with a high feeding rate while the methane concentration remained stable at 54 to 56%. 

Detailed parameters and characteristics of the biogas reactor can be found in Table 6, Table 7 

and Figure 31.  

 

Parameter Unit Exp 1 Exp 2 Exp 3 Exp 4

OLR kg m
-3 

d
-1 2.0 2.2 2.7 3.2

Inputmixture kg/kg 1.8 2.0 2.7 3.2

Corn kg 0.33 0.40 0.55 0.63

Gras kg 0.17 0.21 0.23 0.30

Cow manure 

liquid
kg 1.00 1.10 1.50 1.80

Cow manure 

solid
kg 0.17 0.21 0.23 0.30

Silage kg 0.10 0.12 0.14 0.18

TSinput % 21 21 21 21

VSinput % 87 87 87 87

Temperature °C 43 43 43 43

Volumeeff m
3 0.14 0.14 0.14 0.14
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Table 7: Experimental data from bioreactor experiments. Samples were taken each day, however for data analysis only the 

samples marked with “x” were used to cover three different reactor states or feeding amounts. Temperatures were stable 

between 43 °C and 45 °C. The produced gas volume increased over time and with the feeding amount. Though, the methane 

concentration remained constant between 55% and 57%. Oxygen remained below 2.5% and carbon dioxide between 44% 

and 54% independent of the feeding amount. Hydrogen sulfide concentrations remained below 17 ppm. The total gas 

volume increased constantly over the course of the experiment from 169 L/day to 320 L/day with a high feeding rate. 

 

Substrate samples were taken daily before feeding in 50 mL Falcon tubes and stored at -80 °C. 

In total nine samples from the beginning, middle and end of the experiment were selected for 

final analyses, as marked in Table 7 and Figure 31. After thawing, samples were shaken and 

centrifuged at appr. 30k RCF for 10 min to separate solid from the liquid part. For the LC-MS 

analyses, a liquid-liquid extraction was performed, since only centrifugation  

LC- 

TOF

LC- 

Orbi

CE- 

Orbi
CH4 [%] CO2 [%] O2 [%] H2S [ppm]

1 2.0 43.1 no sample no data no data no data no data no data

2 2.0 43.2 no sample no data no data no data no data no data

3 2.0 43.3 1 159 55.5 49.3 0.8 12.7

4 2.0 43.4 2 163 55.2 44.0 1.3 11.8

5 2.0 43.1 3 175 54.9 48.3 0.6 6.7

6 2.0 43.0 4 186 55.0 44.9 1.8 12.7

7 2.0 43.2 5 176 56.7 47.7 2.1 13.0

8 2.3 43.6 6 178 55.5 47.2 0.8 11.1

9 X X X 2.3 43.3 7 177 52.8 54.0 0.6 13.2

10 X X 2.3 43.0 8 164 55.0 42.8 1.0 8.3

11 X X 2.3 43.7 9 182 55.0 47.4 0.8 10.6

12 2.3 43.4 10 204 54.3 49.8 0.6 10.5

13 2.3 43.8 11 213 55.4 47.3 0.9 8.7

14 2.3 43.6 12 200 54.4 49.3 0.6 8.0

15 2.7 43.3 13 216 56.2 50.3 0.8 8.6

16 X X X 2.7 43.1 14 206 55.5 47.2 0.8 8.2

17 X X 2.7 43.8 15 212 54.8 50.2 0.5 8.5

18 X X 2.7 44.4 16 228 55.4 44.8 0.7 8.6

19 2.7 44.3 17 251 55.2 49.6 0.7 9.2

20 2.7 43.2 18 237 56.0 45.0 0.8 9.2

21 2.7 43.7 19 258 56.7 46.7 0.5 9.2

22 3.2 44.1 20 257 56.5 48.3 0.4 10.2

23 3.2 44.0 21 262 56.0 46.6 1.1 10.6

24 3.2 43.2 22 280 56.1 45.2 1.3 10.2

25 3.2 43.4 29 290 55.4 53.3 0.8 16.8

26 X X X 3.2 43.6 32 314 55.0 41.5 0.8 11.0

27 X X 3.2 43.0 35 318 55.2 52.5 0.5 11.2

28 X X 3.2 43.2 36 320 56.0 49.5 0.6 9.0

Day

Samples used for 

data analysis Feeding 

[kgm
-3

d
-1

]

Gas analysis
T [°C]

Gas 

volume 

[lNd-1 

Sample 

Name
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and filtration through a 0.2 µm filter led to blocked columns. After centrifugation 740 µL of 

supernatant was spiked with 10 µL internal standard (IS, 5 ppm final concentration). The IS 

solution contained L-proline, leucine, L-phenylalanine, caffeine, and paracetamol and was also 

used as System 

Suitability Test (SST). 

After thorough mixing, 

500 µL acetonitrile was 

added. The sample was 

mixed again for 20 s, 

300 mg magnesium 

sulfate with 75 mg 

sodium chloride were 

added and 

subsequently vortexed 

for 20 s. The mixtures 

were centrifuged at 

30k RCF and the 

supernatant removed 

and evaporated to 

dryness. Residues were 

reconstituted in 375 µL of 10% methanol in water, vortexed and stored at -18 °C. For CE-MS 

analyses, 800 µL sample were spiked with 100 µL IS solution to a final concentration of 5 ppm. 

It contained glycine, L-alanine, L-serine, L-proline, L-Threonine, leucine, L-aspartic acid, L-lysine, 

L-glutamic acid, L-methionine, L-histidine, L-phenylalanine, L-arginine and L-tyrosine. 100 µL 

concentrated acetic acid were added and precipitates were separated by 30k RCF for 15 min in 

a centrifuge. The supernatant was stored at -18 °C till analysis. Ultrapure water was used as 

blank samples. 

 Analytical methods and instrumentation 

For LC-MS analyses, separation was conducted using a Dionex Ultimate 3000 (Thermo 

Scientific, Bremen, Germany with a Macherey Nagel Nucleodur Gravity SB C18 column (polar 

endcapping, 3 µm particles, 2 x 100 mm) in a gradient elution. Eluent A consisted of ultrapure 

water with 0.5% formic acid, eluent B of acetonitrile with 0.5% formic acid. A linear gradient 

 

Figure 31: Daily gas yield of the bioreactor feeding experiments over a course of 30 days.  

Gas yield (blue dots) increases with higher feeding amount (Red horizontal lines). The 

nine samples which were used for the non-targeted experiments are marked by the 

vertical red, green and blue dotted lines. 
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separation was used for separation of 5 µL injected sample, starting with 5% eluent B and 

increasing to 100% over 30 minutes, following re-equilibration for 10 minutes at a constant 

flow rate of 330 µL/min. In total, nine samples were analyzed as  

triplicates in randomized groups of three. Before each group, a system suitability test sample 

(SST, standard mix in water) and a quality control sample (QC, pooled bioreactor sample) were 

injected to monitor drifts in retention time or peak intensity. For MS detection, both a Bruker 

compact quadrupole time of flight (TOF) instrument and a Thermo Scientific Orbitrap Fusion 

Lumos (Orbitrap) with 60k resolution were used. Both instruments operated in positive mode 

and a MS1 mass range from 60 to 1000 m/z. MS2 spectra were generated for the Orbitrap 

instrument only by a data independent stepped Higher-Energy Collision Dissociation (HCD) 

fragmentation and 30k resolution. To improve mass accuracy and avoid drifts for the TOF 

analyses, an internal calibrant solution was injected via 6-port valve after each run for 

recalibration of the data. In this study, MS/MS data were not compared between MS 

instruments and therefore not recorded for the TOF instrument. Detailed MS and MS2 

conditions are summarized in Table 8 
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Table 8: LC-MS and CE-MS mass spectrometry method information 

 

CE-MS analyses were performed using a bare fused silica capillary (50 µm x 95 cm) filled with 

10% acetic acid as background electrolyte by an Agilent 7100 capillary electrophoresis 

instrument. Three samples were injected in triplicates in fully randomized order 

(hydrodynamic, 40 s x 950 mbar; ~38% capillary volume) and separated by +30 kV within 50 

minutes. After each separation, the capillary was rinsed with 5M sodium hydroxide for 5 

minutes, followed by water and 10% acetic acid for 10 minutes as preconditioning step prior to 

next analysis. Rinsing the separation capillary after each run with ESI interfering compounds 

was possible, since a home built nanoflow electrospray interface with a two capillary approach 

and a 30 µm glass emitter was used, as described previously [35]. The sheath liquid consisted 

of isopropanol:water 1:1 with 0.5% formic acid. Positive electrospray voltage of +1200 V was 

used with the emitter at 2 mm distance from the MS. Despite the electrospray and source, the 

Method mass spectrometry LC-Orbitrap LC-TOF CE-Orbitrap

LC-Orbitrap LC-TOF CE-Orbitrap

Ion source H-ESI Electrospray Nanoflow electrospray

Polarity Positive Positive Positive

ESI voltage [V] 3500 4500 1200 at 2.0 mm distance

Sheath gas / Nebulizer 40 3.0 bar -

Aux gas /Dry gas 8 10 L/min 5.5

Sweep gas 1 - -

Ion transfer Tube temp / Dry heater 275 °C 350 °C 300 °C

Vaporizer temp 320 °C - -

Resolution 60000 ~15000 60000

Scan range 70-900 70-900 70-900

Maximum injection time 50 ms - 50 ms

AGC target 100000 - 100000

Microscans 1 - 1

RF lens 35% - 35%

Funnel 1 RF - 200 Vpp -

Funnel 2 RF - 200 Vpp -

Hexapole RF - 50 Vpp -

Collision cell energy - 7 eV -

Filter intensity threshold, min 20000 20000

Exclude after n times for x s 1 time, 2.5 s 1 time, 2.5 s

mass tolerance 10 10

Isolation Mode Quadrupole Quadrupole

Isolation window 1.5 1.5

First mass 60 60

Activation type HCD HCD

Collision energy mode stepped, 20,35,50 stepped, 20,35,50

Detector Resolution Orbitrap, 30000 Orbitrap, 30000

Max injection time 54 ms 54 ms

AGC Target 50000 50000

Microscans 1 1

MS1 parameters

Ion source

MS2 parameters

No MS2
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same MS parameters as for LC-MS were chosen for CE-MS analyses. As a remark, only positive 

MS polarity was chosen, since the acquired data were sufficient for the purpose of this study. 

Extensive metabolomics studies for compound discovery should consider both polarities for 

more comprehensive information. 

 Data processing with MZmine and XCMS online and filtering of feature tables 

The three data sets consisted of 27 (9 samples x 3 injections) LC-Orbitrap, 27 LC-TOF and the 9 

CE-Orbitrap (3 samples x 3 injections) data files, respectively. All three data sets were processed 

with MZmine (MZmine 2, version 2.53) and XCMS online, resulting in six feature tables as 

output. Both data processing tools are able to read Thermo .RAW files, though the Bruker .d 

files had to be converted into the mzXML format using the Proteowizard msconvert software 

[36]. For the CE-MS analyses a pre-alignment step was applied, since strong migration time 

shifts occurred between samples, which lead to a high false positive rate in MZmine and XCMS 

due to wrong feature alignment. The pre-alignment was performed with ROMANCE software 

[16] which requires a conversion to the mzML format.  

 

Figure 32: A shows the absolute migration time shift cause by different salt concentrations between sample groups. Samples 

were measured randomized and exhibited migration time shifts smaller 0.5 min within a triple injection. Between samples, 

up to 4 min were observed. B shows the aligned samples after processing with ROMANCE software. Migration time deviation 

could be reduced to 0.5 minutes between sample groups. The preprocessed data files were further used for MZmine and 

XCMS online data processing. 

Since no electroosmotic flow was present, primary, and secondary markers were determined 

in each individual electropherogram to pseudo-align the data files. After the treatment, the 

shift was significantly reduced to a maximum of 0.5 minutes between the different samples 
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(Figure 32) which helped to reduce misalignment and formation of false positive features. 

MZmine and XCMS online were optimized in a way to extract the maximum number of internal 

standard substances for each of the three data sets. The final parameters are summarized in 

Table 8. Between LC-TOF and LC-Orbitrap, the chromatographic parameters and retention time 

range were kept identical since the same LC instrument was used. To enable a fair comparison 

between MZmine and XCMS online, parameters concerning mass spectrometry, such as 

absolute signal intensity or noise thresholds, were chosen as similar as possible to minimize 

differences which are not caused by the algorithms. For the CE-Orbitrap data, mass 

spectrometric parameters were identical to the LC-Orbitrap processing, however the options 

for chromatogram deconvolution and alignment were adapted to cover narrower CE signals 

and larger migration time deviation compared to LC. Additional software parameters were 

optimized to yield a maximum coverage of the IS for each data set. Isotopes were grouped and 

filtered out while adducts were annotated only. For this study, no gap filling was used in both 

MZmine and XCMS intentionally, i.e. the gap-filled features generated automatically by XCMS 

were not considered. Blank measurements were not subtracted to avoid loss of information. 

After MZmine and XCMS data processing, the resulting feature tables were filtered by removing 

all features which were not found in all replicates.   

 Comparing overlaps of shared features between feature tables 

Overlaps of shared features within the four LC-MS feature tables and within the two CE-MS 

feature tables were determined by Excel and Power Query (Microsoft Office 365). First, the m/z 

values were rounded to 0.01 and two tables matched to include all true positive matches. To 

filter out false matches, the exact m/z and retention time difference of each feature match 

were calculated for each feature. The criteria for filtering out false matches were set by the 

m/z and retention time standard deviations of the IS between both feature tables. For 

comparison of the same data sets (e.g. LC-Orbitrap MZmine vs. LC-Orbitrap XCMS), features 

larger than three times the standard deviation of both m/z and retention time were excluded. 

For the comparison of the different data sets (e.g. LC-Orbitrap MZmine vs. LC-TOF MZmine) six 

times the standard deviation was used. All threshold values used for exclusion of false positive 

matches are shown in Table 9. 
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Table 9: Criteria for determination of two feature table overlaps based on IS found in both tables. For the same mass 

spectrometer / data set three times the standard deviation was used, in between the data sets six times the standard 

deviation. Features exceeding these thresholds were not considered as overlap. 1 For CE-MS, the criteria for migration time 

(MT) overlap were determined by the minimum and maximum of the 11 internal standards due to the large migration time 

shift (Compare Figure 32) and different time correction by the MZmine and XCMS algorithms. The migration time deviations 

refer to the corrected data files from ROMANCE software. Migration times of IS from MZmine feature table were subtracted 

from XCMS online feature table, which generated negative values. 

Comparison n IS Method Parameter 
Standard 

deviation σ 

Overlap 

threshold 

LC-Orbitrap MZmine vs.  

LC-Orbitrap XMCS 
5 3σ 

m/z 0.00014 0.00041 

RT [min] 0.036 0.108 

LC-TOF MZmine vs. 

LC-TOF XMCS 
4 3σ 

m/z 0.00064 0.00193 

RT [min] 0.024 0.072 

LC-Orbitrap MZmine vs. 

LC-TOF MZmine 
4 6σ 

m/z 0.00095 0.00571 

RT [min] 0.044 0.266 

LC-Orbitrap XCMS vs. 

LC-TOF XCMS 
5 6σ 

m/z 0.00082 0.00491 

RT [min] 0.045 0.270 

LC-Orbitrap MZmine vs. 

LC-TOF XCMS 
4 6σ 

m/z 0.00033 0.00195 

RT [min] 0.032 0.190 

LC-Orbitrap XCMS vs. 

LC-TOF MZmine 
5 6σ 

m/z 0.00148 0.00889 

RT [min] 0.052 0.313 

CE-Orbitrap MZmine vs  

CE-Orbitrap XMCS 
11 

3σ m/z 0.00020 0.00059 

min max1 MT [min] 1.026 -1.1 to 0.2 
  

Comparing the feature tables generated from the CE-Orbitrap data set, the IS showed a 

stronger migration time deviation between both feature tables. Even though ROMANCE 

reduced the migration time shift dramatically, both MZmine and XCMS applied a retention time 

correction which caused nonlinear differences of up to one minute for the IS, which resulted in 

different average migration times. Therefore, and to reduce the false positive matches, 

minimum and maximum migration time deviations of all internal substances (migration time 

MZmine – XCMS; -1.1 to +0.2 minutes) were used instead of a multiple of the standard 

deviation. This circumstance is not ideal but demonstrates the importance of a stable retention 

time in non-targeted analysis. 

Since the m/z value alone is not sufficient, and the separation times are not comparable, the 

LC-MS and CE-MS feature tables generated by MZmine and XCMS were not considered for the 

overlap determination. However, the total number of features containing MS2 information was 

determined by MZmine. Therefore, the function “Group MS2 scans with features” was applied 
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to the LC-MS and CE-MS peak lists and subsequentially filtered to exclude all features 

containing MS1 information only. Overlaps of shared features between the LC-Orbitrap and CE-

Orbitrap data sets were estimated based on MS/MS data by using the software SIRIUS 4 [34]. 

Therefore, sum formulas and structures for each feature with MS2 information were generated 

by CSI:FingerID [37] and ZODIAC [38].  

 Partial Least Square Regression analysis 

PLSR was applied to all six feature tables. The feature intensities or areas and the 

experimentally determined gas yields were used to build PLSR models for the prediction of gas 

yields for each bioreactor sample. The Variable Importance in Projection (VIP) was then 

determined to rank the importance of each feature according to its contribution to the model 

[30, 39]. This approach enabled to assign features which correlate with the magnitude of gas 

production. The chemometric analysis was conducted with PLS-Toolbox 8.8 (Eigenvector 

Research, Inc.) in the Matlab environment (The Mathworks, Inc., release R2020a). Feature 

tables were imported as Excel sheets and preprocessed by autoscale prior building of the PLS 

model, which were then cross validated by “leave one out” method for all data sets. VIP values 

for each feature table and PLS model were exported. 

6.4 Results 

 LC-MS and CE-MS analyses  

CE-MS and LC-MS separations are shown in Figure 33 exemplarily. For LC-MS data evaluation 

the retention time window between 1 and 22 min was chosen. In general, a maximum retention 

time deviation of around 10 seconds between runs was observed. For the electrophoretic 

separation, the sample related peaks appeared in a 30-minute time window, between 20 and 

50 minutes. Prior signals consist mainly of highly concentrated salts, such as ammonium which 

is produced in the bioreactor process.  
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Figure 33: Example separations of the same bioreactor sample separated with liquid chromatography (A) and capillary 

electrophoresis (B) coupled to mass spectrometry (base peak with noise subtraction). Except from the source parameters, 

the same instrument settings were used for mass spectrometric detection. For LC-MS data evaluation, analyte signals were 

used from approximately 1 to 22 minutes, for CE-MS from 20 to 55 minutes (Depending on the sample due to migration 

time shifts). Extracted features from XCMS are shown as an overlaid RT vs m/z plot. 

However, this enabled large volume injections (~38% capillary volume) due to a transient 

isotachophoresis effect with injection zone sharpening counteracting peak broadening. 

However, strong migration time shifts occurred between different samples due to different 

matrix salt concentrations, as shown in Figure 32. A prealignment step was applied by using 

ROMANCE software [16] to correct the nonlinear shifts of 1.5 to 4 min between samples before 

the data were processed with MZmine and XCMS. After the pre-alignment, the maximum shift 

in migration time was around 0.5 minutes. Furthermore, to evaluate the quality of the analyses, 

the system suitability (SST) and quality control (QC) samples were evaluated. None of the SST 

or QC samples showed a significant change in signal intensity or retention time. Signal 

intensities of randomly selected peaks showed a non-systematic standard deviation of 6% in 
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average which indicated no significant drift over the sequence. Therefore, no intensity 

correction was applied to the resulting feature tables generated by the MZmine and XCMS 

online data processing. Experimental m/z values of the IS were compared to theoretical values 

and deviated in average by 1.8 ppm, 1.9 ppm and 1.3 ppm for the LC-Orbitrap, LC-TOF and CE-

Orbitrap data sets, respectively. The on-column precipitation of centrifuged and filtered sample 

material for LC-MS was an issue which was solved by liquid-liquid extraction, however, this is a 

step where analytes can get lost compared to the original sample. By visual comparison, the 

CE-MS analysis exhibits a higher overall intensity and higher number of peaks. This can be 

attributed to a higher analyte concentration, a better electrospray ionization or the simpler 

sample preparation. For CE-MS, acidification and centrifugation were sufficient to allow 

analysis. Another factor contributing to the differences in signal intensity might be the high 

sensitivity nanoflow electrospray interface used for the CE-MS analyses, gaining 1-2 orders of 

magnitude in sensitivity compared to a standard sheath liquid interface [35, 40]. 

 Data processing of LC-MS and CE-MS data sets by MZmine and XCMS online with partial 

least square analysis 

MZmine and XCMS online were applied to the three data sets of the LC-Orbitrap (27 data files), 

LC-TOF (27 data files) and CE-Orbitrap (9 data files). Parameters were optimized to yield a 

maximum number of IS and in general a high number of reliable features (Table 10 and Table 

11). In our experiments, the MZmine ADAP workflow discovered more internal standard signals 

compared to the centWave algorithm (“outdated chromatogram builder” in MZmine). IS were 

searched in all output feature tables and manually compared to the raw data regarding m/z 

ratio, retention or migration time, peak height and peak area (Bruker Data Analysis, Thermo 

Freestyle). 
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Table 10: Conditions used for MZmine data processing for LC-Orbitrap, LC-TOF and CE-Orbitrap data mining. Most 

parameters were matched with XCMS online parameters. 

 

 

 

 

 

LC-Orbitrap LC-TOF CE-Orbitrap

Input format Thermo RAW files mzXML mzML

Number of samples 27 (9x3) 27 (9x3) 9 (3x3)

Additional info
- -

Prealigned and converted 

by ROMANCE [16]

retention time range [min] 0-22 0-22 0-19 (20-48)

MS level 1 + 2 1 1 + 2

Polarity positive positive positive

Mass detector Exact mass Centroid Centroid

Noise level MS1: 5E4, MS2: 1E3 5E2 MS1: 5E4, MS2: 1E3

Min group size in # scans 5 5 5

Group intens. thresh. 1E5 5E2 1E5

Min highest intens. 5E4 5E2 5E4

m/z tolerance 0.001 or 5 ppm 0.01 or 15 ppm 0.001 or 5 ppm

Filter width 5 5 5

Algorithm Cont. wavelet trans. (ADAP) Wavelets (ADAP) Wavelets (ADAP)

m/z center calculation AUTO AUTO AUTO

S/N threshold 7 7 7

S/N estimator Intens window SN Intens window SN Intens window SN

min feature height 1E5 5E2 1E5

coefficient/area threshold 100 100 100

Peak duration range 0.05 - 1 0.05 - 1 0.01 - 1

RT wavelet range 0.001 - 0.50 0.001 - 0.50 0.001 - 0.50

m/z range for MS2 pairing [Da] 0.001 - 0.001

RT range for MS2 pairing [min] 0.5 - 0.5

m/z tolerance 0.001 or 5 ppm 0.01 or 15 ppm 0.001 or 5 ppm

RT tolerance 0.02 0.02 0.02

maximum charge 3 3 3

Representative isotope Most intense Most intense Most intense

Adducts

RT tolerance 0.02 0.02 0.02

m/z tolerance 0.001 or 5 ppm 0.01 or 15 ppm 0.001 or 5 ppm

Max relative adduct height 50.00% 50.00% 50.00%

m/z tolerance 0.001 or 5 ppm 0.01 or 15 ppm 0.001 or 5 ppm

RT tolerance 1 min 1 min 2 min

RT tolerance after correction 0.25 min 0.25 min 0.25 min

RANSAC iterations 0 0 0

Minimum number of points 60% 60% 60%

Threshold value 1 1 1

Linear model/same charge state Not applied Not applied Not applied

Gap filling Not applied Not applied Not applied

RANSAC aligner

[M+H]+, [M+NH4]+, [M+Na]+, [M+K]+

Workflow parameters MZmine2

Mass detection

ADAP chromatogram builder

Smoothing

Chromatogram deconvolution

Isotope grouping

Adduct identification
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Table 11: Conditions used for XCMS online data processing for LC-Orbitrap, LC-TOF and CE-Orbitrap data mining. Most 

parameters were matched with MZmine parameters. 

 
 

 

Gap filling was not used during data processing, however for the discovery of biomarkers gap 

filling functions can be a useful tool to include features below an intensity threshold or outside 

the retention time range. Nevertheless, they can introduce false positives due to wrong peak 

identification and can lead to false assumptions especially for this study, where the 

performance of both peak detection and alignment algorithms was evaluated [26]. Thus, 

features that were not detected in all injections and each sample were excluded from the 

resulting feature tables, as described in the Materials and Methods section. XCMS online 

showed a slightly better performance in detecting the IS reliably. From the 8 peaks chosen as 

internal substances, in the LC-Orbitrap data set 6 IS were detected by XCMS in all 27 injections 

LC-Orbitrap LC-TOF CE-Orbitrap

Input format Thermo RAW files Bruker .d folders mzML

Number of samples 27 (9x3) 27 (9x3) 9 (3x3)

Additional info
- -

Prealigned and converted 

by ROMANCE [16]

Based on param #137 param #1 param #71673

General positive polarity positive polarity positive polarity

Method centWave centWave centWave

ppm 5 15 5

min peak width 10 10 5

max peak width 60 60 60

mzdiff 0.01 0.01 0.01

S/N threshold 10 10 10

Integration method 1 1 1

prefilter peaks 3 3 3

prefilter intensity 50000 500 50000

Noise filter 50000 500 50000

Method Orbiwarp Orbiwarp Orbiwarp

profstep 1 0.5 1

mzwid 0.0015 0.015 0.0015

bw 5 5 60

minfrac 0.5 0.5 0.5

minsamp 1 1 1

max peak width 100 100 100

Search for isotopes + adducts isotopes + adducts isotopes + adducts

m/z absolute error 0.015 0.015 0.015

ppm 5 15 5

Adducts

ppm 5 15 5

Alignment

Annotation

Workflow parameters XCMS online

[M+H]+, [M+NH4]+, [M+Na]+, [M+K]+

Identification

General

Feature detection

Retention time correction
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while MZmine detected 5 of 8 consistently. However, two internal substances were detected 

in 23 of 27 and 22 of 27 injections. For the LC-TOF data 6 IS were found by XCMS and MZmine, 

however, the compounds found were different by one. For the CE-Orbitrap analyses, XCMS 

online found 15 while MZmine found 12 out of 17 IS. In regular metabolomic studies gap filling 

could have recovered some of the IS since they were detected in most of the replicates. 

However, it was not applied intentionally to focus on the performance of the detection and 

chromatogram building algorithms which would have been overcomplicated by an additional 

gap filling step.  

The total number of features after filtering are represented by Venn diagrams in Figure 34. In 

general, XCMS yielded a higher total 

number of features compared to 

MZmine for all three data sets. This 

might be caused by the different 

nature of the centWave and ADAP 

algorithms. However, even though 

the parameters were chosen to be 

as similar as possible, slight 

differences could not be prevented. 

Also, the LC-Orbitrap feature tables 

show a lower number of features 

compared to LC-TOF. The higher 

absolute intensities (100 to 200 

times) and more stable mass detection of the Orbitrap compared to the TOF instrument 

hampers a fair comparison, since the parameters concerning minimum signal intensity, noise, 

signal to noise ratio and mass accuracy had to be chosen differently for Orbitrap and TOF. 

Therefore, the comparison between both instruments is not unbiased but will be influenced by 

the software as well and discriminates features close to the threshold values inevitably. 

 

Figure 34: Total feature numbers from feature tables generated by 

MZmine and XCMS online after filtering. The areas are corresponding 

to the number of features. Distributions of VIP values from PLS analysis 

for all features are marked as segments in different shades (Light: VIP 0 

– 1, medium: VIP 1-1.5, dark: VIP >1.5) 

 



Chapter 6: LC-MS and CE-MS analysis of bioreactor samples: Influence of separation technique, mass 
spectrometry and data processing tools on non-targeted metabolomics workflows 

122 

 

 

Figure 35: Calibration curve (left) and score plots (right) from partial least squares regression for each feature table derived 

from the three data sets. In the calibration plot, the X axis represents the daily measured gas yield with the predicted and 

cross validated gas yield on the Y axis. VIP values were generated from the calibration model for each feature. The score 

plots show a grouping in LV1 direction for increasing gas yields. Additionally, the groups are separated by gas yield in LV2 

direction. Each sample is represented by three dots from the triple injection (27 LC-MS and 9 CE-MS). Colors are chosen 

according to the feeding experiment (left group red diamond 2.3, middle group green squares 2.7, right group blue triangles 

3.2 kgm-³d-1). 

The feature intensities or areas of each sample and the corresponding daily gas yield were used 

to generate a predictive model by PLS regression. The model was cross validated and able to 

predict the gas yield of samples which were not included in the model. The results of the PLSR 

analysis are depicted in Figure 35 and show a clear grouping between samples with similar gas 

yield in the score plot and good correlation between experimental and predicted gas yields. 

The main purpose of the PLSR was to find features which correlate to the changes in the gas 

yield by assignment of a VIP value to each feature. The VIP determines the contribution of a 

variable to the model and its significance in change over the course of the reactor experiment 

or its potential as a biomarker, respectively. In general, features with VIP values larger than 1 

are considered as important features [41], however, for this study only features with values 



Chapter 6: LC-MS and CE-MS analysis of bioreactor samples: Influence of separation technique, mass 
spectrometry and data processing tools on non-targeted metabolomics workflows 

123 

 

above 1.5 were considered. Even though the VIP value is a relative number and cannot be 

directly compared between models, features that are shared between data sets are expected 

to contribute in a similar way to the PLSR model and the assigned VIP value should be in a 

similar range. 

 

Figure 36: Volcano plots of each LC-MS and CE-MS feature table. The X-axis shows the fold change as the logarithm with 

base 2 of the ratios between the average feature intensity of the low gas yield (samples 7, 8, 9) and the high gas yield group 

(samples 32, 35, 36), the Y-axis shows the VIP value from the PLSR. Vertical lines mark log2 fold change of -1 and 1 which 

corresponds to half and twice the feature intensity between both groups, respectively. The horizontal line marks VIP values 

at 1.5. Features above VIP 1.5 and a log2 fold change larger than 1 or lower than -1 can be considered as features of interest 

and might be related to metabolic changes in the bioreactor process. The circles show the total number of features, the 

distributions of VIP values are marked as segments in different shades (Light: VIP 0 – 1, medium: VIP 1-1.5, dark: VIP >1.5) 

 

Due to the definition of the VIP value as a relative parameter, values larger 1.5 were assigned 

to around 10% to 12% of the total number in each feature table. This implies, that a higher total 

number of features will automatically lead to a higher number of relevant features, which 

might be a questionable conclusion. The VIP distributions are displayed in Figure 34 as fractions 

of the Venn diagrams and in Figure 37 as the small overlapping circles. These results show that 

the use of different software and instrumentation leads to a strong difference in total number 
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of potential biomarkers. In addition, the fold change of each feature was calculated for each 

feature table and is shown in Figure 36 displayed as volcano plots [42]. Here, the VIP value and 

fold change are combined to highlight features which exhibit a strong contribution to the PLS 

model (high VIP value) and a strong change in signal intensity. All feature tables show a high 

number of features with both high VIP values and fold change. However, as a next step the 

overlap of shared features between the feature tables was evaluated to assess the magnitude 

of difference between processing tool and mass spectrometer.  

 

 Overlap of shared features between MZmine and XCMS online 

At first, the overlap of shared features between MZmine and XCMS online feature tables was 

evaluated for the same data set. Figure 37 A and B show the overlaps of shared features with 

45% to 57% (910 features) for the LC-Orbitrap data set, and 27% to 44% (1061 features) for the 

LC-TOF data set, respectively. This magnitude is in accordance with some previously published 

studies [24, 26, 28], however other publications show a lower number of shared features [3, 

25]. The relative number of shared features can be increased by consideration of features 

which were assigned to a high VIP value. These features are represented by the smaller 

overlapping circles (Figure 37) and show a significantly higher overlap of 49 to 95% for the LC-

MS data. It is known that the algorithms produce false positive features, but the number is 

generally unknown. In this study, features which were detected in all injections (filtering) and 

by both data processing tools are likely to be true features, which means that they are probably 

no noise signals. Therefore, the non-overlapping features are more likely to be false positive 

features, however not certainly. In addition, the assignment of a high VIP value accounts for 

the relevance of the feature. Therefore, this indicates that all feature tables contain a high 

number of false positives that contribute to the large number of non-overlapping features. 

Also, both MZmine and XCMS show a similar performance in finding true features with different 

intensities over various analyses, which is the goal of metabolomic approaches. The high VIP 

features which were not found in both tables (i.e., 8 features with >1.5 VIP of LC-Orbitrap 

MZmine, Figure 37) could be mostly discovered in the unfiltered table of the other data set, 

which were excluded during the filtration since they were not found in all 27 replicates. The 

VIP scatter plots in Figure 37 A and B show the coherence of each feature regarding its related 

VIP value. Even though there are outliers, the features show a general trend regarding their 

importance for the PLSR model. These differences could be mainly related to errors in peak 
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integration of the two algorithms. In most cases where the VIP value deviates, the standard 

deviation of the peak integration is higher, which leads to a low-quality contribution of the 

feature to the PLSR model and therefore a lower VIP value. Also, one or more outliers by false 

peak integration increased the standard deviation for a replicate injection and therefore 

reduced the correlation to the PLSR model. Another indicator to compare the performance of 

both processing tools is shown in the fold change correlation plots (Figure 37 A and 5 B, Fold 

Change plots). Here, the fold change of each shared feature overlapping in both tables show 

good agreement and most of the features have a similar fold change in both tables which 

indicates a comparable performance for peak integration between MZmine and XCMS. The 

overlap of shared features between both CE-MS feature tables is between 15% to 24% (674 

features), which is significantly lower compared to the LC-MS data set (Figure 38 A). The pre-

alignment by ROMANCE enabled the data analysis by MZmine and XCMS online in the first 

place by reducing misalignment and therefore false positive features. However, between the 

final feature tables derived from MZmine and XCMS a migration time difference from +0.2 to -

1.1 minutes (Migration time MZmine – XCMS) could be observed for the 12 IS. Therefore, the 

overall lower number of shared features for CE-MS compared to LC-MS is expected to be 

caused by the warping and retention time correction algorithms from MZmine and XCMS, 

which lead to differences in the average time assigned to each feature. The migration order 

tends to be organized by mass to charge in solution, hence similar sized molecules migrate in a 

similar time range. Unfortunately, the probability of false positive matches increases while 

other true matches were excluded. Also, both VIP and fold change scatter plots show a 

considerably lower coherence compared to the LC-MS data (Figure 37). However, if only 

features with a VIP value >1.5 are considered, the overlap of shared features almost doubled 

(28% to 45%, 178 features) and the fold change correlation between these features was 

significantly better.  
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Figure 37: Venn diagrams of feature tables from LC-MS analyses generated by MZmine and XCMS online. The areas of the 

circles are corresponding to the absolute number of features. Smaller circles represent features with a VIP higher than 1.5. 

Overlapping areas show number of common features shared by both tables. “VIP scatter” plot shows the cross correlation 

of VIP values between both tables with vertical and horizontal lines at VIP 1.5 and a trend line. The “Fold Change” diagram 

shows the cross correlation of the log2 fold change between shared features overlapping in both tables. Here, the fold 

change is defined as the logarithm with base 2 of the ratio between the average feature intensity of low gas yield and high 

gas yield group. A log2 = 2 corresponds to a factor of 4 between low and high gas yield, log2 = -1 corresponds to a factor of 

0.5 [42]. (A) and (B) are a comparison of feature tables from the same data set (Orbitrap or TOF mass spectrometer) but 

different data processing software (MZmine and XCMS online) and (C) to (F) the comparison between different data sets 

(Orbitrap compared with TOF) generated from the same samples. 

 

 Overlap of shared features between LC-Orbitrap and LC-TOF 

Figure 37 C to F shows the overlaps of shared features between the LC-Orbitrap and LC-TOF 

data set. However, this comparison is also influenced by the software parameters which were 
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necessarily different even though the same software was used. Therefore, a pure instrument 

related comparison cannot be achieved. Retention time differences between Orbitrap and TOF 

data sets were less than 0.1 minute, which enabled a comparison of the feature tables between 

both mass spectrometers without retention time correction. Figure 37 C and D show the 

number of shared features between LC-Orbitrap MZmine and LC-TOF MZmine with 19% to 

29%, and 24% to 50% between LC-Orbitrap XCMS and LC-TOF XCMS, respectively. Therefore, 

XCMS shows a better performance for the comparison of the mass spectrometers which is 

supported by the higher number of found IS. These numbers are significantly lower compared 

to the influence of the software alone. Nevertheless, as observed for the feature tables from 

the same mass spectrometer, the proportion of shared features between the different data 

sets from TOF and Orbitrap are significantly increased if only features with a VIP value >1.5 are 

considered. The overlaps of shared features were ranging from 34% to 83% which is 

significantly higher compared to the total number of unweighted features. However, the VIP 

and fold change scatter plots show a rather low correlation. At last, if Orbitrap and TOF data 

sets are processed with different processing software, the overlaps were comparable to the 

previous results (Figure 37 E and F). The overlap of shared features overlap was between 15% 

and 40% and could be slightly improved by considering the high VIP features only (26% to 71%). 

By comparison of the assigned VIP values in the VIP scatter plot and fold change plot, a low 

correlation can be observed as well. To evaluate this phenomenon in more detail, features with 

a strong deviation in the VIP value were manually observed and true peak characteristics were 

evaluated exemplarily. Many of the differences can be explained by errors in peak integration 

and therefore a higher standard deviation of replicates which leads to a lower VIP value. 

However, some peaks showed a correct peak integration in both Orbitrap and TOF feature 

tables if compared to a manual integration. Despite analysis of the same samples with the same 

LC instrument, small differences in measured area and peak height between Orbitrap and TOF 

were observed, which caused the feature to have different VIP values. Features with a high VIP 

but rather low fold change were affected the most. Therefore, the mass spectrometer and 

stability of the measurement have a strong influence on the outcome of a non-targeted 

metabolomics analysis, especially for low fold change features. Since these results were not 

expected, they were compared to other publications. Several studies evaluated the analytical 

performance of LC-MS based inter-laboratory studies and generally concluded only a minor 

influence of either the chromatographic system or the type of mass spectrometer on the 
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detection of analyte signals. In contrast, but similar to our findings, some studies describe an 

influence of the mass spectrometer on the analytical results [43–45]. In one study, Cajka et al. 

compared VIP values from PLS-DA analysis of lipidomic data from over 100 human plasma 

samples measured by 9 different MS instruments [46]. They found a 75% overlap between the 

54 most discriminating lipids with a VIP value >1. In our study, the overlaps of shared features 

with a VIP higher than 1.5 between mass spectrometers were from 26% to 83%, and therefore 

in a comparable range.  

Finally, although the number of shared features between two feature tables are rather high, 

the overlap between all four LC-MS feature tables is low. Only 287 of over 10000 features were 

found in all four feature tables. This corresponds only to around 18% of the LC-Orbitrap 

MZmine and 7% of the LC-TOF XCMS feature table. Overall, there were close to 1200 different 

features with a VIP >1.5, from which 79 were found in all tables. This relates to 46% of the >1.5 

VIP features from the LC-Orbitrap MZmine and 16% of the LC-TOF XCMS feature table.  

 Overlap of shared features between LC-MS and CE-MS data and tentative feature 

identification 

The overlaps of shared features between the LC-MS and CE-MS data sets cannot be determined 

on basis of the time dimension, since both techniques exhibit different separation principles. 

An evaluation based on m/z values only would overestimate the number of shared features 

and lead to multiple feature matches. Therefore, both LC- and CE-Orbitrap data sets were 

analyzed with SIRIUS software which considers MS/MS information only, to estimate the 

number of shared features based on exact mass and fragmentation pattern. It is important to 

note that not all peaks include MS/MS information, which compromises the true coverage, 

however, it can be extrapolated to the whole number of features. With MZmine, 934 features 

with MS/MS information could be determined in the CE-MS data, and 1120 in the LC-MS data 

which were defined as total number of MS2 containing features. Using the SIRIUS CSI:Finger ID 

algorithm, 486 matches between CE and LC on sum formula level could be determined, but 

were reduced to 155 if multiple matches were removed since many sum formulas were 

determined repeatedly. Further, 15 suggested compounds without nitrogen were excluded, 

since these compounds are unlikely to carry a positive charge necessary for migration in CE 

separation, which reduced the number to 140 shared features. These features are shown as 

sum formula overlaps in Figure 38 B. In addition to the sum formula, CSI:Finger ID evaluates 

the fragment spectral peaks to identify a molecular structure. Structural matches between the 
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CE and LC data were found for 82 features, and 74 features if molecules which do not contain 

nitrogen are excluded.  

 

Figure 38: (A) Overlap of the total number of features generated by MZmine and XCMS from the same CE-Orbitrap data set 

and overlap of features with a VIP value larger than 1.5 values derived from partial least square regression. Correlation 

between VIP values and fold changes from both feature tables in scatter plots. (B) Overlap of CE-Orbitrap and LC-Orbitrap 

data sets on basis of MS/MS information. Total numbers of MS2 containing features were determined by MZmine (934 CE-

MS, 1120 LC-MS). Venn diagrams for sum formula and structural overlaps were determined by a computational approach 

with SIRIUS. The VIP and fold change scatter plots show the correlation between the structural matches (53 of 74 were 

found in the XCMS and MZmine feature tables of both techniques). Values for VIP and fold change are the average from 

XCMS and MZmine. 

 

The correlation of VIP and fold change between LC-Orbitrap and CE-Orbitrap data for the 

structural matches are presented in Figure 38 B as scatter plots, however only 53 of the 74 

were found by MZmine or XCMS in both LC and CE feature tables. For this comparison, the 

values were averaged over both MZmine and XCMS data sets. While the VIPs show a rather 

good coherence between both techniques, the fold change is rather different. Apart from the 

complementary separation mechanism between CE and LC, the sample preparation is expected 

to have a strong impact on analyte discrimination and might influence the differences in fold 

change. Presumably, the liquid-liquid extraction excluded ionic and highly polar substances, 

while for the CE analysis almost all substances could be preserved. However, due to the 

absence of EOF anionic and neutral molecules were not covered by this method. 

Interestingly, many of the matched compounds which are expected to be strongly charged 

under acidic analysis conditions were found to have low retention in the LC analysis which 

seems plausible. Oftentimes, they were detected close to the holdup time, hence do not 

interact with the stationary phase. In addition to the differences in the sample preparation, 

analyte detection during the holdup time can cause ion suppression which could explain the 

differences in the fold change. Apart from that, the sum formulas, and molecular structures of 
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all IS were identified correctly for LC and CE analyses, which supports the integrity of the 

findings. These results suggest, that around 10% of all features were found in both CE-MS and 

LC-MS analyses, if extrapolated from the MS2 experiments.  

The feature tables were compared to identified substances from 1H NMR analyses of a 

bioreactor study from Murovec et al. [11]. Theoretical m/z values were generated, searched in 

the feature tables, and subsequently tentatively identified by MS2 spectra search with SIRIUS. 

In total, 17 substances from the literature could be identified by the SIRIUS approach, in 

addition to the substances used as internal standards. In agreement to the previous study, 

similar upregulated trends in concentration change could be observed for xanthine and 

thymine for higher feeding amounts which are metabolites from the nucleic acid catabolism 

pathway. However, in contrast to inhibition, the biogas yield in our experiments was increased 

by the higher feeding amount and kept stable pH values. Further, peak intensities of N-

acetylserotonine, and N-acetyl lysine levels were decreased over the course of the reactor 

experiments opposed to an increased feeding amount and gas yield.  

 

  



Chapter 6: LC-MS and CE-MS analysis of bioreactor samples: Influence of separation technique, mass 
spectrometry and data processing tools on non-targeted metabolomics workflows 

131 

 

6.5 Discussion and Conclusion 

Biogas substrate was successfully analyzed by non-targeted LC-MS and CE-MS to enable the 

discovery of relevant features correlating with the gas yield. Independent of separation (LC or 

CE), mass spectrometry (TOF or Orbitrap) or the processing tool (MZmine or XCMS), PLSR 

enabled the grouping of similar reactor conditions and to highlight features of interest by VIP 

ranking. However, a strong influence of the techniques and algorithms can be observed: 

The total number of features extracted from the raw data depends strongly on the software 

and the mass spectrometer. After filtering by a strict replicate filter, the total number varied by 

a factor of 2.5 within the final LC-MS feature tables. Strong differences in performance between 

MZmine and XCMS were observed for the same data set regarding the total number of shared 

features. However, the overlap was significantly higher considering only features with high VIP 

values. This implies a rather similar performance of both tools for the detection of true 

features, relevant for a metabolomic experiment. The good agreement of fold change and VIP 

values between the feature tables emphasizes this finding. However, both processing tools 

offered unique features not found by the other software. Therefore, using complementary 

algorithms might maximize the feature coverage. 

Between data sets from different MS instruments, the overlap of shared features was much 

lower regarding the total number of features. This might be attributed to the differences in the 

processing software settings necessary for the TOF and Orbitrap instruments. Nevertheless, 

the overlaps were strongly increased again for features with VIP values >1.5 which proves the 

benefit of multivariate approaches such as PLS to extract trustable information, which is hidden 

within the immense amount of false positive signals. 

Even though many features were found by both data processing tools, sometimes the VIP 

values were significantly different from another, especially between MS data sets. Primarily, 

the differences were caused by false determination of feature intensity by the processing tool 

which induced outliers, however, in some cases by minor variations in instrument performance 

between TOF and Orbitrap. Inevitable mistakes in peak recognition by the algorithms might 

lead to an underrating of features by chemometric analysis and therefore exclusion from 

further consideration for answering a biological question. 

In our experiments, CE-MS yielded a higher total number of features compared to LC-MS. On 

first sight this might be surprising, since loading capability in LC is generally higher than in CE. 
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However, the sensitive nano-ESI interface in conjunction with the simpler sample preparation 

and the selectivity for ionic analytes explain well the higher number of features for the CE-MS 

data. Moreover, due to the ammonia containing matrix a large volume injection was possible 

which increases overall sensitivity, however, causing strong migration time variation. These 

shifts might be minimized by a reduced injection volume but would also result in lower signal 

intensities. Therefore, software developments such as ROMANCE are valuable tools to enable 

a correct data processing with MZmine and XCMS and allow to use the full potential of CE-MS 

analyses. Comparison of CE-MS/MS and LC-MS/MS results clearly demonstrated the benefit of 

applying complementary separation techniques, with only 10% commonly detected features. 

Nevertheless, the features which were found by both techniques show a good correlation in 

their VIP values and fold changes. Finally, these results depict the strong impact of using 

different separation techniques, MS instruments and processing software on the evaluation of 

the same set of samples or even the same raw data set. Therefore, it is important to point out 

that the outcome of a typical non-targeted analysis represents only a fraction of all information 

potentially available and meaningful features might be overlooked. Additionally, this work 

demonstrates the limitations of processing tools using binning workflows, such as MZmine and 

XCMS. An alternative are chemometric tools such as Multivariate Curve Resolution Alternating 

Least Squares (MCR-ALS), as proposed by Tauler et al for metabolomic datasets [47]. Combining 

Region Of Interest (ROI) searching for data compression, similar to centWave of XCMS, with 

MCR-ALS omits the necessity of modeling and feature alignment and retains the full MS 

spectral information (ROIMCR). Indeed, Hohrenk et al. [48] have already shown the usefulness 

of MCR-ALS for evaluation of surface water data sets recently. This approach reduces false 

positive features due to misalignment and allows a more comprehensive interpretation of the 

results, using the full potential of HRMS. Still, the ongoing evolution of analytical methods, 

instruments and software will lead to increased confidence in analytical results and more 

comprehensive feature coverage in non-targeted analyses. 
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7 Chapter 7: General Conclusions and Outlook 

One of the biggest drawbacks for the broader application of CE-MS in routine applications 

outside of the research environment is its limited concentration sensitivity when compared to 

other techniques, such as LC-MS. This also slows the broader acceptance in analytical 

communities with minor CE-MS experience, in addition to the preconception of being a 

technique difficult to control and low robustness. Nonetheless, the results obtained during this 

thesis proof the contrary and emphasize the versatility and ability of modern CE-MS to be an 

adequate tool in various fields of application. This is mainly due to the presented nanoflow 

interface with significantly increased sensitivity compared to the standard triple tube interface. 

This was shown by the analysis of various standard substances in a wide mass range (Chapter 

3). The high sensitivity interface enabled the trace analysis of ionic contaminants in drinking 

water (Chapter 5) and was applied for non-targeted analysis of bioreactor substrate for the 

discovery of biomarkers (Chapter 6). Furthermore, the additional functions caused by the valve 

mechanism enable unique methodic possibilities and improved handling (Chapter 4).  

Both low flow interfaces compared in this thesis show superior performance over the standard 

interface as demonstrated by the analysis of relevant compounds in typical CE-MS applications 

(Chapter 3). Currently, the commercially available interface versions (Sciex CESI 8000 and CMP 

Scientific EMASS-II) already enable nanoflow interfacing for CE-MS users outside of the 

university environment, without home-built systems. Yet, several drawbacks prevent even 

experienced CE-MS users from transitioning to a nanoflow interface, and certainly prevent 

unexperienced users from initial implementation of CE-MS in the industry in general. For the 

sheathless porous tip interface (compare Sciex CESI), these obstacles include a lack of 

compatibility between MS vendors, extremely high costs for consumables and low choice for 

separation capillaries and method development. For the EMASS-II, a difficult handling and 

missing automation are criteria for exclusion in routine application. Still, if the sensitivity is not 

required for an application, more complicated and expensive interfaces will not prevail against 

the standard triple tube interface, which still represents a very robust and long-term stable 

solution for CE-MS hyphenation. This means, that in addition to a higher sensitivity, a novel 

interface must be affordable, easy to handle, and user friendly to become a new standard for 

CE-MS interfacing. Since the glass emitters are easier and cheaper to manufacture compared 

to the porous capillary tips, a nanoflow sheath liquid interface might have a better chance for 
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further development of future interfaces, together with a higher flexibility for method 

development for sheath liquid interfaces in general. The here presented interface with two 

capillaries and a valve mechanism showcases a proof of concept to enable a full automation 

for long analysis series (Chapter 4). Nevertheless, a commercialized solution must include full 

automation of the switching mechanism, e.g. by linear actuators, convenient assembly of the 

capillaries and emitters, but also compatibility between different CE and MS instrument 

vendors and choice of capillary types and dimensions. The biggest obstacle is the switching 

mechanism, which has to be controlled either by the CE or MS instrument and therefore 

requires vendor compatibility. Recent studies followed up on the characterization of the 

nanoflow sheath liquid interface, studying the influence of the electroosmotic flow in the glass 

emitter on the sheath liquid flow [1]. In accordance to the results presented in this thesis, it 

was shown that the EOF in the glass emitter tip has only a minor influence on the sheath liquid 

flow. 

The application of the nanoflow sheath liquid interface for the analysis of PMOCs demonstrated 

that CE-MS can be a viable tool for the extension of the analytical toolbox in water analysis. 

The separation efficiency for the target and suspect compounds was excellent and limits of 

quantification were sufficient to detect and quantify various ionic contaminants in real water 

samples, which are currently under investigation and topic of research in water analysis. 

Though, perpetuate research would be necessary to motivate the implementation of CE-MS in 

water analysis. These experiments could involve CE-MS in suspect or non-targeted approaches 

for the discovery of (predicted) PMOCs in water samples. Currently, there is no literature 

published applying CE-MS for non-targeted water analysis, however it could add useful 

information about yet undiscovered contaminants. Additionally, a comparison of techniques 

such as HILIC or SFC with CE-MS for the separation of a set of known compounds in spiked or 

real water samples would be of great interest. Differences between HILIC and CE were already 

studied in the context of metabolic profiling and RNA analysis [1, 2]. A different selectivity 

between both techniques was observed but better absolute sensitivity for HILIC-MS. However, 

this could be alleviated by using a nanoflow interface as presented here. Moreover, strong 

column bleeding and high background noise of HILIC separations was studied in a recent work 

for the analysis of highly polar substances in water [3]. Therefore, high MS spectral noise and 

low S/N ratio of extracted ion traces reduce the sensitivity and linear dynamic range of HILIC-

MS methods, whereas CE-MS spectra are generally low in noise. Therefore, a comparison of 
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both techniques in a context of environmental analysis could work out strengths and 

weaknesses of both techniques. As shown in Chapter 5, the determined limits of quantification 

for the PMOC compounds are significantly better than it would be able with the standard 

interface and sufficient for the halogenated acetic acids. However, the quantification limits 

required for many compounds in water analysis such as pesticides is below 0.1 µg/L for drinking 

water in Europe [4], which will be challenging with the setup used. Therefore, coupling to a 

more sensitive triple quadrupole instrument or online and offline preconcentration could be 

further investigated to meet the strict requirements [5]. Conversely, chromatographic methods 

such as SFC, HILIC and mixed mode materials are constantly advancing to cover the analytical 

gaps left by reversed phase materials which further intensifies the constraints for the 

implementation of CE-MS. Additionally, to promote the wider use of CE-MS in environmental 

and water analysis, further frameworks should be developed. This should include widely 

accepted and standardized analysis protocols to ease comparability of interlaboratory results 

and establishment of workflows for non-targeted approaches focused on data evaluation 

specific for CE-MS data. Interestingly, the high throughput CE-MS laboratory “Human 

Metabolome Technologies” [6], cofounded by Tomyoshi Soga with over 300 publications of CE-

MS applications [7], demonstrates the ability to deliver robust results and standardized 

screening ability. In this regard, CE-MS in the field of metabolomics is heading already in the 

right direction and the community for water analysis could benefit from it.  

The project around the non-targeted approach in a metabolomics context for bioreactor 

analysis has pointed out various aspects (Chapter 6): metabolomics studies require a well-

planned experimental setup and knowledge about the biological system studied to yield 

meaningful evidence, combined with skills in multiple disciplines of analytical chemistry, data 

evaluation and statistics. During this thesis, no workflow foundation and experience was 

initially available to build upon, which hampered the progress but also expertise from the 

biological standpoint was lacking. However, the work is representative for non-targeted studies 

in general and outlines, how common variations in the workflow can influence the outcome. It 

emphasizes the importance to carefully select all workflow steps and suggests that truly 

comprehensive non-targeted analyses are still out of reach. The project was successful in 

proposal of a workflow, suitable for the discovery of unknown compounds which can be used 

as a basis for future studies. Additionally, the influence of the major components of 

metabolomics workflows on feature discovery was demonstrated in a practical way, i.e., 
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separation technique, mass spectrometry and software. The study demonstrated that, even 

with software algorithms, a fully automated data evaluation is still not possible, and 

comprehensive gain of information cannot be guaranteed. However, further advancements in 

data evaluation software might improve feature finding with the next generation of processing 

tools. Finally, the discovery of biomarkers for enhancement of the anaerobic bioreactor process 

demands many more aspects from other viewpoints and with a better controlled reactor setup. 

Anaerobic bioreactors in agriculture are complex systems on a biochemical level, since not only 

one organism in a controlled environment is studied, but several hundred organisms in an 

unknown matrix consisting of countless different compounds and metabolites from plants, 

animals and other microorganisms which are unrelated to the methane production process. 

From a small-scale metabolomics study as performed during this thesis it is unlikely to derive 

an extensive insight into the reactor status. Therefore, future experiments should consider 

several other aspects. Ideally, reactor systems which are comprehensively monitored by 

established parameter analysis should be used [8]. Two or more reactors, which run under the 

same conditions should be compared, ideally showing differences in performance and gas yield 

for unknown reasons. This would enable causality for finding biomarkers, since a good reactor 

status can be compared with a non-optimal process. Moreover, the substrate materials should 

be evaluated in the first place to enable differentiation of the substrate-intrinsic compounds 

and actual metabolites and intermediates generated by the microorganisms. To further focus 

the study, extra- and intracellular metabolites of the microorganisms could be studied 

separately to evaluate only relevant components. Membrane reactors would be well-suited, 

due to the located aggregation of microorganisms. Further, a useful aspect would be a suspect 

and targeted metabolite analysis, necessary for the identification of generic and known 

metabolites to enable assessment of known and important metabolite cycles. From that, ideas 

about the functions of potential novel biomarkers can be derived in context to known 

metabolites, as proposed in a study for metabolomics of bioreactor for biofuel production [9]. 

Besides, the metabolomics experiments should be complemented by sequencing of the 

microbiome and population diversity, which are the key players in biochemical gas production 

and mandatory to interpret the metabolomics results [10]. Beyond this, application of 

additional omics disciplines and the collaboration with experts of the bioreactor community 

could result in an interconnected systems biology study and actually finding ways to enhance 

the gas production in anaerobic bioreactors from a biochemical standpoint [11–13]. 
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In recent years, CE-MS is increasingly used in the fields of research such as protein analysis or 

metabolomics with over 58 publications from 2018 to 2020 for global metabolite profiling alone 

[14] which indicates extended future use of CE-MS for metabolomics. Since most of them are 

conducted with the standard triple tube interface, highly sensitive nanoflow interfaces as 

presented in this thesis will elevate the depth of information for future CE-MS applications. 

Additional work proofs a robust performance by collaborative trial studies with remarkable 

results for migration reproducibility, achieved by migration time normalization [15]. This is vital 

for reliable comparison of separation profiles and discovery of unknowns, as well as 

comparison of long-term screening.  

Overall, the technical solutions and applications presented in this thesis show the potential of 

CE-MS and hopefully stimulate future developments for a wider adoption of this technology 

and being regarded as an equal technique to chromatography, also for users in the industrial 

environment.  
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8 Appendix 

8.1 List of Abbreviations 

ANOVA  Analysis of variance 

BGE  Background electrolyte 

CE  Capillary electrophoresis 

CESI  Capillary electrophoresis electrospray ionization 

CIEF  Capillary isoelectric focusing 

CZE  Capillary zone electrophoresis 

DOW  Octanol-water distribution ratio 

EOF  Electroosmotic flow 

ESI  Electrospray ionization 

GC  Gas chromatography 

HAA  Halogenated acetic acid 

HILIC  Hydrophilic interaction chromatography 

HMDB  Human Metabolome Data Base 

HMSA  Halogenated methanesulfonic acid 

HPLC  High performance liquid chromatography 

HV  High voltage 

IC  Ion chromatography 

kd  Soil adsorption coefficient 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LC  Liquid chromatography 

LOD  Limit of detection 

LOQ  Limit of quantification 

m/z  Mass to charge ratio 

MCR-ALS Multivariate curve resolution-alternating least squares 

MMLC  Mixed-mode liquid chromatography 

MS  Mass spectrometry 

MT  Migration time 

NMR  Nuclear magnetic resonance 

PCA  Principal component analysis 

PLSR  Partial least squares regression 

PMOC  Persistent and mobile organic contaminant 

QC  Quality control 

REACH  Registration, Evaluation, Authorisation and Restriction of Chemicals 

RPLC  Reversed phase liquid chromatography 

RT  Retention time 

SFC  Supercritical fluid chromatography 

SW  Water solubility 

TOF  Time-of-flight 

VIP  Variable importance in projection 
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to CE device with high voltage power supply. A stopping system ensures precise and repeatable movement 
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Figure 24: (A1) Base peak electropherogram of a bioreactor sample with heavy matrix after filtration (0.2 μm) 
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Figure 26: Extracted ion electropherograms (exact mass ± 2.5 ppm) of targeted (HAAs, HMSAs, PFAs) and 
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the source parameters, the same instrument settings were used for mass spectrometric detection. For LC-

MS data evaluation, analyte signals were used from approximately 1 to 22 minutes, for CE-MS from 20 to 

55 minutes (Depending on the sample due to migration time shifts). Extracted features from XCMS are 

shown as an overlaid RT vs m/z plot. ........................................................................................................... 117 
Figure 34: Total feature numbers from feature tables generated by MZmine and XCMS online after filtering. The 
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