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Abstract 

Since the beginning of time, chemical analysis has been an important tool for 

acquiring knowledge and understanding the world. Qualitative and quantitative assays 

are at the root of the physical and life sciences, within their multiple disciplines (e.g. 

chemistry, physics, geology, ecology, medicine, and (human) biology, all including 

numerous branches). To adequately define challenges and to correctly apply the most 

suitable instrumental methods is the main mission of analytical chemistry. Often the 

separation of compounds (followed by their identification and quantification) turns out 

to be the key to tackling these tasks.  
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1. One- or two-dimensional separation systems  

1.1. Mass spectrometry as a stand-alone separation tool 

Mass-spectrometry (MS) is a powerful analytical technique that is employed to 

analyse compounds and their constituents. The basic principles of MS encompass 

generating ions, separating these according to their specific mass-to-charge ratio (m/z), 

detecting the ions, and determining the relative abundance of each ion. Ion generation 

and separation usually take place in a gas phase. A detailed description of the complex 

mass-spectrometric process can be found elsewhere [1]. 

The information provided by MS may be sufficient to analyse complex matrices and 

biomolecules and to explore cells and tissues. Because MS involves the separation of 

ions, it is frequently used as a stand-alone separation tool. This popular, so-called 

“shotgun”, workflow is based on the direct infusion of the sample into an MS. It has been 

widely used for complex biomolecular analyses, such as for metabolomics [2] and 

lipidomics [3]. The major advantage of such high-throughput methods is that potentially 

hundreds of molecular species can be identified and quantified in a relatively short 

analysis time and with a low sample consumption.  Because of the high mass accuracy 

and resolution of commercially available instruments this approach has been widely 

applied in a variety of biochemical and biomedical applications. Shotgun lipidomics, for 

example, is a key method of analysis nowadays for illicit drug-control at airports and for 

the rapid screening for diseases in hospitals [4–6]. 

However, this relatively simple approach is mostly suitable to provide a general 

qualitative overview and for profile comparison among samples, rather than for reliable, 

accurate quantitative analysis. This arises from the fact the minimal sample pre-

treatment leads to ion-suppression effects due to the highly complex matrix and, 

additionally, to a non-linear ionization response and to frequent contamination of the 

ion source that will affect the repeatability and robustness of the method [7]. As a partial 

solution, highly concentrated samples can be diluted prior infusion. However, this also 

reduces the concentration of low-abundant species [8]. In addition to the above-

mentioned limitations, the direct-infusion approach suffers from significant signal 

overlap, due to the presence of an enormous number of isomeric and isobaric 

compounds [9]. Introducing a chromatographic separation between the sample clean-

up procedure and the MS, diminishes the complexity of the consecutive samples (eluent) 

entering the MS during the course of the analysis. This greatly reduces the problems 

encountered when using direct infusion, but at the cost of increased analysis time. 
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1.2. Liquid chromatography – mass spectrometry  

Liquid chromatography (LC) is an analytical tool that provides information on the 

composition of a sample, through separating, identifying and quantifying the 

components in complex mixtures and matrices. It is less limited by physico-chemical 

properties of compounds, than, for example, gas chromatography (GC), which requires 

sufficient analyte volatility.  

LC is a physical separation method, in which the components are distributed 

between two phases, a stationary phase and a mobile phase – a liquid that transports 

the analytes through the column. The key concept in LC is that the components are 

separated due to the different distribution between the two phases, due to differences 

in affinity for the stationary phase and/or different interactions with the mobile phase. 

Sufficient separation is achieved by choosing conditions that exploit differences in 

physico-chemical properties between the analytes.  

Only the physical separation of the components is the realm of LC. For recording and 

interpreting (i.e. identification and quantitation) of the results from the LC process, the 

technique is coupled with various detectors, such as UV-vis absorbance (UV, DAD), 

(differential) refractive index (RI or DRI), fluorescence, light scattering, mass 

spectrometry (MS), etc. 

The liquid chromatography – tandem mass-spectrometry (LC-MS/MS) or multi-

stage MS (LC-MS
n
) platforms are frequently used as a powerful tools for the analysis of 

high-complexity samples [9], thanks to their robustness, high selectivity and great 

dynamic range of detection. These tools yield fragment ions that allow qualitative 

analysis and structure elucidation.  

1.2.1. Effectiveness and limitations of LC-MS systems 

LC-MS analyses have been significantly improved during the past decades. The 

recent technological advances in one-dimensional LC (the use of ultrahigh pressures, 

UHPLC, minimizing instrument dispersion effects [10,11], and introducing sub-2-μm 

fully porous and sub-3-μm core-shell particles [12]), have allowed an increase in the 

separation efficiency and a reduction of the analysis time in comparison with 

conventional LC methods. Adequate results were achieved by employing UHPLC, 

shortening the analysis time to approximately 30 min on average in lipidomics studies 

[13,14].  

Besides in qualitative discovery, LC-MS methods excel through their superior 

sensitivity, which is crucial in, for instance, ensuring food safety and food quality. Some 

examples of the performance of such systems are provided in Table 1. A great 

breakthrough in the detection limits was achieved through progress in nanotechnology, 
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resulting in chip-based nano-electrospray mass spectrometers [1], [13] that offer 

extremely high sensitivities, while consuming less sample and less solvent. 

However, despite the presence of a tremendous number of the structurally diverse 

lipids and metabolites, only hundreds of components are usually detected by routine 

methods (see Table 2). In spite of all improvements that have been made, the 

conventional LC-MS platform is limited in dealing with (i) mixtures that are too complex 

(e.g. thousands of metabolites) or (ii) analytes that are too difficult to resolve (e.g. 

isobaric compounds).  

If complex samples are introduced in MS, ionization suppression and matrix effects 

may occur, which hamper not only the quantitative performance, but also affect 

accurate identification and method precision (repeatability, reproducibility). Matrix 

effects are a concern for the majority of LC-MS methods based on electrospray 

ionization and are encountered in all application areas [15–17]. They are caused by 

suppression or enhancement of the analyte’s response by co-eluting matrix compounds 

that simultaneously enter the ionization source [18]. 

The simplest way to overcome matrix effects is to drastically dilute the sample, 

provided that the instrumental sensitivity is not an issue [19–21]. This action does not 

solve the problem, but minimizes suppression effects. The dilution of samples by a 

factor of 50 proved sufficient to maintain an adequate response for reliable 

quantification of pesticides, drugs of abuse, and environmental contaminants in 

biological samples (e.g. food extracts, human urine or wastewater) with nano-flow LC-

MS [21]. Other possibilities are the use of isotopically labelled internal standards [22–24] 

or instrumental approaches (e.g. to utilize nano-splitting devices [25] or to assess matrix 

suppression effects by post-column infusion [26–28] and compensate for them). 

A more rigorous solution to overcome matrix effects is an extensive sample 

preparation prior to chromatographic analysis. This typically involves multiple 

extraction steps. The aims are to maintain the recovery of the analytes as high as 

possible, while removing matrix components as much as possible, so as to obtain “clean” 

extracts [29]. Solid-phase extraction (SPE) has been found to be the most effective and 

robust procedure [30,31]. Although an extensive matrix clean-up may increase the 

concentrations of target analyte(s), it may also lead to pre-concentration of non-

removed interfering substances, while additional interferences may be introduced (e.g. 

solvent contaminants). Interestingly,  Lindegardh et al. showed that in one particular 

case the matrix effects originating from the SPE extraction procedure caused more ion 

suppression than the plasma background itself [32].  
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Table 1. Food safety and quality analysis by LC-MS (several examples taken from Ref.[33]) 

 

*ESI – electrospray ionization; QqQ – triple quadrupole mass spectrometer; IT-MS - mass spectrometer with 

a tandem-in-time analyser; Q-LIT – a quadrupole-linear IT mass spectrometer; TOF – time-of-flight mass 

spectrometer; HCD - mass spectrometer equipped with a high-energy collision-dissociation cell. 

Furthermore, sample-preparation procedures may constitute sources of errors, 

influencing the precision of the results. Automated sample pre-treatment (e.g. 

automatically operated cartridges before the actual LC-MS separation [34,35]) can 

partially eliminate this problem. However, one main drawback remains. Removing part 

of the sample a priory leads to loss of potentially highly relevant (e.g. toxicological, 

biological) information.  

2. Multi-dimensional and hyphenated separation systems 

Currently, much attention is being paid to circumventing laborious sample pre-

treatment. Approaches to obtain as much information as possible on the crude sample 

are also meeting a great deal of interest. Hence, hyphenation of multiple separation 

platforms to improve the separation of complex matrices, covering a broad range of 

(bio-) molecules, is in high demand.  
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 2.1 LC×LC-MS platforms 

Multi-dimensional liquid chromatography has become an attractive option for the 

separation of highly complex samples containing non-volatile analytes. Because it 

combines different separation mechanisms, it provides an additional selectivity and 

specificity. It reduces matrix effects and it significantly increases the separation power 

when compared to the corresponding one-dimensional techniques [36,37]. The peak 

capacities of the two separations can be multiplied in ideal LC×LC, thus greatly 

increasing the resolving power.  

Coupling two LC-dimensions may be performed in an on-line, off-line or stop-flow 

mode (in a comprehensive manner, when the entire sample is subjected to two 

separations) or in a “heart-cut” mode (re-analysing particular parts of the sample and 

focusing on the compounds of interest). In on-line LC×LC all fractions coming from the 

first-dimension (
1
D) column are sequentially sampled to the second-dimension (

2
D) 

column by a switching valve that forms the interface. The off-line approach involves 

collection of the fractions from the 
1
D followed by their analysis on the secondary 

column time-independently. The stop-flow mode is carried out by stopping the flow in 

the first dimension while performing the 
2
D run. All mentioned approaches have their 

own advantages and limitations and are relevant for specific analytical tasks. On-line 

analysis is found to be more suitable as a fast, automated and repeatable screening 

method to provide general information on complex samples, whereas off-line and stop-

flow methods give more detailed information when the time of analysis is not a critical 

factor [36]. In one example, Kalili	and	de	Villiers	obtained theoretical peak capacities of 

2,170 and 1,710 by the off-line and stop-flow methods, respectively, whereas the on-line 

approach provided roughly half (1,082) that peak capacity in the analysis of cocoa 

extract [38]. In our study we focused on the comprehensive on-line separation platform 

(LC×LC), aiming to attain as much information as possible from one analysis run by 

adding a separation module to LC-MS. 

2.2. Other hyphenated LC-MS systems 

IMS. Ion-mobility spectrometry (IMS) has proven to be a versatile technique in high-

resolution separations of isomeric environmental metabolites [39], polyaromatic 

hydrocarbons [40], carotenoids [41] and proteins [42]. It increases the specificity of 

compound identification and is found to be highly informative in structure elucidation of 

lipids [43–46] IMS is a gas-phase technique that separates analyte ions according to their 

charge, size and shape in the presence of a neutral gas. Because the timescale of 

chromatographic separations (LC) is in minutes and MS can operate in the microsecond 

range, a rapid gas-phase separation, such as IMS with its millisecond time-frame, can be 

incorporated time-independently between LC and MS.  
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SFC. Other high-potential hyphenated approaches to carry out comprehensive 

separations involve supercritical-fluid chromatography (SFC) where the LC-like 

separation is based on the use of liquid CO2 as a mobile phase with the addition of an 

organic modifier (i.e. under sub-critical conditions). Coupling with reversed-phase LC 

(RPLC)-MS systems through a special interface has been applied to separate tri-alkyl 

glycerides (TAGs) from different oils and fats [47], esters of fatty acids from a fish oil 

extract [48], lemon-oil samples with peak-capacities exceeding 600 [49] and in analysis 

of porcine brain, identifying 436 lipid species from 24 lipid classes [50]. Like IMS, SFC is 

also very powerful in isomeric and chiral separations.  

3. Main multi-dimensional separation descriptors 

Peak capacity (nc) is the main metric of separation power for (multi-)dimensional 

liquid-chromatography separations of complex samples. It describes the number of 

peaks that can be theoretically separated in the separation space. In general, the 

advantage of comprehensive multi-dimensional separation systems is that the peak 

capacities of the 
1
D, 

2
D (and 

n
D) dimensions in an ideal system can be multiplied. Table 

2 summarizes several examples of 1D-LC and untargeted LC × LC separations in the 

areas of food, metabolomics and lipidomics. For simple samples separated by 1D-LC 

resolution is the best metric. Often, the resolution of the least separated (“critical”) pair 

of peaks is used to quantify the extent of separation.  For complex samples, that are 

usually not completely resolved, peak capacity is more useful. Unlike the resolution, the 

peak capacity of a chromatographic is – in principle – independent of the sample studied. 

Thus, it is indicative for the separation power. The performance of LC × LC systems is 

frequently described in terms of nc (as can be seen from Table 2). The actual method 

performance is affected by a number of aspects, such as the effect of undersampling due 

to the modulation process [51], peak-broadening effects due to dilution factors [52], and 

incomplete coverage of the separation space [53–55]. The correlation between the peak 

capacity and the number of identified compounds is greatly affected by a number of 

practical aspects, especially related to the detection system. 

Orthogonality (degree of the difference in separation mechanisms between 

dimensions) is certainly a main criterion and one of the most critical factors of multi-

dimensional separations. In fact, it describes the effectiveness of two (or more) 

separation mechanisms and actually relates to the separation space that is occupied by 

generated peaks. Therefore, orthogonality has a major impact on the effectivity of nc. If 

there is a high correlation between separation mechanisms, the potential of such multi-

dimensional systems is not fully realized.  

LC-MS can be considered as one of the highly orthogonal combinations, thinking of 

it as a two-dimensional separation platform. The LC-separation is mainly based on the 
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chemical structure of the molecules, whereas MS separates based on the mass-to-

charge ratio of ions produced.  

The orthogonality obtained by combining LC-components is more variable. 

Retention is mostly based on the chemical structure of the compounds and their 

interaction with the stationary-phase. As a result, the two dimensions may be somewhat 

correlated. Strategies to quantify the usage of the separation space and to find the 

optimum column combinations have been developed extensively [52,53,56,57] and are 

not discussed in this thesis. However, it is worth noticing that the selectivity is 

dependent on the analytes and on the sample matrix. Therefore, selectivity has to be 

optimized in each case.  

There is a variety of possible phase-system combinations that have been successfully 

employed. These include, for example, reversed-phase chromatography (RPLC) with 

ion-exchange chromatography (IEC) and RPLC with normal-phase chromatography 

(NPLC). Table 2 illustrates one example of how a higher orthogonality may influence the 

separation results of an LC×LC method.  In the analysis of human plasma, NPLC 

performed under genuine normal-phase conditions (i.e. a strong solvent, such as n-

hexane, that is immiscible with typical RPLC eluents) was coupled to RPLC by a solvent-

evaporation interface, rendering the two separation systems compatible [85]. This type 

of strategy enhances the compatibility of orthogonal systems and, therefore, brings 

significant advantages to chromatographic separation [58]. Because of the different 

selectivity and reasonable mobile-phase compatibility, RPLC and hydrophilic-

interaction liquid chromatography (HILIC) form one of the most frequently used 

combinations in food [36,38,59–62] lipidomics [60,63–66], and metabolomics workflows 

[67,68]. For more information the reader is referred to a recent review which provides 

an overview of the column selectivities and their combinations in different application 

areas [51].  

The complementary selectivity of ion-mobility spectrometry (IMS) coupled with 

either LC or MS is rarely discussed in the literature. The LC×IMS platform has 

fundamentally different mechanisms of separation (and, therefore, these separations 

are reasonably orthogonal). However, due to the fact that mobility of ions is related to 

their size and, to a large degree, to their mass, the ion-mobility separation dimension is 

highly correlated with MS. This may cause a remarkable loss in effective peak capacity. 

Although IMS increased the peak capacity of MS alone by a factor of five, the high 

correlation of the IMS and MS dimensions meant that an effective peak capacity of 

about 2600 was obtained, instead of the theoretical peak capacity of over a million [69]. 

The orthogonality of IMS with other separation stages was also assessed in our study 

and is discussed in detail in Chapter 5 of this thesis.  
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Figure 1. Schematic summary of the qualitative characteristics of the single- (1DLC-MS) and multi-

dimensional separation (primarily LC × LC-MS) platforms.  

Detection sensitivity. Although it is analyte- and sample-dependent, the sensitivity of 

LC-MS methods heavily relies on the sensitivity of commercially available mass-

spectrometers. The instrument detection limits are typically in the ppt (ng/kg) range for 

quadrupole – time-of-flight (QTOF), triple-quadrupole (QQQ) and Orbitrap mass-

spectrometers (for some examples see Table 1). 

More complex instrumentation and added separation units before the detector may 

lead to concentration losses, which no longer can be compensated by just coupling to an 

MS with higher sensitivity.   

Poor detection sensitivity has always been a main drawback of the 2D-LC platform. 

The major source for this limitation of LC×LC methods is the dilution factor of the 

analytes due to the two chromatographic steps and instrumental transfer conditions 

involved in the process. The majority of the studies in LC×LC have been focusing on the 

qualitative picture, i.e. on the numbers of detected peaks in the chromatogram and on 

obtaining high peak capacities, while the detection sensitivity was considered of minor 

interest. However, there are a number of applications where the detection sensitivity is 

the key objective, such as in analysis of trace-level pharmaceuticals [70] and residues 

[35].  

There is a number of strategies that have been used to overcome this issue [70–72]. 

The stationary-phase-assisted modulation (“active-modulation”) approach, which does 

not require complex modification of the interface, is one of the attractive options that 

was developed in our study to address detection sensitivity and it is described in Chapter 

3 of this thesis.  

The time of analysis is also an important practical aspect to consider. Multi-

dimensional separations may require more time spent on method development and 
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optimization compared to 1D-LC. There is a great body of literature that helps to 

effectively guide such work [51,73,74]. The total analysis time of LC×LC-MS is defined by 

the 
1
D run time (typically an hour or longer). Strategies to significantly speed up LC×LC 

separations are being explored [71]. Even if the analysis time remains long, this can be 

compensated by less time needed for the sample-preparation steps. Longer analyses 

are often tolerated, because of the surplus of information LC×LC-MS provides.  

Fig. 1 summarizes all discussions above in general terms. So far, 1D-LC methods are 

advantageous in terms of sensitivity and speed of analysis, while multi-dimensional 

methods may offer reduced sample-preparation time, higher selectivity and, in 

principle, more information.  

 

Table 2. Selected untargeted 1D-LC and LC×LC separations in food, lipidomics and metabolomics application 

areas  
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Scope of the thesis  
 

Liquid chromatography coupled to mass spectrometry (LC-MS) is undoubtedly a leading 

technique in providing qualitative and quantitative information in many application 

areas. The sensitivity and separation power of this technique are important aspects.  

Lipidomics and metabolomics are very powerful and very complex approaches that aim 

to gain more knowledge on samples of biological origins. The analyses described in this 

thesis concern the separation of anabolic-steroid residues present in low concentrations 

in bovine-urine samples and lipidomic profiling of human plasma with its inherent 

extreme complexity and structural diversity. 

This thesis entitled “Increasing the sensitivity and information content of multi-

dimensional and hyphenated LC-MS systems” aims  i) to explore ways of enhancing the 

detectability of trace-level compounds in LC-MS, ii) to increase the separation power by 

coupling LC-MS with other separation systems, and iii) to overcome the main limitations 

pertaining to such multi-dimensional separation platforms.  

Chapter 1 provides a brief introduction to the field of the study, focussing on 

achievements in areas of food analysis, metabolomics and lipidomics. The state-of-the-

art of separation techniques, their performance, main advantages and limitations are 

discussed.  

In Chapter 2 modification of the conventional LC-MS set-up (“1,5D-LC”) is described as 

a simple way to improve the detection sensitivity. Focusing of the analytes and 

improvements in detection sensitivity can be achieved by placing an additional 

stationary phase (small trapping columns) after the main separation column and by 

optimizing analysis and detection conditions. Relevant parameters and practical 

limitations regarding the application of this method are discussed. It is concluded that 

multi-dimensional separation platforms are needed to reach the desired goals.  

Chapter 3 presents the development of an online comprehensive two-dimensional LC 

(LC×LC) separation method with stationary phases incorporated between the two 

dimensions, extending the study described in Chapter 2.  This “active-modulation” 

approach (“stationary-phase-assisted modulation”, SPAM) allowed to improve the 

detectability of trace-level anabolic residues in complex samples, overcoming the main 

bottleneck of LC×LC – band broadening due to dilution and the corresponding 

sensitivity loss.   

In Chapter 4 the analysis of complex human-plasma samples is described. A second gas-

phase-separation dimension (trapped ion mobility spectrometry, TIMS) is incorporated 

between LC and MS. This multi-dimensional separation (LC-TIMS-MS) platform was for 
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the first time employed. It was shown to provide more-detailed information on complex 

samples in comparison with conventional LC-MS and it has the potential to elucidate the 

structures of the individual lipids.  

Chapter 5 describes the results of the lipidomic mapping of human-plasma samples 

performed by online LC×LC-MS, i.e. by placing an additional liquid-phase separation 

dimension (LC) in between LC and MS. A comparison of LC-TIMS-MS and LC×LC-MS for 

the analysis of complex samples is made in terms of the main characteristics and 

descriptors of these two multi-dimensional separation platforms. Their advantages and 

limitations are discussed.  

In Chapter 6 some thoughts on future perspectives and potential directions for further 

research in the field of advanced separations arising from the HYPERfomance LC project 

are described.  
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Abstract 

Post-column-focusing (stationary-phase-assisted modulation approach or 1.5D-LC) 

is a possible strategy for improving the compatibility of liquid chromatography and mass 

spectrometry and for enhancing the detection sensitivity. Modification of the interface 

by inserting traps may be a simple solution to alleviate the dilution effect in 

chromatographic analysis, which is crucial for detection of low-abundant analytes in a 

variety of complex matrices. In the present study we developed a 1.5D-LC approach to 

improve the detectability of anabolic steroids and to evaluate the applicability of LC-MS 

in the routine analysis of truly complex (bovine-urine) samples. Several stationary 

phases have been explored as trapping materials and ways of enhancing the sensitivity 

of electrospray mass spectrometry (ESI-MS) have been studied. The proposed strategy 

yielded focusing factors for steroid standards up to about 8. The parameters influencing 

the approach and practical limitations in its application are discussed. 
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1. Introduction 

Since the possibilities of mass spectrometry were revolutionized in the late 1970’s, 

ways to further improve its performance have been a popular topic of research and this 

is still the case today. Much attention has been paid to strategies for improving the 

compatibility of liquid chromatography and mass spectrometry and for enhancing the 

selectivity and detectability of analytes by pre- and post-column trapping procedures. 

Solid-phase extraction (SPE) can be coupled on-line before liquid-chromatographic (LC) 

separations (so-called “on-line SPE-LC”). This is mostly used as a sample-preparation 

step to reduce matrix effects [1–3]. Post-column approaches usually imply a trapping 

unit placed after the separation prior to the detector to address a number of analytical 

tasks.  

The major aim of such an operation is to reduce the dilution that fundamentally takes 

place during the LC separation. By reducing the dilution an increase in detection 

sensitivity can be achieved [4]. Besides, post-column trapping can be used to switch the 

solvent or adjust the mobile-phase composition for detection improvement [5]. Thus, 

this approach is widely used for the hyphenation of LC with NMR [6,7] or MS [8,9] or as 

an interface for coupling supercritical-fluid chromatography (SFC) with reversed-phase 

liquid chromatography (RPLC) [10]. 

“Post-column focusing”, “stationary-phase (assisted) modulation”, “sample 

trapping and enrichment”, “column-switching” or “automated multidimensional LC” all 

describe similar concepts that have been described in the literature. The basic principle 

of stationary-phase-assisted modulation (SPAM) has already been demonstrated in the 

1970’s [11] to achieve detection enhancement for methotrexate in plasma-samples. 

Theoretical expectations, supported by mathematical expressions, and some 

limitations of such an approach have recently been described in detail by De Vos et al. 

[12–14].  

An increasing number of studies have been dedicated to the application of SPAM in 

(comprehensive) two-dimensional liquid chromatography (LC×LC), where a 

concentration step is essential to eliminate the dual bottleneck caused by the successive 

dilution in the two chromatographic steps involved and the mutual (in-)compatibility of 

the latter.  

A key factor in the performance of SPAM is the selection of the combination of a 

stationary and a mobile phase in such a way that retention of the analytes on the 

trapping columns is high to ensure efficient refocusing of the analytes on the traps. 

Alkyl-silica (e.g. octadecyl-silica, ODS) materials are typically employed as stationary 

phases for trapping. This may be explained by their high retentivity and well-

documented properties, in addition to the ample availability of commercial traps (or 

columns) in various small dimensions.  C4-[15] or C30-modified [12,16] silicas were 

utilized in a number of studies. However, in most cases, often after comparison with 
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monolithic or other home-made columns, C18 (ODS) capture columns were used [10,17–

22]. For specific types of analytes mixed ion-exchange [23], cyano (CN) [24] and porous 

graphitic carbon (PGC) phases [14,25] were also reported for trapping.  

The modulation (whether it is incorporated in an LC×LC system or in a stand-alone 

LC – trap – detector system) can be operated in such a way as to focus on those effluent 

fractions that contain the compound(s) of interest from the sample (“heart-cut” mode) 

or in a comprehensive manner, concentrating the analytes from each fraction [18]. 

However, the application of a comprehensive post-column focusing approach for 

highly-complex samples (i.e. focusing multiple components in the sample and 

transferring these directly to the detector) is rarely reported. For example, Lankelma 

and Poppe described the detection enhancement of a single component, methotrexate, 

in a plasma sample [11]. A focusing factor of 8.1 for an acetophenone standard [12] and 

a factor of 14 for norfloxacin were reported in the separation of a number of the pure 

antibiotic standards [14].  

In the present study we aimed to develop a post-column-focusing (SPAM) 

modulation approach to improve detectability of anabolic steroids and to enhance the 

applicability of LC-MS in the routine analysis of truly complex (bovine-urine) samples. 

Dilution is a critical factor in the analysis of trace-level residues and impurities in a variety 

of complex matrices. Modification of the interface by inserting additional traps may be 

a simple solution to alleviate this problem. Several stationary phases have been 

explored as trapping materials, ways of enhancing the sensitivity of electrospray mass 

spectrometry (ESI-MS) have been studied, and often-ignored practical bottlenecks are 

discussed. We sometimes refer to an LC-SPAM-detection system as “one-and-a-half-

dimensional” LC (1.5D-LC) in view of an additional small trap column after the main 

separation column. Such a system cannot be considered a multidimensional separation 

system in the true sense, as only improvement of detector response and not separation 

is intended. A 1.5D-LC strategy forms an intermediate between conventional one-

dimensional LC (1D-LC) and an actively-modulated, comprehensive two-dimensional 

liquid chromatography (LC/a×m/LC) platform [26].  

Theoretical background 

The behaviour of an analyte in a column followed by a trap can be described by the 

same equations used to describe comprehensive two-dimensional liquid 

chromatography, treating the trap as a (very small) second-dimension column. In 

gradient-elution LC, which is by far the most common elution mode when dealing with 

complex samples, the standard deviation in time units of a peak eluting from the first(-

dimension) column is equal to 
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where 
1
t0 is the hold-up time of the first (prefix 1) column, 

1
G is the gradient compression 

factor (which can be omitted in case of isocratic elution), 
1
F is the volumetric flow rate 

through the column, 
1
ke is the retention factor at the moment of elution, and 

1
N is the 

plate count of the first column. 

If this peak is directly introduced on the second (trap) column, where the analyte is 

retained during the loading stage (retention factor 
2
kload) the volumetric dispersion is 

reduced  
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0 =
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&

(#) *load)
3  (2a) 

If an additional (make-up) flow (Fmake-up) is added between the two columns, which 

results in an increase in 
2
kload, the band can be concentrated and the injection band 

broadening in the second dimension can be reduced. The effective dispersion upon 

loading on the trap is characterized by 
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0 =

/)/make-up
&

/&
	

12
&

(#) *load)
3  (2b) 

The amount of analyte loaded on the second (trap) column is determined by the 

concentration of the `peak emerging from the first column (
1
cmax) and the peak width 

according to Eq.(1b), i.e. 
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The concentration of the peak emerging from the second column is determined by 

the amount injected and the band width of the peak upon elution [27]. 
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Where the factor (1+
2
ke) accounts for the broadening of the peak upon leaving the 

2
D 

column and d 2
inj is a parameter that describes the injection profile [27]. 

Finally, the focussing factor achieved by stationary-phase-assisted modulation using 

the trapping column is given by the ratio of the detector signals. In case of UV detection, 

the response is proportional to the analyte concentration (“concentration-sensitive 

detection”), so that 
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where 
i
V0 is the hold-up volume of the indicated column. 

The main reason for using a make-up flow before the trapping column is to make the 

retention factor during loading very large. This so-called “active solvent modulation” 

[28] can, for example, be achieved by adding a substantial flow of water prior to a 

reversed-phase trapping column. If 
2
kload is infinitely large Eq.4a reduces to 
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8max
3

8max
& ≈

I%
& '& (#) *+

& )

I%
3 '3 (#) *+

3 )
	

-3

-&
  (5b) 

Since a mass-spectrometer is considered to be a mass-flow-sensitive detector [29] 

the signal response (R) is proportional to the mass-flow [30,31]: 
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J	 = 	K	×	5LMN	×	G	×	O	 (6) 

where a is a response factor, cmax is the concentration of the analyte after the 

chromatographic separation, F is the flow rate and S is a split ratio (fraction of the 

effluent sent to the detector).  

Therefore, the focusing factor (in case of a very large 
2
kload) can be described as (see 

also equations in supplementary): 
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where 
2
S indicates a possible split of the effluent after the second column.  

A large focussing factor can be achieved if the first column is relatively large and the 

second (trapping) column is small. This has been exploited for LC×LC by Vonk et al. [18]. 

In any case, the trapping column should be as small (low 
2
V0) and efficient (high 

2
N) as 

possible. The elution conditions from the trapping column should be such as to approach 
2
ke » 0 (in which case 

2
G » 1). A high value for 

1
ke and a low value for 

1
N appear to lead to 

a higher focussing factor, but it is important to realize that these parameters should be 

chosen so as to optimize the (first-dimension) separation. They should not be 

considered when trying to maximize FFspam. 

In practice, we have to be aware of peak dispersion outside the column (often 

referred to as extra-column band broadening). We can distinguish the extra-column 

volumetric dispersion in the first dimension (
1
σe-c), that in the second-dimension before 

the column (
2
σbc) and that in the second-dimension after the column (

2
σac). These effects 

can be taken into account as follows.   
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All dispersion effects that occur prior to the loading of the trap (
1
σv , 

1
σe-c and 

2
σbc) 

can be diminished if conditions can be established where 
2
kload is very large. However, 

any dispersion in (
2
σv) of after (

2
σac) the trapping column negatively affects the focussing 

factors that can be obtained using SPAM.  
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2. Experimental 

2.1. Chemicals and reagents 

Acetonitrile (ACN) and water were purchased from Actu-All Chemicals (Oss, The 

Netherlands).  Formic acid (FA, LC-MS grade) was from Sigma-Aldrich (Steinheim, 

Germany). Stanozolol was obtained from Sequoia Research Products (Pangbourne, 

United Kingdom), α/β-testosterone, β-boldenone, and 1,4-androstadiene-3,17-dione 

(ADD), methylboldenone were obtained from Steraloids (Newport, RI, USA), and 

norethandrolone was obtained from NMI (Sydney, Australia). Stock solutions of 1000 

mg/L were prepared by dissolving compounds in methanol and were stored at -20˚C. 

Dilutions were finally prepared in acetonitrile/water/formic acid (10/90/0.1 by volume). 

2.2. Sample preparation  

Bovine-urine samples were taken from various farms in the Netherlands. All samples 

were stored in the dark at -20°C until assayed. The sample-preparation method used in 

this study was derived from an existing standard operating procedure and can be found 

elsewhere [26]. 

2.3. Liquid chromatography – mass-spectrometry (LC/MS) 

Chromatographic experiments were performed on a Waters Ultra-Performance 

Liquid Chromatography Acquity system (Milford, MA, USA) equipped with an additional 

2-position 10-port switching valve (Vici/Valco, Houston, TX, USA) directly interfaced to 

an Acquity QDa single-quadrupole mass spectrometer. The QDa was equipped with a 

dual-orthogonal ESI-source (ZSpray) operated in the positive-ion mode using full-scan 

acquisition in a mass range of 200-800 Da and using selected-ion monitoring of the [M 

+ H]
+ 

ions for steroids of interest. The data were acquired with a cone voltage of 5 V, a 

capillary voltage of 0.8 V, a source temperature of 150°C, and a desolvation temperature 

of 600°C. Data were processed using Masslynx v. 4.0 software (Waters). 

For the retention study the following columns were examined. Ascentis Express C8 

(150 × 2.1 mm i.d., packed with 2.7-µm particles), Zorbax SB-CN Rapid Resolution HD 

(50 × 4.6 mm i.d., 1.8-µm particles), both supplied by Agilent Technologies (Wilmington, 

DE, USA),and porous graphitic carbon (Hypercarb, 50 × 4.6 mm i.d., 5-µm particles) 

from ThermoFischer (Runcorn, UK). The columns were tested in one-dimensional runs 

using ACN/H2O gradients from 30% to 100% of organic modifier and a constant 

concentration of 0.1% (v/v) FA. The gradient times were adapted to obtain an effective 

separation window. 

Initial trapping/modulation experiments. To prove the SPAM concept, an isocratic 

elution of 17β-testosterone was performed on a Waters UHPLC BEH Amide first-

dimension column (100 x 2.1 mm, 1.7 µm particle size) with mobile phase ACN/H2O 
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(10/90, v/v), 0.2 mL/min. Two trap columns (XTerra C18 Guard cartridges, 10 x 2.1 mm, 

3.5 µm particle size, Waters) were placed instead of two loops in the 10-port switching 

valve that was connected to the analytical column. The compound eluting from the first-

dimension was trapped on the trap column and subsequently eluted in forward-flush 

mode using ACN/H2O (70/30, v/v) at a flow rate of 0.5 mL/min. The trapping time was 

1.6 min. 

In the final 1.5D – approach, unless specified otherwise in the text, a Waters Acquity 

Symmetry C18 column (100 mm × 3.0 mm i.d., 3.5 µm particle size) was used for the 

analytical separation with H2O (A) and ACN (B), both containing 0.1% (v/v) FA, as the 

mobile-phase components. A linear gradient was employed at a flow rate of 0.2 mL/min 

with initial composition 40% B to a final composition of 90% B in 10 min, followed by 1 

min of 90% B, and then returned to the initial composition of 40% B and equilibrated for 

2 min. The injection volume was 1 µL or 10 µL for steroids standards and urine samples, 

respectively. XTerra C18 guard cartridges were used as trap columns. Trapped analytes 

were eluted under the same desorption conditions as mentioned above.  

3. Results and discussion 

3.1. Chromatographic optimization 

3.1.1. Trapping material and mobile-phase composition 

According to Eq.7 two main requirements can be identified to obtain the highest 

possible analyte-focusing factors. Firstly, we need a high retentivity of the stationary 

phase in the trap under the loading conditions (high kload). Secondly, the elution strength 

of the desorption (elution) mobile phase should be as high as possible to ensure solute 

elution from the trap in a small volume (low ke).  

The choice of the trapping material is one of the most important chromatographic 

parameters to consider. Steroids are small polycyclic organic compounds. Because of 

their relatively high hydrophobicity (Log P from 3 to 4) reversed-phase stationary phases 

were examined. Several chemically bonded silica packing materials (e.g. C8, C18 or ODS, 

cyanopropyl silica) were tested for meeting trapping requirements. A great deal 

of interest has been focused on the porous graphitic carbon (PGC, Hypercarb) stationary 

phases. These are known for their excellent stability, mixed adsorption mechanism, and 

high retentivity in comparison with ODS phases [32,33].  

The retention studies on the mixture of steroids standards were based on linear 

scouting gradients (ACN/water) and the Linear-Solvent-Strength (LSS) model [34,35]. 

The loading (adsorption) and elution (desorption) solvents can be selected based on 

knowledge of the retention behaviour of the analytes.  As steroidal compounds with 

similar structures showed very similar interaction tendencies on each column, only the 

retention prediction of β-testosterone as model compound is described below. Table 1 
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represents the obtained intercepts (lnk0 values) and the slopes (S) of a linear model fitted 

through the (ln k vs. ϕ) retention curves. Higher lnk0 values correspond to a higher 

retentivity of the stationary phase and a greater steepness (higher slope) implies a 

greater ability to manipulate the adsorption and desorption of the solutes by varying the 

organic-solvent composition, in such way as to achieve the highest possible kload/ke ratio. 

As an illustration, the mobile-phase compositions corresponding to a kload of 100 and to 

ke = 1 were calculated (Table 1). 

As expected, the highest retention was observed for the Hypercarb column, owing 

to the planar structures of steroidal compounds and their interaction with hexagonal 

carbon rings on the graphitized-carbon surface, in addition to the hydrogen-bonding 

interactions of the polar moieties of the solutes with polar groups of the sorbent. 

However, despite the higher adsorption, Hypercarb columns exhibited a much lower 

steepness of the retention curves. The retention behaviour on the Hypercarb column 

was examined more extensively (see Fig. S.1 in Supplementary). The graph 

demonstrates a strong retention of the analytes in pure acetonitrile, which implies that 

a large volume of pure organic solvent is required to sufficiently remove the analytes 

from the traps and that desorption is not as effective as from alkyl-silica sorbents. 

According to the estimate in Table 1, an impossibly large percentage of acetonitrile 

(155%) is needed to reach k = 1 for steroids on PGC. Another option is to use solvents 

with a higher elution strength (e.g. THF, dichloromethane or hexane) or their mixtures 

with methanol, which appear to be a stronger solvents [36,37]. However, they were not 

considered, because they were thought to be less suited for MS (not “MS friendly”). 

Consequently, a tendency to poor recovery from the PGC has been observed, as pointed 

out by the Hennion group in several papers [37,38]. They suggested that 5 mL of 

methanol with obligatory backflush desorption can be used to obtain sufficient recovery 

[38]. However, the suggested 5 mL of the desorption solvent maybe suitable for SPE, 

but is contradictory to the peak-focusing concept, the aim of which is to decrease the 

volume of the analyte peak. In line with earlier observations, we observed poor 

desorption behaviour. We did not obtain different results using different elution 

directions. Therefore, it is doubtful that graphitized carbon material can be used as an 

intermediate trap, without employing more extreme conditions (e.g. higher 

temperatures or an unconventional mixture of solvents). So far, state-of-the-art C18 was 

found to be a better choice for our further experiments. All chemically bonded silica 

materials require much more realistic conditions to perform the focusing (see estimates 

in Table 1).  
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Table 1. Predicted retention behaviour of the testosterone on the tested stationary phases to be used as a 

trapping material and calculated solvent composition (ϕACN) corresponded to the different retention factors  

Stationary 
phase-type 

ln k0 S 
Composition 

for kload = 100 
Composition for 

kelut = 1 kelut = 0.3 

C18  5.58 7.71 0.13 0.73 0.88 

C8 5.12 6.43 0.08 0.80 0.98 

CN 5.05 8.71 0.05 0.58 0.72 

Hypercarb 6.11 3.87 0.40 1.55 1.85 

 

3.2. ESI-MS optimization 

To establish suitable operating conditions for MS to maximize the sensitivity of the 

LC
n
-MS

n
 system is not less important than optimization of the LC conditions 

themselves. MS sensitivity is directly related to the efficient elimination of the mobile 

phase and the most influential factors are the analyte characteristics, eluent 

composition and the flow rate of solvent introduced into the ESI source.   

The mobile-phase composition has a major impact on the ionization process. A high 

percentage of the organic solvent is typically more favourable, due to the higher 

volatility, decreased surface tension compared to water and, therefore, to the efficient 

conversion of charged droplets to gas-phase ions and to improved spray stability. On 

the other hand, (almost) fully organic eluents lead to signal suppression or loss of the 

ESI response, due to a lack of ionic species necessary for the charge separation [39]. 

Therefore, a certain amount of electrolyte (e.g. water) should be present in the 

electrosprayed solution to provide sufficient conductance for generating an ion current 

[39]. The tendencies observed in our work were in line with several other studies [40,41]. 

Fig.1 shows the ESI response of testosterone for eluent compositions ranging from 10% 

to 100% acetonitrile. An almost linear increase in signal was observed upon increasing 

the proportion of the organic solvent, reaching a maximum around 60% to 80%. The 

signal then dropped when the ACN concentration was increased towards 100%.   

The optimum solvent composition for ESI-MS varies depending on the application 

and the nature of compounds of interest, particularly on their ability to ionize and on the 

mechanism of the ion formation [42–44]. An additional make-up flow can be used to 

adjust the solvent composition prior to the detector (viz. a “post-column addition”), to 

render the LC effluent more compatible to MS or to achieve a better ionization efficiency 

[8,9,30]. However, this approach requires an additional component with a possible 

increase in the dead volume, which may cause additional band broadening, diminishing 

the focusing effect.   
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Figure 1. Effect of acetonitrile content in the mobile phase on the ESI response for testosterone. Conditions: 

mobile phase (A) H2O and (B) ACN, both containing 0.1% (v/v) FA; F = 0.2 mL/min; Vinj = 1 µL, ESI (+) detection. 

See Experimental for MS conditions.  

The response of an ESI-based detection system is considerably affected by changes 

in the flow rate of the eluent. This may also be attributed to the efficiency of the charged 

droplets formation and to the stability of the electrospray. A too high mobile-phase flow 

rate can inhibit desolvation and ionization and, consequently, leads to a loss of 

sensitivity. Gallacher et al. observed a tenfold increase in signal response when 

decreasing the flow-rate of the solvent introduced into an ESI-MS interface from 1 

mL/min to 50 µL/min, while atmospheric-pressure chemical ionization (APCI) 

experienced very little flow-rate dependency [45]. Fig.2 demonstrates that a more than 

twofold (2.5) decrease of the signal response was observed on our instrument when 

increasing the flow rate from 0.2 mL/min to 1 mL/min when operating the ESI in the 

positive-ionization mode.  
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Figure 2. Effect of flow rate introduced to ESI source on the signal response (m/z ) for Testosterone, obtained 

by direct injection of the solution of the analyte in the MS without a column installed. Conditions: mobile phase 

70/30/0.1 ACN/H2O/FA (v/v/v); Vinj = 1 µL, ESI (+) detection. For MS conditions see Experimental.   

Reversely, it follows from Eq.6 and Eq.7 that when using a mass-flow-sensitive 

detector an increase in the flow rate leads to a peak-compression effect (GD) that may 

be estimated from 

GD = 
PL

P" 3
PL

P" &

 = 
Q3 RST

Q& RST

/3

/&
  (9) 

From where the compression factor is proportional to the ratio of 
2
F/

1
F:  

GD =  
/3

/&
   (10) 

In contrast to the observed effect of the flow rate on the ionization efficiency (Fig.2), 

Eq.9 and Eq.10 show that an increased desorption flow from the traps towards the 

detector may benefit signal enhancement. Therefore, when interfacing ESI-MS with 

SPAM, a compromise should be made between trapping requirements and detection 

efficiency.  

In our experiments, a 70/30 ACN/H2O (v/v) elution/desorption solvent at a flow rate 

of 0.5 mL/min was found to be most suitable to achieve the maximum focusing effect 

and to maintain good desolvation and a stable electrospray detection for the present 

ESI interface and mass-spectrometer. These optimum desorption conditions were 

employed henceforth in our approach.  
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3.3. Focusing by the “one-and-a-half”- dimensional system  

3.3.1. Initial trapping experiments 

 

Figure 3. Schematic of the “one-and-a- half-dimensional”- LC (SPAM) set-up used in this study.  

The design of the “one-and-half-dimensional” set-up is illustrated in Fig.3 

To prove the “one-and-a-half”–dimensional LC concept the process was initially 

performed under isocratic elution conditions for testosterone on the first-dimension 

amide column. The effluent from the region of interest was captured and transferred to 

the trapping columns. “Heart-cut” fractions accumulated on the traps were eluted in 
forward-flush mode by the optimal desorption solvent (i.e. 70/30/0.1 ACN/water/FA by 

volume) toward the mass-spectrometer. The switching was performed once and the 

timing was adjusted so as to sample the entire peak from the first-dimension (i.e. a cut 

of 1.6 min). Fig.4 shows the effect of the modulation on signal enhancement of 

testosterone by a factor of 12.  
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Figure 4. Reconstructed ion chromatograms of testosterone (m/z 289.2 ± 0.5 Da) obtained with (red trace) or 

without (black trace) a column-switching (“modulation” or SPAM) approach under isocratic initial trapping 

conditions. For detailed conditions see Experimental. A focusing factor (FF) of 12 was obtained, as indicated 

in the Figure.  

3.3.2. Modulation under gradient elution conditions 

Performing an isocratic-elution separation on the analytical column within post-

column-focusing approach results in a great sensitivity enhancement.  However, 

isocratic-elution conditions are not realistic for the separation of hardly-resolved 

compounds from real complex samples. Therefore, the modulation (peak-focusing) 

strategy was next applied under gradient conditions in the first-dimension. To re-focus 

analytes in this case is more challenging, as the bands of the analytes are much narrower 

and the composition of the mobile phase is continuously changing. The former issue also 

leads to more-frequent switching and a limited time for loading, elution and re-

equilibration of the trapping columns (to prepare for the next loading action).   

A linear gradient was applied for the elution of the testosterone from the amide 

(first-dimension) column. Fig.5 shows the resulting peak profiles of testosterone with 

and without SPAM performed under gradient-elution conditions. To ensure sufficient 

trapping of the analyte emerging from the first-dimension with a higher organic solvent 

content in the mobile phase, the eluate was diluted by an aqueous make-up flow of 0.5 

mL/min using a T-junction (resulting in ϕACN ≈ 0.1). The trapping time was 0.5 min equal 

to the width of the 
1
D peak. The established optimum desorption conditions remained 

the same as in Section 3.3.1. 
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The SPAM approach yielded a less impressive focusing factor of 3.2. This can be 

explained by the much narrower peak that is obtained for testosterone under gradient-

elution conditions.  

 

Figure 5. Reconstructed ion chromatograms of testosterone (m/z 289.2 ± 0.5 Da) obtained with (red trace) or 

without (black trace) a column-switching (“modulation” or SPAM) approach with gradient-elution separation 

conditions employed in the first-dimension. Conditions: 
1
D Amide column with H2O (A) and ACN (B) both 

containing 0.1% (v/v) FA; 15-min gradient starting from 30% B to 70% B at flow rate 0.2 mL/min; injection 

volume 1 µL. The modulation time was 0.5 min. Other modulation conditions are described in Experimental.  

The focusing factor (FF) obtained is indicated in the Figure.  

Because of the moderately polar retention properties of the trifunctionally bonded 

amide stationary phase, a separation of the mixture of the steroid compounds on this 

type of the column was inadequate. Generally, a minority of all separations are ideally 

performed on an amide column in the first dimension.  Therefore, a much-more 

generally applicable C18 column was next investigated. A separation of the mixture of 

steroid standards was achieved applying a 10-min linear gradient, yielding peak widths 

ranging between 0.3 and 0.5 min (Fig.7 left panel).  

3.3.3. Optimization of the modulation conditions 

Upon changing the 
1
D separation conditions the modulation conditions had to be 

adjusted accordingly. In addition, heart-cut switching is no longer appropriate for the 

modulation of a large number of analytes. Modulation had to be performed 

continuously throughout the entire analysis run.  

Because of the highly hydrophobic nature of steroids, their elution occurs at 

relatively high solvent strengths (high organic-modifier content) from the highly 

retentive 
1
D C18 column (for testosterone ϕACN ≈ 0.65). Hence, to ensure sufficient 
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retention capacity of the trap required employing a large aqueous make-up flow to 

reach high water concentrations. A make-up flow of 0.8 mL/min was found to be 

sufficient to dilute the 
1
D fractions, while staying within the pressure limits of the 

instrumentation and the trapping columns.  

Compounds can be eluted from the trapping column in forward-flush or in back-flush 

mode. Back-flushing is suggested in a large number of papers in order to minimize the 

dispersion losses incurred during the migration of the sharpened peaks through the 

traps [13,14,20,38]. However, if the trapping column is heavily loaded (i.e. if the loading 

time is about half the maximum trapping time or more, a condition that is suggested by 

the theory described above) the analyte peak is expected to have progressed into the 

second half of the column and forward flushing should always be advantageous. When 

employing such a high make-up flow as 0.8 mL/min, steroids are pushed toward the end 

of the traps and the forward-flush mode is certainly the elution mode to consider.  

The maximum focusing gain can be achieved when the entire peak emerging from 

the first dimension is captured. The minimum modulation time, therefore, should ideally 

correspond to the width of the 
1
D peak. The maximum switching time requires that the 

trapped bands do not reach the end of the trapping column to prevent breakthrough. 

For the forward-elution it can be calculated as follows: 

UVWXY	ZX[ =
I% *\]S^)# 	_	0 12

3

/`]`S\
=

I% *\]S^)# 	∙(#_	
3

?3
)

/`]`S\
  (11) 

 

where Ftotal is the total flow rate, consisting of the 
1
D flow rate and the make-up flow, 

kload is the retention factor in this combined eluent, and 
2sv and 

2
N are measures for the 

band dispersion on the trapping column (Gaussian peak correction).  

Since the peak widths of eluting steroid standards were between 0.3 and 0.5 min, 

and modulation times from 0.5 min to 1.0 min were tested, Eq.11 suggests a maximum 

trapping time in our case of 0.85 min (51 sec). Fig.6 clearly demonstrates a partial loss of 

testosterone with a capturing time of 0.8 min. Therefore, the optimum trapping time 

was 0.5 min.   
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Figure 6. The effect of the switching (trapping) time and of ACN content (ACN/H2O, v/v) in the elution mobile 

phase on a peak height of testosterone. For detailed conditions see Experimental.  

Based on the experiments performed, the signals of the steroids mixture were 

enhanced by factors ranging between 1.7 and 8.0 (see Fig.7). It is worth mentioning that 

the signal responses are compound dependent and related to the different ionization 

efficiencies of each individual compound. The greatest gain was obtained for 

methylboldenone, while the gain for stanozolol was the least significant.   
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Figure 7. Reconstructed ion-chromatograms from the mixture of steroid standards without (left pane) and 

with (right pane) applying stationary-phase-assisted modulation (SPAM) under the optimized conditions. 

Analytes’ detection mass windows (m/z ± 0.5 Da) and obtained peak-enhancement (focusing) values are 

indicated in the figure. For detailed conditions see Experimental.  

3.3.4. Application to a real complex sample and the practical bottlenecks of 

the 1.5D-LC approach 

After optimization of the conditions with the standards the modulation approach 

was applied on the targeted urine sample. Fig.8 shows the extracted-ion chromatogram 

of bovine urine spiked with testosterone, separated under the optimized gradient-

elution conditions. Despite a prior labour-intensive sample-preparation step, in which a 

number of matrix components were removed, the figure clearly demonstrates that the 

sample remains quite complex.  

In order to evaluate the focusing effect for the compounds of interest, the urine 

samples were spiked with the steroid standard mixture at two concentration levels. The 

applied modulation resulted in an intense background noise, arising along with the 

switching. Despite the promising results obtained with the pure standards, Fig.9 

demonstrates that intense peaks were observed all over the chromatogram, even with 
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the relatively narrow extraction mass-window associated with testosterone. As is 

evident from the elution times, these signals corresponded not only to testosterone. A 

lower spiking concentration level (Fig.9 black trace) resulted in a greater dominance of 

the interfering signals, rendering the correct detection of the compounds of interest 

impossible. While focusing the compound of interest can be successfully performed, the 

co-eluting (matrix) components are focused as well. Further narrowing the mass-

detection window may reduce the number of interfering components. Therefore, the 

SPAM approach was also applied to urine samples by connecting the 1.5D-LC system 

with the high-resolution mass-spectrometer employed in the follow-up study [26], 

narrowing the extraction-mass window to 1 mDa. However, the obtained results were 

similar. 

The analysis of the series of the samples and the number of the standards led to the 

conclusion that, although the “post-column” strategy demonstrates a great signal 

improvement for the reference compounds (“clean samples”), an additional separation 

of the focused components is required after the focussing step for “real samples”. By 

adding a second-dimension separation the detectability of the steroid compounds can 

be significantly improved and focusing factors of 2.4 to 7.6 have been achieved [26].  

 

 

Figure 8. The extracted-ion chromatogram of a non-modulated LC-MS separation of a bovine-urine sample 

spiked with testosterone (m/z 289.21 ± 0.05 Da) at 10 mg/mL. Optimized gradient-elution separation 

conditions on a C18 column. For detailed conditions see Experimental.  
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Figure 9. Reconstructed ion chromatograms of a bovine urine sample spiked with testosterone (m/z 289.21 ± 

0.05 Da) at concentrations of 10 mg/mL (red trace) and 1 mg/mL (black trace) obtained by the modulation 

(SPAM) approach.    

The expected focusing factors (FF) can be calculated from Eq. 5b or Eq.7. According 

to these expressions, under the present chromatographic conditions maximum 

concentration factors of the order of 10 should be achievable when using a 

concentration-sensitive detector, rising to 20 or 30 when using a mass-flow-sensitive 

detector. However, these theoretical values were not approached. The likely reason is 

that Eq.7 does not account for band broadening (axial dispersion) other than from the 

column. The extra-column effects, which were possibly aggravated by the inclusion of 

the switching valve-unit, may be accounted for using Eq.8.  

In case kload is very large, the post-column focusing of the compounds eliminates the 

axial dispersion occurred on or before the first-dimension analytical column. However, 

additional column band broadening contribution will be induced by the trapping 

columns. The trapping column can be treated as a regular LC column, so that 
trsv=

tr
V0(1+

tr
ke)/Ötr

N. In case when the desorption solvent has a high elution strength and 

desorption is efficient ( bc
tr »	0) . Thus, it is essential to use very small and efficient 

trapping columns if the axial dispersion is to be minimized. Very strong elution solvents 

often prove incompatible with ESI detection. For the optimized desorption solvent in 
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our study (i.e. 70/30 ACN/H2O (v/v)) 
tr

ke is significantly different from zero and it should 

be considered in the calculations.  

Significant contributions to the band broadening is also originated from the extra-

column volumes of the system. The MS detector itself may add a significant contribution 

to the peak broadening [46]. An extra-column volume contribution of 38 µL
2
 was 

determined for the Waters Acquity UPLC-QToF system [47] . 

The system variance in our study was determined by injecting a testosterone 

solution (10 mg/mL) in a mobile phase consisting of 50/50 (v/v) ACN/H2O at a flow rate 

of 0.5 mL/min. The analytical column and the trapping columns in the switching valve 

were replaced with “zero-dead volume” connectors. The post-column variance was 

measured to be 22.6 µL
2
. The variance associated with the trapping column was 15.1 

µL
2
. According to Eq. 8 a 5-fold loss in the focusing factor can be expected to result from 

these extra-column band variances. This concurs with our experimental observations. 

Because of the need to use the smallest possible capturing columns packed with highly 

efficient particles and because MS detection favours scaling down the column 

dimension (to 1-mm i.d. columns or even narrower) the external contributions may 

become dominant [29]. This drives to conclusion that the instrumental (extra-column) 

volume plays a crucial role in our quest for high focusing factor. Thus, reduction of the 

extra-column variances is of paramount importance. Spaggiary et al. found that the 

major source of the instrumental dispersion derives from the connection tubing 

between LC and MS systems [47]. This may be effectively minimized by incorporating 

the trapping material on a microfluidic chip installed just prior to the detector, replacing 

the need for traditional tubing and fittings, similar to the “plug and play” high-

throughput microflow LC-MS separation devices that are already commercially 

available.  

Another aspect that should be taken into account is that the maximum gain from the 

post-column enhancement is obtained when the entire peak is sampled in one focusing 

cycle. However, it is somewhat difficult to ensure this in practice as the switching events 

are planned as a series and are not adjustable for each compound independently. Thus, 

as can be seen in Fig.7 for stanozolol and norethandrolone, partial sampling often 

occurs. A small fraction of these solutes were captured in the next modulation cycle, 

resulting in small peaks that appeared later in the chromatogram, thereby somewhat 

diminishing the overall a focusing effect. The worst case would be a loss in focusing 

factor of a factor two if 
1
D peaks were to be split down the middle.  

It is worth noting that in our work the focusing factor was described from a signal-

intensity-perspective, while the signal-to-noise (S/N) ratio may be a more-important 

figure of merit for MS systems. However, the gain of the (S/N) ratio is highly dependent 

on the instrument, the flow rate (see Fig. S2), and on valve-switching actions. The 

benefits of certain conditions, such as the ratio 
2
F/

1
F in Eq. 7, cannot easily be predicted. 



“One-and-a-half-dimensional”- LC as a tool for enhancing detection sensitivity 

51 

The practical limitations for improving the S/N ratio should investigated specifically for 

each mass-spectrometer under the specific conditions applied.  

Concluding remarks 

In the present study the possibilities and limitations of stationary-phase-assisted 

modulation (“1.5D-LC”) as a post-column focusing approach have been investigated. 

Key points may be described as follows. 

• To achieve the highest possible focusing of the compounds of interest, 

retention on the trapping material should be high, but also strongly dependent on the 

solvent composition. Excessive retention (e.g. on PGC columns) may lead to 

complications during the desorption stage. Efficient and fast desorption are no less 

important than the retention (adsorption) properties and these have to be considered 

from the beginning. Peak sharpening can be achieved utilizing packing materials with 

the same nature (e.g. C18 and C18) as employed in the analytical column. Loading 

conditions can be optimized by altering the composition of the mobile phase (e.g. 

through dilution). Focusing factors in the range of 1.7 – 8.0 were obtained for steroid 

standards with the present column combinations.  

• Post-column focusing is beneficial in the separation of pure standards. It may 

be effectively used for characterizing active pharmaceutical ingredients (APIs) in the 

pharmaceutical industry. However, this approach is not useful in the analysis of complex 

matrices. Unselective focusing of interfering matrix components was observed, proving 

the need for an additional (second) separation dimension.  

• The effects of the focusing strategy are most pronounced when the target 

analytes are fully resolved during the separation. As demonstrated in our study, the 

technique can be less beneficial when periodic switching is applied throughout the 

entire analysis, with the switching times not being adjusted to the partly resolved 

individual peaks in the sample.   

• Scaling down the dimensions of the trapping columns and packing these with 

highly efficient materials should lead to further sensitivity improvements. However, 

extra-column band broadening imposes practical constraints on the results of the 

focusing. Therefore, improving the instrumental performance by miniaturizing the 

instrumental set-up and/or the incorporation of microfluidic chips is crucial. This has to 

be a main area of focus in future studies. 
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Abstract 

In this study we describe an approach to enhance the sensitivity of an online 

comprehensive two-dimensional liquid chromatography (LC×LC) high-resolution mass 

spectrometry method for the separation and detection of trace levels of anabolic-

steroid residues in complex urine matrices.  

Compared to one-dimensional liquid chromatography (1D-LC), LC×LC methods 

offer higher separation power, thanks to the combined effect of two different 

selectivities and a higher peak capacity. However, when using state-of-the-art LC×LC 

instrumentation, the price paid for the increase in separation power is a decrease in 

sensitivity and detectability of trace-level analytes. This can be ascribed to the sample 

dilution that takes place during each of the two chromatographic steps. The way in 

which fractions are collected and transferred from the first to the second column is also 

of paramount importance, especially the volume and the solvent composition of the 

fractions injected in the second column. 

To overcome the detection limitation, we present an active-modulation strategy, 

based on concentrating the fractions of the first-dimension effluent using a modulation 

interface that employs trap columns. We obtained a signal enhancement for anabolic-

steroid compounds in a bovine-urine sample by a factor of 2.4 to 7.6 and an increase in 

the signal-to-noise ratio up to a factor of 7 in comparison with a standard loop-based 

modulation interface. In addition, thanks to the increased sensitivity of our method, a 

substantially larger number of peaks were detected (76 vs. 36).  Moreover, we could 

reduce the solvent consumption by a factor of three (160 mL vs. 500 mL per run). 
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1. Introduction 

In the livestock industry the use of hormonal active growth promoters can be 

perceived as an economically profitable choice. Injecting steroid-esters in food-

producing animals is a way of getting more tender and leaner muscle meat. However, 

steroids accumulate in human bodies and their presence has been connected to  

diseases such as cancer [1], reproductive disorders and infertility [2] and cardiovascular 

diseases associated with a high blood pressure [3,4]. Consequently, the use of growth-

promoting compounds (substances that have an anabolic effect, i.e. “hormones”) has 

been strictly prohibited in the European Union (EU) since 1986 [5]. Following EU 

legislation [6], liquid chromatography - mass spectrometry (LC-MS) has been widely 

applied for identification and confirmatory analysis of hormones residues.   

Many routine methods based on LC-MS and LC-tandem mass spectrometry (LC-

MS/MS) have been described in the literature [7–15]. LC-MS methods using high-

resolution MS (HRMS) enable the screening of a high number of compounds in one run. 

LC-MS/MS methods, using multiple-reaction monitoring (MRM), are often used for 

quantitative purposes.  Such methods can be very selective and they provide a good deal 

of qualitative information, allowing appropriate identification of target compounds. 

However, despite the relative universality of MS or MS2 methods, matrix-related 

signal-suppression effects are of serious concerns in the analysis of complex biological 

samples. The intensity of signals observed in MS experiments depends on the amount 

of analyte introduced in the source, but may also depend on the amounts of other 

simultaneously introduced interferences. High acquisition rates help to reduce the 

effect of the matrix on component identification in all MS modes, because the greater 

number of scans across the chromatographic peak enhance the chances of obtaining 

pure-component spectra. This leads, however, to lower signal-to-noise values, loss of 

mass accuracy and less-reliable quantification [16]. For instance, van der Heeft et al. 
reported that LC-MS experiments with mass-resolving power of 7,500 FWHM (Full 

Width at Half Maximum) (for UHPLC-Orbitrap MS) and 10,000 FWHM (for UHPLC-

QTOF) did not suffice to unequivocally identify all the steroids present in the extracts of 

bovine hair due to interfering matrix compounds [14]. Kellmann et al. [17] studied the 

resolution power required for full-scan MS screening methods for residue analysis, 

varying the mass resolving power in the range of 10,000 to 100,000 FWHM. Due to the 

complexity of the matrix, a very high resolving power (≥ 50,000 FWHM) was found to be 

required for detection of analytes at low-concentration levels, which is not always 

feasible.  

To minimize the signal-suppression effect and to enhance the overall analytical 

performance an efficient liquid-phase separation prior to MS detection is essential. 

On-line comprehensive two-dimensional liquid chromatography (LC×LC) is a 

powerful separation tool for the analysis of complex samples in a variety of application 
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fields. Because of the combination of different separation mechanisms, it has a great 

potential for separating highly similar analytes in complex matrices, decreasing matrix 

effects and improving analytical performance. 

Despite the high number of recent publications on LC×LC separations of complex 

samples related to food (e.g. [18,19]), there are only a few studies describing 

applications in food contamination and residue analysis [20,21]. Furthermore, the first 

dimension (1D) in what are claimed to be LC×LC systems is mostly used as an automated 

solid-phase extraction (SPE) sample clean-up procedure before the actual 1D-LC 

separation [22–27].  

The majority of the studies in LC×LC have been focusing on the numbers of resolved 

peaks on the chromatogram and on obtaining a high peak capacity, while the detection 

sensitivity is of minor interest. However, there are a number of applications where the 

detection sensitivity is the key objective of the analysis such as is the case for steroid 

analysis.  

The absence of studies involving trace-level residues can be ascribed to the reduced 

sensitivity of the LC×LC technique compared to 1D-LC, which impairs the analyses of 

compounds of interest present at very low concentrations.  

The major source for this limitation of LC×LC methods is the accumulated dilution of 

the analytes that takes place during the two chromatographic steps involved in the 

process, plus any dilution that may occur during collection, storage and transfer of the 

sample fractions. The relationship between analyte dilution and detection limits has 

been discussed in several papers [28–31]. It was shown [29,32] that the on-column 

dilution, split ratio of the effluents, and solvent strength of the 1D effluents in the 2D 

system greatly affect the detection performance.  

There are several ways to overcome these restrictions to some extent. The standard 

modulation interface in LC×LC consists of a 2-position 8- or 10-port switching valve, 

equipped with two identical loops, which serve alternatingly as fraction collector for the 
1D effluent and injector for the 2D separation. The most frequently used strategies to 

reduce analyte dilution, which do not require complex modification of the interface, are 

(i) to focus the analytes at the top of the second-dimension (2D) column by diluting the 
1D effluent with a solvent that is a weak 2D eluent [33,34] and (ii) to use solid adsorbents 

to re-focus the analytes [35–39].  

To our knowledge, LC×LC has found very little application in residue analysis. In the 

present study we aimed to demonstrate a significant improvement in detection 

sensitivity for steroid-compounds screening in complex bovine-urine matrices by 

LC×LC-MS. We developed an “active-modulation” modulation approach, which is based 

on the collection and concentration of the fractions from the 1D separation prior to 

injection on the 2D column. The standard loop-type interface for LC×LC (“passive 

modulation”) is modified by inserting trap columns instead of the loops, with the aim to 

reduce the volume of the 1D effluent fractions, so as to improve the detection sensitivity 
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and to overcome the dilution effect. In this study, we set out to explore whether the 

smaller volumes allow narrower 2D columns to be used, so that splitting the 2D effluent 

prior to the MS detector can be avoided. We also aim to demonstrate that this active-

modulation setup allows replacing of the 1D effluent by a different 2D injection solvent, 

so that the separation efficiency can be enhanced and incompatibility with the detector 

can be avoided. 

2. Experimental 

2.1. Chemicals and materials 

Acetonitrile (ACN), methanol (MeOH) and 1-butanol (all LC-MS grade) were 

purchased from Biosolve (Valkenswaard, The Netherlands), UHPLC-MS grade water 

was provided by Avantor Performance Materials (Deventer, The Netherlands). Formic 

acid (FA, LC-MS grade) was from Sigma-Aldrich (Steinheim, Germany). The standards 

of stanozolol from Sequoia Research Products (Pangbourne, United Kingdom), α/β-

testosterone, α/β-nortestosterone, β-boldenone, α-trenbolone, 1,4-androstadiene-

3,17-dione (ADD), methylboldenone, α-methyltestosterone were obtained from 

Steraloids (Newport, RI, United States), norethandrolone, clostebol, 

tetrahydrogestrinone (THG), and 16β-OH-stanozolol were obtained from NMI (Sydney, 

Australia). The chemical structures of the compounds are reported in Table 1. Stock 

solutions were prepared by dissolving compounds in methanol at 1000 mg L-1 and stored 

at -20˚C. Dilutions were finally prepared in acetonitrile/water/formic acid (10/90/0.1, 

v/v). 

2.2. Sample preparation 

Bovine-urine samples were taken from different farms in the Netherlands. All 

samples were stored in the dark at -20 °C until assayed.  

The sample-preparation method used in this study was derived from an existing 

standard operating procedure within the co-authors laboratory (RIKILT). Briefly, after 

performing enzymatic hydrolysis of a 2 mL aliquot of the urine as described earlier [9], 

the samples were passed through a C18 disposable solid-phase-extraction (SPE) 

cartridge (6 mL, 500 mg; Bond Elut, Agilent Technologies, Santa Clara, USA), previously 

conditioned with 5 mL of MeOH followed by 5 mL of water. After sample loading, SPE 

C18 columns were washed with 5 mL of MeOH/water (40/60, v/v) after which the analytes 

were eluted with 5 mL of MeOH/water (80/20, v/v). The eluate was collected and 

evaporated at 50°C under a gentle stream of nitrogen until dryness. The residue was 

dissolved in 100 µL of ACN/water (90/10, v/v) and transferred into a tapered injection 

vial. 
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2.3. Instrumentation and chromatographic conditions 

All chromatographic experiments in this study were carried out on an Agilent 1290 

Infinity 2D-LC system (Agilent Technologies, Waldbronn, Germany), consisting of two 

Infinity 1290 binary pumps (G4220A), an Infinity 1290 autosampler, two Infinity 1290 

thermostatted column compartments (G1316C) and a 2-position 8-port switching valve 

(G4236A) configured for back-flush injection. All Agilent modules were controlled by a 

computer with Agilent OpenLAB CDS Chemstation C.01.04 software 

(Agilent Technologies, Santa Clara, CA, USA). 

The detector was a hybrid quadrupole – time-of-flight (MicrOTOF, Bruker Daltonics, 

Bremen, Germany) mass spectrometer, equipped with an electrospray interface (ESI, 

Bruker Daltonics) with the following parameter settings: capillary voltage, 3500 V; 

nebulizer gas pressure, 3 bar; drying-gas flow rate, 8 L/min; temperature, 200°C. 

Measurements were carried out in the positive-ionization mode with a scan range from 

m/z 50 to 1000 and a scan frequency of 6 Hz. The Q-TOF system was externally 

calibrated on a daily basis with sodium formate clusters. MS measurements were 

controlled and the data were acquired using a second computer with DataAnalysis v.4.1 

software (Bruker Daltonics, Bremen, Germany).  

For selectivity evaluation and optimization the following columns were examined: 

Ascentis Express C8 (150 × 2.1 mm i.d., packed with 2.7-µm core-shell particles, 90-Å 

pore size), Zorbax Eclipse Plus Phenyl – Hexyl Rapid Resolution HT (50 × 4.6 mm i.d., 

1.8-µm fully porous particles, 95-Å pore size) and Zorbax SB-CN Rapid Resolution HD 

(50 × 4.6 mm i.d., 1.8-µm particles fully porous, 80-Å pore size) all supplied by Agilent 

Technologies (Wilmington, DE, USA); Kinetex PFP column (150 × 2.1 mm i.d., 1.7-µm 

core-shell particles, 100-Å pore size; Phenomenex, CA, USA). Unless specified otherwise 

in the text, all these columns were tested in one-dimensional runs using water/ACN and 

water/MeOH gradients from 40% to 100% of organic modifiers and a constant 

concentration of 0.1% (v/v) FA. The gradient times were adapted to obtain an effective 

separation window. 

LC×LC-MS analysis. All 1D separations were performed on an Ascentis Express C8 

column (150 × 2.1 mm i.d., 2.7-µm particles; Supelco, Bellefonte, CA, USA) with 0.1% 

(v/v) FA in H2O (A) and methanol (B) containing 0.1% (v/v) FA as the mobile-phase 

components. Gradient elution was performed from 65% B to 95% B in 175 min, followed 

by a fast return to the initial composition of 65% B and equilibrated for 33 min at a flow 

rate 10 µL/min. The separation was carried out at ambient temperature. The injection 

volume was 1 µL of the standard solution or 40 µL of urine extract. For LC×LC 

experiments two identical 20-µL loops were installed in the switching valve to collect 

the fractions coming from the 1D. For the 2D experiments a cyano column (Zorbax SB-

CN, 30 × 4.6 mm i.d., 1.8-µm particles, 80 Å pore size; Agilent Technologies) was used. 

The separation was carried out at 30°C with mobile phase H2O (A) and ACN (B) both 
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containing 0.1% (v/v) FA and 1% (v/v) 1-butanol. The latter additive served to reduce the 

column equilibration time [40]. The gradient was programmed from 5% B to 32% B in 

0.06 min, kept at 32% B until 1.79 min, returned to the initial conditions of 5% B and 

equilibrated for 0.2 min. The 2D flow rate was set to 2.5 mL/min. A T-piece was used to 

split the 2D effluent, such that only one third of the total flow was send to the MS. The 

modulation time was 2 min.  

For the Actively Modulated LC×LC-MS experiments the same hardware and 1D 

conditions as described above were used. An additional Shimadzu LC-20AD pump was 

used for the dilution of the 1D effluent with water. The two streams were connected 

using a stainless-steel T-piece installed before the modulation interface. The dilution 

flow was 0.1 mL/min, i.e. 10 times as large as the flow of 1D effluent. The two cyano trap 

columns (Zorbax SB-CN, 5 × 2.1 mm i.d., 1.8-µm particles, 80 Å pore size; Agilent 

Technologies) were placed in the positions of the two loops in the switching valve and 

the valve was configured for back-flush operation. The setup is discussed in Section 3.3 

below. The 2D separation was performed on a Zorbax SB-CN cyano column (50 × 2.1 mm 

i.d., 1.8-µm fully porous particles, 80 Å pore size; Agilent Technologies) at 40°C and a 

flow rate of 0.8 mL/min, with H2O (A) and ACN (B), both containing 0.1% (v/v) FA and 

1% (v/v) 1-butanol, as mobile-phase components. The gradient elution was from 20% B 

to 30% B in 0.01 min, from 30% B to 33% B in 1 min, then to 45% B in 0.6 min, returned 

to the initial conditions of 30% B and then equilibrated for 0.4 min. The modulation time 

was 2 min.  

Peak-detection evaluation was performed by subtracting background spectra 

followed, by using the “Sophisticated Numerical Annotation Procedure” (SNAP) peak-

finder algorithm with the signal-to-noise threshold of 3 and a quality factor of 0.5. 

LC×LC-MS data visualization was performed using GC Image R 2.5 software (GCimage, 

Lincoln, NE, USA). 

2.4. Calculations 

The peak capacity (!") in gradient-elution LC was calculated using the following 

equation [41] 

!" = 1 +	 '(
).+∙	 -. /

  (1) 

where 01	is the gradient timeand 2) 3 is the average peak width at half height 

(FWHM). 

The dilution of the complete two-dimensional chromatographic process can be 

estimated from [65]: 
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4536 = 45) 	×	 453 = 38	×	 9	×	 9	×	 ://.

;<	×	 '=/   (2) 

where 1σ and 2σ are the standard deviations of the first and second dimension peaks 

in time units, 2F is the 2nd dimension flow rate, Vi is the injection volume and 2tw is the 

modulation time. 

3. Results and discussions 

3.1. Stationary-phase selection and orthogonality evaluation 

To achieve the highest possible resolving power, LC×LC requires coupling of 

methods with separation mechanisms that are as different (“orthogonal”) as possible. 

To alter the selectivity of a method, one can choose a different retention mechanism 

(column chemistry) and/or manipulate the composition of the eluent (for example, the 

organic component [42],[43] or the pH [44]).  

As anabolic steroids are small neutral molecules with similar structures (see Table 1), 

ion-exchange chromatography (IEC) and size-exclusion chromatography (SEC) are not 

suitable for their separation. n-Alkyl-chain reversed phases, such as C8 and C18, are most-

commonly used for steroids analysis [7–10]. A high degree of orthogonality can be 

provided by coupling reversed-phase LC (RPLC) with normal-phase LC (NPLC). Several 

NPLC-based separation of steroids and their derivatives were reported on diol [45], [46], 

amino [47] or bare-silica columns [48], using apolar mobile phases (e.g. combinations of 

n-hexane and dichloromethane). However, because of eluent incompatibility and 

immiscibility issues, combining such a separation with a reversed-phase system 

(aqueous eluents) is difficult. Ideally, this requires a sophisticated modulation interface, 

in which the 1D effluent is either evaporated [49–51] or exchanged [52]. Several polar 

stationary phases were tested (e.g. Inertsil Diol (GL Sciences), Hypersil GOLD Amino 

(Thermo Fisher Scientific) and Luna silica (Phenomenex)), utilizing solvents miscible 

with RPLC eluents (i.e. acetonitrile or methanol). However, our results showed a lack of 

retention or poor separation of hydrophobic steroids compounds (results not shown).  

To the best of our knowledge the only paper showing the successful combination of 

non-polar and polar types of materials for steroid analysis is that of Liu et al., where a 

C18-based separation with water/acetonitrile mobile phases was coupled to a method 

using a polyamine stationary phase and acetonitrile-rich solvents [53]. This method was, 

however, designed to analyse steroid glycosides, which are characterized by a higher 

hydrophilicity, due to the presence of additional hydroxyl structural groups on the sugar 

moieties. Hydrophilic-interaction liquid chromatography (HILIC) employs mobile 

phases containing high percentages of acetonitrile and low amounts of water and it is 

more compatible with RPLC than NPLC [54], [55]. However, HILIC is specifically suitable 

for highly polar analytes and HILIC×RPLC (or RPLC×HILIC) but is unlikely to provide 

sufficient separation for such hydrophobic compounds as anabolic steroids.  
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Furthermore, in case free steroids are analysed, the polar constituents of the samples 

are typically removed during the sample-preparation step. Thus, we focused our 

research on RPLC×RPLC combinations. Beside a good robustness and repeatability and 

well understood separation mechanisms, the use of different RPLC separations in the 

two dimensions may provide adequate selectivity with few solvent-compatibility issues. 

In addition, by choosing an appropriate combination of columns and eluents, one may 

re-focus the analytes in the 1D effluent fractions at the top of the second-dimension 

column, thus decreasing band broadening and improving sensitivity.  

In exploring possible selectivities complementary to hydrophobic separation on alkyl 

stationary phases, we tested RP separations targeting aromaticity and steric 

interactions. We compared phenyl – hexyl stationary phases (which are thought to 

provide different aromatic selectivity based on  π-π interactions [56], [57]), fluoro-

substituted phases (pentafluorophenyl, PFP, characterized by π-basicity and strong 

steric interactions, especially for halogenated compounds) and cyano-propyl phases 

(CN, known for π- π interactions, as well as dipole-dipole interactions [58]). The π-

electron density and π-π interaction between steroids and stationary phases is also 

influenced by the type of solvent used and, thus, significant differences in selectivity are 

observed when changing the organic solvent from acetonitrile to methanol [43,56,59]. 

This has been demonstrated by RPLC×RPLC separations with good orthogonality using 

different solvents in the two dimensions [42].  

A typical strategy to study orthogonality based on exploratory runs with a mixture 

of representative standard compounds. However, such a mixture does not represent the 

true complexity of the sample matrix and, therefore, does not provide accurate 

information pertaining to the sample. It also requires a large number of available 

reference compounds. However, many relevant steroid derivatives cannot be 

purchased. Therefore, in our study we opted to use the target sample (bovine urine) to 

study the orthogonality of different one-dimensional separations. This may provide 

sufficient information to understand each solute’s retention behaviour in each 

dimension. We evaluated the complementarity of different RPLC selectivities using the 

asterisk approach developed by Camenzuli et al. [60], which is based on experimentally 

measured retention times of the tracked compounds under different gradient-elution 

conditions on various columns. A set of equations are used to characterize the use of the 

separation space and to provide a measure of the orthogonality in the form of the AO 

value. In the ideal case of completely orthogonal mechanisms an AO value of 100% will 

be obtained. It was shown [60] that the number of components presented in the sample 

does not greatly affect the AO value. However, in order to obtain low standard deviation 

values (below 0.10) the number of components used to compute A0 should exceed 25. 

The RP columns used in this study are listed in the Experimental section. All columns 

were tested for the separation of spiked urine samples (operation conditions are 

reported in the Experimental section). Retention times of steroid standards and 
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unknown compounds, tracked in the chromatograms based on matching individual m/z 

values, were collected and used for performing the calculations in Microsoft Excel. The 

orthogonality of the separation was estimated based on the 36 major tracked, 

confidently matched peaks that were found in the samples, including 14 steroids 

standards (see Table 1) spiked into the urine. 

The highest value of 74 % (shown in Fig.1) was obtained for the combination of a C8 

column with methanol as organic modifier and a CN column using acetonitrile. This 

combination was subsequently selected for analysing the bovine urine samples with 

LC×LC-MS. Our results suggest that the π-π-interactions of the polar analytes with the 

cyano and phenyl columns are supplemented by dipole-dipole interactions on the cyano 

column in RPLC of steroids [56]. A similar C8×CN column combination was successfully 

applied for the separation of phenolic acids in herb extracts [61] and for the analysis of 

Traditional Chinese medicines [62,63]. A summary of the other column / mobile-phase 

combinations is provided in Table S1 in Supporting information. 
 

Table 1. Chemical structures and detection details of anabolic-steroid standards used in this study 
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Figure 1. Normalized-retention-time plot for the C8×CN column combination selected for LC×LC-MS analysis 
of the bovine urine samples. The prediction is generated by combining two 1D-LC runs.  The obtained 
orthogonality value (A0) is 74%. 

3.2. LC×LC separation of anabolic steroids in bovine urine samples 

Optimization of LC×LC methods may be directed towards different analytical 

objectives. In our case the aim was to perform residue-monitoring analysis for 

untargeted screening, focusing in particular on the separation of isomers and closely 

eluted ‘unknowns’. The analysis of these compounds is particularly relevant, because of 

the frequent introduction in the market of new derivatives.  

With these aims in mind, we did not optimize our setup to obtain the highest possible 

peak capacity (one of the major descriptors of the separation power in LC×LC), but 

instead targeted the chemical selectivity. During the method development, the peak-

capacity values and peak production rate (peak capacity per unit time) were made 

secondary to the better resolution of isomers. 

• Optimization of 2D separation method 

In LC×LC the total analysis time is dependent on the time of the 2D separation, as 

this defines the sampling time and, therewith, the conditions for the 1D separation. 

Consequently, to achieve a reasonably fast LC×LC separation the 2D analysis should be 

as fast as possible. Hence, one of the most critical aspect of our method optimization 

was the optimization of the 2D separation.  

During the method development, we investigated the influence of linear flow 

velocity on the peak capacity. Short and wide-bore 2D columns are typically used to 

ensure fast separation with a reasonable column back-pressure and a negligible effect 

of 2D injection band broadening. Fig.2 shows a comparison of the peak-capacity values 

obtained for cyano columns of different lengths and internal diameters (50 × 4.6 mm 

i.d., 30 x 4.6 mm i.d. and 50 x 2.1 mm i.d., all packed with 1.8-µm particles). We obtained 

the highest peak capacity when using the 50 × 4.6 mm i.d. column. However due to flow-
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rate restrictions (at the maximum back pressure of 60 MPa) we could not achieve an 

efficient separation in less than 2.5 min (not taking into account the time for column 

equilibration), even at the highest possible linear flow velocity (u=3.8 mm s-1, flow rate 

of 2.5 mL/min) (See Supporting material, Fig. S3). In order to overcome this limitation 

we tested a shorter column (30 × 4.6 mm i.d.), while keeping the gradient time constant. 

This shortened the analysis time, but induced losses in peak capacity and increased 

dilution (dilution factors specified for each point in the figure).  

 
Figure 2. Effect of the linear flow velocity on the peak capacity and on the dilution factor (values indicated 
above for each point) of the 2D separation for three CN columns of different dimensions considered in this 
study. Chromatographic conditions: mobile phase (A) H2O and (B) acetonitrile, both containing 0.1% (v/v) FA; 
gradient elution from 30% to 40% B (with tg/t0 ≈ 10); Vinj = 1 µL of standard steroid mixture (Table 1). Dilution 
factors were calculated according to Eq.2. 

One of the challenges of our optimization was to preserve good resolution (Rs > 1) of 

the isomers of the steroid standards present in the sample (Fig.3), while maintaining a 

short cycle time. To achieve this, we reduced the injection band broadening by 

programming a step increase from a low percentage of organic modifier to the elution 

composition of our first analyte (steep increase from 5% B to 32% in 0.06 min). This 

allowed us to focus the sample at the head of the column and to achieve satisfactory 

resolution of the ten test analytes within a cycle time of 2 min.  

• Optimization of 1D separation and LC×LC method 

When progressing from the commonly used on-line SPE-LC-MS methods to a 

comprehensive two-dimensional LC separation, the first-dimension separation must be 

optimized. Fig.4 shows the LC-MS extracted-ion chromatograms for the set of steroid 

standards using a linear methanol-water scouting gradient on a C8. When compared to 

the analysis of the same sample reported in figure 3, great differences in the elution 

order of the steroids can be observed (1 through 10 becomes 7, 4, 2, 8, 5, 3, 6, 9, 10, 1). 

The asterisk approach suggests that this combination of the two columns may provide 

a good selectivity (great orthogonality) for steroid standards (Table S1). 
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Figure 3. Reconstructed chromatograms of steroid 
standards (overlaid extracted-ion chromatograms 
with 1 mDa mass extraction window) separated on a 
30 x 4.6 mm i.d. CN column, packed with 1.8-µm 
particles, under the optimized 2D separation 
conditions. Detailed conditions are reported in 
Experimental. For analyte abbreviations and 
identification see Table 1. 

Figure 4. Reconstructed ion chromatogram of 
the mixture of steroid standards separated on 
the 1D on a 150 x 2.1 mm i.d. C8 column, packed 
with 2.7-µm particles. Conditions: flow rate 0.2 
mL/min, mobile-phase components A: H2O and 
B: methanol both containing 0.1% (v/v) FA. 
Linear gradient from 65% to 95% B in 8.75 min. 
For analyte identification see Table 1. 

The optimization of the 1D efficiency is summarized in Fig.5a and Fig.5b. As 

expected, an approximate square-root relationship was observed between the peak 

capacity and the gradient time, with the highest peak capacities observed at the highest 

tg / t0 ratio. Figure 5b shows the relationship between peak capacity and linear flow 

velocity. It is interesting to note that, despite the use of core-shell technology, this 

methanol-based separation method seems to work best at intermediate linear flow 

velocities.   

When the modulation time is increased, peak capacity is lost due to undersampling 

of the 1D effluent. However, this may be compensated by the longer time available for 

the 2D separation, which allows an increase in 2nc. In several studies [64,65] it has been 

demonstrated that the highest peak capacity per unit time will be obtained if 1D peaks 

are sampled between two to three times to the 2D. This implies that in the present case, 

with an optimized 2D cycle time (equal to the modulation time) of 2 min, the 1D peaks 

should be roughly 4 to 6 min wide. However, the peak width for gradient-elution LC 

cannot be varied at will.  
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Figure 5. Effect of the gradient time (a) and the linear flow velocity (b) on the peak capacity of the 1D 
separation on a 150 x 2.1 mm i.d. C8 column, packed with 2.7-µm particles. Conditions: mobile phase (A) H2O 
and (B) methanol, both containing 0.1% (v/v) FA; Vinj = 1 µL, ESI (+) detection. (a) Linear gradient from 65 to 
95% B at flow rate 60 µL/min; (b) constant tg/t0 of 5. 

The peak width depends largely on three factors: i.e. (i) the square root of the plate 

count of the column (Ö1N), (ii) the column hold-up time (t0) and (iii) the retention factor 

at the moment of elution (ke). Snyder et al. have introduced a simple (Linear Solvent 

Strength, LSS) model [66,67], which relates ke to the effective gradient slope b = S B t0, 

where S is the slope of the log k vs. ϕ relationship, B is the slope of the gradient (variation 

of ϕ with time) and t0 is the column hold-up time. The optimum value for b is in the range 

of 0.2 to 0.4. This implies that for a given analyte, phase system (given S), column and 

flow rate, the peak width cannot be varied by more than a factor of two to stay within 

the optimum range. Because small-molecule analytes, such as steroids (molecular 

weight , MW, 250 – 350 Da), typically show much smaller S values than large-molecule 

analytes, such as peptides or proteins [68], relatively short gradients are typically used 

(e.g. tg/t0= 10∆ϕ, where tg and Dj = jfinal - jinitial are the duration and the span of the 

linear segment of the gradient, respectively). As a result, a first-dimension peak width 

of 4 to 6 min can only be achieved if t0 is very large, i.e. (very) long columns and/or (very) 

low flow rates.  

Therefore, the conditions that we could realistically apply for the 1D separation of 

steroids were sub-optimal in terms of the flow rate used (10 µL/min; linear flow velocity 

0.07 mm s-1). A 1D gradient with a slope of 0.17 %B per minute was used, resulting in an 

average peak width of 4.5 min and an analysis time of 175 minutes. Thus the, first-

dimension run was optimally sampled with a modulation time of 2 min.  

The optimized LC×LC method was first applied to the separation of the mixture of 

steroid standards (Fig.6a) and, subsequently, to the analysis of the bovine urine sample 

(Fig.6b). As can be seen from Fig.6a we obtained a good spread separation of the 

standards with the proposed method in the 2D separation space, with a sufficiently high 

sampling speed to maintain the resolution of the isomers (2, 3 and 5, 6) obtained in the 
1D separation dimension. When we applied this method for the LC×LC analysis of the 

urine sample, we observed only a relative small number of features, despite the relative 
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high amount of sample injected (40 µL, concentrated from 2 mL of urine). In part this is 

due to the fact that a total-ion chromatogram is shown for the urine sample 

(untargeted-screening mode), whereas overlaid extracted-ion chromatograms, with an 

inherently higher signal-to-noise ratio are shown for the standard mixture (targeted-

screening mode). Another main reason why so few peaks are observed in Fig.6b is 

dilution of the analytes during the two chromatographic steps involved in the process 

and during transfer from the injector to the 1D column, at the modulation stage (transfer 

from 1D to 2D), and from the 2D column to the detector (column and extra-column band-

broadening) [29]. The small number of detected peaks discerned in Fig.6b clearly limits 

the application of this method for the analysis of low-concentration (trace-level) 

compounds in a complex mixture, such as urine. 

     _

 
Figure 6. LC×LC-MS separation, performed under the optimized conditions and detected in positive-
ionization (ESI-MS) mode. a: mixture of steroid standards (overlaid extracted-ion chromatograms with 1 mDa 
mass extraction window); b: bovine-urine sample (total-ion chromatogram). For separation conditions see 
Experimental. For analyte abbreviations and identification see Table 1. 

The column diameter greatly affects the dilution and the sensitivity [69–71], but the 

exact gain is difficult to predict, due to the effect of flow rate on MS response. In 

practice, scaling down the column i.d. from 4.6 mm to 1 mm has been shown to lead to 



Chapter 3 

70 

an increase in sensitivity by a factor of eight [69], while a decrease from 4.6 mm to 0.32 

mm resulted in an increase in signal height by a factor of 200 [70]. 

Fig. 2 shows a significant reduction of the dilution factor for the 2.1-mm i.d. column 

in comparison with conventional-bore columns (4.6 mm i.d.). An additional advantage 

from the decrease of the column i.d. is the lower operating flow rate, which eliminates 

the need for splitting of the effluent flow prior to the detector, thus further improving 

the sensitivity. 

As we described above (LC×LC optimization section) the use of narrow 2D columns 

is attractive in combination with UHPLC technology. Finally, the 50 x 2.1 mm i.d. 

columns yielded the best compromise between peak capacity, dilution and 2D cycle 

time. Thanks to sub-2-µm particle technology we could operate this column at high 

linear velocities, with limited losses in peak capacity, while at the same time reducing 

the dilution and solvent consumption. However, we cannot reduce the column diameter 

without considering injection band broadening. For example, a transfer volume of 20 µL 

corresponds to ≈20% of the column volume of a 50 mm × 2.1 mm i.d. 2D column and it 

would significantly affect the performance of the column (2nc). The elution strength of 

the sample solvent or of the fraction transferred to the 2D column also significantly 

affects the peak heights and peak widths in the resulting separation [29]. To estimate 

the impact of injection band broadening in practice, we designed experiments to 

simulate the effect of the transfer volumes under our optimized LC×LC conditions, 

recomposing our samples in a solvent mimicking the elution composition of the steroids 

from 1D (ϕ ≈ 80% methanol). Because of the high concentration of methanol, the sample 

solvent becomes a strong eluent for the 2D, which results in serious peak distortion. The 

effect of the injection volume is clearly demonstrated in Fig.7, where we show 

chromatograms obtained by injecting the same mass of standards, diluted in 1 µL and 

20 µL solvent (case a and b in Fig.7, respectively). The 20-µL injection resulted in a 

significant decrease of the signal intensity (peak height) and, overall, separation 

performance. 
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Figure 7. Effect of the injection volume of the steroid standards on the optimized 2D separation performance 
using a 50×2.1 mm i.d. Zorbax-CN column. For separation conditions see Experimental. a: 1 µL sample 
injection (“ideal” scenario); b: large-volume injection (20 µL), mimicking the injection from the sample loop 
with 1D effluent (containing ≈ 80% Methanol, a “real” case); c: the same 20-µL injection (containing ≈ 80% 
Methanol) using the modulation approach.  

The way to overcome the injection limitations involves replacing the loops in a 

conventional loop-type LC×LC interface with two small trap columns and using this 

interface in combination with a dilution flow after the 1D separation. This active-

modulation approach has been denoted a×m [35]. The setup is illustrated in Fig.8. The 
1D effluent was diluted with an aqueous make-up flow using a T-piece that reduced the 

elution strength of the 1D mobile phase and enhanced the trapping. The components 

captured on the traps were then eluted by the 2D gradient towards the 2D separation 

column in backflush mode.  
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3.3. Actively modulated HPLC×UPLC analysis of the urine samples 

 
Figure 8. Schematic illustration of the actively modulated HPLC×UPLC (a×m) set-up, used in our study. 

If the sample components are retained by the trap columns, this approach allows the 

use of a high dilution flow, reaching volumetric ratios that depend on the binding 

capacity of the trap column and on the retention factors of the analytes at the resulting 

solvent composition. Given the hydrophobicity of steroid compounds (logP about 3.0 to 

3.5), their retention factors on the CN-column at a composition of about 5% methanol / 

95% water were above 20. We opted for a dilution flow rate that was about ten times 

higher than the 1D-effluent flow rate. As a result the eventual 2D injection volume 

depended only on the porosity and the volume of the trap column used. In our case the 

injection volume amount to about 4% of the volume of the 2D column. 

To further enhance the performance of the setup, the retention factors on the 2D 

materials should exceed those on the trap column, in order to re-focus the analytes at 

the head of the 2D column. However, a strong elution solvent should be used to ensure 

the full and rapid removal of compounds from the traps and to achieve the maximum 

focusing effect [72]. This strong solvent should not be injected on the 2D column. One 

solution may be to implement an additional make-up flow prior to the 2D separation. 

However, an additional construction may diminish the compression effect and the 2D 

flow rate will be increased, which will affect the compatibility of the system with MS 

detection. Therefore, the same packing materials were chosen as for the 2D column (i.e. 
cyano-modified silica). This allowed us to use the same mobile-phase composition 

without any compatibility or recovery issues.  

The results obtained by this active-modulation approach are clearly observed in 

Fig.7c. The peak shape was drastically improved and the peak height greatly increased 

in comparison with the performance of the loop-type interface. Good resolution of 

steroid isomers in the two-dimensional separation space was maintained when a 2D 

column with a narrower diameter was used.  
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Figure 9. Total-ion chromatogram obtained after HPLC×UPLC separation of bovine urine sample using the 
active-modulation interface. Chromatographic conditions are reported in Experimental section. This figure 
may be compared with figure 6b (non-modulated separation of the same sample under the same conditions). 

Table 2. Summary of the results achieved by LC×LC and LC/a×m/LC separations of the bovine-urine sample 

  
“Passively-modulated”  

(p×m) 
“Actively-modulated”  

(a×m) 

S/N
a)

 2.6 - 42 5.9 - 210 

DF
b)

 13 3 
1n

c
 × 2n

c

c)
 660 860 

Detected peaks  36 76 

Solvent consumption, mL 520 190 

a) The range of the signal-to-noise values determined for 14 steroid standards spiked into the urine sample 
(details see in Table S2 in Supplementary material); b) calculated according to eq.2; c) calculated according to 
eq.1. using the experimentally obtained 2D peak widths. 

The modulated LC×LC strategy shows clear advantages when applied for the 

analysis of a urine sample (Fig.9) in comparison with a passively-modulated LC×LC 

separation of the same sample (Fig.6b). The sensitivity is greatly improved, with a 

maximum peak enhancement for steroid standards, added to the urine samples at a 

concentration 8.3 µg L-1, by a factor of 7.6 (Fig.10 and Table S2 in Supplementary 

material) accompanied by a decrease in dilution by a factor of 4.5. In order to 

demonstrate the benefits of the active-modulation approach, the numbers of peaks 

detected in non-modulated and modulated TIC’s were considered in this study. The 

peak picking algorithm was applied with identical integration parameters (see 

Experimental) for both separations, allowing us to generally compare the separation 

performances. The a×m strategy was found to result in a greater number (76 peaks vs. 
36) of detected peaks in TIC of bovine-urine sample with a signal-to-noise ratio 
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exceeding three. This does not represent the total number of molecular features or 

separated compounds, revealed by multidimensional separations of the complex 

sample, but it illustrates the benefits that can be obtained. Moreover, the solvent 

consumption was reduced by a factor of three (160 mL for modulated vs. 500 mL for 

non-actively-modulated LC×LC analysis, respectively). A summary of the advantages 

achieved by the active modulation is provided in Table 2. The increased sensitivity opens 

possibilities for the accurate identification of additional compounds found in urine based 

on MS/MS experiments, but such an investigation was beyond the scope of this study.   

 
Figure 10. Peak intensity enhancement (a) and signal-to-noise (S/N) enhancement (b) for steroid compounds 
achieved by implementing the active-modulation approach. The values achieved from the calculation are also 
listed in Table S2. 

Conclusions 

In this study we proposed an active-modulation approach for improving the 

sensitivity of a comprehensive two-dimensional liquid chromatography method for the 

analysis of anabolic steroids in bovine-urine samples. A satisfactory selectivity and 

orthogonality were obtained by using different types of reversed-phase stationary 

phases in combination with mobile phases of different nature (i.e. ACN and MeOH) in 

the two dimensions. Optimization of the column diameters, flow rates and modulation 

times was described, with emphasis on maintaining good resolution and MS sensitivity 

and compatibility. By applying this strategy, the volume of the fractions collected from 

the 1D column was decreased, along with a change in solvent composition. This allowed 

more-narrow 2D columns to be used, while avoiding band broadening and splitting and 

greatly reducing the overall dilution of the analytes. Active modulation resulted in clear 

gains in signal intensities by a factor of 2.4 to 7.6, increased signal-to-noise ratios for 

steroid compounds by up to a factor of 7, decreased dilution factors and a greater 

number of detected compounds in the TIC (76 vs. 36) of a bovine-urine sample.  

The current setup can be further improved by more careful optimization of the 1D 

separation, for example to reduce the analysis time. In the present study numerous 

components were removed during the sample preparation steps, following the standard 

sample preparation procedure. Potentially, LC×LC may be used for the analysis of more-
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complex urine samples, simplifying the sample-preparation procedure and reducing the 

time and effort required. The developed method shows potential for untargeted 

screening of residues in bioanalysis of drugs and toxicants. After careful validation it may 

possibly be used on a routine basis for regulatory monitoring and doping control.  
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Abstract 

For the first time trapped ion mobility spectrometry (TIMS) was employed for the 

separation of the major lipid classes. The goal of the current study was a general 

assessment of the combined liquid-chromatography – trapped ion mobility-mass 

spectrometry (LC-TIMS-MS) platform for untargeted lipid mapping in human plasma. 

This approach is shown to provide more detailed information on complex samples in 

comparison with traditional liquid chromatography – mass spectrometry technology 

and it has the potential to elucidate the structures of the individual lipids. Tentatively, 

ten lipid classes were separated in a human plasma sample, disclosing about 800 

molecular features. Ion-mobility-derived collision-cross-section values were 

determined for a number of lipid standards. The main advantage of TIMS is the number 

of parameters that can be specifically adjusted for the target sample. This may be of 

fundamental interest for lipidomic analysis. The general effects of a number of 

influencing parameters have been inspected and possible directions for improvements 

are discussed. 
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1. Introduction 

One of the most complex and challenging research areas for modern analytical 

chemistry is metabolomics. The aim of metabolomics investigations is to trace changes 

in the chemical and biochemical compositions of all metabolites present in biological 

fluids and tissues. Lipidomics is a relatively young branch of metabolomics, which aims 

to characterize the complexity of lipids in biological matrixes. Lipids play an important 

role in biological processes. Their specific and characteristic profiles are linked to many 

human diseases, such as diabetes [1], Alzheimer’s disease [2], and cancer [3], and even 

to race, gender and smoking status [4].  

During the last decade, ion-mobility spectrometry (IMS) has proven to be a versatile 

technique for lipidomic analysis [5–8]. In ion mobility, molecules are separated in the 

gas-phase according to their charge, size and shape. The parameters are reflected in 

characteristic mobilities (K). From the analyte mobility a specific physicochemical ion 

parameter – the collisional cross-section area (CCS) – can be calculated. This may be 

used for compound characterization and identification, just as m/z values in mass-

spectrometry. 

There are four commonly used IMS techniques, i.e. conventional drift-time ion 

mobility (DTIM), traveling-wave ion mobility (TWIM), asymmetric-field ion mobility 

(FAIMS), and differential ion mobility (DMS). For a detailed description of each, their 

principles, advantages, limitations and applications, we refer the reader to recently 

published reviews [9,10].  

Coupling of IMS with a liquid chromatography – mass spectrometry (LC-MS) system 

provides an additional (third) dimension, separating analytes also by the size-to-charge 

ratio (Ω/z) of ions in the presence of neutral gas. Because the timescale of 

chromatographic separation (LC) is in minutes and that of mass-spectrometry (MS) is in 

microseconds, a rapid gas-phase separation, such as IMS with its millisecond timeframe, 

can be incorporated time-independently between LC and MS, resulting in increased 

specificity of lipids identification. 

Because of its high resolution power the combined LC-IMS-MS approach facilitates 

targeted lipid analysis for structural elucidation [6,11–13], isomer separation within a 

specific lipid class [14–18], determining positions of double-bonds in the fatty acyl 

chains [19], and the general separation of lipids by classes and subclasses [20–24].  

Trapped ion mobility spectrometry (TIMS) has been introduced relatively recently as 

an advantageous alternative technology to conventional IMS techniques [25–27]. In 

TIMS the ions are held stationary in an applied electric field, while the drift gas flows 

along the TIMS analyzer axis, towards the entrance of the drift tube. Instead of a 

stationary buffer gas as in DTIM or TWIM, TIMS uses a high flow of buffer gas that causes 

larger changes in ion trajectories by additional ion-neutral collision and “trapping” ions 

in the neutral gas phase according to their mobilities. The trapping and ejection of the 
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ions in the drift tube are controlled by the electrical field that may be adjusted according 

to application requirements, resulting in higher resolution and significant flexibility of 

this technique. Unlike for other IMS systems, the resolution power in TIMS does not 

have a theoretical limit, as it is not limited by the geometric length of the device [25,28]. 

The resolution depends on the range of parameters that may be tuned experimentally 

in conformity with the sample complexity and the analytical objectives. Moreover, the 

adjustable radial force - distinctive for TIMS - confines the ions, ensuring higher 

transmission and increased sensitivity. Furthermore, TIMS benefits from a relatively 

simpler calibration for determination of reduced mobility or collision-cross-section 

values, using internal or external standards for each set of experimental conditions. 

Overall, this technique excels in the separation of common interferences, providing 

higher throughput analysis, increased voltage scan rate and peak capacity and reduction 

of the chemical noise. 

Spectacular separations of single isomers and analytes with small differences in 

mass/mobility were achieved using TIMS, obtaining up to eight times higher resolution 

of peptides with respect to conventional IMS techniques [29,30]. Also, high-resolution 

separations of isomeric environmental metabolites [31], polyaromatic hydrocarbons 

[32,33], carotenoids [34] and proteins [35–37] were achieved. A considerable number of 

studies have been dedicated to separation of Tuning Mix calibration standards 

[25,27,28,38,39] focused on fundamental understanding of this reasonably new 

technique. However, the number of applications of TIMS to complex biological samples 

is limited to date [40,41].  

To the best of our knowledge, TIMS has not yet been applied for lipidomic analysis. 

The goal of our work was to develop an untargeted LC-TIMS-MS method, utilizing a 

prototype of this type of ion mobility instrument (TIMS), covering the separation of the 

major ten lipid classes in a complex human plasma sample. Fundamental aspects of the 

main factors influencing TIMS resolution for lipids have been investigated. 

2. Experimental 

2.1. Reagents and materials 

Acetonitrile (ACN), formic acid, methanol, methyl-tert-butyl-ether (MTBE) and 2-

propanol (IPA), all LC-MS grade, were purchased from Sigma-Aldrich (Steinheim, 

Germany). Water, LiChrosolv grade, was obtained from Merck (Darmstadt, Germany). 

Ammonium formate, 99% crystalline, was received from Alfa Aesar (Karlsruhe, 

Germany). Pooled human plasma was purchased from Biowest (Nuaillé, France). 
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2.2. Lipid standards 

For preliminary optimization of separations, a mixture of ten commonly targeted 

synthetic and natural extracted lipid standards was used (Differential Ion Mobility 

System Suitability LipidoMIX) (see Table 1). A stock solution of 100 mg/L was prepared 

in chloroform-methanol (2:1, v/v) and stored at -20°C. The working standard solution 

(10 mg/L) was obtained by evaporation of initial solvent and dilution in IPA-ACN-water 

(4:3:1, v/v/v). For the final multidimensional separation human plasma samples (90 µL) 

were spiked with 10 µL of a deuterium-labelled lipids mixture (SPLASH LipidoMIX Mass 

Spec standards) containing the major lipid classes in different concentrations. Both 

mixtures were purchased from Avanti Polar Lipids (Alabaster, AL, USA).  

2.3. Sample preparation 

A modified Folch method with MTBE/MeOH was used for the lipid extraction from 

human plasma [42]. Briefly, 300 µL of MeOH were added to 20 µL of the plasma and 

after short vortexing the solution was held at room temperature for about 10 min. Then, 

1000 µL of MTBE were added and vortexed for 10 min. Next, 270 µL of water were added 

and the mixture was vortexed for another 10 min. After the mixture was centrifuged for 

10 min at 13,000 rpm, the collected upper organic-phase layer was dried in a vacuum 

centrifuge evaporator. Extracted lipids were dissolved in 200 µL of IPA-ACN-water 

(4/3/1, v/v/v) for further analysis. 

2.4. Instrumentations and methods 

LC-TIMS-MS experiments were performed on a Dionex Ultimate 3000 ultra-high 

performance liquid chromatography system (ThermoFischer Scientific, Germering, 

Germany) coupled to a prototype ESI-TIMS-QTOF mass spectrometer (Bruker 

Daltonics, Bremen, Germany).  

For the LC separation an Acquity UPLC ethylene-bridged hybrid (BEH) C18 column 

(150 × 2.1 mm i.d., 1.7-µm particles; Waters, Milford, MA, USA) was used under the 

following conditions: flow rate 20 µL/min; injection volume 10 µL of human plasma or 1 

µL of standard mixture. Separations were performed at 65°C. Mobile phase A was 

ACN/H2O (60/40, v/v) and mobile phase B was IPA/ACN (90:10, v/v). Both A and B 

contained 10 mM ammonium formate. The separation was performed using the 

following gradient program: 40% B at 0 min, 0-167 min, 40 - 99%B, 167-168 min 99%B, 

in 0.1 min return to initial conditions and kept constant (168.1 – 190 min) for column 

equilibration. The total analysis time was 190 min.  

After LC separation the sample was introduced into an orthogonal ESI source (Bruker 

Daltonics) operated in positive ionization mode with a scan range of m/z 50 – 1000. The 

capillary voltage was 4700 V with end-plate offset -500 V. Nitrogen was used as a 

nebulizer gas at 0.5 bar, the drying gas was set to 4.0 L/min at a temperature of 180°C. 
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The acquisition rate was 6 Hz. For given m/z range of 350-950 the average resolving 

power in our experiments, RP (m/∆m, FWHM) was ≈ 14,200. 

Detailed information about the TIMS instrument can be found in the literature 

[25,26,28,35]. TIMS separation was performed using nitrogen as a bath gas at 300 K, the 

gas flow velocity was controlled by the difference between pressure at the entrance (P1) 

and the exit (P2) of the funnel. A difference (P1 - P2) of 1.9 mbar was used for all 

experiments. Operational parameters of the TIMS cell were investigated in the current 

study and finally were set as follows: voltage ramp ∆V = 130 V for the analysis with a 

wide range of mobilities; ramp time (separation time) 120 ms; RF amplitude 250 Vpp; 

accumulation time of a single analysis was 20 ms, acquiring 1400 ToF pulses per IMS 

scan. All data were summed across 380 analysis cycles, i.e. 30.3 s per cycle. Operation 

was controlled using two different computers. The first computer was used to control 

the LC system using Chromeleon 6.80 software (ThermoFischer) and the QTOF 

instrument using Compass 1.3 software (Bruker Daltonics), while the second computer 

controlled the TIMS tunnel via TIMS Data Viewer 1.4.0.27015 (Bruker Daltonics) and 

acquired the data. The Tuning Mix MS standards (Tunemix, G2421A, Agilent 

Technologies, Santa Clara, CA, USA) was used for mass and mobility calibration. 

Determination of reduced-mobility (K0) and collision-cross-sections (CCS) values was 

based on calibration standards with known mobilities (m/z 622, K0 = 1.013 cm2 V−1 s−1 and 

m/z 922, K0 = 0.835 cm2 V−1 s−1 ) [27]. The TIMS mobility calibration procedure and the 

methods of calculation can be found elsewhere [25,27,29,35].  

TIMS resolution was calculated from 

! = #
∆# =

%&'()%*+'(
∆% 				 (1) 

where -./01 is the elution voltage of the ion, which is a characteristic parameter for 

the mobility with a given same bath gas and velocity, and -201 is the voltage applied to 

the last electrode. ∆- is the width of the peak of half height.  

2.5. Data processing 

LC-TIMS-MS separations were interpreted by Compass DataAnalysis 5.0 software 

(Bruker Daltonics). For the feature extraction all raw data were converted to .mzXML 

files and exported into open-source MZmine 2 data-processing software [43], [44]. Mass 

detection, chromatogram builder, deconvolution isotopic grouper with following peak 

row filter, and RANSAC peak alignment were set with m/z tolerance of 0.005, retention 

time tolerance of 0.05 min and m/z range of 260 - 1000. Ion-adducts search and 

generation of the list of precursor ions were accomplished using the online MS-analysis 

tool (“General MS precursor ion search on multiple lipid classes” 

http://lipidmaps.org/tools/ms/lm_mass_form.php) using the online Lipid Maps 

database based on accurate m/z values (with 0.001 m/z tolerance) of lipidomic features. 
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Preliminary identification of the lipid species was performed manually by matching first-

dimension retention times and m/z values with mobility scan values for LC-TIMS–MS 

data. 

3. Results and discussion 

3.1. Liquid chromatography – mass spectrometry  

Reversed-phase LC (RPLC) has been widely applied in LC-MS-based lipidomic 

analysis [11], [45–52]. In RPLC, mobile phases (usually containing mixtures of water with 

organic solvents, such as ACN or MeOH) typically with addition of a strong solvent (e.g. 

2-propanol or THF) and elevated temperatures (e.g. 65° - 80°C) are used to ensure 

elution of the strongly retained lipids (TG and CE) from the column and to shorten the 

analysis time  [45,52–54]. The RPLC method development in the current study was 

based on the optimal conditions reported [53,55], modified as described above in 

Experimental. It is worth mentioning that the LC separation time of 190 min with the 

first-dimension flow rate 20 µL/min is far away from the optimal conditions for the 

current column. However, the flow rate was selected so as to obtain comparable first-

dimension LC separations for both multi-dimensional techniques (see Chapter 5 in this 

thesis). As modifier, 10 mM ammonium formate was used, since it was found to yield 

the higher signal intensity for the formed [M+NH4]+ adducts compared to [M+H]+ 

adducts for some lipid classes in positive ionization mode (ESI(+)) [57].  

A solution of ten pre-mixed synthetic lipid standards combined with natural lipids 

extracts was prepared to contain one representative of each lipid class. This mixture was 

used for the preliminarily optimization of the individual 1D separations (for 

abbreviations and details see Table S3 in Supporting information). Representative ions 

of the lipids classes SM, LPC, PC, PS, PE and CER were mainly detected as protonated 

[M+H]+ ions, while PI, PG, TG and DG were observed with higher abundance as 

ammonium adducts [M+NH4]+ in positive ionization mode. 

The overlaid extracted-ion chromatograms of the RP-(ESI+)-MS analysis of the 

mixture of lipid standards are shown in Fig.1a and the total-ion-current chromatogram 

of a lipids extract of human plasma separated under the same conditions is shown in 

Fig.1b. 



Comprehensive Lipidomic Analysis of Human Plasma: Part I: LC-TIMS-MS 

88 

 

 

Figure 1. RP-ESI-MS analysis of a: mixture of lipid standards (overlaid extracted-ion chromatograms; and b: 
lipids extract of human plasma (total ion chromatogram), detected in positive ionization mode. The 
separation conditions are reported in Experimental. Standards are: Lysophosphatidylcholine (LPC), 
Phosphatidylinositol (PI), Phosphatidylserine (PS), Phosphatidylglycerol (PG), Phosphatidylcholine (PC), 
Phosphatidylethanolamine (PE), Diacylglycerol (DG), Sphingomyeline (SM), Ceramide (CER), Triaglycerol 
(TG). (For analyte identification and selected ions see also Table 1). 

As can be seen from the chromatogram (Fig.1a) the mixture of lipid species showed 

a broad range of retention times, spanning the entire chromatogram. Retention 

increased in order of increasing hydrophobicity of the compounds and the elution order 

was in agreement with the literature [45,55,56]. Because the PS, PG, PE and PI lipid 

classes are typically better ionized in the negative ionization mode, relatively low 

intensities were observed in the present experiment. The separation of human plasma 

(Fig.1b), analysed under the same conditions, demonstrates a clear example of the 

sample complexity.  
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3.2. Trapped ion mobility – mass spectrometry  

A main advantage of TIMS is the large number of parameters that can be selected 

and optimized by the user for a specific application and analytical purpose. According to 

TIMS theory, the bath gas velocity, electric field ramp speed and RF amplitude are the 

main parameters to control resolution and overall separation performance [25]. The 

electric field range, applied on the tunnel of the instrument defines the mobility range 

of the trapped ions. Special care must be taken to understand the instrument voltage 

parameters during cross-section measurements. At a constant bath gas velocity, the 

resolution is directly related to the electric-field ramp speed (∆Vramp/tramp), i.e. the 

variation in differential potential across the tunnel with time.  A lower ramp speed gives 

a higher resolution. In practice, the ramp speed may be controlled either by reducing the 

ramp range ∆Vramp at a constant ramp time tramp or by increasing the ramp time without 

changing the potentials. It is worth to note, that the voltage range should be set in 

accordance with the objective of the analysis. For a high resolution, for example for the 

separation of geometric isomers, a narrow voltage range is preferred (“high-resolution 

separation”). In case general sample information is needed across a relatively broad 

range of ion mobilities, a broad voltage range will be more appropriate (“low resolution 

separation”). Hence, to accomplish the comprehensive non-targeted analysis of human 

plasma, parameters were optimized around a broad voltage gradient, so as to separate 

multiple lipid classes in one multidimensional run. All experiments for parameter 

optimization were performed in a so-called “shotgun” manner, directly infusing the 

diluted mixture of lipids standards at 20 µL/min flow rate into the TIMS-MS instrument. 

First, the strength of the electric field gradient (EFG) was varied, i.e. the potentials at 

the start and the end of the TIMS analyzer section at a constant ramp time of 45 

milliseconds. The effect of the EFG on the position and resolution of lipid standards at 

various points in the mobilograms (voltages indicated for each case by numbers in grey 

colour) is depicted in Fig.2 (a-e). Decreasing the EFG strength ∆Vramp from 250 to 80 and, 

consequently, the ramp speed (indicated in the figure) led to an observable gain in 

resolution and a good coverage of the separation space at a ramp speed of 2.9 V/ms 

(Fig.2 case d). However, a lower speed is not always better. Selecting an appropriate 

starting voltage is no less important than selecting an appropriate (low) ramp speed. A 

high starting value (e.g. -150 V, Fig.2e) prevents the bigger ions from being trapped, 

leading to a “wrap-around” effect. 
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Figure 2. Schematic illustration of the effects of electric field gradient and the starting and ending voltages 
(cases a-e) of the TIMS tunnel on separation of lipid standards. tramp was kept constant (45 ms). 

After the range of the EFG was defined, its duration (tramp) was studied. Fig.3 shows 

the variation of resolution as a function of ramp time for a mixture of lipid standards. As 

an example, four lipid standards belonging to different lipid classes with a reasonable 

difference in molecular weights are shown. Similarly to a previous investigation [26], an 

increase in ramp time led to an increase in resolution. 

The analysis of the major lipid classes presented here encompasses an additional 

challenge in comparison with previously reported analyses of the tuning standards or 

biomolecules, in which a higher TIMS resolution was obtained [27], [33]. This can be 

explained by, first, the shallow electric field gradient applied, covering a broad range of 

voltages, but a priori sacrificing resolution. Secondly, the molecular structures of these 

compounds with long alkyl chains are bulky, causing these molecules to rotate 

indefinably under applied electric field. They hardly form compact structures in the gas 

phase and, therefore, give relatively broad tailing peaks which contribute to the lower 

resolution. A similar tendency has been investigated by May et al., who reported that 

lipids exhibit the largest CCS values among the other biomolecules because of the their 

inability to form packed, self-solvated structures in the gas-phase [21]. Additionally, 

according to TIMS theory [25], resolving power is linearly dependent on the bath gas 
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velocity. It can be controlled by varying the pressure differences at the entrance (P1) and 

the exit (P2) of the TIMS analyzer. Furthermore, reducing the bath gas temperature will 

cause the ion diffusion to decrease and the resolution to increase. Therefore, by 

increasing the velocity of the gas and decreasing the temperature the TIMS separation 

performance could be further improved. However, in the current pre-commercial 

research instrument we were not able to manipulate bath-gas parameters.  

The RF amplitude (Vpp) plays an important role as a radial force that confines ions 

and prevents diffusion between the walls of the TIMS analyzer. With increased RF 

amplitude the clouds of ions are pushed toward the centre and a higher abundance of 

ions can be observed [57]. Fig.4 shows an example of the variation of signal intensities 

with increasing RF amplitude. Up to a radial force of 150 Vpp ions diffuse and get 

neutralized by collisions with the walls. Therefore, no signal was recorded. With 

increasing RF amplitude ions are better confined and relative abundances of the ion 

signals (with their different inherent ionization efficiencies) increase. Thus, the higher 

the RF amplitude, the more it affects larger molecules. An RF amplitude of 250 was 

found to be sufficient for all lipid classes.  

  

Figure 3. Dependence of TIMS resolution  
(see equation 1) on the ramp time for a mixture 
of lipid standards. Solid lines are the linear-
regression lines through the experimental 
data. 

Figure 4. Relative ion signal as a function of RF 
amplitude applied for a mixture of lipid standards. 

The optimized experimental parameters discussed above were next tested by 

coupling TIMS with RPLC as a first separation dimension. A spectrum of ion intensity 

plotted against mobility (or scan number in our case) is typically called a “mobilogram”. 

An example is shown in Fig.5. TIMS separation of the mixture of ten lipid standards was 

achieved. Peak assignment and analyte details are provided in Table 1. Within a specific 

class and between classes the general trend is that lipids with increasing m/z values show 

decreasing mobilities. Because of their lower mobility, bigger ions require a stronger 

electric field to be trapped. Therefore, they are pushed further by the gas into the 

analyser (nearer to its exit) and, consequently, they elute first. The mobilograms 

obtained in our study were automatically inverted by Data Analysis software. Thus, 
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lipids with a molecular weight lower than that of LPC (m/z = 522.3) appear first, followed 

by the standards with higher m/z values. TG (m/z = 902.8) is eluted last.  

It is impossible to determine CCS values from the obtained mobilograms using 

straightforward calculations.  Therefore, analogous to the situation in TWIM, a 

calibration has to be performed for data interpretation. The measured mobilities of the 

standards were converted to the reduced mobility values (K0) and collision cross sections 

(CCS) shown in Table 1. Reduced mobility, i.e. ion mobility normalized for temperature 

and pressure, is a standard means to report IMS results. 

 
Table 1. List of lipid standards, used for optimization steps in this study, their detection details and calculated 
K0 and CCS values.  

 

a Ref. [58]; b Ref. [22]; c Ref. [17]. 

The external calibration performed in this study is described in Experimental. 

Calculated values reported in Table 1 are in agreement with the values obtained in 

previous studies reported in the literature  [17], [59], [60] for the same lipid species, 

indicating that the choice of the calibrant may not have as significant impact on CCS 

values observed with TIMS as it does for the TWIMS-MS platform [61,62]. The ability to 

use non-specific and non-lipid calibrants is a considerable advantage of the TIMS-MS 

technique, as it provides the opportunity to rapidly build a comprehensive database of 

CCS values for large datasets in untargeted lipidomics analysis. However, a systematic 

evaluation of the accuracy of the obtained CCS values was not within the scope of the 

present study. 
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Figure 5. Extracted-ion mobilogram for the mixture of lipid standards separated by LC-TIMS-MS under the 
optimized conditions. For analyte identification and selected ions see also Table 1. 

3.3. LC-TIMS-MS separation of human plasma 

The chromatographic separation of a human plasma sample was enhanced by 

incorporating a TIMS stage between LC and MS, performing analyses under optimized 

conditions (as described above). This resulted in the LC-TIMS-MS heat map shown in 

Fig. 6 (acquired in positive ionization mode). The data were plotted as a 2D graph with 

mobility scan values versus LC (first dimension) retention time in order to demonstrate 

the achieved separation performance of both dimensions. This clearly demonstrates a 

highly informative separation of the complex sample, revealing a great number of 

compounds with equal retention times, but separated in the ion-mobility dimension. It 

has been shown that large structural differences exist, especially between glycerolipids 

(i.e. TG, DG) and sterol lipids (i.e. cholesterol derivatives, CE). The analysis of LC-TIMS-

MS data revealed approximately 800 molecular features. The extraction of features was 

based on present information on accurate m/z values and retention times.  

The tentative assignment of individual lipid classes was based on direct correlation 

of the LC, IMS and MS data of the isotopically labelled internal lipid standards belonging 

to ten lipid classes spiked with the plasma. The assigned regions for CE were also based 

on detection of high-intensity characteristic ions with m/z 369.35. The experimentally 

derived detection information, calculated reduced mobility, and collision-cross-section 

values for the labelled internal standards added to human plasma samples for LC-TIMS-

MS measurements are listed in Table S3 (Supporting information). The identified lipid 

species belonging to the major lipid classes are listed in Table S4 (Supplementary 

Material). 
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Figure 6. LC-TIMS-MS separation of human plasma under optimized conditions acquired in positive ionization 
mode. Tentative regions are assigned to different classes of lipids (abbreviations as in Table 1). 

The accurate identification of unknown lipid species would additionally require 

MS/MS experiments. In future work, such data, in combination with CCS databases 

should allow identification of lipids with a good deal of certainty. However, this was 

beyond the scope of the present study, in which we limited ourselves to estimating the 

region of elution of certain lipid classes and counting the features presents, aiming to 

qualitatively assess the separation power of the LC-TIMS-MS technique. 

It is worth mentioning that lipid identification from this type of separation is still a 

challenge. Among the molecular features found are a large number of different ion 

adducts that are separated in gas-phase, but belong to the same compound. This 

provides additional confirmation of lipid identity, but has to be taken into account 

carefully when interpreting the data.  

Conclusions 

In this work we developed a three-dimensional reversed-phase LC - trapped-ion-

mobility spectrometry (TIMS)-MS method and applied it for untargeted separation of 

lipids in human plasma samples. Including the TIMS stage led to the separation of the 

major classes of lipids, revealing about 800 molecular features and potentially offering 

excellent possibilities for lipid-biomarker discovery studies. 

LC-TIMS-MS exposes details of the structural diversity of, for instance, the 

cholesterol derivatives, which may be beneficial for studies focused on changes in 

cholesterol levels. We focused on the analysis of multiple lipid classes and, therefore, we 

employed a wide voltage range. Maximizing the resolving power of TIMS was not the 

objective of this study. The observed resolving power (up to a resolution of about 50) 

under the present optimized experimental conditions did not significantly exceed what 

can be achieved with more traditional approaches, such as RP-TWIM-MS [60].  Higher 

resolution might be achievable if the instrument was to allow manipulation of the gas-

phase velocity. The identification power may be enhanced by developing databases that 
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contain CCS values, accurate masses, and retention times. It has been shown that 

collisional cross sections can be determined from TIMS data employing a simple 

external calibration. This shows great promise for lipid-discovery studies, providing 

high-throughput lipidomic-screening workflows. Because of the low trapping efficiency 

of the prototype of TIMS-MS instrument and, consequently, limited sensitivity, a 

considerable amount of the plasma sample was injected in our study. Much higher 

sensitivity can be achieved with already commercially available instruments.  

Despite a strong correlation between ion mobilities and m/z values, the possibility of 

separation of compounds with similar masses was observed (results are not shown). This 

indicates the usefulness of both TIMS and MS stages in multidimensional separations. 

In Chapter 5 of this thesis the combined liquid-gas-phase separation (LC-TIMS-MS) 

approach will be examined from a perspective of multidimensional separations. 

Evaluation parameters, such as orthogonality, peak capacity, and separability are 

discussed in detail. 
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Abstract 

Recent advancements in separation science have resulted in the commercialization 

of multidimensional separation systems that provide higher peak capacities and, hence, 

enable a more-detailed characterization of complex mixtures. In particular, two 

powerful analytical tools are increasingly used by analytical scientists, namely online 

comprehensive two-dimensional liquid chromatography (LC×LC, having a second-

dimension separation in the liquid phase) and liquid chromatography-ion mobility-

spectrometry (LC-IMS, second dimension separation in the gas phase).   

A comprehensive two-dimensional liquid chromatography – mass spectrometry 

(LC×LC-MS) method has been developed in the current study for lipidomic profiling of a 

complex biological sample, i.e. human plasma. Ten major lipid classes were successfully 

separated. The three dimensions allowed a peak capacity of approximately 10
5 

and 

revealed about 1100 molecular features.  

The goal of the current study was a general assessment of the liquid-

chromatography – trapped-ion-mobility – mass spectrometry (LC-TIMS-MS) and 

comprehensive two-dimensional liquid chromatography – mass spectrometry (LC×LC-

MS) platforms for untargeted lipid mapping in human plasma.  

We aimed to provide a general indication and practical guidelines for the analyst to 

choose an efficient multidimensional separation platform according to the particular 

requirements of the application. Analysis time, orthogonality, peak capacity, and an 

indicative measure for the resolving power are discussed as main characteristics for 

multidimensional separation systems. 
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1. Introduction 

Lipidomics is the lipid-targeted branch of metabolomics that plays an essential role 

in the global biomarker screening for many diseases. Lipids were found to be involved 

in biochemical processes, cell functions and structures, and signalling changes related 

to human health [1–3]. Therefore, comprehensive analysis of lipids is gaining increased 

attention. This development is reinforced by recent advancements in separation 

technology.  

The objective in untargeted analysis is to gain as much information and insight in 

sample composition as possible. The typical analysis platform used to resolve the high 

diversity of lipid species is liquid chromatography (LC) coupled to high-resolution mass 

spectrometry (HRMS) [4–7]. However, in lipid samples very large numbers of isobaric 

compounds are present, which show a high tendency to co-elute. Co-eluting 

compounds have potentially very different structures and ionization efficiencies, and 

they may occur in very different concentrations. This results in the suppression of lower-

abundant species in the ionization chamber of the MS. As a result, LC-MS, despite the 

great resolution and mass accuracy, will generally lead to loss of biologically important 

information in the characterization of lipid samples. Therefore, lipidomic analysis 

requires a combination of several different platforms.  

An example of a multidimensional approach that provides an increased separation 

power in the analysis of highly complex mixtures is comprehensive two-dimensional 

liquid chromatography (LC×LC). In LC×LC the combination of different column 

selectivities enables the separation of the components of lipid mixtures according to 

their chemical structures. One of the main requirements in developing a successful 

comprehensive LC×LC method is to exploit two separation mechanisms that are as 

different as possible. This results in a high occupation of the entire separation space. 

Lipid extracts consist of components with a great variety of polarities (covering non-

polar and polar classes) with a considerable molecular diversity within a given class. 

Reversed-phase liquid chromatography (RPLC) (e.g. using octyl- (C8) or octadecyl- 

(C18) types of stationary phases) offers a high selectivity in differentiating the degree of 

hydrophobicity of fatty acids alkyl chains. It has been successfully used in a large number 

of non-targeted lipid analyses [8–10] and it has been the method of choice in more than 

70% of all publications on LC-MS-based lipidomic analysis [11]. Another LC separation 

mode used to characterize lipids is normal-phase LC (NPLC) [4,12–16]. In this technique 

the selectivity is such as to distinguish lipids according to the different polarities of their 

head groups. Because of the amphiphilic nature of the molecules, RPLC×NPLC is an 

obvious combination to consider. However, significant solvent-immiscibility issues  arise 

when trying to realize on-line coupling of RPLC and NPLC with state-of-the-art (loop-

type) LC×LC interfaces [17]. Such issues may possibly be overcome by evaporation of 

the solvents in off-line LC×LC [18]. Online coupling may be realized using solvent 
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evaporation [19,20], by changing the sample solvent based on thermal effects [21] or by 

using adsorptive traps [22]. However, on-line RPLC×NPLC coupling tends to require 

sophisticatedly engineered interfaces.  

Hydrophilic-interaction liquid chromatography (HILIC) is an increasingly popular 

alternative to NPLC. It features similar selectivity [12], but does not have significant 

solvent-compatibility issues when combined with RPLC, because HILIC employs 

aqueous-organic mobile phases containing considerable amounts of water. Moreover, 

HILIC tends to show a better repeatability, shorter equilibration times and longer 

column life times than traditional NPLC, due to the presence of buffers, which prevent 

column degradation [7,23,24]. RPLC and HILIC form an increasingly common 

combination that provides high selectivity and reasonable mobile-phase compatibility. 

Hence, this combination was chosen for our study. Combinations with HILIC in  the first 

dimension (HILIC×RPLC) are commonly used, either in off-line or stop-flow modes 

[18,25–28]. Off-line approaches allow optimization of both dimensions almost 

independently and, thus, to achieve maximum performance without the time-

limitations encountered in the comprehensive on-line approach. However, use of RPLC 

in the first dimension may be more advantageous for on-line coupling, as there are much 

more variations in the non-polar fatty-acid moieties of lipids that determine 

hydrophobic interaction in RPLC compared to the polar head group structures. The first-

dimension separation allows a longer run time and, thus, provides more separation 

power. Because of the lower number of classes and large differences in polarity between 

the lipid classes, separation in HILIC can be achieved faster and on shorter columns [7], 

[29]. Therefore, in our study reversed phase was used in the first-dimension and HILIC 

in the second dimension. 

In comprehensive two-dimensional analysis high peak capacities require rapid 

second-dimension separations. Therefore, a rapid gas-phase separation, such as ion-

mobility spectrometry (IMS) offers an attractive alternative. Apart from the additional 

resolving power for molecules based on their size-to-charge ratio, the advantage of IMS 

is a very short cycle time. This allows a sufficient number of cuts per peak to be taken, 

avoiding undersampling of the first dimension separation. 

In a previous study (see Chapter 4 of this thesis) we developed a three-dimensional 

method based on coupling of liquid chromatography with trapped ion mobility - mass 

spectrometry (LC-TIMS-MS) and applied it for untargeted analysis of lipids in human 

plasma. In the current work a three-dimensional LC×LC-MS method (coupling RPLC 

with HILIC) was developed and both techniques were evaluated in practice from a 

comprehensive untargeted lipidomics-profiling perspective. The strengths and 

weaknesses of these two different analytical strategies are discussed.  
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2. Experimental 

2.1. Reagents and materials 

Acetonitrile (ACN), methanol (MeOH), formic acid, 2-propanol (IPA), and methyl-

tert-butyl-ether (MTBE), all LC-MS grade, were purchased from Sigma-Aldrich 

(Steinheim, Germany). Water, LiChrosolv grade, was obtained from Merck (Darmstadt, 

Germany). Ammonium formate, 99% crystalline, was received from Alfa Aesar 

(Karlsruhe, Germany). Pooled human plasma was purchased from Biowest (Nuaillé, 

France).  

2.2. Lipid standards 

For preliminary optimizations a mixture of ten commonly targeted synthetic and 

natural extracted lipid standards was used (Differential Ion Mobility System Suitability 

LipidoMIX; see Table 1). A stock solution of 100 mg/L was prepared in chloroform-

methanol (2:1, v/v) and stored at -20°C. The working standard solution (10 mg/L) was 

obtained by evaporation of the initial solvent and re-dissolving in IPA-ACN-water (4:3:1, 

v/v/v). For the final multidimensional separations, human plasma samples (90 µL) were 

spiked with 10 µL of a deuterium-labelled lipids mixture (SPLASH LipidoMIX Mass Spec 

standards) containing the major lipid classes in different concentrations, comparable 

with those encountered in human plasma. Both mixtures were purchased from Avanti 

Polar Lipids (Alabaster, AL, USA).  

2.3. Sample preparation 

The extraction method for lipids from the human plasma followed a previously 

described procedure, based on a modified Folch method with MTBE/MeOH [30]. In brief, 

300 µL of MeOH were added to 20 µL of the plasma and after short vortexing the 

solution was held at room temperature for about 10 min. Then, 1000 µL of MTBE were 

added and vortexed for 10 min. Next, 270 µL of water were added and the mixture was 

vortexed for another 10 min. After the mixture was centrifuged for 10 min at 13,000 rpm, 

the collected upper organic-phase layer was dried in a vacuum centrifuge evaporator. 

Extracted lipids were dissolved in 200 µL of IPA-ACN-water (4/3/1, v/v/v) for further 

analysis. 

2.4. Instrumentations and methods 

LC×LC-MS experiments were carried out on an Agilent 1290 Infinity system (Agilent 

Technologies, Waldbronn, Germany), consisting of an Agilent 1100 HPLC binary pump 

(G1312A) for the first dimension and an Agilent Infinity 1290 UPLC binary pump 

(G4220A) for the second, a thermostatted column compartment (G1316C) with 2-

position/6-port ultra-high pressure valve head (1,200 bar) and a Valve Drive (G1170A) 
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with 2-position/4-port-duo valve (2D-LC Valve Head, 1,200 bar) equipped with two 

identical 20-µL sampling loops. Agilent modules were controlled using Agilent 

Chemstation C.01.07 software.   

For the first-dimension separation an Acquity UPLC ethylene-bridged hybrid (BEH) 

C18 column (150 × 2.1 mm i.d., 1.7-µm particles; Waters, Milford, MA, USA) was used 

under the following conditions: flow rate 20 µL/min; injection volume (Vinj) 10 µL of 

human plasma or 1 µL of standard mixture, respectively. Separations were performed 

at a temperature of 65°C. Mobile phase A was ACN/H2O (60/40, v/v) and mobile phase 

B was IPA/ACN (90:10, v/v). Both A and B contained 10 mM ammonium formate. The 

separation was performed using the following gradient program: 40% B at 0 min, 0-167 

min, 40 - 99%B, 167-168 min 99%B, in 0.1 min returned to initial conditions and kept 

constant (168.1 – 190 min) for column re-equilibration. The total analysis time was 190 

min.  

For the second-dimension separation an Acquity BEH UPLC HILIC column (50 × 2.1 

mm i.d., 1.7-μm particles; Waters) was used under the following conditions: flow rate 2 

mL/min; column temperature 40°C. Mobile phase A was an aqueous solution of 10 mM 

ammonium formate and mobile phase B was acetonitrile. The separation was 

performed using the following gradient program: 95%B at 0 min; 0 - 0.01 min, from 95% 

to 90%B; 0.01 - 0.8 min 80%B and 0.81 - 1min, 95%B (re-equilibration). The post-column 

flow was reduced through a T-piece union with splitting ratio of 1:3 prior to detection. 

The modulation time was 60 s. 

MS detection was performed on an Agilent 6540 Ultra-High-Definition Accurate-

Mass Quadrupole Time-of-Flight (Q-TOF) mass spectrometer equipped with a 

Jetstream Electro Spray Ionization source (Agilent Technologies, Santa Clara, CA, USA). 

Measurements were carried out in the positive ionization mode with a scan range of m/z 

50 to 1000 and a scan frequency of 6 Hz. The capillary voltage was set at 3500 V, 

nebulizer gas (nitrogen) at 35 psig (2.4 bar), with a sheath-gas flow rate of 7.5 L/min at 

350°C and a drying gas flow rate of 10 L/min at 300°C. The Q-TOF was calibrated on a 

daily basis using the ESI Tuning mix mass spectrometry standard (Tunemix, G2421A; 

Agilent). 

2.5. Data processing 

LC×LC-MS data analysis and visualization were performed using GC Image R 2.5 

software (GCimage, Lincoln, NE, USA). LC-TIMS-MS separations were interpreted by 

Compass DataAnalysis 5.0 software (Bruker Daltonics). For the feature extraction all raw 

data were converted to .mzXML files and exported into open-source MZmine 2 data 

processing software [31],[32]. Mass detection, chromatogram builder, deconvolution 

isotopic grouper with following peak row filter, and RANSAC peak alignment were set 

with m/z tolerance of 0.005, retention time tolerance of 0.05 min and m/z range of 260 

– 1000.  Ion-adducts search and generation of the list of precursor ions were 
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accomplished using the online MS-analysis tool (“General MS precursor ion search on 

multiple lipid classes”) using the online Lipid Maps database based on accurate m/z 

values (with 0.001 m/z tolerance) of lipidomic features [33]. Preliminary identification of 

the lipid species was performed manually by matching first-dimension retention times 

and m/z values with the second-dimension retention times for LC×LC-MS data and 

mobility scan values for LC-TIMS-MS data, respectively.  

3. Results and discussion 

3.1. Optimization of RPLC×HILIC-MS separation 

In LC×LC methods the total analysis time is typically taken to be equal to the first 

dimension separation time, while the second-dimension time is chosen such as to 

ensure that the first-dimension peaks are sampled at least 2 or 3 times [34,35]. In order 

to keep both multidimensional methods (i.e. LC×LC-MS and LC-TIMS-MS) comparable, 

the chromatographic experimental conditions for the reversed-phase separation in the 

first dimension were identical to those used in our previous work on the RPLC-TIMS-MS 

separation of human plasma. The total-ion chromatogram of the first-dimension 

separation of human plasma is illustrated below (see Fig.3, top trace).  

The selected mobile phase (acetonitrile to water gradient with ammonium formate 

buffer) yielded an efficient HILIC separation, while being compatible with mass 

spectrometry. During the development of the second-dimension separation, the peak 

capacity was investigated as a function of the gradient time (tg/t0) and the linear velocity 

(ʋ, mm/s) (Fig. 1a and 1b). The experimental study showed an approximate square-root 

dependence of the peak capacity on the gradient time, whereas increasing the flow rate 

only led to a minor decrease in peak capacity.  

 

Figure 1. Effect of the gradient time (a) and of the linear velocity (b) on the peak capacity of the second-

dimension HILIC separation. Conditions: mobile phase A: 10 mM ammonium formate, B: ACN, Linear gradient 

from 95 to 80% B, Vinj = 1 µL, T = 40°C, ESI (+) detection.  (a) 2 mL/min (ʋ = 13.7 mm/s); (b) constant tg/t0 of 13. 

In on-line LCxLC, the second-dimension separation time is critically important. The 

total analysis time of the second-dimension (including the gradient and the necessary 

re-equilibration time) is equal to the sampling time of fractions from the first-dimension 
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effluent. As shown in Fig.1b, longer gradients result in greater separation power. The 

second-dimension (
2
D) separation is supposed to be fast to ensure sufficient sampling 

of the peaks eluting from the first-dimension (typically 2-3 cuts per peak), while it should 

also provide a good deal of separation power (peak capacity). It must be kept in mind 

that faster gradients lead to poorer resolution and that insufficient equilibration time 

may impact the quality and repeatability of the separation. Therefore, a compromise 

should be struck between the duration of the gradient, the equilibration time and the 

total sampling time.  

Our optimization resulted in a 
2
D separation with a cycle time of 1 min when 

operating at a flow rate of 2 mL/min. In contrast with RPLC, HILIC provides a separation 

by classes of polar head groups, with the more polar classes being more retained. As 

shown in the chromatogram of Fig.2a compounds that belong to non-polar lipid classes 

(i.e. DG, TG and CER) elute first, close to the column dead volume (t0), while more polar 

classes (PE, PC, PS, SM, LPC etc.) are resolved according to their polarity. In contrast to 

the investigation that have been recently reported by Holčapek et al. [29], the 

limitations due to the short lifetime of the fully porous 
2
D column (Acquity UPLC BEH 

HILIC) was not observed. Moreover, using smaller 
2
D column i.d. (2.1 mm) in this study 

allowed to achieve an efficient separation of lipid standards with higher peak capacity 

(nc = 8 vs. nc = 4.5) employing lower flow rate and decreasing the split ratio prior MS, 

which is beneficial for enhancing the sensitivity of the method.  

 

Figure 2. Class separation of lipids by HILIC-ESI-MS, detected in positive ionization mode.  

a: mixture of lipids standards (overlaid extracted-ion chromatograms); b: lipids extract of human plasma 

(total-ion chromatogram). For separation conditions see Experimental. For analytes’ abbreviations and 

identification see Table 1. 
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Table 1. List of lipids standards and their detection details, used for optimization purposes in this study 

 

a
 The lipid notation follows the recommended shorthand nomenclature according to [36]. 

As can be seen in the chromatogram resulting from the separation of the human 

plasma (Fig.2b), fast HILIC gradients on short columns (50 mm) do not provide high-

resolution separations of the sample within the one-minute time frame. As shown in Fig. 

2a, this provides a class-type characterization of the lipids, providing limited peak 

capacity. However, it contributes additional selectivity that is essentially 

complementary to RPLC for comprehensive two-dimensional liquid chromatography 

(LC×LC) analysis. 

The optimized on-line RP×HILIC analysis was further applied for the separation of a 

lipids extract of human plasma (Fig.3). In untargeted lipidomic studies internal standards 

are commonly used to enhance the robustness (i.e. mass accuracy and retention-time 

precision) of the analysis and to estimate the recovery [37,38]. For the latter quantitative 

purpose, exogenous or isotopically labelled internal standards are typically used to avoid 

any possible overlap with endogenous species already present in the sample [39]. A 

cocktail of deuterated lipids was added to the human plasma extract to obtain additional 

information for initial classification of molecular species. 

Because of the extremely large variations in concentrations of the various lipid 

species present in the plasma sample and because of background interferences, the raw 

LC×LC chromatograms do not provide a good illustration of the actual separation. 

Several data-treatment steps had to be performed before an acceptable visualization 

was attained. The obtained total-ion chromatograms were imported in MZmine 2 

software, the most intense peaks in the spectra belonging to each lipid class (roughly 

150 components) were selected and the associated m/z values were imported in the GC 

Image software for further extracted-ion chromatograms (EICs) from the TIC. The 

summation of all EICs is shown in Fig.3. 
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Figure 3. Reconstructed LC×LC chromatogram (sum of extracted-ion chromatograms) of lipids extract from 

human plasma separated by RP×HILIC-ESI (+)-MS under optimized conditions. Top trace: The total ion 

chromatogram of the first-dimension separation of human plasma. Tentative regions in the LC×LC 

chromatogram are assigned to different classes of lipids based on retention times of tentatively identified 

molecular features in conjunction with retention times of internal standards added to the sample. 

Chromatographic and detection conditions are given in Experimental section. 

The preliminary identification was performed based on matching the measured 

accurate m/z values with the publicly available online Database of Lipid Maps (LMSD) 

[33], in combination with the retention times in the first and second dimensions, and 

supported by retention times of the isotope labelled lipid standards added to the plasma 

sample (Table S3, Supplementary Material). 

In total, about 100 lipid species, belonging to the major lipid classes were tentatively 

assigned (see Table S4 in supplementary materials to the Chapters 4 and 5). For both 

methods described here species were tentatively identified with reasonable confidence. 

A much-more-thorough identification may be performed in the future using tandem 

mass spectrometry (MS/MS) for structural confirmation.  

In fairness, similar results can be achieved within shorter analysis time (typically less 

than 30 min [11]) by utilizing UPLC separation technology. Beccaria et. al. succeeded in 

identifying more than 100 lipids within 20 min using a UPLC-MS platform [40] and more 

than 280 species were discovered by Castro-Perez et al. with a run-to-run time of 15 min 

[41]. Ion-mobility-based separation approaches offer even faster analysis with high 

separation performance due to its fast duty cycle. About 200 lipids or/and their isomers 

were determined in 10-20 min [42–45] in combination with LC or in milliseconds by 

direct-infusion IMS [46,47].  

However, the aim of the current study was not to compete with the highest number 

of identified lipids as well as do not develop the fastest analysis from the pure lipidomics 
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perspective. We intended to compare the theoretical separation power of the two 

multidimensional separation techniques that are currently gaining popularity. Thus, in 

order to keep the first-dimension chromatographic methods comparable, the RP 

separation was chosen such as to meet the requirements of a first-dimension separation 

for LC × LC, resulting in a rather long analysis time and sub-optimal LC separation 

conditions. 

3.2. Comparison of multidimensional separations of human plasma 

3.2.1. Orthogonality 

The term “multidimensional separations”, whether it is multidimensional 

chromatography or hyphenation of different separation techniques, assumes that the 

components are subjected to two or more separation mechanisms. If there is a high 

correlation between the resulting retention times, the full potential of the system is not 

realized and it may be more effective to perform a fully optimized less complex 

separation (such as LC-MS). Therefore, orthogonality is one of the most crucial factors 

when performing n-dimensional separations. 

Introducing a third dimension between LC and MS, we were interested to 

characterize the degree of orthogonality of this additional dimension relative to the 

other two. Visual inspection of chromatograms of analysis of human plasma (illustrated 

in Fig.3 above and Fig.6 in Chapter 4 of this thesis) showed a good coverage of separation 

space within the confines of two separation dimensions (e.g. RPLC vs. HILIC and RPLC 

vs. TIMS). For clarity and simplicity, the complementarities between first and a second 

dimension were visualized by plotting normalized retention times of the lipid standards 

in HILIC or normalized mobility values from TIMS (Fig.4) as a function of retention times 

in the (first-dimension) RPLC separation. The degree of orthogonality was estimated 

using the asterisk approach [48], which indicates the spreading of peaks around the 

separation space and is expressed as a percentage in the plots for each case (where 

completely orthogonal system corresponds to A0 of 100%). The graphs illustrating the 

surface coverage of ten lipid standards provides a rough idea of the selectivity of the 

combined separation dimensions.  

The RPLC×HILIC combination provides a separation based on physico-chemical 

properties of compounds, which relates, for example, to the fatty alkyl chain lengths and 

to the polar head groups (lipid classes). The main lipid classes (Fig.4a) give rise to an 

asterisk value (A0) of 44%. The analysis by ion mobility implies a differentiation based 

on more physical properties of molecules, i.e. a cross-sectional area, related to the 

molecular size and shape. A good degree of orthogonality was observed between RPLC 

and TIMS, indicating even higher A0 (64%) than obtained with RPLC×HILIC (Fig. 4b). In 

order to study the separation mechanism of TIMS, its correlation with the HILIC 

dimension was also examined (Fig.4c). The elution order of the lipid species showed no 
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significant correlation between the two mechanisms. Exceptions were observed for 

diacylglycerol (DG), which eluted first in both cases (as a smallest and one of the most-

polar molecule in the present sample) and the completely overlapping signals of SM and 

PI (because of the small difference in molecular weight and the similar polarity of these 

compounds). Nevertheless, the findings above illustrate that a good complementarity 

could be achieved by combining TIMS with either RPLC or HILIC. 

    

Figure 4. Graphs illustrating the coverage of 

separation spaces by the lipid standards using 

RPLC×HILIC (a), RP×TIMS (b) and HILIC×TIMS (c). 

Normalized retention times or mobility values are 

plotted. The indicative degrees of orthogonality 

(asterisk values, A0) are indicated on the graphs 

for each case. 

Figure 5.  Illustration of the correlation between MS 

and HILIC (a), TIMS (b), and RP (c) in the analysis of 

lipid standards. The tentative estimations of the 

degree of orthogonality (asterisk values, A0) are 

indicated in the upper right corner for each graph. 

 

The role of the MS dimension is crucial in both three-stage hyphenated systems. 

Therefore, a simplified approach to evaluate the orthogonality, as well as the peak 
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capacity of MS was also considered in this study. The correlations of the second and 

third dimensions (i.e. HILIC vs. MS and TIMS vs. MS) could be depicted plotting 

retention-time values of the standards mixture (and mobility values obtained directly 

from the mobilogram) against their m/z values (Fig.5). As described in the optimization 

section, HILIC provides limited selectivity between lipid classes. However, its separation 

mechanism has a high degree of orthogonality with respect to MS. 

As the mobility of ions is related to their size and, to a large degree, to their mass, 

the ion mobility separation is highly correlated to MS as can be clearly seen in Fig.5b. 

Fig. S4 shows the 2D IMS-MS plot of a human plasma sample, demonstrating the strong 

mobility-mass-correlation and, consequently, poor orthogonality. This strong 

correlation may affect the overall separation power (see discussion in the next session) 

and it may complicate analyte identification. Thus, 100 lipid species were identified by 

LC×LC-MS analysis, but only about 55 by LC-TIMS-MS. The identity of the closely 

eluting compounds (e.g. lipids belonging to SM, PC and PE classes with similar m/z range 

and, therefore, mobilities) was more difficult to establish when relying on the second 

(TIMS) separation dimension. Because of the orthogonality of RP and HILIC, the 

allocation of these classes using LC×LC-MS was more straightforward. The same 

tendency may be observed with LPE and LPC classes (see detection information for the 

deuterated lipid standards in Table S3). 

3.2.3. Peak capacity and separability 

Peak capacity is a theoretical number of peaks that could be separated with a given 

resolution under a given set of conditions. It is one of the most important parameters to 

evaluate separation power. The theoretical estimation of the peak capacity for 

combined LC-IMS-MS and LC×LC-IMS-MS  approaches was recently described by 

Causon and Hann for non-targeted analysis strategies [49]. A theoretical maximum 

peak capacity of the order of 10
4 

was estimated for LC×IMS-MS. This peak capacity was 

shown to be comparable with experimental values for LC×LC-MS derived from literature 

data on metabolomics and proteomics applications. However, these estimates were 

based on the assumption of 100% usage of the separation space and they did not include 

the practical limitations, such as undersampling, band broadening, dilution [50] and 

limited orthogonality.  

The peak capacity (!") in gradient-elution LC can be calculated from: 

!" = 1 +	
'(

)*+
  (1) 

 

where ,-  is a gradient time and ./0  represents an average peak width at the baseline. 

./0  was estimated from the major peaks in the chromatogram of the human plasma 

sample. The theoretical peak capacity of a two-dimensional separation can be 

estimated by 
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!" = !"×
2

!"		
3   (2) 

sing the values, obtained from the single-dimensional runs for the first ( !")
2  and a 

second ( !"		
3 ) dimensions peak capacities respectively.  

This estimation is not taking into account the undersampling effect, occurring in 

practice due to the modulation process. Therefore, it is corrected using equation, 

proposed by Li et al. [51], considering the under-sampling: 

 !" =
56×
7

56		
8

9
=

56×
7

56		
8
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>6 ?6

78

>@
7

8

	

   (3) 

where β is the under-sampling correction factor due to modulation, tC
3
	is the second-

dimension cycle time and tD
2  is the first-dimension gradient time. 

In analogy with chromatography, the peak capacity of TIMS analysis can be 

expressed based on the peak full width in voltage units (Wav » 1.7 times the peak width 

at half maximum) across the applied voltage range (∆Vramp) [52]: 

!" =
∆FGHIJ

KHL
=

(FIHNOFIP5)

KHL
 (4) 

where Vmax and Vmin are the starting and ending potentials applied on the TIMS tunnel, 

and Wav is the average peak width observed in the mobilogram of the human plasma.  

The gain in peak capacity associated with the “mass spectrometry dimension” ( !")
;  

is somewhat more difficult to assess.  This is mainly because peak capacity is an ill-

defined parameter for MS. It is related to the resolving power and, consequently, heavily 

dependent on the instrumental characteristics. Therefore, we can only estimate the 

theoretical limits of the peak capacities of MS separation, while again considering the 

degree of orthogonality with the other techniques. 

For given m/z range of 350-950 (a typical range for lipids) the average resolving 

power in our experiments, RP (m/∆m, FWHM) was ≈ 14,200. This value gives just a total 

number of points that may be recorded, not taking into account that only a fraction of 

the masses is possible and that one compound may generate multiple peaks due to 

isotopes and fragments, occupying a larger fraction of the separation space. Taking 

these latter two factors into account, a formula derived for calculating the peak capacity 

for proteins [53] was used in our study.  

This yields approximately: 

!QR =

ST

U
(V.VVV2WX:V.VYZ)

(V.VV2X:3.V=)

 
(5) 

where RP is the average resolving power and m is a given m/z range. 
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The correlation between separation mechanisms is also affecting the actual effective 

area of the 
2
D separation space (“separability”). Several different strategies may be used 

to obtain orthogonality metrics and to correct estimated peak capacities [54–56]. 

In the present study we estimated the “indicative separation power” or “separability” 

in a straightforward manner by multiplying the obtained “asterisk” value (A0) [48] with 

the maximum theoretical peak capacity. The asterisk value is not a direct measure of the 

fraction of the separation space covered, but it is thought to provide a reasonable 

(relative) indication of the effect of the orthogonality on the possible peak capacities for 

the combined separation approaches. 

Thus, the indicative separation power was calculated by modifying eq. 2 as follows 

for a two-dimensional separation: 

 !",23 = !"×
2

!"		×
3

	 \V 23 (6)  

 

For a three-dimension separation we may write: 

!",23; = !"×
2

!"		×
3

	 !"	×
;

\V 23; =  

= 	 !"×
2

!"		×
3

	 !"	×
;

\V 23× \V 3;×	 \V 2;   (7)	

  

where the nc values are the calculated theoretical peak capacities for RP ( !"),
2   HILIC 

or TIMS ( !"		
3 ) and MS ( !")

;  dimensions and A0 values indicate the calculates asterisk 

values between the first and second [A0]12, between second and third [A0]23, and 

between first and third [A0]13 dimensions, respectively.  

A summary of calculated evaluation parameters is provided in Table 2. Assuming 

identical resolution of MS as third-stage separation after either LC-TIMS or LC×LC (i.e. 

an identical peak capacity of 1038 according to eq.5), the LC-TIMS-MS approach 

provided a theoretical peak capacity that was about 30% higher than that obtained with 

LC×LC-MS. The comparably lower values for LC×LC could be mainly attributed to the 

lower second-dimension (HILIC) peak capacity, which provides the necessary class-type 

selectivity, but also relatively broad peaks. Nevertheless, adding HILIC as a separation 

dimension between RPLC and MS (RPLC×HILIC-MS) still represents a gain in peak 

capacity of about an order of magnitude in comparison with conventional RP-MS, in the 

same analysis time. 

The effects of extra-column band broadening and undersampling contribute heavily 

to the overall multi-dimensional resolution in the RP×HILIC separation [57],[58]. Three-

dimensional separations were recently investigated by Davydova et al. [50]. She derived 

equations for peak capacity and dilution taking these effects into account. The 

significant effect of injection band broadening in HILIC can be seen when comparing 1 

µL with 20 µL injections (see Fig.S5 in Supplementary Materials). According to [34,35] 

the optimal modulation rate is approximately 2.5 to 3 cuts per previous-dimension peak. 

The sampling time in the LC×LC experiment was 1 min and the average width of the 
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first-dimension peaks about 2 min, resulting in a peak-capacity loss of at least 30%. The 

rapid gas-phase separation technology of TIMS incorporated as a second dimension 

allowed a twice higher sampling rate than seen in LC×LC. The optimized TIMS duty cycle 

in this study was 30 seconds, giving rise to 10% loss. Interestingly, the indicative 

separation power, based on peak capacity values corrected for orthogonality, was 

ultimately comparable for the two techniques (see Table 2).  

These findings indicate that despite the greater resolving power of the LC-TIMS-MS 

separation the high correlation between the TIMS and MS stages results in only 29% 

orthogonality indicating poor use of the separation space, and possibly limiting the 

overall resolution power. 

Additionally, Fig.S5 illustrates the significant influence of the sample solvent arising 

from the first dimension on the second-dimension separation in LC×LC. In our case, a 

20-µL effluent fraction that contains a considerable amount of the strong solvent (2-

propanol) led to a serious distortion of the early eluting peaks from the second 

dimension (e.g. TG, Cer, DG, PG) and a concomitant loss of peak capacity.  Because of 

the elimination of the solvent before the gas-phase second dimension in the LC-TIMS-

MS approach, the dilution and the strength of the solvent become irrelevant. However, 

the choice of solvents and, especially, mobile-phase additives is more restricted.  

 

Table 2. Estimates of the separation potential for the two multidimensional separation techniques studied 

(LC×LC-MS and LC-TIMS-MS). 

 

a 
Corrected for undersampling (according to eq.3); 

b
 Evaluated using the asterisk approach [48]; 

c 
Indicative 

separation power, taking into account the degree of orthogonality, calculated according to eq. 6. 
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Conclusions 
The analysis of lipid compositions in samples of the complexity of human plasma 

requires improved separation techniques offering increased resolution and peak 

capacity, while maintaining a reasonable analysis time. Two complementary 

multidimensional techniques, i.e. LC-TIMS-MS and LC×LC-MS were investigated in the 

current study. Both methods were optimized in terms of the comprehensive separation 

of the major lipid classes and both may be applied for lipidomic analysis.  

A slightly higher number of molecular features was found with the LC×LC-MS 

method (1100) than with LC-TIMS-MS (800), using identical integration parameters, 

although visually a high number of peaks was observed in the RP-TIMS-MS 

chromatogram. The latter can be explained by one of the major complications of IMS-

based separation - the formation of a number of different adducts, spread all over the 

mobilogram, but stemming from essentially one compound. This may allow the 

confirmation of lipid-species assignments with a higher certainty, but makes the 

identification process more laborious. In this context, the interpretation of LC×LC-MS 

data is more straightforward. 

Because of the higher sampling rate of TIMS, the LC-TIMS-MS approach 

theoretically has a greater separation potential (higher peak capacity by about an order 

of magnitude). However, due to the high correlation of the TIMS and MS dimensions, 

the so-called “useful peak capacity” (or “indicative separation power”) may ultimately 

be limited. These two aspects may explain the smaller number of lipids identified by LC-

TIMS-MS (55) than by LC×LC-MS (100) in the present study.  

Visualization of LC×LC-MS data still remains a challenge, as not all detected ions are 

apparent, due to great differences in relative ion-intensities. Thus, when there is interest 

in discovering low-abundance analytes, the visual representation of the raw LC×LC data 

may lead one to considerably underestimate the power of this technique.  

The total analysis time of the separations developed in this study were sub-optimal 

from an LC-MS and LC-IMS perspective. Much faster separations (within  10 - 20 min) 

may be performed by LC-IMS-MS [42,59]. Therefore, if the time of analysis is of critical 

importance, LC-TIMS-MS may be the preferred approach, unless the analysis time in 

LC×LC can be drastically reduced [60].  

One of the major disadvantages of the LC×LC method is poor detection sensitivity 

resulting from the dilution caused by two successive chromatographic steps, as well as 

by eventual splitting of the second-dimension effluent prior to the detector. Several 

remedies have been suggested to overcome the detection-sensitivity limitations [60], 

[61]. The IMS (gas-phase) separation is also affected by diffusion-based band 

broadening, initial gate pulse width, and instrumental parameters, such as field 

homogeneity, that may significantly affect the detection limits and the overall resolving 

power [62]. Because of the limited sensitivity of LC×LC-MS, as well as of the TIMS-MS 
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(prototype) instrument, due to a low trapping efficiency, a considerable amount of the 

plasma sample was injected in our study. Therefore, the sensitivity aspect was not 

examined here.  

The two three-dimensional methodologies are competing in terms of selectivity and 

in providing general information about the sample. Because TIMS is a gas-phase 

separation technique that follows an ionization process, it does not have the capability 

to remove interfering matrix compounds and to reduce ionization-suppression effects. 

Improving the separation of co-eluting chromatographic peaks, as done in LC×LC, 

increases the number of correctly annotated molecular features.  

The greatest benefits of the LC-TIMS-MS approach may be achieved for the 

structural characterization of the sample through separating lipid isomers. The 

additional information provided by ion-mobility spectrometry – the accurate K0 and 

CCS values, related to the size and shape of compounds – may aid in confirming lipid 

identity.  

For the high-throughput analysis of large series of complex samples an attractive 

alternative would be to combine both techniques, performing an untargeted study of 

the major components by LC×LC and optimizing TIMS for more-detailed structural 

characterization of compounds of interest. This approach has been recently developed 

by Stephan et al. [63] for the analysis of a plant extract. The obtained total peak capacity 

of 8700 by merging two techniques was impressive. However, for simplicity of data 

interpretation, a modulation time of 4 min was used, sampling entire peaks eluting from 

the first dimension to the second one. Therefore, the full separation power of LC×LC 

was not realized. Coupling two techniques (RP×HILIC-TIMS-MS) based on the 

optimization performed in our study, suggests that a peak capacity of roughly 8.3×10
5
 

may be achieved.  

No single untargeted method exists today that can cover the full range of lipid 

features with all their chemical and structural diversity. The two techniques explored in 

this study are not interchangeable but may be effectively used in complementary 

fashion. However, their use seems to be limited at the moment due to a lack of 

appropriate data-interpretation strategies for multi-dimensional separations. 
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Abstract 

In this chapter necessary development steps for the future are discussed, within the 
framework of this thesis.  

Since this study was a part of a larger research project, the main achievements from 
all individual research parts are presented in order to collect and assemble them and to 
demonstrate the complete scientific strategy. The future directions of each aspect are 
also briefly discussed.  
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Liquid chromatography (LC) is a pervasive analytical tool that finds application in 
almost all fields of life, science and technology. In combination with mass-spectrometry 
(LC-MS) it is considered one of the most powerful techniques to analyse any kind of 
mixture. The demands for high-resolution, high-throughput separations in, for example, 
biochemistry and medicine reinforce the need to progress from conventional one-
dimensional to two- or three-dimensional LC or to combine different separation 
platforms. This involves the development of optimal separation processes and 
materials, as well as optimal detection strategies. 

 
The research presented in this thesis formed part of the 

“HYPERformance LC” project, supported by the Dutch public-
private partnership on Comprehensive Analytical Science and 
Technology (Technology-Area-COAST) and funded by The 
Netherlands Organization for Scientific Research (NWO).  

The main aim of this project was to bring the separation 
performance in analytical chemistry into the future, to higher 

(“HYPERformance”) levels by overall improvement, adopting and adapting best 
practices, and with emphasis on comprehensive two-dimensional LC.  

To achieve this, the major focus was on the development, testing and 
implementation of the modulators, employed between two dimensions (the “heart” of 
LC×LC). The state-of-the-art modulators in a conventional LC×LC setup (“passive” 
modulation) were solely mechanically transferring tools that divided the first-dimension 
effluent into fractions, collected these in the loops, and transferred them to the second-
dimension column. 

Modification of such tools (so-called “active” modulation) can raise the performance 
of the 2D-LC platform with the functions of focusing, pre-concentration and rapid 
release, similar to the approach that is routinely used in GC×GC.  

Phase-transfer modulators allow to change or modify the eluents between two 
columns or between a column and a detector, overcoming the important bottlenecks in 
LC×LC such as incompatibility of the mobile phases (of the first and second dimensions) 
and the limited dynamic range of the detection.  

Theoretically, active-modulation strategies may be based on a several principles, 
such as solid-phase extraction, thermal modulation and solvent-assisted modulation or, 
ideally, combination thereof. These principles are briefly described below.  

Solid-phase extraction (stationary-phase-assisted modulation, SPAM) is based on 
replacing the loops in a standard loop-type interface by small trap columns. The eluent 
can be optimized so as to achieve a better detection response. Adopting C18 and cyano-
based stationary phases with subsequent optimization of the modulation conditions 
allowed achieving enhancements in detection sensitivity by up to a factor of 7 (see 
Chapter 2 and 3 in this thesis).  

HYPER
FORMANCE

LC
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This active modulation resulted in a reduction of the analysis time by a factor of five 
in the UHPLC-based LC×LC separation of surfactants, while concomitantly  reducing the 
dilution factor by an order of magnitude [1].  

Thermal modulation is an option which has great potential to effectively switch the 
solvents between dimensions. An eluent-evaporation interface has been recently 
explored [2]. Another promising strategy is based on the effect of temperature on 
retention on the additional stationary phases, which may be used to induce solvent 
switching and focusing of the analytes. This novel approach was developed within our 
project [3]. The principle is to alter the temperature between loading and elution modes. 
Increasing the temperature decreases the retention of the analytes (in most cases) and 
effective loading on the trap columns may be performed. Cooling down the system 
leads to increased retention allowing, transfer of the analytes from the loading solvent 
to the elution solvent (i.e. to switch the solvent). If the elution solvent exhibits sufficient 
elution strength it can compress the compounds into small, focused plugs in the back-
flush mode. This is illustrated schematically in Fig.1. The principle was demonstrated 
using three small aromatic molecules on a capillary monolithic column. Future work has 
to be directed towards application to other molecules and more complex samples. 

 

 
 

Fig.1. Schematic principle (loading and elution scheme) of the thermal active-modulation approach (“in-
column focusing”). Part of this picture was taken from [3]. 

Microfluidic mixers for solvent-assisted modulation. Fast LC×LC performance also 
requires an effective and rapid mixing of solvents. Coupling two different separations 
implies utilization of different mobile phases, which, even if these are miscible, may 
cause breakthrough, peak distortion or viscous-fingering effects. Solvent modification 
typically requires the use of an extra pump and mixer units which, in addition to the 
aforementioned downsides, also cause delay in the deliverance of the desired eluent 
composition and additional band broadening. 
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Therefore, when modifying the interface to develop and implement the active-
modulation strategy, high-pressure small-volume mixers, which allow rapid and 
efficient modification of the eluent (in 20 – 30 s range or faster) are crucial. Chaotic-
mixer chips, with optimized microchannel and groove geometries (herringbone 
grooves, see Fig.2), were developed in our project [4]. The resulting micromixers can 
efficiently mix the eluents (aqueous buffers with ACN and MeOH solutions were tested) 
within 45 ms at flow rate of 1.1. mL/min across a distance of less than 30 mm. Their 
implementation in 2D-LC setups is attractive and future work has to be directed towards 
their adoption. 

 

 
Fig.2. Schematic drawing of grooves in a channel (top) and top-view illustration of the two full cycles in a 
channel with herringbone grooves (bottom). Part of this picture was taken from [4]. 

The active modulation concept is becoming more frequently used in 2D-LC in many 
application areas [1],[5],[6],[7], as it is robust, easy to implement, and requires no 
sophisticated special hardware. This concept creates a powerful tool that eliminates the 
major drawbacks of 2D-LC systems. An attractive option may also be offered by 
incorporation of the trapping material directly in the switching valve (i.e. valve with 
build-in traps) [S. Eeltink et al., unpublished results]. The concept is similar to SPAM, but 
potentially benefits are reduced band-broadening effects thanks to a reduction in the 
length and volume of the tubing and in the number of connectors required. However, 
this concept still has to prove its robustness and applicability in practice. Reduction of 
the system volume is, indeed, one of the critical factors. In Chapter 2 it was 
demonstrated how crucial this aspect is and how it effects the overall modulation 
concept.  

The trend toward miniaturization of instrumentation in all fields of technology has 
also reached the separation and liquid-chromatography communities. Interest in 
microfluidics research has increased significantly in recent years. This can be explained 
by rapid, cost-efficient and sensitive analyses, with low expenses for consumables and, 
potentially, a portable format.  
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During the last decade major research efforts have contributed to the design of 
microfluidic devices [8],[9],[10], the optimization of the number of microchannels and 
their geometries [11], fabrication substrates compatible with high-pressure 
requirements, and microfabrication methods [12]. 

Beside the rapid and efficient mixing and reduction of the system volume, 
introduction of a stationary phase into micro machined channels is a promising route 
towards the creation of powerful chip-based chromatographic systems. The 
development of such microfluidic device as integrated, miniaturized, reliable and 
portable modulation devices (or even multi-dimensional separation devices) is 
extremely challenging, but very promising. To find a suitable stationary phase for such 
a purpose is an important aspect in the microfluidic-chip community, as separation beds 
have to be i) highly retentive (e.g. to meet the trapping requirements for good 
modulation performance), ii) homogeneous with a good connection to the walls (to 
ensure a linear distribution isotherm [13] and a robust and reliable separation body) and 
iii) offer a variety of retention mechanisms (to ensure orthogonality in case of multi-
dimensional separation systems). There are different types of stationary phases that 
may be used. These include packed beds based on modified particles, monoliths or pillar 
arrays. An extensive comparison of these types of materials, including their main 
advantages and disadvantages has been provided by Kutter [8]. Monolithic materials 
have demonstrated great separation power [13] and seem to be the most attractive 
option, due to low flow resistance, flexibility in modification and, consequently, 
variation of chemical properties . However, there are disadvantages, such as their 
shrinkage during the polymerization process, ineffective attachment to the channel 
walls, and poor reproducibility.  

Despite much effort, we have not yet succeeded in acquiring an automated, 
miniaturized, broadly applicable and easily accessible modulation tool. It is worthwhile 
to continue efforts in the future towards combining several or all of the modulation 
strategies described above and to pursue their implementation in a microchip-format. 
The main attempts should be addressed to the discovery of pressure-, chemical- and 
temperature-resistant substrates and suitable stationary phases. 

The limitation in accessibility of the multi-dimensional separation approaches is 
related not only to portability of the systems, but also hinges on method development. 
The time and effort needed to develop, for instance, a comprehensive combination of 
two chromatographic separations (i.e. LC×LC) are much greater than the effort needed 
to develop two separate one-dimensional LC methods. The number of options to realize 
LC×LC is dramatically larger than for 1D-LC and considerable efforts should be made to 
fully optimize and take advantage of the complete separation system. A number of 
studies have been dedicated to possible optimization strategies [14–16]. However, they 
are typically related to some particular cases (i.e. ways to overcome immiscibility of the 
first- and second-dimension eluents, optimization of the hydrophilic-interaction LC – or 
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HILIC, etc.). Ultimately, such strategies do not reduce the time needed for literature 
search and reading. Evidently, there is a need to combine all knowledge and the entire 
body of literature on LC×LC gained over the last decades in a global computerized 
optimization system. Thus, our group is currently developing a strategy and software 
based on a Pareto-optimization approach to comprehensively optimize all physical and 
chemical parameters, helping analyst to choose the optimal columns, mobile-phase 
composition, temperature, pH and gradient programs, without spending many days in 
the laboratory [17]. Although it still requires building a database and collection of some 
experimental data for specific samples to predict the retention behaviour, it has already 
proven to be very helpful in addressing method development and optimization issues.  

In conclusion, the extension of a one-dimensional separation platform to a multi-
dimensional one and addressing the currently existing limitations, is undoubtedly 
worthwhile, whether it is gas-phase separation dimension (e.g. LC-IMS-MS), a liquid-
phase separation (LC×LC-MS) or a combination of both (e.g. LC×LC-TIMS-MS)). Such 
combinations can provide a peak capacity up to 1,000,000 [18], increased specificity of 
compound identification and, overall, better understanding of the complexity of life. 
One of the main current obstacles for such couplings is still a lack of appropriate data-
interpretation strategies. 
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Focussing factor obtained through SPAM 

For explanation of symbols see main text. 

1.1. Concentration-sensitive detection 
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1.2. Mass-flow-sensitive detection 
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or for very large 2kload 
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where it should be noted that the plate count (N) may be affected by the flow rate. 
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Figure S1. Retention plot of testosterone on the hypercarb column. Experiments were performed under 
isocratic conditions (50/50 ACN/H2O to 100% ACN, maintaining a constant concentration of 0.1% (v/v) 
FA).Flow rate 0.2 mL/min; injection of 1 µL of a 10 mg/mL testosterone solution. 

 

 

 

Figure S2. The effect of the flow rate introduced to the ESI-MS employed in our study on the noise level. The 
experiment was carried out by replacing the analytical column with a “zero-dead-volume” connector and 
injecting 1 µL of a testosterone standard (10 ng/mL). Mobile phase was 70/30/0.1 ACN/ H2O /FA (v/v/v). Noise 
level was processed in MassLynx using standard software integration parameters set to “ignoring zeros” and 
“ignoring worst 5% of scans”.  
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Table S1. Summary of orthogonality values predicted using the asterisk approach (A0 
values in %) with different column combinations. Abbreviations: P-H – phenyl-hexyl 
stationary phase; PFP – pentafluorophenyl; CN – cyano.  

	

	

	

Figure S3. Separation of steroid standards (overlaid EIC’s) performed on 50 × 4.6 mm 
i.d. cyano 2D column, demonstrating the considerably long analysis times required to 
achieve an efficient separation. Conditions: flow rate 2.5 mL/min (u=3.8 mm/s), mobile 
phase A: H2O and B: ACN both containing 0.1% (v/v) FA and 1% (v/v) 1-butanol. Linear 
gradient from 30% to 50% B in 2 min. 
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Table S2. Summary of calculated intensity and signal-to-noise enhancement for 
steroid compounds, in a spiked urine sample, achieved by using the active-modulation 
approach.  

	

Table S3. Detailed information on deuterated lipid standards spiked into human 
plasma separated by RP×HILIC-MS and LC-TIMS-MS under the optimized conditions, 
used for tentative identification and lipid-class assignment in human-plasma samples.  
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Figure S4.  2D TIMS-MS plot of separation of human plasma with highlighted spiked 
lipids standards, illustrating the high correlation of the TIMS and MS axes for a complex 
sample. 

 

	

Figure S5. The effect of injection volume and sample solvent on the second-dimension 
(HILIC) separation of lipid standards, illustrating the difference between the injection 
of 1 µL and mimicking the injection from the loops in a real case (20 µL). 
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Table S4. Lipid species tentatively identified in lipid extracts of human plasma. 

Lipid	 m/z	
1D	
Rt*	

LC×
LC-
MS	

LC-
TIMS-
MS	

LC-
MS	 Lipid	 m/z	

1D	
Rt*	

LC×
LC-
MS	

LC-
TIMS-
MS	

LC-
MS	

	            

LPC(16:0)	 496.3398	 40	 ×	 ×	 ×	 TG(40:1)	 731.5587	 169	 	 ×	 	

LPC(16:1)	 494.3241	 33	 ×	 	  TG(44:0)	 768.7076	 165	 ×	 	  

LPC(18:0)	 524.3711	 52	 ×	 ×	 ×	 TG(44:1)	 766.6919	 161	 ×	 	  

LPC(18:1)	 522.3554	 42	 ×	 ×	 ×	 TG(46:0)	 796.7389	 170	 ×	 	  

LPC(18:2)	 520.3398	 35	 ×	 ×	 	 TG(46:1)	 794.7232	 165	 ×	 	 ×	

LPC(20:3)	 546.3554	 53	 	 ×	 	 TG(46:2)	 792.7076	 161	 ×	 	  

LPC(20:4)	 544.3398	 34	 ×	 ×	 ×	 TG(48:0)	 824.7702	 174	 ×	 	  

LPC(O-
16:0)	 482.3605	 46	 ×	 	 ×	 TG(48:1)	 822.7545	 169	 ×	 	  

LPC(P-
16:0)	 480.3449	 44	 ×	 	  TG(48:2)	 820.7389	 165	 ×	 	  

LPC(P-
18:0)	 508.3762	 47	 ×	 	  TG(48:3)	 818.7232	 161	 ×	 	  

      TG(50:0)	 852.8015	 177	 ×	 	  

PC(30:3)	 700.4912	 112	 	 ×	 	 TG(50:0)	 852.8015	 173	 ×	 	  

PC(32:0)	 734.5694	 119	 ×	 ×	 ×	 TG(50:1)	 850.7858	 173	 ×	 ×	 	

PC(32:1)	 732.5538	 109	 ×	 ×	 	 TG(50:1)	 850.7858	 169	 ×	 	  

PC(34:0)	 762.6008	 128	 ×	 	  TG(50:2)	 848.7702	 169	 ×	 	  

PC(34:1)	 760.5851	 118	 ×	 ×	 ×	 TG(50:2)	 848.7702	 166	 ×	 	  

PC(34:2)	 758.5694	 110	 ×	 ×	 ×	 TG(50:3)	 846.7545	 166	 ×	 	  

PC(34:3)	 756.5538	 102	 ×	 ×	 ×	 TG(50:4)	 844.7389	 162	 ×	 	  

      TG(52:0)	 880.8328	 177	 ×	 	  

PC(36:1)	 788.6164	 129	 ×	 ×	 ×	 TG(52:1)	 878.8171	 173	 ×	 	  

PC(36:2)	 786.6007	 122	 ×	 ×	 ×	 TG(52:2)	 876.8015	 174	 ×	 ×	 	

PC(36:3)	 784.5851	 115	 ×	 ×	 ×	 TG(52:2)	 876.8015	 170	 ×	 	  

PC(36:4)	 782.5694	 108	 ×	 ×	 ×	 TG(52:3)	 874.7858	 170	 ×	 	  

      TG(52:3)	 874.7858	 166	 ×	 	  

PC(38:2)	 814.632	 130	 ×	 ×	 	 TG(52:4)	 872.7702	 166	 ×	 	  

PC(38:3)	 812.6164	 124	 ×	 ×	 	 TG(52:4)	 872.7702	 165	 ×	 	  

PC(38:4)	 810.6007	 118	 ×	 ×	 ×	 TG(52:5)	 870.7545	 162	 ×	 	  
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PC(38:5)	 808.5851	 112	 ×	 ×	 	 TG(52:5)	 870.7545	 161	 ×	 	  

PC(38:6)	 806.5694	 106	 ×	 ×	 ×	 TG(54:1)	 906.8484	 177	 ×	 	  

PC(38:8)	 802.5382	 101	 ×	 	  TG(54:1)	 906.8484	 173	 ×	 	  

      TG(54:2)	 904.8328	 177	 ×	 	 ×	

PC(40:5)	 836.6164	 120	 ×	 ×	 	 TG(54:2)	 904.8328	 174	 ×	 	  

PC(40:6)	 834.6007	 116	 ×	 	  TG(54:3)	 902.8171	 173	 ×	 	 ×	

PC(40:8)	 830.5694	 110	 ×	 	  TG(54:4)	 900.8015	 170	 ×	 	  

PC(40:9)	 828.5538	 106	 ×	 	  TG(54:4)	 900.8015	 166	 ×	 	  

      TG(54:5)	 898.7858	 166	 ×	 ×	 ×	

PC(O-
32:0)	 720.5902	 125	 ×	 	  TG(54:6)	 896.7702	 162	 ×	 	  

PC(O-
32:1)	 718.5745	 124	 ×	 	  TG(56:2)	 932.8641	 177	 ×	 	  

PC(O-
34:1)	 746.6058	 125	 ×	 ×	 ×	 TG(56:6)	 924.8015	 168	 ×	 	  

PC(O-
34:3)	 742.5745	 116	 ×	 ×	 ×	

TG(O-
56:8)/						
(P-56:7)	

906.7914	 150	 	 ×	 	

PC(O-
36:2)	 772.6215	 127	 ×	 	  

TG(O-
58:8)/	(P-
58:7)	

934.8227	 149	 	 ×	 	

PC(O-
36:4)	 768.5902	 117	 ×	 ×	 ×	 	      

PC(O-
36:5)	 766.5745	 114	 	  ×	 CE(18:1)	 668.6340	 173	 ×	 	 ×*

*	
PC(O-
38:4)	 796.6215	 125	 ×	 	  CE(18:2)	 666.6183	 171	 ×	 	 ×*

*	
PC(O-
38:5)	 794.6058	 117	 ×	 ×	 ×	 CE(18:1)	 673.5894	 169	 	 ×**	 	

PC(O-
38:6)	 792.5902	 114	 	 ×	 	 CE(18:2)	 671.5738	 166	 	 ×**	 	

      	      

SM(32:1)	 675.5436	 97	 ×	 ×	 	 PE(34:2)	 716.5225	 117	 	 ×	 	

SM(34:0)	 705.5905	 112	 ×	 ×	 	 PE(36:4)	 740.5225	 110	 	 ×	 	

SM(34:1)	 703.5749	 109	 	 ×	 ×	 PE(36:3)	 742.5381	 112	 	 ×	 	

SM(34:2)	 701.5592	 98	 ×	 ×	 ×	 PE(38:4)	 768.5538	 122	 ×	 	  

SM(36:0)	 733.6218	 124	 ×	 ×	 	 PE(38:6)	 764.5225	 120	 	 ×	 	

SM(36:1)	 731.6062	 119	 ×	 ×	 ×	 PE(40:5)	 794.5695	 138	 	 ×	 	

SM(36:2)	 729.5905	 111	 ×	 ×	 ×	 PE(42:8)	 816.5543	 139	 	 ×	 	

      
PE(O-36:5)	
/	PE(P-
36:4)	

724.5276	 117	 ×	 	  

SM(38:1)	 759.6375	 129	 ×	 ×	 ×	
PE(O-36:3)	
/	PE(P-
36:2)	

728.5589	 128	 ×	 	  
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*	Indicated	retention	times	are	measured	on	the	LC×LC-MS	(Agilent)	system.	A	systematic	retention-time	shift	(+	1	min)	was	
observed	for	all	lipid	species	on	the	Bruker	LC-(TIMS-)MS	instrument,	mainly	due	to	using	different	injctors	and	connecting	
tubing;	**	Irregular	peak	shifts	were	observed	for	CE	between	LC-MS	and	LC-TIMS-MS	experiments	(CE(18:1),	169	min	in		LC-
TIMS-MS	and	LC-MS	and	173	min	in	LCxLC-MS;		CE(18:2),	166	and	171	min,	respectively.	

	 	

SM(38:2)	 757.6218	 120	 ×	 	  
PE(O-38:5)	
/	PE(P-
38:4)	

752.5589	 126	 ×	 	  

      	      

SM(40:1)	 787.6688	 137	 ×	 	  DG(38:1)	 668.6187	 107	 	 ×	 	

SM(40:2)	 785.6531	 129	 ×	 ×	 ×	 DG(38:3)	 664.5874	 121	 ×	 	  

SM(40:3)	 783.6375	 120	 ×	 	  DG(42:6)	 714.6031	 136	 ×	 	  

SM(42:0)	 817.7157	 144	 ×	 	  DG(42:10)	 706.5405	 112	 	 ×	 	

SM(42:1)	 815.7001	 137	 ×	 	  DG(44:8)	 738.6031	 127	 ×	 	  

SM(42:3)	 811.6688	 128	 ×	 	  DG(44:10)	 734.5718	 119	 	 ×	 ×	

	      DG(44:11)	 732.5561	 111	 	 ×	 ×	

	      DG(46:10)	 762.6031	 122	 	  ×	

	      DG(46:11)	 760.5874	 116	 	  ×	
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Increasing the sensitivity and information content of 
multi-dimensional and hyphenated LC-MS systems 

Despite a dynamic evolution and great technological improvements of the conventional 

one-dimensional liquid chromatography – mass spectrometry (LC-MS) systems, there is a 

demand for increased separation power in the analysis of highly complex mixtures that is 

spurring the progress toward multi-dimensional separations.  

The aims of this thesis entitled “Increasing the sensitivity and information content of 

multi-dimensional and hyphenated LC-MS systems” were to investigate the potential of 

multi-dimensional separation platforms and their applicability in the analysis of complex 

mixtures from life science, and to explore routes toward tackling the major drawbacks of 

LC×LC – analyte dilution, poor sensitivity and a limited dynamic range of detection.  

Chapter 1 describes the effectiveness of one-dimensional liquid chromatography and 

limitations in applications addressed by this technique. It briefly introduces possible 

hyphenated multi-dimensional separation approaches and outlines their major quality 

descriptors.  

In Chapter 2 the possibilities and limitations of stationary-phase-assisted modulation as 

a post-column focusing approach (“1,5D-LC system”) are described. Several trapping 

materials were tested and optimization of the operation conditions is described in order to 

formulate an active-modulation development strategy. “1,5D-LC” has great potential for 

improving the detectability of pure-compound standards. It may feasibly be used in the 

pharmaceutical industry. However, this approach was found not to be suitable for the 

analysis of truly complex samples, due to unselective focusing of the matrix components 

alongside the analytes. The need of an extra (second) separation dimension was clearly 

demonstrated.  

Chapter 3 describes the development of the online comprehensive two-dimensional 

LC×LC-MS separation of anabolic steroids in bovine-urine samples. The initial setup was 

modified, applying the “actively-modulation” approach (“stationary-phase-assisted 

modulation”, SPAM). The proposed strategy allowed to improve the detectability of trace-

level anabolic residues in the complex samples. The volume of the analyte containing 

fractions was decreased, along with a change in solvent composition. Active modulation 

resulted in clear gains in signal intensities (up to a factor of 7.6), increased signal-to-noise 

ratios for steroid compounds (by up to a factor of 7), and in a greater number of detected 

compounds. 

In Chapter 4 a novel trapped-ion-mobility spectrometer (TIMS) is discussed, which was 

introduced between LC-MS as an additional gas-phase separation dimension. This multi-

dimensional separation platform (LC-TIMS-MS) was applied for untargeted separation of 

lipids in human-plasma samples and was shown to provide more-detailed information in 
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comparison with traditional LC-MS technology. The major lipid classes were separated, 

revealing about 800 molecular features and offering excellent possibilities for lipid-

biomarker discovery studies. Additionally, LC-TIMS-MS has the potential to separate 

isomers and to elucidate the structure of individual lipids, providing more-detailed 

information and increased specificity of lipid identification. 
Chapter 5 describes the results of the lipidomic mapping of the human-plasma samples 

performed by online comprehensive two-dimensional liquid chromatography (LC×LC-MS), 

i.e. inserting an additional liquid-phase separation dimension (LC) into LC-MS. About 1100 

lipid molecular features were exposed. A comparison of LC-TIMS-MS and LC×LC-MS 

techniques was made in terms of the main descriptors of separation power. Based on the 

separation mechanisms, orthogonality, potential analysis speed, and other aspects, the two 

techniques explored in this study were considered to be not interchangeable, but effectively 

applicable in complementary fashion. 

Chapter 6 discusses the main achievements from the perspective of the 

HYPERformance-LC project (i.e. the project which this study was part of). It also features 

some reflections on the future directions for development and improvement of extremely 

effective and accessible multi-dimensional separations.		
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Verhoging van de gevoeligheid en de 
 informatie-inhoud van meerdimensionale en 

gekoppelde LC-MS systemen 

Ondanks een dynamische evolutie en enorme technologische vooruitgang op het 

gebied van conventionele eendimensionale vloeistofchromatografie – 

massaspectrometrie (LC-MS), bestaat er behoefte aan een groter scheidend 

vermogen bij voor de analyse van zeer complexe mengsels, waardoor de 

ontwikkeling van meerdimensionale scheidingen wordt gestimuleerd.  

De doelen van dit proefschrift betroffen onderzoek naar de mogelijkheden en de 

toepasbaarheid van meerdimensionale scheidingsmethoden voor de analyse van 

complexe monsters uit de levenswetenschappen en onderzoek naar mogelijke 

oplossingen voor de belangrijkste nadelen van LC×LC – verdunning van de te 

analyseren stoffen, slechte gevoeligheid en een beperkt werkgebied voor de 

detectie.  

Hoofdstuk 1 beschrijft de effectiviteit van eendimensionale vloeistof-

chromatografie en de beperkingen bij het toepassen van deze techniek. Mogelijke 

gekoppelde meerdimensionale systemen worden kort geintroduceerd en 

belangrijke kwaliteitsindicatoren worden beschreven. 

In Hoofdstuk 2 worden de mogelijkheden en beperkingen besproken van 

“stationary-phase-assisted modulation” (SPAM or 1,5D-LC), een methode om 

analieten na de schiedingskolom te concentreren. Verschillende adsorbentia werden 

getest en optimalisering van de procesparameters werd uiteengezet om een 

strategie te ontwikkelen voor de toepassing van actieve modulatie. 1,5D-LC is een 

veelbelovende mogelijkheid om de detecteerdbaarheid van zuivere (standaard-) 

stoffen te verbeteren. Mogelijk kan de techniek toepassing vinden in de 

farmaceutische industrie. De benadering bleek echter minder geschikt voor de 

analyse van zeer complexe monsters, omdat samen met de te analyseren stoffen 

ook storende matrixcomponenten worden geconcentreerd. De noodzaak van een 

extra (tweede dimensie) scheiding voor dit soort monsters werd duidelijk 

aangetoond.  

Hoofdstuk 3 beschrijft de ontwikkeling van een alomvattende (“comprehensive”) 

tweedimensionale LC×LC-MS scheiding van anabole steroiden in koeienurine. De 

oorspronkelijke methode werd aangepast met toepassing van actieve modulatie 

(“stationary-phase-assisted modulation”, SPAM). De voorgestelde benadering 

maakte het mogelijk om de detecteerbaarheid van residuale sporen van anabole 

steroiden in de complexe monsters te verbeteren. Het volume waarin de analieten 

zich bevonden werd gereduceerd, terwijl de samenstelling van het oplosmiddel werd 
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aangepast. Actieve modulatie leidde tot duidelijke verbeteringen in de 

signaalhoogte (met een factor van maximaal 7.6), verhoging van de sinaal-ruis 

verhouding voor steroiden (tot 7 keer) en een groter aantal gedetecteerde 

verbindingen. 

In Hoofdstuk 4 wordt een nieuwe “trapped-ion-mobility” spectrometer (TIMS) 

besproken, die ingebracht werd tussen LC en MS als een additionele 

scheidingsdimensie in de gasfase. Dit meerdimensionale scheidingsysteem (LC-

TIMS-MS) werd toegepast voor een ongerichte studie van lipiden in menselijk 

bloedplasma. De methode leverde meer gedetailleerde informatie in vergelijking 

met bestaande LC-MS technologie. De belangrijkste lipidenklassen werden 

gescheiden en ongeveer 800 moleculaire structuurelementen werden aangetoond. 

Dit biedt uitstekende mogelijkheden voor onderzoek naar lipide biomarkers. 

Daarnaast biedt LC-TIMS-MS de mogelijkheid om isomeren te scheiden en om de 

structuur van individuele lipiden op te helderen, waardoor meer gedetailleerde 

informatie beschikbaar komt en de specificiteit van de identificatie van lipiden kan 

worden verbeterd. 
Hoofdstuk 5 beschrijft de resultaten van het in kaart brengen van alle lipiden (het 

lipidoom) van het menselijk bloedplasma m.b.v. alomvattende tweedimensionale 

vloeistofchromatografie (LC×LC-MS). Een extra scheidingsdimensie in de 

vloeistoffase wordt toegepast in vergelijking met LC-MS. Ongeveer 1100 

moleculaire structuurelementen werden aangetoond. LC-TIMS-MS en LC×LC-MS 

werden vergeleken op basis van de belangrijkste descriptoren voor het scheidend 

vermogen. Op basis van de scheidingsmechanismes, orthogonaliteit, mogelijke 

analysesnelheid en andere aspecten werd geconcludeerd dat de technieken niet 

uitwisselbaar, maar effectief complementair toepasbaar waren. 

In Hoofdstuk 6 worden de belangrijkste verworvenheden  besproken vanuit het 

perspectief van het HYPERformance-LC project (d.w.z. het project waar het huidige 

onderzoek deel van uitmaakte). Daarnaast bevat dit hoofdstuk enkele 

bespiegelingen over mogelijke richtingen voor de ontwikkeling en verbetering van 

extreem effectieve en toegankelijke meerdimensionale scheidingsmethoden.  
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