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3.1 Abstract 

Fast analytical methodologies are mandatory for large scale metabolic profiling. 

Here, we present a thorough evaluation of different column chemistries in 

combination with different mobile phases for fast LC–MS urinary metabolic profiling. 

Three porous HILIC materials were investigated, next to core–shell C18-, XB-C18- and 

PFP-RPLC material. The performance of the selected column chemistries was tested 

in a non-targeted manner with pooled urine samples and in a targeted manner with a 

set of 54 common urinary metabolites. In order to evaluate the differential behaviour 

of the tested columns in a targeted manner, we applied a peak scoring algorithm. 

This algorithm takes into account several quality criteria such as retention time, dead 

time, peak height and peak shape. In general, HILIC columns generate more retention 

for polar metabolites. Our results show that the diol-HILIC column outperforms the 

RPLC columns. However, because of their opposite nature, comprehensive behaviour 

is observed as well, which was shown by investigating gender differences in a small 

urinary sample set. All applied column chemistries enabled sufficient peak capacity 

within a short gradient time. 

3.2 Introduction 

During the last decade metabolomics has evolved into an important field of today's 

life sciences 1. The analysis of the metabolic composition of biofluids attracts special 

attention, opening prospects for the integration of metabolomics into medical care. 

The selection of a biofluid for clinically driven studies largely depends on the type of 

pathology and the questions embedded in the study design. However, urine is often 

a preferred choice especially for large scale studies2 and3. Indeed, in comparison to 

other body fluids such as blood4-6, cerebrospinal fluid7 or synovial fluid8 urine 
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represents the least invasive way for analysing the metabolic status of a patient1-12. 

The practical value of metabolic profiling of urine as a tool for the assessment of 

complex clinical entities rises few objections. The choice of the analytical method, 

however, remains an open question. A number of analytical approaches such as 

nuclear magnetic resonance (NMR)13, 14, GC(×GC)–MS15, LC–MS16, and even capillary 

electrophoresis (CE)–MS 17,18 have been applied for metabolic profiling of urine. LC–

MS is being recognized as the method of choice due to its robustness19, speed and 

minimal requirements for sample preparation20. A critical point in the use of LC–MS is 

the choice of a suitable column chemistry. If a column cannot retain certain 

metabolites, various negative effects like ionization suppression will play a large role. 

Consequently, such metabolites have an increased probability to be missed during 

data processing, potentially influencing the interpretation of the entire study 

significantly. Until recently reversed-phase (RPLC) material was dominating the 

field21,22, but hydrophilic liquid interaction chromatography (HILIC) material is 

increasingly recognized23-25 as an alternative or complementary stationary phase. 

Several studies have underlined the usefulness of different column chemistries in the 

field of urinary metabolomics23, 26. Kind et al. carried out a comprehensive urinary 

profiling study in kidney cancer patients, using GC–MS and LC–MS with either a C18-

RPLC or amino-HILIC column, showing the comprehensive nature of these analysis 

techniques27. Yin et al. compared both HILIC and RPLC in a hepatitis study28. 

However, since the time of publication of this seminal work, a variety of different 

column chemistries including novel core–shell29 RPLC materials became available. 

The advantage of applying sub 2 μm core–shell material is the possibility to obtain 

ultra-high performance liquid chromatography (UHPLC)-like behaviour on routine 

HPLC equipment. The main reason for this lies in reduced eddy-diffusion and the 

possibility of higher flow rates at manageable back pressures. To our knowledge, no 
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systematic study on the advantages and disadvantages of the different column 

chemistries in urinary metabolomics was published. To this end, considering the 

metabolic profiling of urine as the main application, we present a thorough 

evaluation of several novel column chemistries in combination with different mobile 

phases. The performance of the selected column chemistries was examined with a 

test set of 54 common urinary metabolites (such as sugars and amino acids) in a 

targeted manner. To provide more insight into the performance of the column 

chemistries, non-targeted profiling was carried out employing pooled human urine. 

As the UHPLC-like performance of core–shell material requires fast MS scan rates due 

to narrow peak widths, the presented study was carried out on a time-of-flight (TOF) 

analyser capable of such. 

3.3 Experimental 

3.3.1 Material and methods 

All columns were from Phenomenex (Utrecht, the Netherlands). All other chemicals 

were from Sigma Aldrich (Schnelldorf, Germany) and had a chemical purity of ≥98%. 

Urine samples used for evaluating the columns were collected by taking the 

midstream of the second morning urine from healthy volunteers, aliquoted on the 

day of sampling and stored at −20 °C until use. For HILIC separations urine samples 

were diluted 1:10 with acetonitrile (ACN) (matching the starting conditions of the 

HILIC separation) and centrifuged at 13,200 × g. For RPLC separations urine samples 

were diluted with MilliQ water (matching the starting conditions of the RPLC 

separation) and centrifuged at 13,200 × g. 
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3.3.2 LC–MS system 

An Ultimate 3000 LC system (Dionex/Thermo Fischer, Oberschleiβheim, Germany) 

including a temperature controlled auto-sampler, equipped with a 10 μL injection 

loop, operated at 10 °C, a quaternary pump and a column-oven, operated at 30 °C 

was used throughout the experiments. The LC system provided a flow rate of 300 

μL/min and was connected via a 1:10 splitter to a micrOTOF MS (Bruker Daltonics, 

Bremen, Germany). The instrument was tuned in ESI+ mode to have optimal 

sensitivity in the relevant mass range (m/z 50–600) with an acquisition rate of 1.5 Hz. 

The dry gas was set to 4.0 L/min and the nebulizer gas to 1.6 bar (N2). The MS was 

calibrated before each analysis sequence using sodium formate clusters. 

As ion-source contamination might affect the detection of certain compounds, it is 

important to emphasize that we applied the following cleaning regime throughout 

the study. Prior to the study the analyser received a thorough cleaning, i.e., spray 

shield, transfer capillary cap, transfer capillary and the first hexapole cartridge were 

cleaned by ultrasonification in respectively MilliQ water, ACN and iso-propanol (iPA). 

The spray shield and transfer capillary cap of the analyser were cleaned every 

morning by ultrasonification for 5 min using MilliQ water and iPA. Every week, the 

transfer capillary was cleaned according to the same procedure. 

The sample sequence applied for every test condition/column was as follows: 5 urine 

injections, followed by 2 blank injections (water for RPLC or ACN for HILIC), followed 

by 2 injections of the test set (diluted in water for RPLC or in ACN for HILIC), followed 

by 1 blank injection. After each sequence, the instrument was recalibrated. This 

procedure was carried out for all columns. Before changing columns, the TOF 

analyser was switched to the opposite ESI polarity and the sequence was repeated. 
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3.3.3 Columns and test conditions 

The tested columns as well as the applied test conditions are summarized in Table 1 

and Table 2. All columns were protected by a metal frit (0.2 μm). 

Table 1 
Specifications of tested columns. 
 

Separation 
mode 

Phase Type of 
material 

Column 
length 
(cm) 

Column 
diameter 
(mm) 

Particle 
size (μm) 

RPLC C18-RPLC Core–shell 5.0 2.1 1.7 

RPLC XB-C18-RPLC Core–shell 5.0 2.1 1.7 

RPLC PFP-RPLC Core–shell 5.0 2.1 1.7 

HILIC Cyano Porous 10.0 2.1 3.0 

HILIC Amino Porous 10.0 2.1 3.0 

HILIC Diol Porous 10.0 2.1 3.0 

 

Table 2 
Mobile-phase conditions tested. 
 

Mode “Strong” 
solvent 
(B) 

“Weak” 
solvent 
(A) 

Additive 
(buffer) 

Test 
condition # 

Applied 
gradient 

RPLC ACN H2O 0.1% FA 1 0 min 2% B 
7 min 95% B 
10 min 95% B 
10 min stop 

RPLC ACN H2O 20 mM 
NH4H3CCO2 
buffer 
pH = 4.0 

2 

RPLC ACN H2O 20 mM 
NH4H3CCO2 

buffer 
pH = 9.0 

3 

HILIC H2O ACN 0.1% FA 1 

HILIC H2O ACN 20 mM 
NH4H3CCO2 

2 
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Mode “Strong” 
solvent 
(B) 

“Weak” 
solvent 
(A) 

Additive 
(buffer) 

Test 
condition # 

Applied 
gradient 

buffer 
pH = 4.0 

HILIC H2O ACN 20 mM 
NH4H3CCO2 
buffer 
pH = 9.0 

3 

HILIC H2O ACN 20 mM 
NH4H3CCO2 
buffer 
pH = 7.0 

4 

RPLC MeOH H2O 0.1% FA 5 

RPLC MeOH H2O 20 mM 
NH4H3CCO2 
buffer 
pH = 4.0 

6 

RPLC MeOH H2O 20 mM 
NH4H3CCO2 
buffer 
pH = 9.0 

7 

3.3.4 Data handling 

3.3.4.1 Urine 

For the analysis of the urine data, the molecular feature detection algorithm of the 

Bruker Daltonics (Bremen, Germany) Data Analysis software was used with the 

following settings: S/N = 3, correlation coefficient threshold = 0.95, minimum 

compound length = 5 spectra, smoothing width = 1. The RTs of the found molecular 

features were exported to comma separated value (CSV) files by a home written 

Visual Basic (VB) script, enabling the calculation of the percentage of the total 

number of features. 
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3.3.4.2 Standards 

The list of compounds included in our test set is presented in Table 3, including their 

Metlin ID-number (http://metlin.scripps.edu/). Metlin is an online open source 

metabolite database. Four distinct classes of urinary metabolites were chosen: 

sugars, carboxylic acids (volatile and non-volatile), nucleosides, and amino acids. All 

these compounds are normal constituents of human urine 16, which underlines the 

relevance of the chosen test set for evaluating the employed analytical columns. 

Moreover, the broad spectrum of the physico-chemical properties of the selected 

compounds should reflect the diversity of the metabolites encountered in urine. 

Some of the analytes of the test set are isomeric (fructose/glucose, sucrose/maltose, 

1-methyladenosine/3-methylcytidine, hexanoic acid/isocaproic acid and iso-

leucine/leucine). In these cases, we arbitrarily assigned the found scores to either 

one of the analytes, thereby not influencing the here presented and used overall 

scores for rating column performance. For peak score determination, the equation 

published by Bajad et al. was applied 30 with minor modifications. Instead of 

determining the peak rating factors at 1 μg/mL, we investigated the mix of all 

standards listed in Table 3 at a concentration of 20 μM for every column and 

condition. The peak tailing factors (baseline) were determined according to the 

formula: tailing factor = b/a, where b is the time from the peak apex at baseline until 

the end of the peak and a is the time from the start of the peak until the peak apex at 

baseline. Peak height and S/N for all detected peaks were determined using the 

Bruker Daltonics Data Analysis software. Chromatographic performance was thus 

determined, based on the following parameters: sensitivity (as indicated by natural 

log of the signal-to-noise ratio), peak sharpness (as indicated by natural log of the 

peak height), peak symmetry (as indicated by the tailing factor, with 1 = tailing factor 

greater than 4 or no defined peak shape, 2 = tailing factor between 2 and 4, and 3 = 
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tailing factor <2), and retention (with 1 = less than 1.5× dead time (t0), 2 = between 

1.5× and 2.5× t0, and 3 = greater than 2.5× t0). The individual peak score was 

calculated by the following formula: Score = Scoresensitivity × Scorepeak sharpness × Scorepeak 

symmetry × Scoreretention. A home written VB-script was used to export all the relevant 

information and to calculate the scores. The final column evaluation using the test 

set was carried out by comparing the sum of peak scores for every column and 

condition. For the comparison of molecular features detected with the C18-RPLC and 

diol-HILIC column based on accurate mass only, we used a home written Perl script 

(supplementary material S5, to be found in electronic version). The script transfers 

the m/z values in two individual arrays, where after it compares all values from array 

1 with all values of array 2, while maintaining a margin of 50 ppm. This produces 

three values: unique m/z values for the first data set, unique m/z values for the 

second data set, and m/z values that occur in both sets. 

 

Table 3 
Analyte test set of common urinary metabolites used for initial column evaluation; 
for Metlin # see http://metlin.scripps.edu/. 
 

Metabolite Class Metlin # Molar mass (g/mol) 

1-Methyladenosine Nucleoside 6888 281.1124 

2-O-Methylcytidine Nucleoside – 257.1012 

2-Thiocytidine Nucleoside – 259.0627 

3-Methylcytidine Nucleoside – 257.1012 

5-Methylcytidine Nucleoside 5919 257.1012 

7-Methylguanosine Nucleoside 6008 297.1073 

Cytidine Nucleoside 3376 243.0855 

Guanosine Nucleoside 87 283.0917 

Inosine Nucleoside 84 268.0808 

Pseudouridine Nucleoside 5734 244.0695 
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Metabolite Class Metlin # Molar mass (g/mol) 

Ribothymidine Nucleoside 5843 258.0852 

Uridine Nucleoside 90 244.0695 

Alanine Amino acid 11 89.0477 

Arginine Amino acid 13 174.1117 

Aspartic acid Amino acid 15 133.0375 

Cystine Amino acid 17 240.0238 

Glutamic acid Amino acid 19 147.0532 

Glycine Amino acid 20 75.0320 

Histidine Amino acid 21 155.0695 

Iso-leucine Amino acid 23 131.0946 

Leucine Amino acid 24 131.0946 

Lysine Amino acid 25 146.1055 

Methionine Amino acid 26 149.0511 

Phenylalanine Amino acid 28 165.0790 

Proline Amino acid 29 115.0633 

Serine Amino acid 30 105.0426 

Threonine Amino acid 32 119.0582 

Tyrosine Amino acid 34 181.0739 

Valine Amino acid 35 117.0790 

Formic acid Carboxylic acid 3202 46.0055 

Acetic acid Carboxylic acid 3206 60.0211 

Propionic acid Carboxylic acid 3215 74.0368 

Butyric acid Carboxylic acid 107 88.0524 

Valeric acid Carboxylic acid 110 102.0681 

Hexanoic acid Carboxylic acid 111 116.0837 

Heptanoic acid Carboxylic acid 5636 130.0994 

Isobutyric acid Carboxylic acid 106 88.0524 

Isocaproic acid Carboxylic acid 4191 116.0837 

Isovaleric acid Carboxylic acid 109 102.0681 

Pyruvic acid Carboxylic acid 117 88.0160 

Lactic acid Carboxylic acid 116 90.0317 
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Metabolite Class Metlin # Molar mass (g/mol) 

Oxalacetic acid Carboxylic acid 123 132.0059 

Oxalic acid Carboxylic acid 113 89.9953 

Methyl malonic acid Carboxylic acid 3712 118.0266 

Malonic acid Carboxylic acid 3237 104.0110 

Fumaric acid Carboxylic acid 3242 116.0110 

Succinic acid Carboxylic acid 114 118.0266 

l-Rhamnose Sugar 1672 164.0685 

Sucrose Sugar 137 342.1162 

d-Mannoheptulose Sugar 66,855 210.0740 

Fructose Sugar 135 180.0634 

d(+)-Maltose Sugar 413 342.1162 

Glucose Sugar 133 180.0634 

d(−)-Arabinose Sugar 311 150.0528 

3.3.5 Gender study 

A set of urine samples was analysed with the described C18-RPLC column and the diol-

HILIC column using test conditions #1 and #4 in the ESI+ mode. Urine of five healthy 

male and female volunteers was examined by the described methodology. The LC–

MS data files were exported as mzXML files and aligned by using the in-house 

developed alignment algorithm msalign2 tool (http://www.ms-utils.org/msalign2/); 

for finding peaks the “centWave” algorithm of the XCMS package was used (The 

Scripps Research Institute, La Jolla, USA). 

The generated data matrix was imported to the SIMCA-P 12.0 software package 

(Umetrics, Umeå, Sweden). The data were mean centred and unit variance-scaled 

prior to statistical analysis. As control samples three water or ACN blank samples and 

three pooled urine samples were analysed during the analysis sequence. 
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3.4 Results and discussion 

Three core–shell RPLC columns, namely C18-RPLC, XB-C18-RPLC (featuring an 

additional isobutyl-side chain) and PFP-RPLC (pentafluorophenyl), as well as three 

porous HILIC columns, being amino, cyano and diol were selected. The choices for 

the different column chemistries were based on the following facts: C18-RPLC is the 

most widely used column chemistry and therefore was included as reference 

standard, the choice for the XB-C18-RPLC material was made to investigate if small 

modifications of a C18-RPLC material might already result in detectable differences, 

the PFP-RPLC material was chosen as it operates in reversed-phase mode but shows 

some interesting analyte interactions such as the π–π interactions, next to the classic 

C18-RPLC interactions. Furthermore, porous PFP-RPLC material was described for the 

analysis of highly polar cellular metabolites 31 and for urinary metabolomic profiling 

16. Hence, the question rises whether the core–shell equivalent performs equally 

well. With respect to the HILIC columns, the cyano-HILIC was selected as it, similar to 

the PFP-RPLC phase, shows π–π interactions next to the more polar selectivity it 

provides. The diol-HILIC column was included as the most “classic” HILIC column, 

being close to a silica HILIC column. The motivation behind our choice for the amino-

HILIC column was its exceptional performance for the targeted analysis of a large set 

of cellular metabolites 30. 

Selecting the operation conditions, we aimed to keep them as generic as possible, 

hence using buffer systems with widely used additives such as ammonium acetate, 

formic acid, acetic acid and ammonium hydroxide. It was our aim to create a system 

in which a wide variety of substances can be analysed in a short time. Even though 

one could argue that each column needs a separate detailed optimization, we aimed 

for a very practical way tackling the given complexity of analysing urinary samples 

and will draw our conclusions from the given experimental approach. We evaluated 
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all columns with a test set of 54 common urinary metabolites (see Table 3) and a 

pooled urine sample. To give a measure of performance for a given column 

chemistry, we investigated a number of key analytical parameters: the retention time 

(RT), signal-to-noise ratio (S/N), peak shape of the test analytes, the total number of 

detectable molecular features in the urine samples, and the distribution of the 

molecular features over the chromatographic run time. We have also evaluated the 

repeatability of each column and investigated the detectability of the test-set 

analytes in human urinary samples. All work was carried out with a standardized LC–

MS system employing a TOF analyser being operated in either the positive-ion or 

negative-ion (ESI+ and ESI−) mode. Finally, to demonstrate a practical value of the 

RPLC/HILIC combination we carried out an experiment showing how the choice of a 

certain column chemistry influences the description of such a strong metabolic 

confounding factor as gender difference. 

3.4.1 Analysis of standard test set 

In order to give a rating for the performance of the different columns, we have 

implemented an automated peak scoring according to Bajad et al. 30 using a home-

written script for the Bruker data analysis software. This approach takes RT, S/N and 

peak shape of the chromatographic peaks into account. In total, more than 30,000 

chromatographic signals were investigated. The detailed results for all investigated 

analytes under the different conditions in the ESI+ as well as ESI− mode can be found 

in Table S1 (supplementary material to be found in electronic version) and is 

summarized below as a sum of the scores obtained under the different test 

conditions 16. Fig. 1 shows the extracted ion chromatograms (EIC) in the ESI+ or ESI− 

mode for all tested columns at the optimal operating condition (highest sum of peak 

scores). 
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Figure 1 
EIC for all analytes of the test set given in Table 3, the condition with the highest sum 
of scores is presented for each column: (A) PFP-RPLC, (B) amino-HILIC, (C) XB-C18-
RPLC, (D) diol-HILIC, (E) C18-RPLC and (F) cyano-HILIC. 
 

Fig. 1 shows that the amino- and diol-HILIC columns (B, D) appear to be ideal for the 

analysis of the components in the test set, while poor retention for most of the 

analytes was obtained on the RPLC phases. Interestingly, the PFP-RPLC core–shell 
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column (A) did not give satisfactory results for the test set, although adequate 

performance was reported for the porous PFP-RPLC material 31. While the porous 

PFP-RPLC material also in our hands (unpublished data) gives good results for many 

of the analytes from Table 3, the core–shell equivalent does not perform equally 

good with regards to this test set. A possible reason for this could be the lower 

efficiency of the core–shell material, induced by a smaller surface interaction area. 

Fig. 2 presents the sum of peak scores obtained for all tested columns and conditions 

(for a detailed description of the results see supplementary material S1 to be found 

in electronic version). This overall comparison of the column's performance clearly 

shows that the HILIC columns give the best results for the analytes of the test set. 

With regard to the amino-HILIC column this result has been expected 30. However, 

the unexpectedly good performance of the diol-HILIC column should be emphasized. 

At pH 7, the diol-HILIC column gives good results for both ESI+ and ESI− mode (cf Fig. 

2) and therefore might be an ideal column to use in combination with polarity 

switching, allowing the analysis acceleration by a factor of 2. The performance of the 

cyano-HILIC column appears to be remarkably good as well, but its cumulative score 

is biased by extremely high values for a very limited number of analytes while other 

analytes are not detectable. Thus, the cyano-HILIC column is not the best choice for 

metabolic profiling applications where coverage of a wide range of analytes is 

essential. Yet, this column chemistry might give excellent results for targeted 

screening and is certainly a good alternative in some cases 32. 
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Figure 2 
Sum of scores obtained under the different test conditions with the different 
columns. Above, ESI+ mode; below, ESI− mode. For a detailed description of the test-
condition see Table 2. 

3.4.2 Analysis of urine samples 

To test the column performance with a real biological matrix we used a pooled urine 

sample to monitor the number of molecular features and their distribution 

throughout the applied gradient. Consistent with the results obtained in experiments 

with the test set, the diol-HILIC column showed the best column performance in both 

ESI+ and ESI− mode, yielding the highest number of detectable molecular features in 
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urine samples. Fig. 3 shows the total number of features detected, per tested 

condition. However, the number of the molecular features cannot be used for the 

assessment of a column performance without understanding their distribution 

throughout the gradient. The better the spreading of the analytes throughout the 

gradient, the less ionization suppression is to be expected. Moreover, defining 

possible grouping of compound classes by RT windows, might assist their further 

downstream identification. Fig. 4 shows the distribution of molecular features 

throughout the applied gradient for the C18-RPLC and diol-HILIC column. As can be 

seen approximately 25% of all detected molecular features for both columns are 

eluted within a RT window of two times the dead time (t0). Substances eluting in this 

window are more prone to ionization suppression, caused by co-elution with salts 

and the bulk of unretained analytes. However, the distribution of the detected 

molecular features eluting from the diol-HILIC column follows an almost linear 

behaviour which also is expressed in the regression coefficient of the regression line 

being 0.9603, while it only is 0.8795 for the C18-RPLC column. This fact underlines 

that the employed diol-HILIC column did not only result in a high number of detected 

molecular features but also in an almost ideal distribution of the detected features 

throughout the applied gradient. It is possible that this good distribution of the 

detected compounds is an additional factor influencing the total number of detected 

molecular features. This, however, was not investigated in detail. 
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Figure 3 
Number of molecular features detected in a pooled urine sample from two healthy 
volunteers. The error bars show one standard deviation (n = 3). For a detailed 
description of the condition please refer to Table 2. 
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Figure 4 
Feature distribution during the applied gradient. Black, RP-18 test condition #1, ESI+ 
mode; red, diol-HILIC test condition #4, ESI+ mode. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
 

Large scale studies where hundreds or even thousands of samples have to be 

analysed are the essence of clinical metabolomics. Consequently, robust analytical 

methods are required. In order to give an indication of the robustness of the 

different column materials under the different applied test conditions, we performed 

repeated urine injections (n = 5) and monitored RT shifts for the amino acids valine, 

proline and phenylalanine, the carboxylic acid hexanoic acid, and the nucleoside 

guanosine. For all analytes, all columns and all test conditions the RSD of the 

obtained RT was below 6.2% with the best value observed for proline under 
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condition #4 on cyano-HILIC (2.4% RSD) and the worst value found for valine under 

condition #2 on cyano-HILIC. 

 

To present a more detailed impression of the obtained results, Figure S4 in the 

supplementary data (to be found in electronic version) shows the obtained density 

maps for all columns operated under the optimal (highest feature number) condition. 

Interestingly, the RPLC columns show a broader distribution throughout the gradient. 

However, many of the polar components of human urine are eluted with RT values 

below 2 times t0 and might therefore suffer from serious ionization suppression. 

Finally, we carried out a comparison of the features (accurate masses only as RT 

cannot be compared) detected with the C18-RPLC and the diol-HILIC column at 

condition 1 in the ESI+ mode. Most of the found molecular features are different 

when comparing the two columns under the same operation conditions. No more 

than 20% overlap was observed, while using a 50 ppm margin. This fact might be 

interpreted as an indication of the orthogonal behaviour of the two investigated 

column chemistries. 

 

Using the scoring system for column performance, we could pinpoint two most 

optimal column chemistries, namely the C18-RPLC and diol-HILIC under test 

conditions 1 and 4, respectively. Even though the PFP-RPLC column gave a slightly 

better performance than the C18-RPLC material, for a comparison with diol-HILIC we 

have chosen the C18-RPLC, as it is the most widely applied column material in the 

field. This time, however, the biological context rather than analytical performance 

was our main “readout”. It is well known that clinical metabolomics studies are 

influenced by a number of the confounding factors such as age, composition of gut 

micro-biota and gender. The gender is probably the mildest of all mentioned factors. 
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We have designed an experiment using a small selection of urine samples obtained 

from healthy volunteers. Consequently, we have introduced gender bias in our 

sample selection and used this mild confounding factor as a biological context for 

column/conditions comparison. Supplementary data S3a (to be found in electronic 

version) shows principle component analysis (PCA) score plots for both tested 

columns in ESI+ and ESI− mode. Despite the differences in the column chemistries 

and polarity, all four plots show a remarkable consistent picture. Each of the 

conditions taken separately describes the selected set of samples adequately. To give 

a numerical expression of the degree of the overlap between the presented 

conditions, we used a RV coefficient, which is a multivariate extension of the 

correlation coefficient and used for calculation of the correlation between the 

matrices33. In metabolomics it is often used to estimate the similarity/dissimilarity 

between data sets obtained on different analytical platforms (for example, LC–

MS/GC–MS33, LC–MS/NMR34). Supplementary data S3 shows that all four conditions 

are highly inter-correlated. This observation may have profound implications for 

practical organization and design of metabolomics experiments. Indeed, as the 

sample sets in clinical metabolomics studies are getting larger and demand more 

instrumental/computing time, a choice between a comprehensive approach 

(employing multiple analytical platforms) and a routine approach (single platform) 

has to be made. However, if a biological context is described equally well by different 

methods, the selection of the method should be based on the comparison of the 

analytical performance of the column chemistries. To this end, a scoring system and 

the entire evaluation workflow used in this work may play a crucial role in the 

selection of an optimal platform for metabolomics studies. 
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3.5 Conclusion 

Several comparisons can be undertaken from the here presented data: (a) RPLC 

material versus HILIC material, (b) different RPLC and HILIC materials compared to 

each other within the group, and (c) comparison of ACN and MeOH for the elution of 

RPLC phases. 

With respect to (a) and (b), it can be concluded that HILIC columns proved 

advantageous for the analysis of the 54 compound test set employed. This fact was 

also reflected when analysing human urine samples giving more molecular features. 

Particularly, the diol-HILIC column proved best in both ESI+ and ESI− mode at pH 7. 

This finding also makes the application of the diol-HILIC column attractive, when 

polarity switching can be applied during analysis, which in turn can lead to a 50% 

reduction of analysis time. On the other hand, the PFP-RPLC core–shell material gave 

best results within the RPLC column set, with regard to the amount of features 

detected. However, we expected the PFP-RPLC column to perform even better, 

based on the recently described data for the analysis of hydrophilic cellular 

metabolites. From our experience, it seems that the core–shell PFP-RPLC material 

does not perform equally well as the porous equivalent, particularly when very 

hydrophilic analytes are to be investigated. 

With respect to (c), we found slightly better results when eluting the RPLC columns 

with ACN. It is difficult to give a straightforward explanation for this finding, but we 

could speculate that ionization efficiencies during the ESI process are affected by the 

solvent or compounds could have different RT's, causing more co-elution and thereby 

more ionization suppression. 

In summary our study strongly suggests the use of HILIC and particularly diol-HILIC 

columns for urinary metabolic profiling as more molecular information in comparison 

to RPLC columns can be obtained. In the future, certainly more HILIC applications will 
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appear as the better performance of this separation mechanism is starting to be 

widely accepted in the field of urinary metabolomics. With our results, we hope to 

give an additional body of data underlining the good performance of HILIC columns 

for urinary metabolomics. Particularly, the good performance of the diol-HILIC 

column in both ESI+ and ESI− mode, even in combination with a very fast gradient of 

7 min, offering the possibility of polarity switching, might certainly accelerate the 

field. 
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