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ABSTRACT 
 
An evaluation of high resolution acquisition paradigms was performed for the purpose of qualitative 
characterization and quantitative measurement of metabolic flux in cell culture assays. High resolution “MRM- 
like” targeted analysis, data dependent acquisition (IDA) as well as a new data independent acquisition (DIA) 
mode referred to as SWATH® Acquisition was performed on time course cell assay samples. Results indicate 
that all three modes have utility and unique strengths for fluxomic worflows. Targeted quantitative modes which 
tend to be more selective and sensitive are easily transferred to nominal mass methodologies. These modes 
can also be useful for the targeted confirmation of putative metabolites. IDA methodologies have the advantage 
of being non-targeted but the MS/MS data generation is stochastic in nature. Thus, IDA modes are well suited 
for identifying a large number of analytes per sample but occasionally re-injection is usually required because 
these workflows are bias to the ion triggered for fragmentation, thus MSMS for low abundant compounds if 
often missed. The SWATH Acquisition approach allows MSMS of every single precursor and is not bias to an 
abundant compound. SWATH Acquisition also now utilizes variable window logic and  shows much promise to 
merge and balance the advantages of  the afore mentioned targeted and non targeted approaches. 
 

INTRODUCTION 
 
Scientists across many disciplines are looking at metabolomics to answer challenging questions and 
complement existing datasets. In recent years, LC-MS techniques have greatly increased the quality and 
breadth of metabolomics datasets, though traditionally most of this work has focused on the identification of 
metabolites. Modern mass analyzers in DIA mode afford the ability to identify as well quantitate a nearly 
unlimited number of analyte signals. As well high quality quantitative precision and linearity of modern mass 
analyzers allow scientists to study the regulation of metabolite levels and pathways. Most quantitative studies 
have focused on the measurement of steady-state metabolite levels where experimental variability can mask 
the true degree of metabolic regulation. Data independent technique  shows great potential to elucidate the 
regulation / kinetics of metabolic pathways in fluxomics and tracer analysis studies. Herein we evaluate the 
merits of various high resolution approaches to the measurement of metabolic flux.  
 

MATERIALS AND METHODS 
 
Cell Assay: 
MDCK cells were cultured under sterile conditions and seeded onto 24 well plates. A control and 13C labeled 
time course were created. Time points were generated at 0,1,2,5,10 and 20 minutes. Terminal time points at 24 
hours were also taken. Controls were created by feeding normal media and labeled flux samples were fed 
media prepared with stable isotope labeled 13C6-glucose (Cambridge Isotope).  
 
Sample Preparation: 
MDCK monolayers in 24 well plates were washed twice with 37oC phosphate buffered solution (PBS) and then 
immediately lysed in ice cold 70% methanol at various time points.  Cell lysate was transferred to 1.5 ml 
Eppendorf tubes. Samples were frozen at -80oC until time of analysis.  Lysate samples were centrifuged for 8 
minutes at 14K RPM (20000g) to pellet cellular debris. The supernatant was then transferred to 1.5 mL glass 
vials with 300µL inserts for LCMS analysis. 
 
LCMS Conditions: 
Cell supernatant was injected onto weak anion exchange chromatography coupled to a TripleTOF® 6600 
System(QqTOF) mass analyzer. Acquisition was performed in positive and negative ion modes and was 
generated using a targeted, IDA and DIA techniques. MarkerViewTM Software 1.3 was used to perform 
multivariate statistical analysis such as PCA on labeled samples versus non-labeled controls and quantitation 
was performed with MultiQuantTM Software. 
 
Mobile phase A: 80% Acetonitrile, 20% water, 10 mM Ammonium Acetate 
Mobile phase A: 100% water 0.0018%v/v NH4OH (pH~ 10+) 
Column: 2.1 X 50mm amino - BioBasic AX or Luna NH2 (Phenomenex) 
Flowrate: 500 µL/min 
Injection volume: 10µL 
 
 
 

Figure 2. 1,6-Fructose Bisphosphate (2,6 as a minor peak) as run in IDA (DDA) mode. Top panel is the elution 
profile. Middle panel shows the MS/MS sampling instances aligned with the top pan chromatogram. The logic 
which controls DDA sorts through 1000s of signals and ranks them in any one scan cycle by the current rate of 
change. The advantage of this mode of acquisition is that MS/MS can be collected for a large number of unknown 
signals. The disadvantage is in data completeness. Some signals fail to meet IDA criterial and are missed or 
MS/MS may only be collected in the middle or tail of peaks. Often times a targeted re-analysis is needed.  

Figure 3. SWATH Acquisition on fructose-bisphosphate species. Top Left: the elution profile of fructose-
bisphosphate. Bottom Left: variable window SWATH Acquisition as applied to a metabolomics extract. 
Variable Q1 windows widths can be adjusted to meet the needs of any sample type. Top Right: SWATH 
Acquisition MS/MS results give similar results to DDA. Bottom Right: the advantage of SWATH Acquisition 
MS/MS data is that it is collected for all species all the time. Total ion chromatograms can be extracted for all 
daughter ions at < 5ppm. 37 SWATH windows were collected in a total cycle time of 800 ms.     

CONCLUSIONS 
 
Samples were analyzed by multiple means to create a library of observed metabolites. Targeted ion extraction 
and library driven search, comparison of sample and control, as well as multivariate analysis were all used to 
find analytes of interest. Careful creation of control samples (unlabeled) was important for the discovery of 
metabolites in addition to the confirmation of species by mass accuracy, isotope ratio, and MS/MS fragment 
pattern. Multivariate analysis (PCA) of perturbed samples was particularly useful for identifying species that 
were undergoing significant flux of metabolite intermediates with heavy atoms into a pathway. 
  
Simple unit resolution data dependent MS/MS, which is the most traditional style of LC-MS data collection, was 
employed for basic confirmation of metabolites. In addition, SWATH Acquisition and some targeted MS/MS 
modes were also employed to evaluate their utility for kinetic measurements. The results support that the 
traditional data dependent workflows were adequate for both identifying and quantifying of metabolites. Flux of 
heavy isotopes can also be observed in the MS data layer but even with high resolution mass measurement, 
the occupancy of heavy atom incorporation cannot be localized. Furthermore, the stochastic nature of data 
dependent MS/MS data collection limits the use of MS/MS to identification only. Measurement of flux kinetics 
and identification of the locale of heavy atom incorporation is made possible by using either targeted 
"scheduled" analyses as well as SWATH data independent technique. Future work on “targeted/scheduled” 
panels shows great promise for routine flux workflows. 
  
This work demonstrates the practicality of combining high levels of resolution and scan speed at the MS and 
MS/MS level. This level of performance can be leveraged to generate information rich targeted and data 
independent datasets for metabolomics flux studies. 
 

ACKNOWLEGDEMENTS 
The Authors would like to thanks Dr. Emile Plise from Genentech for generating MDCK samples and time 
courses. 
 

TRADEMARKS/LICENSING 
 
AB Sciex is doing business as SCIEX. 
© 2016 AB Sciex. For Research Use Only. Not for use in diagnostic procedures. The trademarks mentioned 
herein are the property of AB Sciex Pte. Ltd. or their respective owners. AB SCIEX™ is being used under 
license.   

Figure 1. (Top) Traditional targeted and non-targeted workflows which utilize Q1 precursor isolation set to unit 
resolution can produce either full MS/MS chromatograms focused on specified (limited) analytes or stochastic 
MS/MS sampling on large numbers of analytes. (Bottom)  SWATH Acquisition, DIA workflows are capable of 
generating MS/MS data on all analytes in a sample. Mathematical correlation of chromatography parameters is 
used to deconvolve chimeric spectra. SWATH Acquisition data can be used for “MRM-like” quantitation, as well as 
structure and pathway elucidation. 

Figure 5. Quantitative analysis of 12C/13C flux metabolites. Left: 13C3 pyruvate as a metabolite of 13C6 glucose. 
Right: 13C6 fructose bisphosphate as a metabolite of 13C6 glucose. MultiQuant Software was used to integrate 
and visualize the results. Units of kinetics plots are time in minutes.  
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Figure 4. Comparisons of labeled and control samples. Top Left: Principal component analysis (PCA) was 
performed using MarkerView Software. The labeled and control sample groups show variables that clearly 
separate statistically. The radial spokes highlighted in the loading plot are primarily labeled species. Top Right: 
Adenosine-triphosphate (ATP) is observed as major endpoint for 13C atoms from heavy glucose treatment. Bottom 
Left: SWATH Acquisition results for ATP show a similar clustering between labeled versus unlabeled. The 
Adenosine-diphosphate (ADP) fragment cluster appears to conserve the same isotopic cluster ratio. Adenine is 
also observed with a fragment at 136 m/z. Bottom Right: MRMHR on each isotope of the labeled cluster also yields 
additional information. The  ADP cluster, shown in various colors, enables selective quantitation for each form. 
Furthermore, adenine clearly contains no label and is a common mass derived from all labeled ATP forms. 
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