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Figure 1. Description of the experimental workflow and filtering regimes. A) Experimental setup and data processing; B) GC-MS data analysis. NAs
were imputed for a protocol where the metabolite was missing in at least 60% of replicates. The data were normalized, derivatives were summed up, and
the sensitivity and RSDs (plus mRSDs) were calculated; C) FIDIMS data processing and analysis. The data were filtered as described in the methods
(global filter, at least 60% values per metabolite and RSD < 15% or per extraction method where NAs were imputed where a lipid species was missing in
60% of replicates). Light gray: Missing value filter ~60% of replicates are missing for this species, so either NAs are imputed, or this species is deleted
from the data set. Dark gray: RSD filter the RSD is over 15% for at least one protocol, so this lipid species is deleted from the data set.

incubation. An identification mixture was prepared and using an Agilent 7890 gas chromatography system with a VE-§
derivatized, and an alkane mixture for a reliable retention ms column and a Pegasus HT TOFMS-System coupled to a
index calculation was included.'® The analysis was performed Gerstell autosampler.
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FIDIMS Platform Measurements

An autosampler from a Shimadzu Nexera X2 UHPLC system
was coupled with a QTRAPSystem with SelexlON DMS
Technology, which was either turned ON or OFF. An FIA setup
with an isocratic flow rate of 7 uL/min was used. 50 uL of each
reconstituted sample was injected, and 20 spectral scans were
collected for each lipid per run. Multiple reaction monitoring
(MRM) and positive/negative switching were used to measure
lipid species before samples were quantified using the
Lipidomics Workflow Manager (LWM). Positive ion mode
detected CEs, CERs, DAGs, DCERs, HCERs, LCERs, SMs, and
TAGs. Negative ion mode detected FFAs, LPCs, LPEs, PCs, and
PEs.

Data Analysis

Figure 1 summarizes the data processing and analysis. If three or
more replicates run on the GC-MS had a missing value for a
polar compound, NAs were recorded for all replicates to exclude
that compound from further analysis (Figure 1B). The data were
normalized using probabilistic quotient normalization (pqn)
before derivatives intensities for each metabolite were
summed.'” Next, as a measure of repeatability, the relative
standard deviation (RSD) was calculated for each metabolite,
and the median RSD (mRSD) across all metabolites was
calculated for each extraction protocol. Missing values were
ignored in the calculation of the RSD. The sensitivity of each
extraction protocol was calculated as the mean intensity ratio for
a compound by one method relative to the measured intensity
using the BD protocol.

A lipid species was considered missing in a protocol if at least
60% of replicates analyzed using the FIDIMS platform were
missing. RSDs were calculated for each lipid species and
summarized as mRSDs per lipid family. To assess sensitivity, we
used a filtered data set of lipids that were common to all
extraction methods. This data set was created by filtering out
lipid species that were missing in >40% of replicates in any
individual extraction method and those with an RSD of >15%.
The sensitivity of a method was defined as the mean intensity
ratio for a compound by one method over the intensity for that
compound by one of the other methods. PCs, PEs, and TAGs
were divided into four subgroups: short saturated (SS), short
unsaturated (SU), long saturated (LS), and long unsaturated
(LU).

Where applicable, test results were false discovery rate
corrected according to the Benjamini-Hochberg (BH) proce-
dure.

B RESULTS

Five biphasic extraction protocols used in metabolomics were
directly compared to evaluate their overall extraction efficiency
of mouse plasma: the well-established lab version of the Bligh—
Dyer protocol and four protocols employing MTBE instead of
CHCI, (Figure 1A). After curation of the GC-MS data, they
were processed and analyzed as described in Figure 1B.

GC-MS Results

First, we analyzed polar metabolites using a GC-MS approach.
Specifically, we determined abundances for 62 intermediates
corresponding to 45 metabolites of the central carbon
metabolism. We detected 23 metabolites in >40% of replicates
after extraction with the Bligh—Dyer method, compared to 22
detected metabolites using the diluted Matyash method and 20
after the scaled Matyash version (Supp. Figure 1A). The fewest
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polar metabolites were detected after the Lipidyzer extraction
methods were used, with 18 metabolites detected after Lipidyzer
1X protocol and 17 after the Lipidyzer 2X protocol (Supp.
Figure 1A). Methionine and ornithine were only reliably
detected using Bligh—Dyer diluted Matyash protocols (Supp.
Figure 1A). The Bligh—Dyer extraction is furthermore the only
protocol able to extract glyceric acid-3-phosphate and the
protocol with the least missing values (Supp. Figure 1A). The
Lipidyzer 1X extraction, on the other hand, was the only one that
was able to extract isoleucine. The most missing values were
produced by the Lipidyzer 2X extraction, which led to only 17
metabolites that could be detected reliably (Supp. Figure 1A).

Repeatability was determined by calculating each metabolite’s
relative standard deviation (RSD). All extraction methods
achieved mRSDs below a threshold of 15% (Supp. Figure 1B).
The scaled Matyash method outperformed all other methods,
with an mRSD of 7.4%. Only the Bligh—Dyer method had a
comparably low mRSD of 7.6%. Despite these apparent
differences in repeatability (Kruskal-Wallis test, p = 0.07)
none of the achieved mRSDs vary significantly (Dunn’s posthoc
test).

Bligh—Dyer outperformed most other methods for sensitivity
of polar metabolite detection (q < 0.05) (Supp. Figure 1C).
Amino acids, particularly the hydrophobic ones, were extracted
more efliciently using the Bligh—Dyer method than by any of the
other studied methods. Both Matyash-derived methods,
especially the diluted Matyash method, performed significantly
better than the Lipidyzer methods for most metabolites (Supp.
Figure 1C).

FIDIMS Platform Results

Next, we analyzed the nonpolar fraction. For each extraction
method, missingness was defined as a failure to be detected in at
least 40% of samples. 69 lipid compounds were considered truly
missing, as they were not detected in enough replicates of any
extraction method. The resulting number of detected lipid
species was 727 across the five methods. None of the extraction
methods could extract significantly more lipid species of one
family compared to the others, although minor differences were
seen between methods. Both Matyash methods could detect
fewer lipid species reliably than the other three methods, with
Lipidyzer 2X (714 detected lipid species) and the Bligh—Dyer
method (708) performing best (Supp. Figure 1D). The
Lipidyzer 1X extraction protocol performed slightly better
(700) than the scaled-down Matyash method (699), which in
turn had fewer missing species than its diluted version (697)
(Supp. Figure 1D). None of the extraction methods could
extract significantly more lipid species of one family compared
with the others. The highest percentage of missing values was
measured for DCERs and PEs (both 67%). Many LCER (60%),
LPE (56%), and LPC (50%) species were also not detected in at
least 40% of samples of at least one of the extraction methods.
Almost all CEs, FFAs, PCs SU, SMs, and TAGs were detected by
all extraction methods (Figure 2A). PEs and HCERs were
missing to a comparable extent in all extraction methods, while
both Matyash methods had more missing CERs, DCERs, and
LPEs and LPCs.

To facilitate a comprehensive repeatability comparison in
terms of median RSD (mRSD) at the lipid family level, missing
lipid species, as defined above, were filtered out for each
extraction method individually. The RSD was calculated per
lipid species, and the median RSDs were calculated at the lipid
family level. The scaled-down Matyash method stood out with
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Figure 3. Comparison of the performance of five extraction protocols for polar and nonpolar compounds. A) Extraction efficiency of each protocol
depicted as sensitivity as described above; B) repeatability achieved by each extraction protocol for both polar and nonpolar metabolites.

high mRSD values in multiple lipid families, especially in FFAs,
LPEs, PEs, and PCs (Figure 2B). These lipid families generally
showed high variability in repeatability performance across
protocols. The mean of mRSDs per lipid family was below 16%
for all lipid families except all PE families. The best performance
in terms of repeatability was achieved by the Lipidyzer 1X
protocol. Among the MTBE protocols, the Lipidyzer protocol
outperformed the Matyash protocol.

Sensitivity analysis revealed a significantly higher sensitivity of
the diluted Matyash method compared to the Bligh—Dyer
method for all lipid classes (Figure 2C and Supp. Figure 2A). It
also outperformed the Lipidyzer 2X extraction method in
sensitivity to CERs and CEs. Although compared to the Bligh—
Dyer extraction method, all other approaches showed a higher
sensitivity for all lipid classes, the FIDIMS extraction methods
did not outperform the other methods with the exception of
CERs, CEs and DCERs.

Combined Results

To evaluate the overall performance of each extraction protocol,
we combined sensitivity and repeatability results for polar and
nonpolar compounds (Figure 3). Principal component analysis
(PCA) of all replicates showed broadly two groups of extraction
methods: one comprising the Bligh—Dyer and Matyash
extraction methods and the other the two Lipidyzer methods
(Supp. Figure 2B). As the Bligh—Dyer protocol performed best
for GC-MS analysis and worst for FIDIMS platform analysis
concerning the sensitivity, we chose this protocol as the baseline
for comparison. The extraction efficiency of the diluted Matyash
protocol was almost as high as the extraction efficiency of the
Bligh—Dyer protocol for polar metabolites and higher for all
lipid families (Figure 3A). The scaled-down Matyash protocol
achieved similar results but with a higher number of polar
metabolites that were not as efficiently extracted by that method
as the Bligh—Dyer protocol. Both Lipidyzer extraction protocols
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performed poorly for polar metabolites but better than other
protocols for almost all lipid families, as measured by the number
of species detected, sensitivity, and repeatability. By contrast,
Bligh—Dyer had one of the highest rates of detection of lipid
species but with decreased sensitivity compared to that of other
methods. Interestingly, Bligh—Dyer seemed particularly efficient
at extracting amino acids, with nearly all compounds in which it
outperformed other extraction methods belonging to this class:
glycine, lysine, phenylalanine, serine, and threonine (Supp.
Figure 1C). Additionally, the alpha-keto acid pyruvic acid and
the carboxylic acid glutaric acid were also significantly less
efficiently extracted by all extraction methods as compared to
the BD method.

The repeatability among nonpolar metabolites was higher
than among polar metabolites, which varied more in RSDs
(Figure 3B). The outlier glucose-6-phosphate extracted by the
diluted Matyash protocol can be explained by one replicate with
a significantly higher area in comparison to the other four. On
the other hand, proline, ornithine, phenylalanine, and lysine vary
greatly among replicates for all extraction methods. This is likely
due to the derivatization method. Previous research suggests
that the more stable N-tert-butyldimethylsilyl-N-methyltrifluor-
oacetamide (MTBSTFA) would lead to a higher sensitivity for
amino acids in GC-MS analysis. However, due to steric
hindrance, the use of MTBSTFA comes with the disadvantage
of incomplete derivatization of carbohydrates.'® While the
Bligh—Dyer protocol showed relatively high repeatability for
polar compounds, the median of all lipid family mRSDs was
slightly higher than that of the Lipidyzer 1X and diluted Matyash
method. However, these two methods had mRSDs for polar
metabolites higher than those of all other protocols. The
Lipidyzer 2x and scaled-down Matyash methods had the biggest
difference between the repeatabilities achieved for polar versus
lipid compounds. They both had high repeatability for polar

https://doi.org/10.1021/acs.jproteome.3c00596
J. Proteome Res. 2024, 23, 2961—-2969


https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00596/suppl_file/pr3c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00596/suppl_file/pr3c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00596/suppl_file/pr3c00596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00596/suppl_file/pr3c00596_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?fig=fig3&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.3c00596/suppl_file/pr3c00596_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jennifer+A.+Kirwan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5423-1651
https://orcid.org/0000-0002-5423-1651
mailto:Jennifer.Kirwan@bih-charite.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Friederike+Gutmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6763-2270
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raphaela+Fritsche-Guenther"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniela+B.+Dias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.3c00596?ref=pdf
https://doi.org/10.1002/pca.2505
https://doi.org/10.1101/2021.12.15.470649
https://doi.org/10.1101/2021.12.15.470649
https://doi.org/10.3390/metabo12050453
https://doi.org/10.3390/metabo12050453
https://doi.org/10.3390/metabo12050453
https://doi.org/10.1128/mSystems.00043-16
https://doi.org/10.1128/mSystems.00043-16
https://doi.org/10.1128/mSystems.00043-16
https://doi.org/10.1007/s11306-010-0254-3
https://doi.org/10.1007/s11306-010-0254-3
https://doi.org/10.1007/978-1-4939-7592-1_15
https://doi.org/10.1007/978-1-4939-7592-1_15
https://doi.org/10.1007/978-1-4939-7592-1_15
https://doi.org/10.1007/978-1-4939-7592-1_15?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-018-35807-4
https://doi.org/10.1038/s41598-018-35807-4
https://doi.org/10.1038/s41598-018-35807-4
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1021/jf073471e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf073471e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1016/0003-2697(78)90046-5
https://doi.org/10.1016/S0167-7012(01)00259-7
https://doi.org/10.1016/S0167-7012(01)00259-7
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



https://doi.org/10.1194/jlr.D700041-JLR200
https://doi.org/10.1194/jlr.D700041-JLR200
https://doi.org/10.1016/j.aca.2018.03.019
https://doi.org/10.1016/j.aca.2018.03.019
https://doi.org/10.1016/j.aca.2018.03.019
https://doi.org/10.1021/acs.analchem.1c02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c02826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/metabo10110457
https://doi.org/10.3390/metabo10110457
https://doi.org/10.3390/metabo10110457
https://doi.org/10.1021/ac051632c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051632c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051632c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471142727.mb3004s114
https://doi.org/10.1002/0471142727.mb3004s114
https://doi.org/10.1002/0471142727.mb3004s114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/0471142727.mb3004s114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.7b00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.7b00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.7b00486?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300716u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1194/jlr.D001503
https://doi.org/10.1194/jlr.D001503
https://doi.org/10.1194/jlr.M034330
https://doi.org/10.1194/jlr.M034330
https://doi.org/10.1016/j.biortech.2010.08.007
https://doi.org/10.1016/j.biortech.2010.08.007
https://doi.org/10.1093/nar/gkad1045
https://doi.org/10.1093/nar/gkad1045
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.3c00596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

