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A B S T R A C T

The importance of sample preparation selection if often overlooked particularly for untargeted multi-omics
approaches that gained popularity in recent years. To minimize issues with sample heterogeneity and addi-
tional freeze-thaw cycles during sample splitting, multiple -omics datasets (e.g. metabolomics, lipidomics and
proteomics) should ideally be generated from the same set of samples. For sample extraction, commonly biphasic
organic solvent systems are used that require extensive multi-step protocols. Individual studies have recently also
started to investigate monophasic (all-in-one) extraction procedures. The aim of the current study was to develop
and systematically compare ten different mono- and biphasic extraction solvent mixtures for their potential to aid
in the most comprehensive metabolomics, lipidomics and proteomics datasets. As the focus was on human
postmortem tissue samples (muscle and liver tissue), four tissue homogenization parameters were also evaluated.
Untargeted liquid chromatography mass spectrometry-based metabolomics, lipidomic and proteomics methods
were utilized along with 1D sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and bicin-
choninic acid (BCA) assay results. Optimal homogenization was found to be achieved by bead-homogenizing 20
mg of muscle or liver tissue with 200 μL (1:10 ratio) Water:Methanol (1:2) using 3 × 30 s pulses. The supernatant
of the homogenate was further extracted. Comprehensive ranking, taking nine different processing parameters
into account, showed that the monophasic extraction solvents, overall, showed better scores compared to the
biphasic solvent systems, despite their recommendation for one or all of the -omics extractions. The optimal
extraction solvent was found to be Methanol:Acetone (9:1), resulting in the most comprehensive metabolomics,
lipidomics and proteomics datasets, showing the potential to be automated, hence, allowing for high-throughput
analysis of samples and opening the door for comprehensive multi-omics results from routine clinical cases in the
future.

1. Introduction

Individual omics studies (e.g. genomics, transcriptomics, prote-
omics, lipidomics, metabolomics) have been used in the last decade for
the study of diseases (including biomarker research and drug discovery)
or in fields like agriculture, plant sciences and microbiology [1,2]. In
recent years, multi-omics workflows have gained popularity to

understand links between genotype and phenotype and to generate a
more comprehensive/systemic picture of biological and biochemical
processes within an organism [3,4]. Multi-omics has previously been
defined by Krassowski et al. as “an approach aiming to improve the
understanding of systems regulatory biology, molecular central dogma
and genotype-phenotype relationship by combining three or more
different omics data” [1]. While the integration of multiple omics
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datasets often requires overcoming extensive computational and data
processing hurdles (e.g. combining dimensions of very different outputs
from each -omics technique), it is crucial to consider multi-omics
method integration during study design and sample preparation/ex-
traction [1,4,5]. In general, the importance of sample preparation se-
lection is often overlooked [6]. Depending on the choice of extraction
solvent/method, an extraction bias for certain compounds/compound
classes can occur. Metabolomics studies by Canelas et al. and Duportet
et al. have previously shown that the same samples extracted with
different extraction methods/solvents can result in significantly
different measurements of metabolite levels and contradictory biolog-
ical interpretation of active metabolite pathways [7,8]. This stresses the
enormous impact that the choice of sample preparation method/-
extraction solvent can have on untargeted -omics studies. While a
certain level of extraction bias can most likely never be excluded with a
simple and rapid extraction workflow, it is crucial to be aware of the
limitations of one’s sample preparation approach and ideally choose a
method that is as unselective and reproducible as possible.

Often for multi-omics studies, collected samples are split into mul-
tiple aliquots for -omics specific extraction [9–11]. However, to mini-
mize issues with sample heterogeneity and additional freeze-thaw cycles
during sample splitting, multiple -omics datasets should ideally be
generated from the same set of samples [5]. For this, frequently biphasic
organic solvent systems are used, requiring extensive multi-step pro-
tocols to isolate individual compound classes [12–14]. Most common
examples of these solvent systems are adaptations of the
Bligh-Dyer/Folch- (chloroform, methanol (MeOH) and water) [15,16]
or Matyash-extractions (methyl tert-butylether (MTBE), MeOH and
water) [17], requiring careful pipetting during phase separations. As a
consequence, these workflows are low-throughput and susceptible to
sample loss [18]. In general, these extractions usually result in an
organic and an aqueous phase along with a protein precipitate, that can
be separated out for lipidomics, metabolomics and proteomics analysis,
respectively. Historically, however, protein precipitation methods have
often been considered unreliable for proteomics analysis and specialized
protein extraction was preferred. Nevertheless, due to advancements
and more systematic studies, protein precipitation is nowadays well
established and one of the most common methods for protein extraction
in both bottom-up and top-down proteomic workflows [19–21]. Indi-
vidual studies have also started to investigate monophasic (all-in-one)
extraction procedures, to increase throughput, decrease sample loss and
potentially allow automation [18,22].

The aim of the current study was to develop and thoroughly evaluate
a multi-omics sample preparation workflow that aids in comprehensive
metabolomics, lipidomics and proteomics datasets by comparing and
adapting/modifying existing homogenization procedures along with
monophasic and biphasic extraction solvent mixtures. The focus was on
postmortem human muscle and liver tissue samples. Comparing these
two matrices, the aim was also to investigate whether or not a biphasic
extraction procedure might be mandatory/advisable to achieve
comprehensive lipidomics results for lipid-rich tissue such as liver [23,
24].

In total, four homogenization parameters were evaluated along with
10 different mono- or biphasic extraction solvents/mixtures. Selection of
the latter were based on adaptations of the classic Bligh-Dyer/Folch and
Matyash-extractions along with a variety of all-in-one extraction pro-
cedures, such as Boxler et al. [25] and Muehlbauer et al. [18]. For the
biphasic solvent mixtures, in addition to the classic 2:1 organic
solvent-to-water ratio, a 1:1 mixture (extra water) was trialed, as this
was previously suggested to increase the yield of metabolites, while
decreasing the amount of lipids extracted within the polar metabolomics
phase [23]. Overall, homogenization and extraction parameters were
compared and thoroughly evaluated based on untargeted liquid chro-
matography tandem mass spectrometry (LC-MS/MS)-based metab-
olomics, lipidomics and proteomics as well as 1D sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and bicinchoninic acid

(BCA) assay results.

2. Materials and methods

2.1. Homogenization and extraction

Postmortem human tissue samples (thigh muscle and liver samples;
recently deceased donors frozen for preservation and thawed for sample
collection) were collected at the Anatomical Facility, University of
Technology Sydney (UTS) through the Body Donation Program, with
donors giving consent in accordance with the New South Wales Anat-
omy Act (1997). The study was approved by the UTS Human Research
Ethics Committee (ETH18-2999; issued July 4, 2019). During method
development, several parameters were investigated and optimised
focussing on homogenization and extraction. Overall, five different
homogenization solvents, five different pulsing frequencies, four
different sample amounts and four different sample material-to-
homogenization solvent ratios were investigated along with 10
different extraction solvent combinations. All experiments looking at
homogenization parameters were conducted using two biological rep-
licates (muscle tissue) and for all experiments optimising the extraction,
homogenized pooled samples (one muscle pool sample and one liver
pool sample) were used in biological duplicates (the number of technical
injection replicates (e.g. n = 3 for metabolomics experiments are spec-
ified for each analytical technique below). While Table 1 details the list
of changed conditions that were tested throughout the method devel-
opment phase, the general workflow all samples underwent was as fol-
lows: All tissue samples were homogenized using 2 mL microtubes filled
with 3 mm zirconium beads on the BeadBug™ benchtop homogenizer
(Benchmark Scientific, Sayreville, NJ, US) with addition of
phenylalanine-d2 as an internal standard (concentration in homogenate:
2 μg/mL, detectable in positive and negative ionization mode; moni-
toring extraction variability) and homogenization solvent according to
Table 1. The samples were vigorously shaken for 5 min and spun down
for 30 s on a benchtop centrifuge. The supernatant (150 μL) was trans-
ferred into a fresh 1.5 mL microcentrifuge tube and extracted using the
specified solvent (see Table 1). The samples were vigorously shaken for
5 min and centrifuged for 10 min at 14 000 rpm. For miscible mono-
phasic solvent systems, the supernatant was the extract used for both
metabolomics and lipidomics mass spectrometric analysis. For biphasic
solvent systems (MTBE:Water and dichloromethane (DCM):Water), the
aqueous phase was used for metabolomics mass spectrometric analysis,
while the organic phase was subsequently analysed for lipids (after
evaporation and reconstitution in the same volume of the LC-eluents
using the method’s starting conditions). Caffeine-d3 (detectable in
positive ionization mode) and palmitoleic acid-d2 (detectable in nega-
tive ionization mode; concentration in solution each: 5 μg/mL) were
added as internal standards to both metabolomics and lipidomics ex-
tracts prior to analysis to check for instrument variability. The remain-
ing pellet in all cases (after evaporation of the organic solvent) was
further prepared for protein/peptide analysis using 1D gel electropho-
resis, BCA assay and/or mass spectrometric analysis, as detailed below.

2.2. Protein content visualisation and quantification (1D SDS-PAGE and
BCA assay)

2.2.1. Sample preparation
The protein fraction (protein pellet) was visualized using 1D SDS-

PAGE. For samples investigating homogenization parameters (homog-
enization solvent, pulsing frequency, sample material-to-
homogenization solvent ratio and sample amount), the complete pro-
tein pellet was resuspended in 10 μL of SDS sample buffer (200 mM Tris-
Cl buffer (pH 6.8), 8 % SDS, 40 % glycerol and 0.4 % bromophenyl blue)
and water-mixture (1:1), and reduced and alkylated with tris(2carbox-
yethyl)phosphine (TCEP, 5 mM) and iodoacetamide (IAA, 10 mM).
Following heating (95 ◦C for 5 min) and centrifugation (14 000 rpm for

L. Brockbals et al. Talanta 286 (2025) 127442 

2 



5 min), the samples were loaded onto a gel. The protein pellets of the
extraction solvent samples were resuspended in 50 μL of a 1 % sodium
deoxycholate (SDC) in HEPES solution that contained TCEP (5 mM) and
IAA (10 mM). The samples were heated (95 ◦C for 5 min), centrifuged
(14 000 rpm for 5 min) and incubated (room temperature, 50 min). Five
μL of the sample were added to 5 μL of the SDS sample buffer for gel
electrophoresis. Another 5 μL were used for a BCA assay as detailed
below. Additionally, a 50 μL aliquot of the metabolomics phase, from all
extraction solvent samples, was evaporated to dryness, and after
reconstitution (10 μL SDS sample buffer:water mixture containing TCEP
and IAA), heating and centrifugation, was run with 1D SDS-PAGE to
visualize the remaining protein content in the metabolomics fraction.

2.2.2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

For 1D SDS-PAGE, fifteen-well gels were prepared with a 12 %
acrylamide separating gel and a 4 % acrylamide stacking gel. Ten μL of
sample was loaded onto the gel. Gel electrophoresis was stopped once
the dye front started to run off the gel. Proteins were fixed (Water:
MeOH:acetic acid, 5:4:1), stained with Coomassie blue G250 and sub-
sequently destained with deionised water. The gels were imaged with
the Typhoon™ FLA 9500 biomolecular imager (GE Healthcare Life
Sciences, Uppsala, SE) using fluorescence at an excitation wavelength of
685 nm and emission wavelength of 700 nm. The resulting images were
manually evaluated in terms of number of protein bands and band
intensities.

2.2.3. Protein assay
A Pierce™ BCA protein assay (Thermo Fisher, Waltham, MA, US)

was conducted according to the manufacturer’s instructions for an
estimation of the protein concentration per sample. Bovine serum al-
bumin standards were used as reference standard (0–2000 μg/mL) and

all samples were diluted 1:1 with water. Absorbance at 562 nm was
measured and protein concentration calculated.

2.3. Liquid chromatography-high resolution mass spectrometry (LC-
HRMS) analysis

2.3.1. Metabolomics
The metabolomics fraction of all samples were analysed by an

untargeted LC-high resolution (HR) MS method. Data was acquired by
data independent acquisition (DIA) using an Acquity M-class LC system
(Waters, Milford, MA, US) coupled to a Synapt XS time-of-flight (TOF)
MS (Waters, Milford, MS, US). One microliter of sample material was
loaded onto a Scherzo SM-C18 column (3 μm particle size, 13 nm pore
size, 1 × 150 mm), heated at 40 ◦C with a flow rate of 75 μL/min.
Detailed LC and MS parameters can be found within the supplementary
material. All samples were analysed in triplicates in a randomised order.
A mix of 27 endogenous reference standards from various compound
classes (16 detectable in positive ionization mode, 12 detectable in
negative ionization mode, Table S1 and Table S2) was used to monitor
system suitability before each run and was the basis for the metab-
olomics targeted data processing detailed below.

2.3.2. Lipidomics
Only samples comparing the different extraction solvents were

analysed with an HRMS-based untargeted lipidomics method. Data was
acquired in top-8 data dependent mode (DDA) on an Agilent 1290 In-
finity UPLC system (Santa Clara, CA, US) coupled to a Q Exactive Plus
orbitrap MS (Thermo Fisher, Waltham, MA, US) with detailed LC-MS
parameters summarized within the supplementary material. All sam-
ples were analysed once, in randomised order.

Table 1
List of conditions tested throughout the method development phase per parameter; variable condition highlighted in italic per parameter; MTBE: methyl-tert-buty-
lether, MeOH: methanol, ACN: acetonitrile. DCM: dichloromethane.

Parameter Sample
weight [mg]

Homogenization
solvent

Sample material-to-homogenization
solvent ratio [mg:uL]

Homogenization pulsing [s] (pause
between pulses 1 min on ice)

Extraction solvent

Homogenization solvent 20 Water 1:10 3 x 30 MTBE:MeOH (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 Water:ACN (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 MeOH 1:10 3 x 30 MTBE:Water (1:1)
20 ACN 1:10 3 x 30 MTBE:Water (1:1)

Pulsing frequency 20 Water:MeOH (1:2) 1:10 1 x 30 MTBE:MeOH (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 5 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 1 x 60 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 1 x 90 MTBE:Water (1:1)

Sample material-to-
homogenization solvent-ratio

20 Water:MeOH (1:2) 1:5 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:20 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:30 3 x 30 MTBE:Water (1:1)

Sample amount 5 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
10 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
40 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)

Extraction solvent 20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 MTBE:Water (2:1)
20 Water:MeOH (1:2) 1:10 3 x 30 DCM:Water (1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 DCM:Water (2:1)
20 Water:MeOH (1:2) 1:10 3 x 30 Isopropanol:Water

(1:1)
20 Water:MeOH (1:2) 1:10 3 x 30 Isopropanol:Water

(2:1)
20 Water:MeOH (1:2) 1:10 3 x 30 ACN
20 Water:MeOH (1:2) 1:10 3 x 30 MeOH:Acetone

(9:1)
20 Water:MeOH (1:2) 1:10 3 x 30 ACN:Water (2:8)
20 Water:MeOH (1:2) 1:10 3 x 30 Butanol:ACN:

Water (3:1:1)
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2.3.3. Proteomics
In addition to the visualisation and quantification of the protein

content using 1D SDS-PAGE and a BCA assay, all samples investigating
the extraction solvent, were analysed with an HRMS-based untargeted
proteomics method. Based on the quantitative protein results of the BCA
assay, 15 μL of sample material (equated to < 10 μg of protein per
sample) that was previously resuspended in 50 μL of a 1% SDC in HEPES
solution (containing TCEP and IAA; after heating, centrifugation and
incubation detailed above), was incubated with 1 μL trypsin (0.5 μg/μL)
at 37 ◦C for 18 h. The samples were de-salted and cleaned up using
STAGE-tips (STop And Go Extraction) following a protocol adapted from
Rappsilber et al. as described within the supplementary material [26].
Following evaporation to dryness, the extracts were reconstituted in 25
μL mobile phase A (0.1 % formic acid in water). Data was acquired in
DIA mode on an Acquity M-class LC system (Waters, Milford, MA, US),
coupled to a Synapt XS time-of-flight (TOF) MS (Waters, Milford, MS,
US). Five microliter of sample material was loaded onto a BEH C18
column (1.7 μmparticle size, 300 Å pore size, 300 μm× 150mm) heated
at 45 ◦C with a flow rate of 5 μL/min. Detailed LC and MS parameters
adapted from Wang et al. and Distler et al. can be found in the supple-
mentary material [27,28]. All samples were analysed in duplicates/tri-
plicates in a randomised order.

2.4. Data processing

2.4.1. Metabolomics MS analysis– targeted
Skyline (Version 23.1, molecule interface, MacCoss Lab Software)

was used for targeted processing of the metabolomics data. For data
acquired in positive ionization mode, a target list of 18 analytes
(including two internal standards; Table S1) was created within the
program including accurate masses [M+H]+ and retention time (RT),
based on previously analysed reference standards. Data acquired in
negative ionization mode was evaluated for 14 endogenous targets
(Table S2, including two internal standards, [M − H]-, RT). Peak area
intensities were calculated and variability (relative standard deviation,
RSD) between injection replicates compared between conditions
(smallest variability was ranked highest; acceptance criteria <20 %
analytical variability). For data acquired in negative ionization mode,
the number of detected analytes were also taken into account for ranking
purposes.

2.4.2. Metabolomics and lipidomics MS analyses– untargeted
The metabolomics and lipidomics samples testing different extrac-

tion solvents, were processed with an untargeted processing workflow
(for metabolomics samples in addition to the targeted evaluation). For
this, peak picking and RT alignment was conducted in the open-source
software MS-Dial (Version 4.9, processing parameters detailed in
Table S6) [29], all features (global peak list) exported to Sirius (Version
5.8.3) [30] via MS Finder (Version 3.60) to use the chemical formula
prediction (Sirius and Zodiac algorithm) [31] as well as Canopus for
chemical class prediction (Classyfire algorithm) [32–34]. The number of
analytes classified as “organic acids and derivatives” (high number of
analytes desired for metabolomics method) or “lipids and lipid-like
molecules” (high number of analytes desired for lipidomics method),
were compared for the different extraction solvents (zodiac score >0.8
and classyfire probability>70 %). Muscle- and liver tissue samples were
processed individually to improve RT alignment. Separate data pro-
cessing was conducted for data acquired in positive and negative ioni-
zation mode.

Additionally, data was processed using the commercially available
software Progenesis QI (for metabolomics). Peak picking, RT alignment
and lockmass correction were carried out (processing parameters
detailed in Table S6). Peak area normalisation using the total ion count
was conducted and a filter for normalized abundance>100 was applied.
The number of features per extraction condition were compared (mean
over technical injection replicates and RSD).

2.4.3. Proteomics MS analysis– untargeted
Progenesis QI for proteomics (Nonlinear Dynamics, Milford, MA,

USA) was used for untargeted data processing of the DIA ion mobility-
separated proteomics data. Peak picking, lockmass correction, RT
alignment and peptide/protein identification were conducted as
detailed in Table S6. Peak areas were normalized to total protein
abundance. The data was filtered for a positive peptide/protein identi-
fication and a normalized abundance >100. The number of features per
extraction condition were compared (mean over technical injection
replicates and RSD).

2.4.4. Ranking – extraction solvent
To find the most optimal extraction solvent for a multi-omics

(metabolomics, lipidomics and proteomics) sample preparation, the
following nine parameters were evaluated and ranked as detailed in
Table 2. This was conducted independently for muscle tissue (ranked
1–10) and liver tissue samples (ranked 1–7). The highest number was
attributed to the best result per category. In cases where two extraction
solvents showed the same or very similar results, the conditions were
ranked equal. The full list of ranked parameters and decision criteria are
listed in Table 3.

3. Results and discussion

3.1. Homogenization experiments

To investigate optimal homogenization parameters, different ho-
mogenization solvents, different homogenization pulsing frequencies
along with a variety of sample material to solvent ratios and sample
amounts were tested.

3.1.1. Homogenization solvent
Homogenization with only MeOH or acetonitrile (ACN) did not yield

any phase separation during extraction and no visible protein pellets
were formed. Hence, these samples were excluded for the 1D SDS-PAGE
analysis and were not visualized in Fig. 1a. During the initial homoge-
nization solvent experiment, samples were centrifuged for 5 min at 14
000 rpm after being vigorously shaken for 5 min and before the super-
natant was transferred into a fresh tube for extraction. While this
centrifugation step is beneficial to yield clean samples as it favours a
clear separation between the homogenized tissue and the supernatant,
Fig. 1a shows that a significant proportion of the protein content is left

Table 2
Parameters and corresponding decision criteria for ranking the different
extraction solvents/mixures; SDS-PAGE: sodium dodecyl sulfate polyacrylamide
gel electrophoresis, BCA: bicinchoninic acid, RSD: relative standard deviation.

Parameter Decision criteria

1D SDS-PAGE – protein pellet Highest number of protein bands and highest
band intensities

1D SDS-PAGE – metabolite
fraction

Lowest number of protein bands and lowest
band intensities

BCA assay Highest protein quantification results
Metabolomics – targeted data
processing

Lowest variability between technical injection
replicates (RSD)

Metabolomics – untargeted data
processing, features

Highest number of features and lowest
variability between technical injection
replicates (RSD)

Metabolomics – untargeted data
processing, compound class

Highest number of organic acids and
derivatives

Lipidomics – untargeted data
processing, features

Highest number of features and lowest
variability between technical injection
replicates (RSD)

Lipidomics – untargeted data
processing, compound class

Highest number of lipids or lipid-like
molecules

Proteomics – untargeted data
processing

Highest number of identified human peptides/
proteins and lowest variability between
technical injection replicates (RSD)
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behind and lost in the homogenization tube. The samples visualized in
rows 2.1 to 3.2 (Fig. 1a) were all homogenized with a Water:MeOH-
mixture (1:2). However, samples for rows 2.1 and 2.2 underwent 5
min centrifugation, whereas samples for rows 3.1 and 3.2 were only
centrifuged down for 30 s with a benchtop centrifuge before transfer of
the supernatant. The protein bands in the latter set of samples were a lot
more intense and a broader variety of protein bands was visible. This
suggests a protein loss after intense centrifugation, potentially leading to
a less comprehensive proteomics dataset. To ensure removal of un-
wanted particles (e.g. homogenized tissue particles), without compro-
mising the proteomics dataset, an intense centrifugation step was
included after sample extraction and the proteomics extracts were
additionally de-salted and cleaned up using STAGE-tips. Homogeniza-
tion using Water:ACN (1:2) yielded a very small pellet after extraction,
but as seen in rows 4.1 and 4.2, no proteins could be visualized with 1D
SDS-PAGE. In parallel to the sample homogenization with MeOH and
ACN, it is most likely that protein precipitation and pellet formation
already took place in the homogenization tube and no proteins were
present in the supernatant transferred into a fresh tube for extraction.
ACN is generally considered a stronger protein precipitation agent than
MeOH [35], so only the Water:MeOH-mixture (1:2) seemed to be weak
enough to prevent extensive premature protein precipitation, while
ensuring efficient homogenization. Using water as the homogenization
solvent, led to the most intense protein bands on the gel (rows 1.1 and
1.2, Fig. 1a), however, extracts, even after extraction, additional
centrifugation steps and STAGE-tip clean-up, contained a big proportion
of solid particles. This was particularly evident for the metabolomics
extracts that were analysed using an untargeted LC-HRMS method in
conjunction with a targeted data processing workflow. On the in-
strument’s curtain plate there was a residue left after a few injections,
which would significantly decrease the sensitivity long-term (e.g. with
bigger batch sizes). Within the targeted metabolites, both homogeni-
zation with Water and Water:MeOH (1:2) gave comparable results in
terms of detectability and intensities (data not shown in detail). As a
compromise between proteomics and metabolomics results and
robustness of the sample preparation for larger batches, homogenization
usingWater:MeOH (1:2) and benchtop centrifugation was performed for
the ensuing experiments, which is in accordance with the original
Bligh-Dyer/Folch-method, developed in 1959 and 1957, respectively,
for the extraction of lipids [15,16].

3.1.2. Pulsing frequencies
Five different pulsing frequencies for bead homogenization were

trialled ranging from 1 × 30 s to 5 × 30 s, both stepwise and

continuously. Homogenizing the samples for only 30 s resulted in the
weakest protein bands during 1D SDS-PAGE analysis (Fig. 1b–bands 1.1
and 1.2), suggesting that the tissue was not disrupted enough to be able
to extract all endogenous molecules. All other pulsing frequencies
seemed to be comparable to each other (Fig. 1b). The metabolomics
results (untargeted data acquisition, targeted data processing) supported
this trend, not showing great differences in detectability or peak area
intensity between the remaining 4 tested pulsing frequencies (data not
shown in detail). During continuous homogenization (1 × 60 s and 1 ×

90 s), the samples were exposed to significant heat due to bead friction.
To prevent potential protein degradation due to this heat application,
while simultaneously keeping the overall homogenization step time
efficient, it was decided to use a 3 × 30 s pulsing frequency, with 1 min
on ice in between pulses.Table 4 and 5

3.1.3. Sample material to homogenization solvent ratio and sample amount
Investigating the optimal sample material-to-homogenization sol-

vent-ratio, the most intense and reproducible protein bands were
observed for a 1:10 ratio (20 mg tissue sample homogenized with 200 μL
solvent; Fig. 1c, bands 2.1/2.2). With less homogenization solvent (1:5
ratio; Fig. 1c, bands 1.1/1.2), less proteins were ultimately extracted,
which suggests a saturation effect due to lack of adequate amounts of
solvent being used. A higher proportion of solvent (than 1:10) in relation
to the amount of tissue did not seem to extract more proteins but instead
poses the risk of decreasing the sensitivity of the metabolomics and
lipidomics analyses (no solvent evaporation before analysis). Hence, a
1:10 ratio was found to be ideal. The same sample material-to-
homogenization solvent-ratio was previously proposed by Yang et al.
[36], who developed an optimised extraction protocol for liver tissue
samples with subsequent untargeted MS-based metabolomics analysis.

For applications with limited sample material available, it is crucial
to be aware of the methods’ limitations, e.g. which sample amount leads
to reproducible results. Therefore, sample amounts of 5 mg, 10 mg and
40 mg were tested in addition to the previously used 20 mg of tissue
material (while keeping a 1:10 sample material-to-homogenization
solvent ratio). While the use of 5 and 10 mg of tissue produced
slightly less intense protein bands on the 1D SDS-PAGE gel (Fig. 1c,
bands 5.1/5.2 and 6.1/6.2), compared to 20 mg (Fig. 1c, bands 2.1/2.2),
comprehensive protein coverage was still achieved. This suggests that
smaller amounts of tissue could be used for individual cases. However,
during interpretation of the data, one needs to be aware and consider
that a lower sample size might compromise the reproducibility of the
results and reduction in sample amount might not scale linearly with the
analyses results; variability of protein band intensities and metabolite
intensities observed between replicates (Fig. 1c, bands 5.1/5.2 and 6.1/
6.2; metabolomics data not shown in detail). The use of 40 mg tissue

Table 3
Number of organic acids and derivatives identified in both positive (pos) and
negative (neg) ionization mode in the metabolomics extracts on a superclass
level (classyfire probability >70 %, zodiacscore >0.8) using the classyfire al-
gorithm within Sirius (Version 5.8.3); data is based on features with raw peak
area >500; mean over replicates (n = 6); MTBE: methyl-tert-butylether, DCM:
dichloromethane, ACN: acetonitrile, MeOH: methanol; “-“ indicates that this
experiment was not performed.

Extraction solvent Number of organic acids and derivatives

Muscle Liver

pos neg pos neg

MTBE:Water (1:1) 1153 1899 1216 1812
MTBE:Water (2:1) 1161 2011 – –
DCM:Water (1:1) 1102 1779 1123 1682
DCM:Water (2:1) 1127 1816 – –
Isopropanol:Water (1:1) 1143 1970 1196 1850
Isopropanol:Water (2:1) 1143 2000 – –
ACN 1171 1995 1243 1854
MeOH:Acetone (9:1) 1169 1995 1252 1846
ACN:Water (2:8) 1166 1954 1228 1853
Butanol:ACN:Water (3:1:1) 1144 1949 1237 1823

Table 4
Number of peptides identified (human reviewed database) in the proteomics
extracts using Progenesis QI (for proteomics); data is based on peptides with
normalized peak area >100; mean over biological and injection replicates (n =

5) and corresponding relative standard deviations; MTBE: methyl-tert-buty-
lether, DCM: dichloromethane, ACN: acetonitrile, MeOH: methanol; “-“ in-
dicates that this experiment was not performed.

Extraction solvent Number of peptides RSD [%]

Muscle Liver Muscle Liver

MTBE:Water (1:1) 3244 3578 1.6 9.5
MTBE:Water (2:1) 3573 – 2.7 –
DCM:Water (1:1) 3361 3661 3.1 2.1
DCM:Water (2:1) 3423 – 3.8 –
Isopropanol:Water (1:1) 2810 2901 3.4 6.1
Isopropanol:Water (2:1) 3080 – 7.0 –
ACN 3485 3624 2.5 1.8
MeOH:Acetone (9:1) 3447 3636 1.8 1.7
ACN:Water (2:8) 3207 3564 2.3 1.7
Butanol:ACN:Water (3:1:1) 3374 3549 0.5 1.4
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Table 5
Results of ranking the individual evaluation criteria for the tested extraction solvents; two ranking sums are presented, “Ranking sum partial” excludes the parameters “Metabolomics untargeted, features” and “Lipidomics
untargeted, features” (highlighted in italicwithin the table), “Ranking sum total” includes rankings from all listed evaluation parameters; a) muscle tissue samples; b) liver tissue samples; SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis, BCA: bicinchoninic acid, MTBE: methyl-tert-butylether, DCM: dichloromethane, ACN: acetonitrile, MeOH: methanol.

Extraction solvent 1D SDS-PAGE
protein pellet

1D SDS-PAGE
metabolite fraction

BCA
assay

Metabolomics
targeted

Metabolomics
untargeted,
features

Metabolomics
untargeted,
compound
class

Lipidomics
untargeted,
features

Lipidomics
untargeted,
compound class

Proteomics
untargeted

Ranking sum
partial

Ranking sum
total

pos neg pos neg pos neg pos neg pos neg

a) MTBE:Water (1:1) 3 1 8 10 0.5 7 4 6 3 1 4 3 not
ranked

6 40.5 56.5
MTBE:Water (2:1) 10 6 9 1 4 4 6 7 10 2 8 4.5 8 59.5 79.5
DCM:Water (1:1) 9 3 10 6 4 4 1 1 1 3 5 4.5 5 43.5 56.5
DCM:Water (2:1) 8 4 7 6 4 5 5 2 2 6 3 5 4 42 61
Isopropanol:Water
(1:1)

1 2 1 3 4 4 4 5 6 4 3 2 2 26 41

Isopropanol:Water
(2:1)

2 5 2 2 5 4 10 5 9 6 6 1.5 1 32.5 58.5

ACN 7 10 4 7 1 9 8 10 8 8 7 0.5 10 57.5 89.5
MeOH:Acetone (9:1) 7 9 4 6 4.5 9 10 10 8 10 10 2.5 9 60 99
ACN:Water (2:8) 7 7 5 8 1.5 10 4 8 5 7 3 1.5 3 46 70
Butanol:ACN:Water
(3:1:1)

7 9 6 10 4 6 8 5 4 10 9 4.5 8 57.5 90.5

b) MTBE:Water (1:1) 2 3 2 7 0.5 6 3 3 2 1 2 3 not
ranked

2 24.5 34.5
DCM:Water (1:1) 3 3 7 3 1.5 3 1 1 1 4 5 3.5 7 30 36
Isopropanol:Water
(1:1)

1 3 1 2 3.5 1 7 2 7 7 7 1.5 1 22 43

ACN 7 7 6 1 3.5 6 5 6 7 5 3 1 7 45.5 57.5
MeOH:Acetone (9:1) 6 5 5 6 3.5 6 5 7 4 6 5 2.5 7 46 61
ACN:Water (2:8) 6 6 5 5 2 7 3 4 7 3 6 0.5 3 38.5 54.5
Butanol:ACN:Water
(3:1:1)

6 5 5 5 1.5 3 7 5 3 2 1 2.5 4 37 46

L.Brockbals
etal.

Talanta 286 (2025) 127442 

6 



material reduced the extracted protein content significantly (Fig. 1c,
bands 7.1/7.2), which might again indicate a solvent saturation effect.
More sample material, therefore, is not always beneficial, but might
need to be accounted for (even if keeping a 1:10 sample material-to-
homogenization solvent ratio).

3.2. Extraction solvent experiments

Following the optimal homogenization parameters as described
above, the experiments investigating the ideal extraction solvent were
conducted on homogenized pooled samples. Multiple muscle and liver
tissue samples from the same donor, collected at the same time after
death, were homogenized individually and subsequently pooled to yield
a muscle pool and a liver pool to be able to compare a variety of
extraction solvents for two different tissue types. For muscle tissue
samples, ten different extraction solvent compositions (mono- and
biphasic solvent mixtures) were compared as detailed in the methods
section. Due to the availability of limited liver tissue amounts, only
seven different extraction solvent compositions were compared for
these. As detailed above, previous literature suggests that the use of a 1:1
organic solvent-to-water ratio (instead of a classic 2:1 organic solvent-
to-water ratio) could increase the yield of metabolites, while
decreasing the amount of lipids extracted within the polar metabolomics
phase [23]. As this seemed promising, the focus for the liver sample
extraction was on the 1:1-ratios, while the biphasic solvent mixtures in a
2:1-ratio were only evaluated for muscle tissue samples.

3.2.1. 1D SDS-PAGE and BCA assay
The protein content of all proteomics extracts was examined by 1D

SDS-PAGE and protein quantification using a BCA assay was conducted.
Gel results were visualized in Fig. S1 along with BCA assay results in
Table S7. Extraction of the muscle pool sample with MTBE:Water (2:1)
and DCM:Water (both 1:1 and 2:1 ratios) resulted in the most intense
protein bands, which was supported by the highest quantification results
using the BCA assay (5.9–6.1 μg protein/15 μL final extract for the DCM:
Water extraction, 4.4–5.4 μg protein/15 μL final extract for the MTBE:
Water (2:1) extraction). While a DCM:Water mixture seems to extract
proteins most efficiently from the tissue sample, the second replicate of
the DCM:Water (2:1) extraction showed significantly less intense bands
and only resulted in a BCA quantification result of 2.1 μg protein/15 μL
final extract. Such high variability between replicates was most likely
caused by the extraction order of the different -omics extracts. Similar to
the traditional Chloroform:Water extraction, during extraction with
DCM:Water, the protein extract is trapped in the middle between the
organic and aqueous phase containing the lipids and the metabolites
fraction, respectively. This makes reproducible protein extraction more

difficult and hence more variable. In contrast, during the extraction with
MTBE:Water, a protein pellet precipitates at the bottom of the tube with
the aqueous and organic phases on the top. This favours reproducible
protein extraction. Extraction with Isopropanol:Water yielded the least
intense protein bands and quantification results indicated very low
protein content (0.0–0.2 μg protein/15 μL final extract), suggesting
inefficient protein recovery. All tested monophasic extraction solvents
(ACN, MeOH:Acetone (9:1), ACN:Water (2:8) and Butanol:ACN:Water
(3:1:1)) showed similar visual and protein quantification results to each
other, ranging between 1.5 and 3.5 μg protein/15 μL final extract.
Extraction of the liver pool samples resulted in similar findings (Fig. S1b
and Table S7).

Following the described results, DCM:Water and MTBE:Water
extraction solvents received the highest rankings for both the visual 1D
SDS-PAGE findings as well as for the protein quantifications by BCA
assay, followed by the monophasic extraction solvents. Isopropanol:
Water was ranked to be the weakest protein extraction solvent (Table 5).

While aiming for the highest protein content in the proteomics
fraction, it is also important to consider that proteins or large peptides
might remain in the (aqueous) solvent phase, depending on the pre-
cipitation strength of the extraction mixture. In the long term, this can
have a negative impact on chromatographic performance and metab-
olomics column lifetime, and therefore overall robustness of the
analytical method. Hence, following recommendations from Bruce et al.
[37], the metabolomics fraction of each extraction was also run on an 1D
SDS-PAGE gel to visualize the residual proteins or large peptides
(Fig. S2). The least intense protein bands for both muscle and liver tissue
extracts were found for all monophasic extraction solvents. After tissue
extraction with MTBE:Water, DCM:Water and Isopropanol:Water, a high
proportion of proteins seem to remain in the metabolomics extracts. As
this is an undesirable effect, during ranking, the mentioned biphasic
extraction solvent mixtures were scored lower than the monophasic
solvents.

3.2.2. Metabolomics

3.2.2.1. Targeted. To evaluate the extraction efficiency of the different
solvent mixtures with respect to metabolites, a set of 16 endogenous
metabolites in positive ionization mode and 12 metabolites in negative
ionization mode were investigated for peak area reproducibility across
replicates (n= 6). RSD values per analyte per extraction solvent mixture
are listed in Tables S8 and S9 (positive ionization, muscle and liver tissue
results, respectively) and Table S10 and Table S11 (negative ionization,
muscle and liver tissue results, respectively). Four positively ionized
analytes (caffeine, cortisone, nicotinic acid and proline) were not
detected in any of the analysed muscle and liver tissue samples. All

Fig. 1. 1D SDS-PAGE results in duplicate; a) Homogenization solvent, 1: Water; 2: Water:MeOH (1:2) - centrifuged for 5 min at 14 000 rpm before taking supernatant
out for extraction; 3: Water:MeOH (1:2) - spun down for 30 s with a benchtop centrifuge before taking supernatant out for extraction; 4: Water:ACN (1:2); b) Pulsing
frequencies, 1: 1 × 30 s; 2: 3 × 30 s; 3: 5 × 30 s; 4: 1 × 60 s; 5: 1 × 90 s; c) Sample material to homogenization solvent ratio and sample amount, 1: (1:5); 2: (1:10); 3:
(1:20); 4: (1:30); 5: 5 mg; 6: 10 mg; 7: 40 mg.
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targeted analytes have previously been confirmed by reference stan-
dards (RT and accurate mass) during the initial MSmethod development
phase. Additionally, their natural occurrence in at least one of the
studied matrices (skeletal muscle tissue and/or liver tissue) has been
reported in the literature. However, targeted analyte concentrations in
these cases could be below the method’s limit of detection, so these were
excluded for evaluation. Overall, extraction of the muscle pool sample
with MTBE:Water (1:1) and Butanol:ACN:Water (3:1:1) showed the best
reproducibility between replicates (hence ranked highest), while MTBE:
Water (2:1) extraction lead to the greatest variability between replicates
for the targeted analytes in positive ionization mode (therefore ranked
lowest). Extra water (a 1:1-ratio) compared to the original Bligh-Dyer/
Folch-extraction method (Chloroform:Water in a 2:1-ratio) was previ-
ously found to increase the yield of metabolites, while decreasing the
amount of lipids extracted in the polar metabolomics phase [23]. As the
extraction with MTBE:Water follows a similar extraction mechanism,
this, in turn, could explain higher peak area responses leading to less
variability between replicates with a higher proportion of water.
Generally, it is to be expected that the use of different solvents favours
the extraction of different compound classes. Uracil was not detected in
the muscle pool samples, when extracted with ACN or ACN:Water (2:8)
and those two extraction solvents also lead to the weakest peak area
responses for the liver tissue samples. Hence, this seems to be systematic
and might also impact other structurally similar analytes, e.g. small
pyrimidine derivates. The concept of selective extraction will be further
investigated within the untargeted data processing results. Overall, the
targeted analytes (positive ionization) show a similar extraction
behaviour for both muscle and liver tissue samples, with MTBE:Water
(1:1) also exhibiting the least variability between replicates when
extracting liver tissue samples.

In negative ionization mode, not all of the 12 targeted analytes could
be detected with any of the used extraction solvent mixtures. Only seven
targeted analytes (chenodeoxycholic acid, deoxycholic acid, phenylal-
anine, raffinose, tryptophan, uric acid and uridine) were successfully
extracted with one or more of the solvent mixtures in either muscle or
liver tissue samples or both matrices. However, variability between
replicates (particularly for injection replicates) was extremely high and,
with the exception of chenodeoxycholic acid (liver sample) and
phenylalanine (muscle and liver sample) extracted with Isopropanol:
Water (1:1 or 2:1), all other RSD values exceeded the set 20 % accep-
tance criteria (Tables S10 and S11). Low sensitivity and analytical
variability with repeated polarity switching could be the cause (between
batches, no polarity switching within batches). For the ranking, the
number of detected analytes per extraction solvent mixture was also
taken into account besides variability across replicates and overall, only
half the maximum points were given for this parameter in order to
prevent artificial bias towards these weak results. Following this, Iso-
propanol:Water (2:1) was ranked with 5 points for the muscle samples
and Isopropanol:Water (1:1), ACN and MeOH:Acetone (9:1) were
awarded 3.5 points for the liver sample extraction. MTBE:Water (1:1)
extraction resulted in the highest variability between replicates for both
muscle and liver tissue samples, hence was only ranked with 0.5 points
for this parameter (Table 5).

3.2.2.2. Untargeted. The targeted evaluation of the metabolomics
dataset was followed by an untargeted workflow. It has previously been
discussed in the literature that the “total number of features” is neither a
good quality indicator for an untargetedmetabolomics method nor is it a
reflection of true positive hits [38]. As it is still one of the most
commonly employed parameters for the evaluation of different sample
preparation methods and software processing workflows, the total
number of features per extraction solvent mixture was still assessed (also
taking variability between replicates into account) in this study. This
was complemented with an investigation into the number of organic
acid compounds extracted per solvent mixture, which was based on

feature identification on the compound class level (level 3 identifica-
tions according to the metabolomics standards initiative proposed
minimum reporting standards [39]).

Similar to the targeted processing approach, the variability between
replicates was first assessed. Fig. 2a shows the principal component
analysis results of all muscle sample replicates (positive ionization) per
trialled extraction solvent mixture (n = 6). High variability can be
observed for all extraction solvents except for DCM:Water (1:1 and 2:1)
andMTBE:Water (1:1). It is striking that for all other extraction solvents,
the first technical injection replicate seems to be different to the two
remaining injection replicates for each biological sample. A similar
behaviour is also visible for the negatively ionized dataset (muscle
samples, Fig. S3a) and for the liver samples (both ionization techniques,
Figs. S4a and S5a). Although the exact reason for this observed phe-
nomenon is unknown, this could be caused by evaporation effects after
piercing the vial lid during the first injection. For the current experiment
all three injection replicate injections were carried out from the same
vial, however, based on the results it is recommended to use individual
aliquots for each technical replicate injection and/or change the pierced
lid after injection to prevent extensive solvent evaporation. Cooling of
the autosampler tray to 4 ◦C did not significantly improve this issue. For
the monophasic extraction solvents containing only, or a very high
proportion of, organic solvents, this phenomenon was expected. This
can be alleviated by evaporating the extracts to dryness (e.g. using N2 or
a vacuum centrifuge) and reconstituting them in a more aqueous solvent
(e.g. the LC method’s starting conditions). Particularly for untargeted
metabolomics studies, however, sample evaporation always poses the
risk of analyte loss, which is why the extracts were directly injected. To
look at similarities in extraction behaviour of the tested solvent mix-
tures, a principal component analysis of the first technical injection
replicate was carried out (Fig. 2b; muscle tissues sample, positive ioni-
zation mode). Both DCM:Water mixtures (1:1 and 2:1) show a similar
extraction behaviour to MTBE:Water (1:1). This indicates that, except
for the muscle tissue extraction with MTBE:Water (2:1), all other
biphasic solvent mixtures seem to extract similar metabolite patterns,
leading to clustering. MTBE:Water (2:1) seems to be more similar to
Isopropanol:Water (1:1 and 2:1) and Butanol:ACN:Water (3:1:1) in
terms of metabolite extraction. The classic protein precipitation solvents
like MeOH:Acetone (9:1), ACN and ACN:Water (2:8) also cluster
together indicating similarities in their untargeted metabolomics pro-
file. The general trend for principal component separation between
monophasic and biphasic extraction solvents was also clearly visible in
negative ionization mode (muscle tissue) and for both ionization modes
when extracting liver tissue samples (Figure S3b, S4b and S5b). This
could also be caused by the fact that the extracts from the monophasic
extractions contain both the metabolomics and the lipidomics fraction
for analysis. Although the LC-column used for the metabolomics method
favours retention and hence analysis of polar metabolites, the multi-
mode column properties might also facilitate analysis of some lipids.
In an untargeted data processing workflow, features could therefore also
be lipids that contribute to the visual extraction solvent separation. This
is also reflected by the number of features extracted. As visualized in
Fig. 3a and b and detailed in Table S12, ACN, MeOH:Acetone (9:1), ACN:
Water (2:8) and Butanol:ACN:Water (3:1:1) lead to the highest number
of metabolomics features extracted in positive ionization mode (both
muscle and liver tissue samples; normalized peak area of individual
replicates >100). In negative ionization mode, MTBE:Water (2:1) and
Isopropanol:Water (1:1 and 2:1) both showed a similar number of fea-
tures compared to the aforementioned monophasic extraction solvents,
with DCM:Water mixtures (1:1 and 2:1) consistently (both ionization
modes) extracting the least number of features and hence scoring last for
this evaluation parameter (Fig. 3a and b, Table S12). The proposition by
Wu et al. [23] that a biphasic extraction might be mandatory for
reproducible extraction of lipid-rich tissue such as liver cannot be sup-
ported as the monophasic extraction solvents show better results in
terms of reproducibility and variety of extracted compounds. While it
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was already discussed that the total number of features in an untargeted
metabolomics experiment is not necessarily a reflector of true positive
hits [38], DCM:Water (1:1 and 2:1) was also found to lead to the least
number of organic acids and derivatives identified on the compound
class level (Table 3). For muscle tissue samples, the top 3 extraction
solvents for a comprehensive metabolomics dataset (positive ionization)
were MeOH:Acetone (9:1), ACN and ACN:Water (2:8) using both the
total number of features and the compound class identification as
evaluation parameters. In negative ionization mode, additionally to
these extraction solvents, MTBE:Water (2:1), Isopropanol:Water (2:1)
and as well as Butanol:ACN:Water (3:1:1) also performed well for either
or both evaluated parameters. In the light of the findings by Wu et al.
[23] it is surprising that the 2:1 organic solvent-to-water mixtures per-
formed worse than the extraction solvents with a 1:1-ratio for our
untargeted metabolomics evaluation. The addition of extra water was
previously found to increase the yield of metabolites, which cannot be
supported with our current findings. Overall, looking at the compound
class identifications seems to be a good complementary evaluation cri-
terion for evaluating extraction solvent differences during method
development.

3.2.3. Lipidomics
For analysis of the lipidomics samples, both biological replicates per

extraction solvent were injected once, so there were no technical in-
jection replicates of the injections due to instrument availability.
Examining the total number of features extracted from muscle tissue

with each solvent (mean over biological replicates; positive and negative
ionization mode), the most features were calculated for Butanol:ACN:
Water (3:1:1) (Table S13). Isopropanol:Water (1:1 and 2:1), ACN,
MeOH:Acetone (9:1) and ACN:Water (2:8) show a slightly lower number
of extracted features. Extraction of both the muscle and liver tissue (both
ionization modes) with the two biphasic extraction solvents (DCM:
Water (1:1 and 2:1) and MTBE:Water (1:1 and 2:1)), lead to the least
number of processed features. For the liver tissue extraction, MeOH:
Acetone (9:1) showed the highest number of total features, with all other
monophasic solvents having a slightly lower number of features
extracted (Table S13). Similar to the untargeted metabolomics results, a
high number of total features is not necessarily a reflector of true posi-
tive hits and features extracted with the monophasic solvents could be
the result of metabolite retention within the lipidomics method. Overall,
the number of features calculated for the untargeted lipidomics dataset
is much higher than for the metabolomics dataset. Although processing
was conducted with the same software (Progenesis QI for metab-
olomics), analytical flowrates, acquisition modes and hence general
instrument parameters were different (microflow DIA for metabolomics
data, highflow DDA for lipidomics data). This can have a significant
impact on the method’s sensitivity and hence data processing results.
With the compound class identification workflow, only a small fraction
of the total number of features were classified as lipid and lipid-like
molecules, particularly in negative ionization mode (Table S14).
Although the utilized Classyfire algorithm (within Sirius [34]) includes
all major lipid classes (e.g. glycerophospholipids, sphingolipids and

Fig. 2. Principal component analysis of the untargeted metabolomics data (positive ionization) from muscle samples; underlying data includes all features (raw
abundance) with a retention time >1 min and <19 min; a) all biological (n = 2) and injection (n = 3; technical) replicates; b) only injection replicate 1 of both
biological replicates; MTBE: methyl-tert-butylether, DCM: dichloromethane, ACN: acetonitrile, MeOH: methanol; PC: principal component.

Fig. 3. Boxplots visualizing the number of features extracted with the untargeted metabolomics workflow in positive ionization mode; n = 6 per extraction solvent (2
biological replicates and 3 replicate injections (technical replicates) of these); all relative standard deviations between replicates are <15 %; a) muscle tissue samples;
b) liver tissue samples; MTBE: methyl-tert-butylether, DCM: dichloromethane, ACN: acetonitrile, MeOH: methanol.
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phosphatidylcholines) and was closely aligned with the LIPID MAPS
classification scheme [34,40], the very few lipid identifications might be
a result of lacking MS/MS spectra (less than 10 % of the features have
corresponding MS/MS spectra). Attempted identification of the untar-
geted lipidomics data processed through Progenesis QI for metabolomics
using the LipidBlast database [41], also suffered from weak and hence
unreliable identification scoring through the lack of MS/MS data (data
not shown in detail). Following this, compound class specific identifi-
cation for lipidomics data acquired in negative ionization mode was not
considered for the final ranking at all and scoring for the lipidomics data
in positive ionization mode was divided by 2 to prevent artificial bias.
Here, DCM:Water (1:1 for liver tissue extraction and 2:1 for muscle
tissue extraction) ranked highest for this parameter along with MTBE:
Water (1:1 for liver tissue extraction and 2:1 for muscle tissue extrac-
tion) and Butanol:ACN:Water (3:1:1). It is not surprising that the highest
number of lipid and lipid-like molecules were found for the biphasic
extraction solvents, where the organic fraction is specifically utilized to
extract lipids. However, the difference in extracted lipids compared to
the other solvent mixtures is not very high, also indicating good lipid
recovery with monophasic solvents. Combining the two described pa-
rameters it is again supported that compound class identification (lipids
and lipid-like molecules) seems to be a suitable complementary evalu-
ation criterion for method comparison purposes.

3.2.4. Proteomics
The proteomics dataset was already assessed visually and quantita-

tively on the protein level as described in a previous section (“1D SDS-
PAGE and BCA assay”). However, these results cannot distinguish be-
tween different proteoforms or proteins of a very similar size. To over-
come this, a peptide-centric, untargeted LC-MS/MS method was used to
evaluate the comprehensiveness of the proteomics data. The number of
peptides identified using the reviewed human proteome (normalized
abundance>100) was compared along with the reproducibility between
replicates (n = 5). The number of extracted and positively identified
peptides in muscle samples was highest using MTBE:Water (2:1) as an
extraction solvent, closely followed by ACN, MeOH:Acetone (9:1) and
DCM:Water (2:1) (Table 4). Similarly, for the extraction of liver samples,
DCM:Water (1:1), MeOH:Acetone (9:1) and ACN showed the highest
number of positively identified peptides. For both muscle and liver
samples, extraction with Isopropanol:Water (1:1) resulted in the lowest
number of peptides. In general, variability between replicates tended to
be slightly higher for the biphasic extraction solvents (Table 4) as also
visualized within the PCA plot (Fig. 4a). The ranking results take both
number of peptides and variability between replicates into account.
Hence, ACN, MeOH:Acetone (9:1) received the highest ranks for this

parameter for both muscle and liver samples (complemented with
Butanol:ACN:Water (3:1:1) for muscle samples and DCM:Water (1:1) for
liver sample extraction). The high rankings for a number of monophasic
extraction solvents seems surprising, as biphasic solvent systems e.g.
with MeOH:Chloroform are among the most commonly used extraction
solvents for proteomics workflows [19,21]. This shows the importance
to regularly review common practices and develop state-of-the-art
sample preparation methods. As an efficient monophasic proteomics
extraction solvent with consistent recovery, acetone protein precipita-
tion has previously been proposed and optimised, putting a particular
emphasis on a high salt concentration and high incubation temperature
for high protein recovery [42]. A pure acetone precipitation or acetone
as the main precipitation solvent, however, has also been shown by
Bruce et al. [37] to lead to poorly reproducible metabolomics results. As
a minor component within a solvent mixture it showed promising re-
sults, though. Hence, as a compromise for the current multi-omics study,
only a MeOH:Acetone (9:1) mixture was included as an extraction sol-
vent and indeed resulted in one of the highest ranks for the untargeted
proteomics dataset as detailed above. Based on the principal component
analysis plots (Fig. 4), the monophasic extraction solvents ACN, ACN:
Water (2:8) and Butanol:ACN:Water (3:1:1) show a very similar peptide
profile after extraction (strong overlapping clustering), suggesting the
potential for comprehensive proteomics data with these extraction sol-
vents as well. While the overall number of peptides identified (Table 4)
is below the expected number of identifications for a modern shotgun
proteomics approach, it needs to be realized that the postmortem sam-
ples utilized for this study have likely undergone an unknown level of
postmortem protein degradation (e.g. creating non-tryptic peptides
containing uncharacterized amino acid (post-translational) modifica-
tions) as previously described elsewhere [43].

3.2.5. Ranking
Considering the ranking results across all 9 investigated parameters

(Table 5), MeOH:Acetone (9:1) as an extraction solvent shows the best
results with a ranking score of 99 for muscle tissue samples and 61 for
liver tissue samples. Including the two categories that were capped at
the half maximum points, the highest possible ranking score would have
been 120 for muscle and 84 for liver samples. While MeOH:Acetone
(9:1) does not reach these top scores, it seems to achieve the best
compromise in extracting a comprehensive targeted and untargeted
metabolomics, lipidomics and proteomics dataset. Good ranking results
were also seen for ACN-extraction (muscle and liver tissue) and for
extracting muscle tissue with Butanol:ACN:Water (3:1:1) or liver tissue
with ACN:Water (2:8). Overall, the monophasic extraction solvents
show better scores compared to the biphasic solvent systems, despite

Fig. 4. Principal component analysis of the untargeted proteomics data; underlying data includes all features (normalized abundance) with a positive peptide
identification; a) muscle tissue samples; b) liver tissue samples; MTBE: methyl-tert-butylether, DCM: dichloromethane, ACN: acetonitrile, MeOH: methanol, PC:
principal component.
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their recommendation for one or all of the -omics extractions. Based on
the current results, if a biphasic extraction solvent is desired for a spe-
cific purpose, it would be recommended to extract muscle tissue samples
with MTBE:Water (2:1). As detailed above, it is suggested in the litera-
ture that the “total number of features” is neither a good quality indi-
cator for an untargeted metabolomics/lipidomics method nor is it a
reflector of true positive hits [38]. It was therefore also tested if the
ranking results might change if this parameter was not considered. For
this, the untargeted datasets (number of features) for both metabolomics
and lipidomics (positive and negative ionization) were excluded for the
ranking (Table 5, column “Ranking sum partial”; excluded parameters
highlighted in italic). Overall, MeOH:Acetone (9:1) was still found to
have the highest ranking for both muscle and liver tissue samples
(although ranking results are less variable in this case).

4. Conclusions

Based on the tested and evaluated homogenization and extraction
solvent parameters, it was found to be optimal to homogenize 20 mg of
muscle or liver tissue with 200 μL (1:10 ratio) Water:MeOH (1:2), using
3 × 30 s pulses. After transfer of the supernatant, optimal extraction
solvent was found to be MeOH:Acetone (9:1), resulting in the most
comprehensive targeted and untargeted metabolomics, lipidomics and
proteomics datasets. While it has to be stressed that a specialized sample
preparation workflow, solely optimised for either of the three -omics
techniques, might result in even greater data depth, the currently pro-
posed workflow is suggested in cases where low sample amounts are
available and/or multi-omics data integration is aimed for. Special
emphasis of the current study was on fresh postmortem human tissue
samples, with the view to analyse longitudinally collected human
postmortem biopsy tissue samples to investigate the postmortem inter-
val. While this method can serve as a basis for multi-omics studies in
other matrices, the results would need to be confirmed. To counteract
issues with the reproducibility of metabolomics/lipidomics technical
injection replicates based on the pure organic nature of the extracts, it is
recommended to use a separate vial for each technical replicate/injec-
tion (due to risk of evaporation through pierced lids). It was shown, that
even for lipid-rich tissue such as liver tissue, monophasic extraction
solvents seem to be suitable, not supporting previous propositions that
biphasic extraction solvents are mandatory. In addition to the proposed
sample preparation workflow, the current study has also shown that
compound class identification seems to be a suitable evaluation criterion
for metabolomics and lipidomics method comparison purposes, com-
plementing classic evaluation parameters like “total number of fea-
tures”. The use of MeOH:Acetone (9:1) as a monophasic extraction
solvent system has the potential to be automated, allowing for high-
throughput analysis of samples. Monophasic extraction solvents like
MeOH:Acetone (9:1) are very frequently used as protein precipitation
agent for example in routine clinical settings (e.g. detection of xenobi-
otics). This potentially opens the door for comprehensive multi-omics
results from routine case samples in the future, massively extending
possible clinical study cohorts.
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