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Article history: In order to profile the lipidome for untargeted lipidomics applications, analysis by ultra-high perfor-
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Dyer, and Matyash extraction methods, while promising approaches, were originally tailored to specific
matrices (brain tissue, fish muscle, and E. coli, respectively). Each of these methods have specific solvent
ratios that must be adhered to achieve optimal extraction. Thus, the sample-to-solvent ratios for these
methods should be optimized for the sample matrix of interest prior to employment. This study eval-

i(ie;yizvgrr:isc.s uated the appropriate sample-to-extraction solvent ratios for human plasma-based lipidomics studies.
Metabolomics An advantage of employing biphasic lipid extractions is the ability to investigate both the aqueous and
Multi-omics organic layers for increased analyte coverage in untargeted studies. Therefore, this work also evaluated
Liquid-liquid extraction the multi-omic capability of each lipid extraction method for plasma in an effort to provide a workflow
Sample preparation capable of increasing analyte coverage in a single extraction, thus providing a more complete under-
LC-MS standing of complex biological systems. In plasma, a decrease in sample-to-solvent ratios from 1:4, 1:10,
Plasma 1:20, to 1:100 (v/v) resulted in a gradual increase in the peak area of a diverse range of metabolite

NIST SRM 1950 (aqueous layer) and lipid (organic layer) species for each extraction method up to the 1:20(v/v) sample-

* Corresponding author.
E-mail address: culmer@cdc.gov (C.Z. Ulmer).

https://doi.org/10.1016/j.aca.2018.08.004
0003-2670/Published by Elsevier B.V.


mailto:culmer@cdc.gov
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aca.2018.08.004&domain=pdf
www.sciencedirect.com/science/journal/00032670
www.elsevier.com/locate/aca
https://doi.org/10.1016/j.aca.2018.08.004
https://doi.org/10.1016/j.aca.2018.08.004
https://doi.org/10.1016/j.aca.2018.08.004

352 CZ. Ulmer et al. / Analytica Chimica Acta 1037 (2018) 351-357

to-solvent ratio. The Bligh-Dyer and Folch methods yielded the highest peak areas at every plasma
sample-to-solvent ratios for both metabolite and lipid species. Depending on the lipid class of interest,
the Folch or Bligh-Dyer method is best suited for analysis of human plasma at a 1:20 (v/v) sample to total

solvent ratio.

Published by Elsevier B.V.

1. Introduction

Lipids are diverse in structure and serve a variety of critical roles
in several metabolic activities including cell signaling, transport,
protein sorting, and biosynthetic pathways [1,2]. Lipidomics is the
comprehensive study of lipids present within a cell, tissue, organ-
ism, and/or biological system [1—3]. Literature has reported that
fluctuations in the lipidome due to an external perturbation, diet,
and/or disease development/progression appear well before the
appearance of protein biomarkers [2,4]. Recent advancements in
mass spectrometry and bioinformatics have led to an increased
detection and annotation of lipid species within the community
[1,5—8]. More specifically, ultra-high performance liquid chroma-
tography — high resolution mass spectrometry (UHPLC-HRMS) has
provided a promising means for lipid analysis with improved
sensitivity and specificity by reducing complications associated
with the presence of co-eluting and isobaric compounds in lipid-
rich regions of chromatograms. These advancements have
expanded the cellular profiling of lipids and, as a result, have
enhanced the understanding of lipid contributions to human
health.

In order to investigate changes in the lipidome, analysis by
UHPLC-HRMS requires the extraction of lipid content from cells and
other sample matrices (e.g., liquid-liquid extraction) using precise
solvent ratios that include organic solvents [6,9]. The solvent sys-
tem should extract the lipid content in an unbiased manner
without the introduction of non-lipid material (e.g., sugars, pep-
tides, amino acids, and other water-soluble compounds), which can
be trapped within lipid micelles and carried into the organic layer
[6,9,10]. The chosen solvent extraction system should also fully
dissociate and deactivate any lipolytic enzymes. Polarity is an
important component in the selection of an ideal solvent extraction
system. Polar solvents are necessary for the dissociation of
amphipathic complex lipids from cellular membranes. These lipid
types do not normally dissolve in non-polar solvents. However,
caution should be advised, as the solvent system should not be too
polar to cause a chemical reaction with other lipid classes such as
triacylglycerols or disrupt the extraction of the non-polar lipids
[9,11,12]. The recovery of the lipidome using a lipid liquid-liquid
extraction system is generally dependent on the sample matrix
(e.g., cells, plasma, tissue, plant material) and the effective parti-
tioning of lipid classes into the organic layer [6,9].

While many solvent extraction systems have been proposed for
lipidomic studies, there are three extractions that are commonly
employed: Folch [13], Bligh-Dyer [14], and Matyash [10]. The Folch
is a widely cited and employed extraction protocol for untargeted
lipid analysis. Although the Folch extraction was originally estab-
lished for lipid isolation in brain using 20vol of chlor-
oform:methanol:water (CHCl3:MeOH:H,0, 8:4:3, v/v/v) per
volume of tissue (e.g., assumption 1g of tissue equates to 1 mL
tissue volume), this extraction method has been applied to other
sample types (e.g., plasma, urine, tissue, plants, and cells) [6,15—18].
The Bligh-Dyer extraction method (CHCl3:MeOH:H»0, 2:2:1.8 (v/v/
v)) was developed as a rapid method for isolating lipids in fish
muscle (i.e., 1 part sample for 3 parts solvent) that reduced the

amount of chloroform used in the Folch extractions. One reason for
the popularity of these two methods is that a combination of
methanol and chloroform is used to non-selectively and repro-
ducibly extract a broad range of lipid classes from a wide variety of
sample matrices. Methanol serves an important role in the biphasic
lipid extraction as literature has shown solvent mixtures containing
acetonitrile and chloroform, as opposed to methanol and chloro-
form, to not be as effective in extracting a broad range of lipid
species. In each biphasic system, ice-cold methanol is added to
disrupt hydrogen bonding and/or electrostatic networks between
the lipid-lipid and/or lipid-protein biomolecules [6,19]. Literature
has shown short-chain alcohols, such as methanol and ethanol to
increase the critical micelle concentration and reduce hydrophobic
interactions, causing destabilization of micelles by perturbing sur-
face tension [11]. The non-polar organic solvents in each case are
used to extract hydrophobically bound lipids, and water is used for
phase separation as well as to increase the insolubility of lipid
species in the aqueous phase [19].

More recently, the Matyash or methyl tert-butyl ether (MTBE)
extraction was reported as an alternative solvent extraction system
for lipidomics, providing comparable results to the Folch and Bligh-
Dyer methods for plasma and E. coli, but without the use of chlo-
roform [10,20,21]. The ratios of MTBE/MeOH/H,0 for the Matyash
method are 10:3:2.5 (v/v/v), respectively. These three liquid-liquid
extraction methods incorporate a binary mixture of methanol with
a non-polar organic solvent (chloroform or MTBE) to extract diverse
lipid classes. With a range of solvent extraction systems available in
literature, along with the ability of each method to be modified
using buffers, salts, and/or antioxidants, matrix-dependent opti-
mization is necessary to ensure the optimal extraction of lipid
content in a reproducible manner.

The Folch, Bligh-Dyer, and Matyash methods, while promising
approaches, were tailored to specific matrices. The Folch method
suggests a 1:20 sample-to-solvent ratio [22] and the Bligh-Dyer
method originally implemented a 1:3 sample-to-solvent ratio
(i.e., the reported Bligh-Dyer ratio does not account for the volume
of water in tissues). Thus, these respective ratios have only been
optimized for the original matrices reported in literature and
should be vetted for use with other sample matrices of interest such
as plasma and cell lines. More specifically, mammalian cell lip-
idomics studies incorporate total cell count as opposed to weight or
volume measurements. Therefore, it is challenging to adopt pre-
existing sample-to-solvent ratios to applications involving cells.
In addition, the sample-to-solvent ratios should be optimized for
specific cell lines as the lipid composition varies.

Optimization of the sample-to-solvent ratio is vital for complete
lipid extraction. An increase in the solvent volume will potentially
result in the increase of recovered lipid content as an environment
is established that is more suitable for lipids. Therefore, this study
evaluated the sample-to-solvent ratios for human plasma-based
lipidomics studies using the Folch, Matyash, and Bligh-Dyer
extraction protocols, in an effort to optimize methods for lip-
idomics profiling workflows. An additional advantage of these
extraction methods is the possibility of performing multi-omic
analyses, where both phases of a single biphasic extraction are
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analyzed (i.e.,, aqueous phase for metabolomics analysis and
organic phase for lipidomics analysis). The aqueous phase was
compared to the traditional 80% methanol metabolite extraction for
plasma [23—25]. Analysis of both phases in a multi-omics approach
increases the analyte coverage per sample extraction, reduces
sample preparation time, increases efficiency, and thus provides a
more complete and efficient understanding of complex biological
systems [15].

2. Materials and methods
2.1. Materials

Exogenous triacylglycerol (TAG) lipid standards were purchased
from Sigma-Aldrich (St. Louis, MO). Exogenous lysophosphati-
dylcholine (LPC), phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylserine (PS), and phosphatidylglycerol (PG)
lipid standards were purchased from Avanti Polar Lipids (Alabaster,
AL). Analytical grade formic acid, chloroform, MTBE, and MeOH
were purchased from Fisher-Scientific (Hampton, NH). All mobile
phase solvents were Fisher Optima LC/MS grade (acetonitrile, iso-
propanol, and water (H,0)). Six lipid classes (LPC, PC, PS, PG, PE, and
TG) were chosen to represent the most abundant lipid classes,
including a balance of hydrophobic/hydrophilic, neutral, and
charged lipids. Metabolite internal standards were purchased from
Cambridge Isotopes (L-lysine-4,4,5,5-d4) and C/D/N Isotopes (crea-
tine-methyl-ds, p-leucine-dip, L-tryptophan-2,3,3-ds, caffeine-
methyl-ds, L-phenylalanine-3,3-dy, and D/i-carnitine-trimethyl-dg)
(Tewksbury, MA and Quebec, Canada, respectively).

2.2. Lipid extraction

For plasma, the National Institute of Standards and Technology
(NIST) Standard Reference Material (SRM) 1950 - Metabolites in
Frozen Human Plasma (50 pL) was extracted according to the Folch,
Bligh-Dyer, and Matyash protocols outlined below with the internal
standards spiked before the extraction. The addition of internal
standards during the lipid extraction can be used to assess the ef-
fects of an incomplete recovery on a lipid class. Therefore, there are
minor secondary effects associated with the recovery of individual
lipid species within a lipid class compared to the internal standard.
The plasma-to-total solvent volume ratios (v/v) before re-
extraction were as follows: 1:4, 1:10, 1:20, and 1:100. Total sol-
vent volumes were 200 pL, 500 uL, 1000 pL, and 5000 pL as shown
in Fig. S1. An outline of the applied extraction volumes can be found
in Table S1. Solvent extraction blanks containing no plasma matrix
were extracted alongside each biological sample. Plasma lipid ex-
tracts were reconstituted in 200 pL of isopropanol.

[Folch method [13]]: Chloroform:methanol (2:1, v/v) was added
to each sample according to the original Folch procedure allowing
for a CHCl3:MeOH:H,0 ratio of 8:4:3 (v/v/v). Briefly, ice-cold
methanol and chloroform in the amounts previously outlined
(Table S1) were added directly to the sample. The suspension was
vortexed occasionally to bring about physical mixing and the
sample was incubated on ice for 30 min. After the addition of water,
which was used to separate the aqueous and organic layers, the
suspension was incubated on ice for an additional 10 min. Samples
were centrifuged at 2000 rpm for 5 minat 4 °C. The lower phase
(organic) layer was transferred to a new tube. The aqueous layer
was re-extracted with 1 mL of 2:1, v/v chloroform/methanol. The
chloroform layers were combined for analysis. The aqueous layer
was centrifuged at 2000 rpm for 5minat 4°C and collected for
metabolite analysis. Extracts were then dried under nitrogen.

[Bligh-Dyer method [14]]: Chloroform:methanol (1:1, v/v) was
added to each sample according to the original Bligh-Dyer

procedure allowing for a CHCl3:MeOH:H>O0 ratio of 2:2:1.8 (v/v/v).
Briefly, ice-cold methanol and chloroform in the amounts previ-
ously outlined (Table S1) were added directly to the sample. The
sample was vortexed occasionally to bring about physical mixing
and incubated on ice for 30 min. After the addition of water, the
suspension was incubated on ice for an additional 10 min. Samples
were centrifuged at 2000 rpm for 5 min at 4 °C. The lower phase
(organic) layer was transferred to a new tube. The aqueous layer
was re-extracted with 1 mL of 1:1, v/v chloroform/methanol. The
chloroform layers were combined for analysis. The aqueous layer
was centrifuged at 2000 rpm for 5 minat 4°C and collected for
metabolite analysis. Extracts were then dried under nitrogen.

[Matyash method [10]]: To each sample, methanol and MTBE was
added according to the amounts outlined in Table S1. The sample
was incubated on ice and subjected to an orbital shaker for 1 h.
After the addition of water, the mixture was incubated on ice for
10 min and centrifuged at 2000 rpm for 10 min. The organic (upper)
layer was collected, and the aqueous layer was re-extracted with
1 mL of 10:3:2.5 (v/v/v) MTBE/MeOH/water. The MTBE layers were
combined for analysis. The aqueous layer was centrifuged at
2000 rpm for 5 min at 4 °C, dried under nitrogen and collected for
metabolite analysis.

2.3. Metabolite extraction

Metabolites were isolated from SRM 1950 (50 pL) using ice-cold
80% MeOH (200 pL, 500 pL, 1000 pL, and 5000 pL), while accounting
for the water fraction in plasma, to represent the total volume in a
1:4, 1:10, 1:20, and 1:100 (v/v) respective sample-to-total solvent
ratio. All plasma samples were thawed on ice for 10 min, 80%
methanol was added, and the resulting mixture was vortexed and
centrifuged at 2000 rpm for 10 min to pellet the protein and
cellular content. The supernatant was transferred to a new tube,
and the contents dried under nitrogen. Plasma metabolite extracts
were reconstituted in 100 pL of 0.1% formic acid in water. A flow
diagram of the experimental design can be found in the Supple-
mental Information (Fig. S1).

2.4. Analysis of human plasma metabolite and lipid extracts by
UHPLC-HRMS

Mass spectra were acquired on a Thermo Scientific Orbitrap
Fusion Lumos Tribrid mass spectrometer equipped with a heated
electrospray ionization (HESI II) probe in positive and negative ion
mode. HESI and mass spectrometric parameters for metabolite
extracts were as follows in positive/negative ion mode, respec-
tively: spray voltage: 3.5/2.5 kV, sheath gas: 35/40 arbitrary units,
auxiliary nitrogen pressure: 8/10 arbitrary units, sweep gas: 1/2
arbitrary units, ion transfer tube and vaporizer temperatures:
275°C and 300°C, and S-lens level: 30. HESI and mass spectro-
metric parameters for lipid extracts were as follows in positive/
negative ion mode, respectively: spray voltage: 3.5/2.5 kV, sheath
gas: 40/35 arbitrary units, auxiliary nitrogen pressure: 15 arbitrary
units, sweep gas: 1/0 arbitrary units, ion transfer tube and vapor-
izer temperatures: 325 °C and 300/275 °C, and RF lens level: 30. Full
scan, data-dependent MS/MS (top10-ddMS2), and data-
independent acquisition mode data were collected at m/z 150 to
m/z 2000 (lipidomics), corresponding to the mass range of expected
lipids, and m/z 50 to m/z 750 (metabolomics) for metabolites.

A Thermo Scientific Vanquish UHPLC system (Thermo Scientific,
San Jose, CA) was coupled to the Orbitrap Fusion Lumos Tribrid for
the chromatographic separation of metabolites and lipids. The
autosampler temperature was maintained at 4 °C for all experi-
ments. Solvent extraction blanks and reconstitution blanks were
jointly analyzed over the course of a batch (10—15 samples) to



354 CZ. Ulmer et al. / Analytica Chimica Acta 1037 (2018) 351-357

evaluate the mass accuracy (<0.35ppm error) and instrument
variability (<2.9 %CV retention time deviation and <7.4 %CV peak
area deviation) across the runs. A Waters Acquity C18 BEH column
(21 x 100 mm, 1.7 um particle size, Waters, Milford, MA) was
maintained at 60 °C and used for all lipidomic studies. The injection
volume was 5 plL in positive and 10 pL in negative ion mode with a
mobile phase flow rate of 450 yLmin~'. The gradient program
consisted of mobile phase C [60:40 acetonitrile/water] and mobile
phase D [90:8:2 isopropanol/acetonitrile/water], each containing
10 mM ammonium formate and 0.1% formic acid [26]. The total run
time was 22 min, including a 5-min equilibration. An ACE Excel
2C18-PFP column (2.1 x 100 mm, 1.7 um particle size, Advanced
Chromatography Technologies Ltd, Aberdeen, Scotland) was
maintained at 30°C for the metabolomic studies. The injection
volume was 15 pL in positive ion mode and 20 pL in negative ion
mode with a mobile phase flow rate of 350 pL min~". The gradient
program consisted of mobile phase A [0.1% formic acid in water]
and mobile phase B [acetonitrile modified with 0.1% formic acid].
The total run time was 28 min, including a 3-min equilibration.

2.5. Data processing

All UHPLC-HRMS data were collected and initially processed by
Thermo Xcalibur Workstation software version 2.2. Raw data files
were centroided and converted to a useable format (mzXML) using
MSConvert. Metabolite data processing and analysis was per-
formed with XCMS R Script, Thermo Compound Discoverer, and
MetaboAnalyst 3.0, respectively. Lipid data processing was per-
formed using MZmine [27] to generate a feature list (m/z, retention
time, and peak area). Peak detection was performed by mass
detection, chromatogram smoothing, peak deconvolution, deiso-
toping, feature alignment, and gap-filling. Lipid annotation was
performed on the top10-ddMS2 files using Thermo LipidSearch
(Score A & B) and LipidMatch, the latter of which can be accessed at
<http://secim.ufl.edu/secim-tools/> [7].

3. Results and discussion
3.1. Accessibility of organic layer for lipid extractions

To determine which lipid extraction method and solvent
extraction volume provided the highest peak areas from lipid
isolation in human plasma, the most commonly employed lipid
extraction methodologies were compared (e.g., Folch, Bligh-Dyer,
and Matyash).

Access to the organic layer is an important consideration in the
selection of a lipid extraction method. Due to the fact that chloro-
form has a higher density compared to the methanol/water
aqueous layer, the organic layer remains on the bottom of the Folch
and Bligh-Dyer biphasic solvent extraction systems. Therefore, the
user must pipette through the aqueous and protein layer to obtain
the organic layer. There is difficulty in collecting the organic layer as
non-lipid contaminants and salts can be transferred, lipid content
can get lost in the process, and there is more room for analyst
variability based on skill. To increase recovery of the lipid content,
the aqueous layer in this work was re-extracted with CHCl3:MeOH
(2:1, v/v) in the Folch extraction and CHCI3:MeOH (1:1, v/v) in the
Bligh-Dyer extraction, which added to the total time spent during
sample preparation and the overall extraction volume, thus
decreasing the high-throughput aspect of lipidomic profiling. The
density of MTBE allows for the desired organic layer to remain on
the top, aiding in the collection of the lipid content. Based on visual
observation, the Matyash method produced a more intact protein
pellet at the bottom of the aqueous layer, which aided in the
collection of the organic and aqueous layers. However, the Matyash

method required more time than the other methods as the protocol
recommends an additional 1 h incubation step on an orbital shaker.
As reported, this hour incubation step can be reduced using low-
power sonication or a microwave oven.

3.2. Analysis of sample-to-total solvent volume ratios for human
plasma

For the Folch method, the 1:10, 1:20, and 1:100 (v/v) sample-to-
solvent ratios provided higher peak areas for Cer(d18:1/22:0) and
many LPC/PC lipid classes compared to the 1:4 (v/v) sample-to-
solvent ratio (Fig. 1). As the solvent extraction volume increased
starting with the 1:4 (v/v) sample-to solvent ratio, the variability
increased for DG and PI lipid species. However, for the PCs, the
variability decreased as the solvent extraction volume increased.
For the Bligh-Dyer method, the 1:10, 1:20, and 1:100 (v/v) sample-
to-solvent ratios provided higher peak areas for Cer(d18:1/24:0), all
LPCs, and many PC/PE/PG lipid classes compared to the 1:4 (v/v)
sample-to-solvent ratio (Fig. 1). As the solvent extraction volume
increased for the Bligh-Dyer method, smaller differences were
observed in the variability of higher-abundant lipid species. For the
Matyash method, the 1:10, 1:20, and 1:100 (v/v) sample-to-solvent
ratios only provided higher peak areas for Cer(d18:1/24:0) and
PC(14:0_16:0). The Matyash method exhibited low repeatability for
the PI lipid class with %CVs ranging from 45.9 to 56.4 for the 1:20
(v/v) sample-to-solvent extraction volume.

As the plasma sample-to-solvent ratio decreased from 1:4, 1:10,
1:20, and 1:100 (v/v), many of the Cer, LPC, PC, and PE lipid species
increased in peak area for the Bligh-Dyer, Folch, and Matyash
methods as shown in Fig. 1. Anova comparisons across sample-to-
solvent ratios for each lipid extraction method can be found in
Table S2. This finding correlates to studies where the sample-to-
solvent ratio was decreased from 1:20 (v/v) to 1:30 (v/v) for ho-
mogenized fish tissues to yield higher intensities of endogenous
lipid species [9]. This article also suggested that the total solvent
volume of 2:1 (v/v) CHCI3:MeOH be at least 17 times higher than
the tissue volume to effectively extract lipids as well as to associate
weak hydrogen bonds between chloroform and water.

The Bligh-Dyer and Folch methods provided higher peak areas
for LPC lipid species at every sample-to-solvent ratio (Fig. 1). The
Bligh-Dyer and Folch methods provided comparable results for
every lipid class monitored at the 1:4 (v/v) and 1:100 (v/v) sample-
to-solvent ratios. However, at the 1:10 (v/v) sample-to-solvent ra-
tio, the Folch method provided higher peak areas for LPCs, the most
polar of the lipid species investigated in this work, compared to the
Bligh-Dyer and Matyash methods. At the 1:20 (v/v) sample-to-
solvent ratio, the Folch method provided higher peak areas for
LPCs compared to the Matyash method. As the sample-to-total
solvent ratio decreased from 1:20 (v/v) to 1:100 (v/v), the vari-
ability amongst replicates decreased for PCs, suggesting that the
use of a higher volume of extraction solvent was needed for this
lipid class (Table S3). Compared to the Bligh-Dyer method, the Folch
lipid extraction provided higher variability for the DG lipid class, a
fairly low-abundant lipid class, at the 1:10, 1:20, and 1:100 (v/v)
sample-to-solvent ratios. While taking into account peak area and
repeatability for the Cer, LPC, LPE, PC, PG, and PI lipid classes, the
1:20 (v/v) sample-to-solvent ratio provided the best results for the
Folch and Matyash method.

The Matyash extraction method provided lower extracted peak
areas for polar lipid species such as LPCs compared to the Folch and
Bligh-Dyer method. Literature has shown mixtures of methanol
with more nonpolar solvents that do not have an acidic proton (e.g.,
tetrachloride and tetrachlorethylene) to solubilize reduced
amounts of water, resulting in a lower lipid extraction efficiency [9].
The complete list of extracted peak areas for each lipid species and
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Fig. 1. Comparison of endogenous lipid species extracted from SRM 1950 plasma with a 1:4 [A], 1:10 [B], 1:20 [C] and 1:100 [D] (v/v) sample-to-total solvent ratio. The (*) denotes a
significant difference between the Bligh-Dyer and Matyash methods, (#) denotes a significant difference between the Folch and Matyash method, and (") denotes a significant
difference between the Bligh-Dyer and Folch method according to ANOVA with the Bonferroni correction, p-value < 0.05. Error bars represent the standard deviation of the mean.

for each extraction method, annotated using LipidMatch in positive
and negative ionization mode, can be found in the Supplemental
Information (NegIDed.csv and PosIDed.csv).

3.3. Applicability to multi-omics applications

The metabolome encompasses a large polarity range which
spans from hydrophilic to hydrophobic compounds [ 28]. A single
analytical platform will not encompass the entire metabolome.
However, the coupling of a metabolite and lipid extraction from the
same sample will increase the coverage of the metabolome, overall
efficiency, and the throughput for sample preparation. A single
sample can be used to provide a wider snapshot of the metabolism
associated with the sample/individual. Therefore, the aqueous and
organic layers of the plasma biphasic lipid extraction were collected
and analyzed to demonstrate potential multi-omic capabilities.

For human plasma studies, the aqueous layer of the Folch, Bligh-
Dyer, and Matyash extractions was isolated and compared to a
commonly used metabolite isolation protocol, 80% methanol. At
every sample-to-solvent ratio, the 80% methanol protocol yielded a
higher peak area for the metabolite internal standards and
endogenous species compared to the aqueous phase of the biphasic
methods (Fig. 2 and Fig. S2). This lower peak area for the Folch,
Bligh-Dyer, and Matyash methods suggests that metabolites are
lost in a biphasic extraction. A decrease in the plasma sample-to-
solvent ratio (v/v) from 1:4, 1:10, 1:20, to 1:100 resulted in a
gradual increase in the peak area of the metabolite ISTD from the
aqueous layer of each extraction method (Tables S4—S5). The Bligh-
Dyer extraction method produced comparable results to the Folch
extraction method for exogenous metabolite peak areas at every

plasma sample-to-solvent ratios except for the 1:100 (v/v) ratio
where the Bligh-Dyer method generated higher peak areas for -
tryptophan-2,3,3-d3. (Fig. S3). Compared to the 80% methanol
extraction method, the Folch and Bligh-Dyer method yielded the
closest results at a 1:20 (v/v) sample-to-solvent ratio and the Bligh-
Dyer method was closest at a 1:100 (v/v) sample-to-solvent ratio
(Tables S4—S5). With increasing solvent volume up to the 1:20 (v/v)
sample-to-solvent ratio, the variability in the aqueous extract
decreased for the Folch method, except for caffeine (Table S6). This
finding may indicate that with the Folch extraction, metabolites
partition better into the aqueous phase. Caffeine resulted in the
highest %CVs for each extraction method, suggesting that a biphasic
extraction may be non-optimal for this metabolite. Decreasing the
sample-to-solvent extraction ratio from 1:20 (v/v) to 1:100 (v/v)
resulted in a significant increase in the metabolite peak area for the
Folch and Bligh-Dyer method (Table S7). However, an increase in
the variability was observed for the 1:100 (v/v) sample-to-solvent
ratio compared to the 1:20 (v/v) sample-to-solvent ratio for all
metabolites investigated using the Bligh-Dyer method and two
amino acid metabolites with the Folch method (Table S6). The
Matyash method greatly benefitted from the 1:100 (v/v) sample-to-
solvent ratio for analysis of the aqueous layer (Fig. 2). These same
findings were observed in endogenous metabolite peaks (Fig. S2).
However, even with the increase in peak area for the Matyash
method with the 1:100 (v/v) sample-to-solvent ratio, higher peak
areas were obtained from the Folch and Bligh-Dyer methods at the
1:20 (v/v) sample-to-solvent ratio. Therefore, a plasma sample-to-
solvent ratio of 1:20 (v/v) is most applicable for multi-omics
analysis of the metabolite and lipid content from a Folch and
Bligh-Dyer extraction. The Matyash method requires a plasma
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Fig. 2. Comparison of plasma ISTD peak areas for the 80% MeOH [A], Folch [B], Bligh-Dyer [C], and Matyash [D] extraction methods for each human plasma sample-to-solvent ratio

(1:4, 1:10, 1:20, and 1:100). Error bars represent the standard deviation of the mean.

sample-to-solvent ratio of at least 1:100 (v/v) to have comparable
results to Bligh-Dyer and Folch at 1:20 ratio. The Matyash has a
larger ratio of non-polar solvent (MTBE) to methanol and water
(10:3:2.5, v/v/v), resulting in its inability to effectively partition
metabolites into the aqueous layer. The additional solvent extrac-
tion volume for the 1:20 (v/v) and 1:100 (v/v) sample-to-solvent
ratios reduced the variability in the peak areas for exogenous
metabolite species compared to the 1:4 (v/v)and 1:10 (v/v) sample-
to-solvent ratios (Table S6). However, this additional solvent vol-
ume results in a higher aqueous volume that is to be dried down
and thus limits its applicability for implementation in a high-
throughput protocol.

4. Conclusions

The solvents or steps used for extraction bias the absence and/or
concentration of biomolecules. Extraction methods are sample-
dependent and thus should be optimized for each matrix in an
effort to increase qualitative and quantitative coverage and recov-
ery of a wide range of compounds in untargeted studies. For human
plasma studies, the Bligh-Dyer and Folch extraction methods,
regardless of the solvent extraction volume, yielded higher peak
areas. The 1:20 (v/v) plasma to total solvent ratio provided higher
peak areas for low abundant lipid species such as Cer and Pl
Therefore, the Bligh-Dyer and/or Folch method should be employed
using a 1:20 (v/v) sample-to-solvent ratio for untargeted lipidomics
studies. This work highlights the necessity to optimize lipid
extraction protocols for targeted studies as each lipid class
responded differently to the lipid extraction method in total peak
area and repeatability measurements. Analysis of the aqueous layer
for multi-omics applications showed that the 1:20 (v/v) sample-to-
solvent ratio yielded higher metabolite peak areas and reduced

variability. The Matyash method requires a larger solvent extraction
volume compared to the Bligh-Dyer and Folch methods to yield
comparable results. Future work includes the analysis of multiple
volumes of plasma, trace metabolite and lipid species, and addi-
tional analyte classes to ensure that the suggested sample-to-
solvent ratios remain optimal.

Disclaimer

Certain commercial equipment, instruments, or materials are
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Acknowledgements

This research was done in collaboration between Core 1 and
Core 3 of the Southeast Center for Metabolomics (SECIM) <http://
secim.ufl.edu/> [NIH grant #U24 DK097209]. The authors would
like to thank the Matthews Laboratory in the College of Medicine
Department of Pathology, Immunology and Laboratory Medicine at
the University of Florida for the donation of samples and resources.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.aca.2018.08.004.

References

[1] G. van Meer, Al de Kroon, Lipid map of the mammalian cell, ]. Cell Sci. 124


http://secim.ufl.edu/
http://secim.ufl.edu/
https://doi.org/10.1016/j.aca.2018.08.004
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref1

(2]

3]

(4]

(5]

[6

(7

(8

[9]

[10]

[11]

[12]

[13]
[14]

[15]

CZ. Ulmer et al. / Analytica Chimica Acta 1037 (2018) 351-357

(2011) 5-8.

M. Petkovic, A. Vocks, M. Muller, J. Schiller, J. Arnhold, Comparison of different
procedures for the lipid extraction from HL-60 cells: a MALDI-TOF mass
spectrometric study, Z. Naturforsch. C Biosci. 60 (2005) 143—151.

T.W.T. Rupasinghe, Lipidomics: extraction protocols for biological matrices, in:
U. Roessner, D.A. Dias (Eds.), Metabolomics Tools for Natural Product Dis-
covery: Methods and Protocols, Humana Press, Totowa, NJ, 2013, pp. 71-80.
E.S. Berman, S.L. Fortson, K.D. Checchi, L. Wu, J.S. Felton, KJ. Wu, KS. Kulp,
Preparation of single cells for imaging/profiling mass spectrometry, J. Am. Soc.
Mass Spectrom. 19 (2008) 1230—1236.

P.T. Ivanova, S.B. Milne, D.S. Myers, H.A. Brown, Lipidomics: a mass spec-
trometry based systems level analysis of cellular lipids, Curr. Opin. Chem. Biol.
13 (2009) 526—531.

A. Reis, A. Rudnitskaya, G.J. Blackburn, N. Mohd Fauzi, A.R. Pitt, C.M. Spickett,
A comparison of five lipid extraction solvent systems for lipidomic studies of
human LDL, JLR (J. Lipid Res.) 54 (2013) 1812—1824.

J.P. Koelmel, N.M. Kroeger, C.Z. Ulmer, J.A. Bowden, R.E. Patterson, J.A. Cochran,
C.W.W. Beecher, T.J. Garrett, R.A. Yost, LipidMatch: an automated workflow
for rule-based lipid identification using untargeted high-resolution tandem
mass spectrometry data, BMC Bioinf. 18 (2017) 331.

X. Ma, L. Chong, R. Tian, R. Shi, T.Y. Hu, Z. Ouyang, Y. Xia, Identification and
quantitation of lipid C=C location isomers: a shotgun lipidomics approach
enabled by photochemical reaction, Proc. Natl. Acad. Sci. U. S. A. 113 (2016)
2573—-2578.

W.W. Christie, Preparation of lipid extracts from tissues, in: W.W. Christie
(Ed.), Advances in Lipid Methodology - Two, Oily Press, Dundee, Bridgwater,
UK, 1993, pp. 193—-213.

V. Matyash, G. Liebisch, T.V. Kurzchalia, A. Shevchenko, D. Schwudke, Lipid
extraction by methyl-tert-butyl ether for high-throughput lipidomics, J. Lipid
Res. 49 (2008) 1137—1146.

P. Zahler, V. Niggli, The use of organic solvents in membrane research, in: E.
Korn (Ed.) Methods in Membrane Biology, Springer US1977, pp. 1-50.

SJ. Iverson, S.L. Lang, M.H. Cooper, Comparison of the Bligh and Dyer and
Folch methods for total lipid determination in a broad range of marine tissue,
Lipids 36 (2001) 1283—1287.

J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation and puri-
fication of total lipides from animal tissues, J. Biol. Chem. 226 (1957) 497—509.
E.G. Bligh, W . Dyer, A rapid method of total lipid extraction and purification,
Can. J. Biochem. Physiol. 37 (1959) 911-917.

E.S. Nakayasu, C.D. Nicora, A.C. Sims, K.E. Burnum-Johnson, Y.M. Kim, J.E. Kyle,
M.M. Matzke, A.K. Shukla, RK. Chu, A.A. Schepmoes, J.M. Jacobs, R.S. Baric,
B.J. Webb-Robertson, R.D. Smith, T.O. Metz, MPLEx: a Robust and Universal
Protocol for Single-sample Integrative Proteomic, Metabolomic, and Lip-
idomic Analyses, MSystems, vol. 1, 2016.

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

357

O.L. Knittelfelder, B.P. Weberhofer, T.O. Eichmann, S.D. Kohlwein,
G.N. Rechberger, A versatile ultra-high performance LC-MS method for lipid
profiling, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 951-952 (2014)
119-128.

S.R. Dunn, M.C. Thomas, G.W. Nette, S.G. Dove, A lipidomic approach to un-
derstanding free fatty acid lipogenesis derived from dissolved inorganic car-
bon within cnidarian-dinoflagellate symbiosis, PLoS One 7 (2012), e46801.
D. Fraher, A. Sanigorski, N.A. Mellett, PJ. Meikle, AJ. Sinclair, Y. Gibert,
Zebrafish embryonic lipidomic analysis reveals that the yolk cell is metabol-
ically active in processing lipid, Cell Rep. 14 (2016) 1317—1329.

G.J. Nelson, Isolation and purification of lipids from animal tissues, in: E.G.
Perkins (Ed.) Analysis of Lipids and Lipoproteins, American Oil Chemists So-
ciety, Champaign, IL, pp. 1-22.

R.E. Patterson, A.J. Ducrocq, D.J. McDougall, T.J. Garrett, R.A. Yost, Comparison
of blood plasma sample preparation methods for combined LC-MS lipidomics
and metabolomics, ]J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 1002
(2015) 260—266.

S.K. Abbott, A.M. Jenner, T.W. Mitchell, S.H. Brown, G.M. Halliday, B. Garner,
An improved high-throughput lipid extraction method for the analysis of
human brain lipids, Lipids 48 (2013) 307—318.

E.M. Boyd, The extraction of blood lipids, J. Biol. Chem. 114 (1936) 223—234.
EJ. Want, G. O'Maille, C.A. Smith, T.R. Brandon, W. Uritboonthai, C. Qin,
S.A. Trauger, G. Siuzdak, Solvent-Dependent Metabolite Distribution, Clus-
tering, and Protein Extraction for Serum Profiling with Mass Spectrometry,
Anal. Chem. 78 (2006) 743—752.

H. Gika, G. Theodoridis, Sample preparation prior to the LC-MS-based
metabolomics/metabonomics of blood-derived samples, Bioanalysis 3
(2011) 1647—1661.

D.G. Sitnikov, C.S. Monnin, D. Vuckovic, Systematic Assessment of Seven
Solvent and Solid-Phase Extraction Methods for Metabolomics Analysis of
Human Plasma by LC-MS, Sci. Rep. 6 (2016) 38885.

C.Z. Ulmer, R.E. Patterson, J.P. Koelmel, T.J. Garrett, RA. Yost, A robust lip-
idomics workflow for mammalian cells, plasma, and tissue using liquid-
chromatography  high-resolution tandem mass spectrometry, in:
S.K. Bhattacharya (Ed.), Lipidomics: Methods and Protocols, Springer New
York, New York, NY, 2017, pp. 91-106.

T. Pluskal, S. Castillo, A. Villar-Briones, M. Oresic, MZmine 2: modular
framework for processing, visualizing, and analyzing mass spectrometry-
based molecular profile data, BMC Bioinf. 11 (2010) 395.

K. Dettmer, N. Nurnberger, H. Kaspar, M.A. Gruber, M.F. Almstetter, P.J. Oefner,
Metabolite extraction from adherently growing mammalian cells for metab-
olomics studies: optimization of harvesting and extraction protocols, Anal.
Bioanal. Chem. 399 (2011) 1127—-1139.


http://refhub.elsevier.com/S0003-2670(18)30941-3/sref1
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref1
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref2
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref2
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref2
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref2
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref3
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref3
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref3
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref3
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref4
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref4
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref4
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref4
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref5
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref5
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref5
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref5
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref6
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref6
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref6
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref6
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref7
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref7
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref7
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref7
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref8
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref9
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref9
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref9
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref9
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref10
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref10
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref10
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref10
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref12
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref12
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref12
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref12
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref13
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref13
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref13
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref14
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref14
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref14
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref15
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref15
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref15
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref15
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref15
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref16
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref17
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref17
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref17
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref18
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref18
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref18
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref18
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref20
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref20
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref20
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref20
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref20
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref21
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref21
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref21
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref21
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref22
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref22
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref23
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref23
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref23
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref23
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref23
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref24
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref24
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref24
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref24
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref25
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref25
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref25
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref26
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref27
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref27
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref27
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref28
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref28
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref28
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref28
http://refhub.elsevier.com/S0003-2670(18)30941-3/sref28

	Optimization of Folch, Bligh-Dyer, and Matyash sample-to-extraction solvent ratios for human plasma-based lipidomics studies
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Lipid extraction
	2.3. Metabolite extraction
	2.4. Analysis of human plasma metabolite and lipid extracts by UHPLC-HRMS
	2.5. Data processing

	3. Results and discussion
	3.1. Accessibility of organic layer for lipid extractions
	3.2. Analysis of sample-to-total solvent volume ratios for human plasma
	3.3. Applicability to multi-omics applications

	4. Conclusions
	Disclaimer
	Acknowledgements
	Appendix A. Supplementary data
	References


