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Abstract

In order to profile the lipidome for untargeted lipidomics applications, analysis by ultra-high
performance liquid chromatography — high resolution mass spectrometry (UHPLC-HRMS)
typically requires the extraction of lipid content from sample matrices using matrix-specific
conditions. The Folch, Bligh-Dyer, and Matyash extraction methods, while promising approaches,
were originally tailored to specific matrices (brain tissue, fish muscle, and £. 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 evaluated the appropriate sample-to-
extraction solvent ratios for human plasma-based lipidomics studies. An advantage of employing
biphasic lipid extractions is the ability to investigate both the aqueous and organic layers for
increased analyte coverage in untargeted studies. Therefore, this work also evaluated the multi-
omic capability of each lipid extraction method for plasma in an effort to provide a workflow
capable of increasing analyte coverage in a single extraction, thus providing a more complete

Address correspondence to: Candice Z. Ulmer, Tel: 404-498-5417; czulmer@gmail.com.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLAIMER

Certain commercial equipment, instruments, or materials are identified in this paper to specify adequately the experimental
procedures. Such identification does not imply recommendation or endorsement by the National Institute of Standards and
Technology; nor does it imply that the materials or equipment identified are necessarily the best for the purpose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ulmer et al.

Page 2

understanding of complex biological systems. In plasma, a decrease in sample-to-solvent ratios
from 1:4, 1:10, 1:20, to 1:100 (v/v) resulted in a gradual increase in the peak area of a diverse
range of metabolite (aqueous layer) and lipid (organic layer) species for each extraction method.
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.

Keywords

lipidomics; metabolomics; multi-omics; liquid-liquid extraction; sample preparation; LC-MS;
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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, organism,
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 chromatography — 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
system should extract the lipid content in an unbiased manner without the introduction of
non-lipid material (e.g., sugars, peptides, 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 partitioning of lipid classes into the organic layer.[6, 9]
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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 established for lipid isolation in brain
using 20 volumes of chloroform:methanol:water (CHCIl3:MeOH:H,0, 8:4:3, v/v/v) per
volume of tissue (e.g., assumption 1 g 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/viv)) 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 reproducibly 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 chloroform, 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, increase the critical micelle concentration and reduce hydrophobic interactions,
causing destabilization of micelles by perturbing surface 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 fert-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 £. cofi, but without the use of chloroform.
[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 optimization 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 lipidomics studies incorporate total cell count as opposed to
weight or volume measurements. Therefore, it is challenging to adopt preexisting 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.
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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
lipidomics 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 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]

MATERIALS AND METHODS

Materials

Exogenous triacylglycerol (TAG) lipid standards were purchased from Sigma-Aldrich (St.
Louis, MO). Exogenous lysophosphatidylcholine (LPC), phosphatidylcholine (PC),
phosphatidylethanolamine (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,
isopropanol, 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 (creatine-methyl-ds, D-
leucine-dqq, L-tryptophan-2,3,3-ds, caffeine-methyl-ds, L-phenylalanine-3,3-d,, and D/L-
carnitine-trimethyl-dg) (Tewksbury, MA and Quebec, Canada, respectively).

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 effects 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
solvent volumes were 200 L, 500 pL, 1000 pL, and 5000 pL as shown in Figure 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 extracts were reconstituted in 200 uL of isopropanol.
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[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,O ratio of 8:4:3
(vivIv). 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 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 2:1, v/v chloroform/methanol. The chloroform layers were
combined for analysis. The aqueous layer was centrifuged at 2000 rpm for 5 min at 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 CHCIl3:MeOH:H5O0 ratio of
2:2:1.8 (v/viv). Briefly, ice-cold methanol and chloroform in the amounts previously
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 min at 4 °C and collected for metabolite analysis. Extracts
were then dried under nitrogen.

[Matyash method [10]]: All samples were extracted according to the procedure found in
literature.[4,5] 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 hr. 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/iviv 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.

Metabolite Extraction

Metabolites were isolated from SRM 1950 (50 pL) using ice-cold 80% MeOH (200 uL, 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 Supplemental
Information (Figure S1).
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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 1) probe in positive and
negative ion mode. HESI and mass spectrometric parameters for metabolite extracts were as
follows in positive/negative ion mode, respectively: 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 spectrometric 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 vaporizer 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 /1/2 150 to m/z 2000 (lipidomics), corresponding to the mass range of
expected lipids, and m/z50 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
experiments. Solvent extraction blanks and reconstitution blanks were jointly analyzed over
the course of a batch (10 — 15 samples) to evaluate the mass accuracy (< 0.35 ppm 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 (2.1 x 100 mm, 1.7 ym
particle size, Waters, Milford, MA) was maintained at 60 °C and used for all lipidomic
studies. The injection volume was 5 pL in positive and 10 pL in negative ion mode with a
mobile phase flow rate of 450 uL min~2. 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 2 C18-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 uL
min~1. 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.

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 performed
with XCMS R Script, Thermo Compound Discoverer, and MetaboAnalyst 3.0, respectively.
Lipid data processing was performed using MZmine [27] to generate a feature list (/7/2,
retention time, and peak area). Peak detection was performed by mass detection,
chromatogram smoothing, peak deconvolution, deisotoping, feature alignment, and gap-
filling. Lipid annotation was performed on the top10-ddMS?2 files using Thermo
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LipidSearch (Score A & B) and LipidMatch, the latter of which can be accessed at <http://
secim.ufl.edu/secim-tools/> [7].

RESULTS AND DISCUSSION

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 chloroform 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 CHCI3: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 hour incubation step on an orbital shaker. As
reported, this hour incubation step can be reduced using low-power sonication or a
microwave oven.

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 (Figure 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 (Figure 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 exhibit low repeatability for the
Pl lipid class with %CVs ranging from 45.9 — 56.4 % for the 1:20 (v/v) sample-to-solvent
extraction volume.
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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 Figure 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
homogenized fish tissues to yield higher intensities of endogenous lipid species.[9]
Literature has also suggested that the total solvent volume of 2:1 CHCI3:MeOH (v/v) be 17
times higher than the tissue volume to effectively extract lipids as well as to associate weak
hydrogen bonds between chloroform and water.[9]

The Bligh-Dyer and Folch methods provided higher peak areas for LPC lipid species at
every sample-to-solvent ratio (Figure 1). The Bligh-Dyer and Folch methods provided
comparable results 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 ratio, 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 variability 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 for each extraction method, annotated using LipidMatch in positive and negative
ionization mode, can be found in the Supplemental Information (NeglDed.csv and
PosIDed.csv).

Applicability to Multi-Omics Applications

The metabolome encompasses a large polarity range which spans from hydrophilic to
hydrophobic compounds.[34] 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,
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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 (Figure 2 and Figure 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 (Table 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 L-tryptophan-2,3,3-d3.
(Figure 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 (Table 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 investigate 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 sample-to-solvent ratio for analysis of the aqueous
layer (Figure 2). These same findings were observed in endogenous metabolite peaks
(Figure S2). However, even with the increase in peak area for the Matyash method with the
1:100 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 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 extraction 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 volume results in a higher aqueous
volume that is to be dried down and thus limits its applicability for implementation in a
high-throughput protocol.

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 recovery of a
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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 PI. 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 additional analyte classes to ensure that the suggested sample-to-solvent ratios remain
optimal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 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

significant difference between the Bligh-Dyer and Matyash methods, (#) denotes a
mean.
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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.
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