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Abstract

Background: Although metabolomics continues to expand in many domains of
research, methodological issues such as sample type, extraction and analytical proto-
cols have not been standardized, impeding proper comparison between studies and
future research.

Methods: In the present study, five solvent-based and solid-phase extraction methods
were investigated in both plasma and serum. All these extracts were analyzed using
four liquid chromatography coupled with high resolution mass spectrometry (LC-MS)
protocols, either in reversed or normal-phase and with both types of ionization. The
performances of each method were compared according to putative metabolite
coverage, method repeatability and also extraction parameters such as overlap, linear-
ity and matrix effect; in both untargeted (global) and targeted approaches using fifty
standard spiked analytes.

Results: Our results verified the broad specificity and outstanding accuracy of sol-
vent precipitation, namely methanol and methanol/acetonitrile. We also reveal high
orthogonality between methanol-based methods and SPE, providing the possibility of
increased metabolome coverage, however we highlight that such potential benefits
must be weighed against time constrains, sample consumption and the risk of low
reproducibility of SPE method. Furthermore, we highlighted the careful consideration
about matrix choice. Plasma showed the most suitable in this metabolomics approach
combined with methanol-based methods.

Conclusions: Our work proposes to facilitate rational design of protocols towards
standardization of these approaches to improve the impact of metabolomics research.

Keywords: Metabolomic, Guideline, Extraction, Methods, Suitability
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Background

Metabolomics is an emerging field and is broadly defined as the comprehensive meas-
urement of all metabolites and low-molecular-weight molecules (<1500 Da) in a bio-
logical specimen. Because metabolomics affords profiling of a much larger number of
metabolites than are presently covered in standard clinical laboratory techniques, and
hence offers the possibility for a comprehensive coverage of biological processes [1], it
holds promise for tomorrow’s medicine [2—4]. Current metabolomic technologies are
based on liquid chromatography coupled mass spectrometry (LC-MS) methods, capa-
ble of precise analyses of hundreds to thousands of metabolites in a single analytical
technique through either open-ended (global) or targeted metabolomics [5, 6].

A range of biological samples (such as urine, blood, cerebrospinal fluid, saliva, etc.) can
be utilized for metabolomics analysis. Nevertheless, blood, either plasma or serum, is
the biofluid of choice for biological and clinical studies in general, particularly as regards
metabolomics. Blood can be collected with little invasiveness and is rich in biologi-
cal information. Blood derivatives contain metabolites secreted by different tissues in
response to various physiological stimuli, conditions, or stressors. Consequently, serum
and plasma are sensitive to health or diseased conditions, genetic variations, environ-
mental factors, lifestyle, nutrition habits, and drugs, and they can provide important
information at a systemic level.

As noted by Mannello et al. [7], using an incorrect matrix (e.g. plasma instead of
serum) can result in a misdiagnosis. Therefore, the preanalytical phase is crucial for
accurate metabolomics analysis.

It’s important to understand the impact of using different blood derivatives on the
metabolome in order to effectively translate metabolomics studies to the clinical level.
Plasma and serum are both derived from whole blood, but they have undergone differ-
ent biochemical processes. Serum is obtained from blood that has clotted, while plasma
is obtained by adding an anticoagulant to the blood to prevent clotting, and then col-
lecting the plasma that rises to the top. Several studies lead investigations on metabo-
lomics differences between plasma and serum, however they were limited to targeted
approaches including approximately 100 metabolites [8]. To examine the impact of these
biological matrices in wide range of metabolites and classes of metabolites, we therefore
led the investigation with untargeted approach.

For this study, we also investigated the sample preparation step, essential for obtain-
ing reliable and meaningful results. Sample preparation is still an area of high impor-
tance when a LC-MS method is developed to assay biological samples. It is used in the
“optimization” of a sample in order to remove proteins and interfering molecules from
the matrix, thus preventing build-up on LC column which improves lifetime and sig-
nificantly increases the number of detected metabolites. The goal of sample preparation
is hence to ensure that the analytical method maintains robustness and consistency, as
expected in any bioanalysis [9]. The difficulty is that metabolomics, unlike genomics and
proteomics, aims at measuring molecules with disparate physical properties. Accord-
ingly, comprehensive metabolomic technology platforms typically take the strategy of
dividing the metabolome into subsets of metabolites—often based on compound polar-
ity, or common functional groups—and devise specific sample preparation and analyti-
cal procedures optimized for each group [10]. The metabolome is therefore measured
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as a patchwork of results from different analytical methods. As an emerging field that
has been fostered by steady development of analytical instrumentations with new capa-
bilities every year, the methods used in metabolomics continue to evolve and improve.
However, a consequence of metabolomics laboratories using multiple procedures that
are potentially subject to frequent refinement is that individual laboratories tend to
have unique methods and thus there are comparatively few standard operating proce-
dures commonly adopted across laboratories. Although this diversity of technologies is
linked to innovation in the field, it lends itself to potential challenges when comparing
data between laboratories because of issues like differences in precision of measurement
for select classes of metabolites or nonoverlapping metabolite coverage. In addition,
the degree of certainty in metabolite identification can vary among methods, ranging
from metabolite identities rigorously confirmed using authentic reference standards to
putative identifications using reference databases for signals that remain as “unknowns”
Hence, the need for normalisation in metabolomics is essential to develop common
guidelines [6].

There are many alternative methods to solve these problems. The most widely used
protocol for metabolomics of plasma or serum is precipitation with miscible organic
solvents. Methanol and/or acetonitrile are commonly used due to their high metabo-
lite coverage and low cost. However, the broad specificity of these solvent-based pre-
cipitations results in highly complex samples that hinder the detection of low abundance
metabolites. On the other hand, methods combining solvent extraction and solid-phase
extraction to remove phospholipids are not as commonly used in global metabolomics
because they are more selective compared to standard extraction methods. These solid-
phase extraction (SPE) methods tend to reduce overall metabolite coverage, but they
may improve data quality through increased repeatability and reduced matrix effects
[11].

Few studies have explored this aspect. Most notably, Alshammari et al. demonstrated
that methanol-based method possessed the best sensitivity and accuracy for mass spec-
trometry [12]; and Tulipani et al. showed that the conventional and hybrid techniques
may beneficially cohabit untargeted metabolomics protocols [13]. These studies are
crucial in the development of a metabolomics protocol, but none have compared stand-
ard precipitation methods to SPE in terms of overlap. Comparison between studies is
not possible because of the different instruments and data processing techniques used.
Additionally, most studies only examine metabolome coverage or extraction repeatabil-
ity, and no study to date has evaluated extraction quality, matrix effects, linearity, and
selectivity simultaneously in both biological matrices.

We hence proposed to compare five extractions methods for plasma vs. serum
based on metabolomics analysis. The effects of three conventional solvent-based pro-
tein precipitation procedures (methanol, methanol-acetonitrile, and acetonitrile) and
the combination of two solvents deproteinization with the removal of phospholipids
(methanol-SPE, and acetonitrile-SPE) were evaluated. The performance of each method/
matrix couple was compared in terms of extraction quality and efficiency, metabolomics
coverage, precision/minimization of matrix effects, linearity, sensitivity and accuracy.
Overlap was also evaluated through semi-targeted metabolomics approach (i.e., inter-
mediate between untargeted (global) and targeted methodologies). The results revealed
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that the biological matrix choice and/or extraction method could greatly affect the
future of a study and we propose a combination of extraction/matrices which offer the
widest metabolome coverage.

Methods

Chemicals and materials

OptimavrM LC/MS grade acetic acid, methanol, acetonitrile, water, and Pierce’ ' LC/MS
grade formic acid were purchased from Fisher Scientific (Ottawa, USA). LC/MS grade
formic acid, ammonium acetate, and ammonium formate were purchased from Merck
(Germany, EU). Phree™ phospholipid removal tubes (1 mL) were purchased from Phe-
nomenex (California, USA).

Labelled internal standards included succinic acid-2,3-13C2, L-tyrosine-(phenyl-
3,5-d2), L-tryptophane-(indole-d5), L-phenylalanine-3,3-d2, L-leucine-5,5,5-d3 and
D-glucose-13C6 purchased from Merck (Germany, EU); L-lactic acid-13C3 from
Toronto Research Chemicals (Toronto, USA). Unlabelled-internal standards were pur-
chased in the form of thirty-three metabolomics organic acids mix from Cambridge Iso-
tope Laboratories (Massachusetts, USA). The listing of this mix is shown in Additional
file 5: Table S1.

Biological samples

Blood samples were pools of plasma and serum collected from seven healthy donors
(approval number 20.10.05.42632): two women aged 21 and 28 years and five men aged
24, 26, 28, 29 and 40 years, at the university hospital of Poitiers, France. Samples were
collected in BD vacutainer fluoride/oxalate tubes (grey cap) for plasma and silica (red
cap) tubes for serum. Each plasma sample was centrifugated at 2000g for 20 min at 4 °C
and then plasma was recovered, pooled, aliquoted, transferred into prelabelled cryovials,
and stored at — 80 °C within 2 h of blood collection. Each serum sample was allowed to
clot in an upright position for 30—60 min at room temperature and then was centrifuged
at 2000g for 20 min at 4 °C. Serum was recovered, pooled, aliquoted, transferred into
prelabelled cryovials, and stored at — 80 °C within 2 h of blood collection.

Sample spiking

All chemicals were weighed individually using a micro-electronic balance from Fisher
Scientific (Ottawa, CA, USA) with a precision of 0.0001 g. Stock solutions were created
by dissolving the accurately weighed chemicals in the appropriate solvents, with specific
concentrations for each analyte, as outlined in the Additional file 5: Table S1 and stored
at — 80 °C prior to further use.

Five solvents, three for conventional precipitation (methanol, methanol/acetonitrile
(1/1, v/v), and acetonitrile) and two for hybrid-SPE (0.1% formic acid/methanol, and
0.1% formic acid/acetonitrile) were prepared according to three methods: (i) unspiked;
(ii) differently spiked with standard mix (MI) of seven isotope-labelled standards (ISTDs)
at four final standard concentrations (5 uM, 10 uM, 25 pM and, 50 pM); and (iii) spiked
with commercial isotope-unlabelled mix (MII), including thirty-three organic acids, at
one final standard concentration (10 uM). The entire mixture was created by combining
and diluting the relevant stock solutions with the solvents (Additional file 5: Table S1).
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MI and MII standards were used for data quality control, to monitor mass accura-
cies, retention times, signal intensities, eventual drifts in instrumental sensitivity, and
to evaluate the ability of each sample preparation method to detect differences among
unspiked, spiked, and differently spiked biological samples.

Sample extraction

Five methods were used including both conventional protein precipitation and
hybrid-SPE. Figure 1 presents an overview of the protocols with additional informa-
tion provided in Additional file 1: Fig. S1). Each sample was subjected to the indicated
high-throughput metabolite extraction procedures, in triplicate, to enable reproduc-
ibility measurements and to correct for systematic errors.

Protein precipitation

Preparation of pooled plasma and serum samples was carried out separately. In both
cases, samples (50 puL) were thawed on ice and deproteinized by addition of spiked
solvent (200 pL); the mixtures were vortexed, incubated at — 20 °C [1 h] and cen-
trifuged (30 min, 15,000g), and the supernatants were collected. This solvent/sam-
ple ratio was chosen following a comparison between 1/3 and 1/4 ratios (Additional
file 17: Table S13). Regarding the 1:5 ratio, it is commonly used for targeted lipidom-
ics approaches [14]. However, for our project, this ratio was not compatible because
it reduces the overall polarity of the solvent and greatly decreases the extraction of
polar metabolites, which are our main study focus [15]. The three previously spiked
solvents were methanol, methanol/acetonitrile (1/1, v/v), and acetonitrile at 4 °C.

EXTRACTION LC-MS DATA ANALYSIS
£ MeOH
g + ESI (HILIC)
wn o
5 RIEGIESCN UNTARGETED
= - ESI (HILIC) METABOLOMICS
z ACN '{' l<v
< + ESI (C18) TARGETED
= Hybrid-SPE/ METABOLOMICS
E ACN
= : - ESI (C18)
Hybrid-SPE/
MeOH

Fig. 1 Overview of workflow comparing the five extraction methods in human plasma vs. serum. Five
extraction methods, including three conventional (methanol, methanol/acetonitrile and acetonitrile) and
two hybrid-SPE (with acetonitrile or methanol) methods, are performed in two different matrices (plasma
vs. serum). All extracts are analysed according to (i) 4+ ESI HILIC, (ii) — ESI HILIC, (iii) 4+ ESI RP C18 and, (iv)

— ESIRP C18. Finally, data analysis is evaluated across untargeted and targeted metabolomics approaches.
MeOH methanol, MeOH:ACN methanol combined with acetonitrile, ACN acetonitrile, SPE solid preparation
extraction, ES/ electrospray ionisation, RP reverse phase, LC-MS: liquid chromatography coupled mass
spectrometry
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Hybrid: SPE

Preparation of pooled plasma and serum samples was carried out separately. In both
cases, sample preparation was carried out by solid-phase extraction, using phree""
phospholipid removal column. Samples (50 puL) were thawed on ice and dispensed
into the Phree" Tubes. The spiked acidic solvent (200 uL) (0.1% formic acid/methanol
or 0.1% formic acid/acetonitrile) was then added into the Phree Tube to ensure pre-
cipitation. The Phree Tubes were centrifuged (15,000g, 4 °C) until filtrate is collected
inside the collection tubes. The eluates were then collected and stored at — 80 °C
before analysis procedure.

The protocols described above generated for each condition in triplicate a total of:
(i) twelve plasma and serum extracts spiked with MI, (ii) three plasma and serum
extracts spiked with MI], (iii) three unspiked plasma and serum extracts, and (iv) six
neat solvents (blanks) spiked with MII. Blank samples were injected at the beginning
and end of each batch to assess carry over and lack of contamination.

No external standards were added to the sample matrices after extraction. All sam-
ples were then stored at — 80 °C before analysis procedure.

BCA assay and electrophoresis

Supernatants of plasma and serum extracts, previously obtained from the extraction
methods, and blank extracts, corresponding to neat solvents, were analysed by BCA
protein assay from Pierce Biotechnology (Rockford, USA) according to the manufac-
turer’s instruction, and SDS—PAGE was performed as previously described and pro-
tein load was visualised by stain free.

LCMS analysis

All extracts (5 pL injection volume) were analysed on a Orbitrap Exploris 120 mass
spectrometer interfaced with a Vanquish autosampler from ThermoFisher (Mas-
sachusetts, USA) in both positive and negative (ESI+and ESI —) modes. Samples
were analysed using two chromatographic separations: (i) ACQUITY UPLC HSS T3,
1.8 pm, 100 mm x 2.1 mm column from Waters (Massachusetts, USA) in both posi-
tive and negative ionization mode and, (ii) ACCUCORE 150 Amide HILIC, 2.6 pm,
100 mm x 2.1 mm column from ThermoFisher Scientific (Massachusetts, USA) in
both positive and negative ionization mode. The columns temperature was main-
tained constant at 35 °C in both ionization modes.

For ACCUCORE 150 Amide HILIC, 2.6 um, 100 mm x 2.1 mm column

The mobile phase was composed of A=5 mM ammonium formate and 0.1% for-
mic acid in 95% acetonitrile and 5% water and B=5 mM ammonium formate and
0.1% formic acid in 50% acetonitrile and 50% water for positive mode and A =5 mM
ammonium acetate and 0.1% acetic acid in 95% acetonitrile and 5% water and
B=5 mM ammonium acetate and 0.1% acetic acid in 50% acetonitrile and 50% water

for negative mode. The gradient was applied: 1% B for 1 min, increased to 95% B over
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9 min, held for 5 min, and then returned to 1% B to re-equilibrate the column for
6 min at a flow rate of 500 mL/min in both ionization modes.

For ACQUITY UPLCHSS T3, 1.8 um, 100 mm x 2.1 mm column

The mobile phase was composed of A=0.1% formic acid in 100% water and B=0.1%
formic acid in 95% acetonitrile and 5% water for both modes. The gradient was applied:
1% B for 0.5 min, increased to 99% B over 10.5 min, held for 1.5 min, and then returned
to 1% B to re-equilibrate the column for 4.5 min at a flow rate of 300 mL/min in both
ionization modes in both ionization modes.

In both case, ESI source conditions were set as follows: ion transfer tube 320 °C and
vaporizer 400 °C, capillary voltage + 3200 V in positive mode and — 2700 V in negative
mode.

The analysis was performed in the Full MS/ddMS? (data-dependent MS?) mode, under
which a Full MS scan event (SE1) was followed by a data- dependent scan with a frag-
mentation energy (SE2) applied. Ions of the second scan event then entered the HCD
collision cell and were fragmented. The mass spectrometer acquired a Full MS scan at
the resolution of 60,000. The automatic gain control (AGC) target (the number of ions
to fill C-Trap) was set to 1.0e® with a maximum injection time (IT) of 100 ms. The scan
range of the Full MS scan was from m/z 100 to 1500. For the dd-MS?, the mass resolu-
tion was 16,000 FWHM with AGC target at 2.0e®, a maximum IT of 50 ms, and an isola-
tion window of m/z 1.5.

Data processing and analysis

Retention time, m/z (window) used for detection, limit of detection of the compounds
are provided in the Additional file 15: Tables S11 and Additional file 18: Table S14.
Example of chromatograms (highlighting the differences in the sample preparation pro-
tocols are also provided in the Additional file 19: Table S15. The chromatograms were
obtained using the Freestyle software (Thermo Fisher Scientific).

Raw instrument data (.raw) were exported to Compound Discoverer 3.3 (CD3.3). Full
workflow was optimised for deconvolution, alignment, refinement, compound detec-
tion and identification with online databases. Full MS/ddMS2 approach was allowed
to detect and identify the added (un-)labelled internal standards with search mass list
node [16]. A compound expected table containing mass, name, and molecular struc-
ture of standards was created and imported in CD3.3 (Additional file 6: Table S2). The
search mass lists node searched compound expected table for masses that matched the
detected compounds and thus created the mass list search results table. All detailed set-
tings are provided in Additional file 2: Figure S2.

Data matrices from CD3.3 were subsequently exported as a.csv file including name
and/or formula estimated, peak area, m/z, retention time and molecular weight esti-
mated. For data analysis, all calculations were performed using Microsoft Excel 2010 and
graphical generation using the R programming environment (RStudio Team, USA).

Method validation
The method was validated with respect to the quality, linearity and sensitivity, accuracy
and precision, recovery and matrix effects using FDA recommendations.
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Quality

The quality was evaluated by measuring protein and biologically meaningless noise
levels for each extraction method. The biologically meaningless noise level was
defined as “unknown compounds” containing contaminants (chemical noise), arti-
facts (informatic noise), redundant signals (isotopes, adducts, in-source fragments,
oligomers) and background compounds. Most of “unknown compounds” were con-
trolled by parameters of CD3.3 software. Background compounds were calculated
using the formula:

Peak Areagymple/Peak Areapjani< 5.

Accuracy and precision

To assess accuracy and precision, measurements of three different concentration lev-
els (low, medium, and high) were taken in triplicate for each labeled analyte and for
all potential metabolites. The measured concentrations were then used to calculate
the relative standard deviation (RSD), which was expressed as a percentage.

RSD% = [Standard Deviation (SD)/Mean Peak Area] x 100% .

The acceptance for RSD in metabolomics is less than 30% (or 0.3) [17].

Linearity and sensitivity

The calibration curves were constructed by plotting peak area of the labelled analyte
(Y-axis) against its known concentrations (X-axis), using three replicates per calibra-
tion point. The regression equations were described as Y=a X + b, and the linearities
were assessed by the coefficients of determination (r?).

The detection limit (LOD) was determined as the lowest concentration that gives
a signal-to-noise ratio of at least threefold (S/N>3). The lower limit of quantitation
(LLOQ) was defined as the lowest concentration of the calibration curve that gives a
signal-to-noise ratio of at least tenfold (S/N> 10).

Matrix effect

The matrix effect (i.e., suppression and enhancement of metabolite signal in [M — H]~

or [M+H]") was evaluated by analyzing the responses of label analytes prepared in

solvent matrix and in extracted blood matrix at the same concentration. The value of

matrix effect (ME) can be calculated from the following Eq. (18):

Matrix Effect % = [(Peak Areapog Extraction Spiked Matrix~ €2k AT€apost Extraction Unspiked Matrix)/P€ak Areagglyent] X 100% .
Matrix effect in the range of 0.80 <ME<1.20 (or 80% <ME <120%), were consid-

ered as negligible and labelled as “no matrix effect’, since it is the common variability

accepted in bioanalysis [19]. ME values below 0.80 (or 80%) were considered as ion

suppression, and those above 1.20 (or 120%) as ion enhancement.
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Results
We compared the performance of five extraction methods for plasma and serum,

using two complementary approaches: untargeted and targeted metabolomics.

Untargeted (global) metabolomics analysis

Deproteination

Deproteination performances for the five extraction methods were evaluated for both
matrices using BCA assay and electrophoresis (Additional file 7: Table S3; Additional
file 3: Fig. S3). The results of total plasma/serum concentration proteins (pg/ml), after
deproteinization are presented in Additional file 7: Table S3. In blanks, the analysis dem-
onstrated the presence of minimal background noise (<60 ug/mL), which is in accord-
ance to the manufacturer’s specifications. For extracted plasma and serum samples,
most extractions methods appeared to properly carry out protein removal. Considering
the total protein concentration in plasma or serum approximately 70,000 pg/mL [20], we
evaluated the ratio of remaining proteins to total proteins (Additional file 8: Table S4).
This ratio was around 0.1-4.1% for all extraction conditions in plasma and serum.
It should be noted that in hybrid-SPE with methanol, the protein values were tenfold
higher than other extractions. A similar conclusion was reached by SDS-PAGE analysis,
with important protein bands observed in the case of the hybrid-SPE extraction with
methanol for plasma and serum (Additional file 3: Fig. S3).

Metabolite coverage

Figure 2 summarizes the putative metabolite coverage and “biologically meaningless
noise level” of all extraction methods tested. After extractions, a combination of C18
reversed-phase (RP) chromatography and hydrophilic interaction chromatography

Plasma Extract Serum Extract

15000

10000

5000

Putative M

= 10000

Extraction Methods

5000 MeOH

MeOH:ACN
ACN

20000

25000 Hybrid-SPE/ACN

[V VR

Biolo;

Hybrid-SPE/MeOH

304501203045 112/304/5/ 12345 slalsilalalals 1]2l3lals! 1]23]4]s
|C18+|C18—|

30000

2 5 2 2 11213 213
HILIC + | HILIC - | Cl8+ C18 - | | HILIC + | HILIC -

Fig. 2 Coverage and quality analysis of plasma vs. serum through different extraction methods. The putative
metabolite and « biologically unmeaningful noise level» peaks are analyzed following four LC-MS conditions:
(i) 4+ ESI HILIC, (i) — ESI HILIC, (iii) +ESI RP C18 and, (iv) — ESI RP C18 within each extraction methods for
plasma and serum. For total number of putative metabolites detected is analyzed after removal of features
present in blank extracts.1: methanol extraction methods; 2: methanol:acetonitrile extraction methods; 3:
acetonitrile extraction methods; 4: hybrid-SPE extraction method with acetonitrile; 5: hybrid-SPE extraction
method with methanol



Lepoittevin et al. Cellular & Molecular Biology Letters (2023) 28:43 Page 10 of 22

Table 1 Repeatability of extraction methods in plasma and serum assessed by global
metabolomics analysis

MeanRSD% MeanRSD% MeanRSD% MeanRSD % Global

(HILIC+) (HILIC —) (C18+) (C18-) Mean RSD

%

PLASMA  MeOH 30 24 27 19 25
MeOH:ACN 21 32 20 24 24

ACN 26 37 22 68 38
Hybrid-SPE/ACN 44 46 30 35 39
Hybrid-SPE/MeOH 51 46 43 38 45

SERUM  MeOH 30 43 27 19 30
MeOH:ACN 36 41 24 39 35

ACN 36 80 43 74 58
Hybrid-SPE/ACN 45 38 26 56 41
Hybrid-SPE/MeOH 47 100 47 50 61

The table presents the average RSD (%) computed for all potential metabolite features identified in plasma and serum
through the use of five extraction techniques. The RSD for each potential metabolite feature was determined by examining
the raw signal intensities from extraction replicates (n =3). The number of features with RSD < 30% (between replicates)
represents high quality features that could be applied for identifying biomarkers and conducting pathway analysis in
global metabolomics studies. MeOH methanol, MeOH:ACN methanol combined with acetonitrile, ACN acetonitrile, SPE solid
preparation extraction, RSD relative standard deviation

(HILIC) is used in parallel to achieve comprehensive coverage of non-polar and polar
metabolites, respectively. The results indicated a similar overall trend for plasma
and serum. The number of detected putative metabolites fluctuated around 4500 in
both + ESI and — ESI HILIC analysis while approximately 30% more putative metabo-
lites were detected in both+ ESI and — ESI RP analysis. Unexpectedly, “biologically
meaningless noise level” was largely increasing in — ESI HILIC analysis, reaching val-
ues of over 25,000 signals in conventional methods for both plasma and serum.

Repeatability

Table 1 displays the repeatability of signals by presenting the mean RSD across all
extraction methods for each LC—MS analysis protocol. Methanol and methanol-ace-
tonitrile extractions for plasma showed the best repeatability among all other extrac-
tion methods, regardless of the LC—MS method used. When all four LC-MS methods
were combined, the global mean RSD was below the acceptable limit. In the case of
serum, only methanol extraction showed acceptable repeatability for global metabo-
lomics. All the other extraction methods demonstrated very low repeatability, inde-
pendently of LC—MS analysis (Table 1).

(See figure on next page.)

Fig. 3 Pairwise overlap coverage of plasma vs. serum according to different extraction methods. Samples are
analyzed using (i) 4+ ESI HILIC, (ii) — ESI HILIC, (iii) 4+ ESI RP C18 and, (iv) — ESI RP C18. The boxes with dark color
and bolded numbers along the diagonal indicate the total count of potential metabolites detected using
that extraction method on either plasma or serum. The gradient colors indicate high (99.9-80%), medium
(79.9-50.0%), or low (50.0-0%) similarity of the potential metabolite populations seen by the two extraction
methods specified. Thus, the methods indicated by the light-colored boxes are the extraction methods with
the greatest overlap among all five extraction methods evaluated. (According to [6]). Each panel represents
the results from a particular LC technology combined to a particular electrospray polarity setting: A: HILIC
Column with ESI+, B: HILIC Column with ESI-, C: C18 column with ESI4-, D: C18 column with ESI-. MeOH
methanol, MeOH:ACN methanol combined with acetonitrile, ACN acetonitrile, SPE solid preparation extraction
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Complementarity

Finally, cross-overlap analysis was conducted to determine the pairwise overlap for each
of the tested methods. The results, shown in Fig. 3 and in the Additional file 9: Table S5,
indicate a moderate to high degree of overlap in the metabolites detected between
plasma and serum samples that were extracted using the same method and analyzed
with the same LC—MS protocol. We also demonstrated that in general there was a mod-
erate to high redundancy between the three conventional extraction methods and the
two hybrid SPE, respectively. Interestingly, coverage between conventional and hybrid
methods for a given sample type/LC—MS method showed a potential for complementa-
rity (Fig. 3; Additional file 9: Table S5).

Targeted metabolomics analysis

The use of stable isotopically unlabelled and labelled standards is largely validated in
metabolomics studies. These internal standards have become essential to assess system
stability, method development or data quality [21]. Herein, the list of standards was gen-
erated using the features provided by the CD3.3 software, including name, mass weigh
expected and retention time (as shown in Additional file 10: Table S6). In the context of
our study, the use of standards with known concentrations provided additional reliability
to our bioanalytical methods. A commercial cocktail (MII) was used to provide a wide
distribution of molecule with various characteristics (glucides, amino acids, etc.) to per-
mit us to properly assess the extraction and analyses methods.

Unlabelled analytes

Extraction

Additional file 11: Table S7 depicts the number of unlabelled analytes identified, follow-
ing each extraction protocols for each LCMS analysis. Small differences in the extract-
ability between plasma and serum were observed, with plasma allowing the extraction
of a larger amount of standard. Within each LCMS analysis, extraction methods exhib-
ited similar extractability (Additional file 11: Table S7). The heatmap also showed that
responses for most of analytes were the same with approximatively 107 in relative abun-
dance. Only two analytes, ketoleucine and phthalic acid, were detected under specific-
ESI HILIC conditions at 10° (Additional file 4: Fig. S4).

Repeatability

Further efforts were focused on the precision of these unlabelled analytes. The RSD
(Additional file 12: Table S8) showed similar trends to what was shown for untargeted
approach (Table 1). Methanol and methanol/acetonitrile methods were outperform-
ing both acetonitrile and hybrid SPE methods with still higher performance for plasma
versus serum as a matrix. A visual representation by heatmap was used to show the
extraction precision for each unlabelled analytes detected in within each LCMS analysis
(Fig. 4). Above the threshold of 30% (or 0.3), the box of the concerned analyte is neces-
sarily red. The results were more explicit in the — ESI HILIC and — ESI RP C18 analyses,
due to a higher number of analytes detected. For instance, acetonitrile and hybrid-SPE
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Fig. 4 Heatmaps reflecting repeatability of standard unlabeled analytes from plasma (left) and serum (right).
Heatmap, arranged by five extraction methods (MeOH, MeOH:ACN, ACN, Hybrid-SPE/ACN, and Hybrid-SPE/
MeOH) within four LC-MS analysis (+ ESI HILIC, — ESI HILIC,+ ESI RP C18, and — ESI RP C18), comparing

the mean value (n = 3) repeatability (RSD) for each analytes. RSD value of analyte over 0.3 is considered as
no-interpretable. Colour coding: RSD increases from dark green to dark red; White box: unidentified standard.
MeOH methanol, MeOH:ACN methanol combined with acetonitrile, ACN acetonitrile, SPE solid preparation
extraction, £S5/ electrospray ionisation, RP reverse phase, RSD relative standard deviation

k:l)

with acetonitrile methods in — ESI HILIC analysis provided acceptable precision (< 30%
RSD) for only five standards (alpha-ketoisovaleric acid, dl 2-hydroxyglutaric acid, keto-
leucine, sodium L-lactacte and sodium phtalate).

Labelled analytes

Extraction

The finding was also the same as before. All the results for labelled analytes can be found
in Additional file 11: Table S7.

Repeatability

Similar precision approach was also realized for labelled analytes (Additional file 13:
Table S9). The results demonstrated a similar trend related to global reproducibility
(Table 2). Only methanol and methanol/acetonitrile in plasma obtained RSD <30%
demonstrating a good repeatability and reproducibility. This corroborates with unla-
belled analytes results. However, for the remaining plasmatic extraction methods and
the whole of serum extraction methods, reproducibility was very poor with RSD signifi-
cantly higher to 30%. Such data suggest that care must be taken in the choice of matrix
and extraction method.

Linearity and sensitivity

Due to the different concentration ranges of the analytes in the plasma and serum
samples, it is essential that the analytical methods cover a large dynamic range, and
that they provide sufficient sensitivity to permit the quantification of molecules
at both low and high concentrations [22]. To assess these parameters, increasing
amounts of labelled analytes were added before sample preparation, and linear cali-
bration curves were calculated. The coefficient of determination (+*) was calculated
for all analytes in each extraction method and represented by heatmap with colour
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Fig. 5 Heatmaps reflecting linearity () of standard unlabeled analytes from plasma (left) and serum (right).
Heatmap, arranged by five extraction methods (MeOH, MeOH:ACN, ACN, Hybrid-SPE/ACN, and Hybrid-SPE/
MeOH) within four LC-MS analysis (+ ESI HILIC, — ESI HILIC,+ ESI RP C18, and — ESI RP C18), comparing

the mean value (n=3) linearity () for each analytes. r* (or coefficient of determination) value should be as
close to 1 as possible. Colour coding: r? increases from light to dark green; White box: unidentified standard.
MeOH methanol, MeOH:ACN methanol combined with acetonitrile, ACN acetonitrile, SPE solid preparation
extraction, £S/ electrospray ionisation, RP reverse phase

gradient of r* intensity (Fig. 5). Moreover, the mean r* for each extraction across all
LC-MC methods was also determined in Additional file 14: Table S10. Our results
demonstrate that the methanol and methanol/acetonitrile methods obtained the
highest linear calibration curves (r*>0.9). Sensitivity was also provided by the cali-
bration curve slope, and the LOD and LOQ values were calculated as those corre-
sponding to the signal-to-noise ratios of 3:1 and 10:1, respectively. The lowest LOD
and LOQ values were obtained for L-Tyrosine-(phenyl-3,5-d2) (LOD 0.02 uM, LOQ
0.06 pM), and the highest values corresponded to L-Phenylalanine-3,3-d2 (LOD
19.5 uM, LOQ 59 uM). The quantification of these limits showed that the hybrid-SPE
with acetonitrile method was the most performant to determine the metabolite com-
pounds in plasma samples (Additional file 15: Table S11).
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Matrix effects

These were evaluated to a middle concentration level. All analytes were overall impacted
by ionization suppression and enhancement with greater matrix effects in serum (Addi-
tional file 16: S12; Table 2). Comparing each LC-MS methods, a minimization of matrix
effects was observed in methanol and methanol/acetonitrile methods, and again con-
firms their good extraction performance.

Discussion
To our knowledge, this is the first study to validate such a diverse range of extraction and
liquid-chromatography (LC) methods for both plasma and serum samples.

Untargeted (global) metabolomics analysis

By comparing the results from electrophoresis and SDS-PAGE analysis, it must be
pointed out that interferences between methanol solvent and SPE column resulted to
incomplete elution. Nevertheless, considering that the total protein concentration in
plasma or serum is approximately 70,000 pg/mL [20], all extraction protocols worked
properly but care must be taked when using hybrid-SPE, particulary for analyses with
high sensitivity to protein interference.

As for metabolomics coverage, results were in line with previous studies, which how-
ever were limited to plasma explorations [23]. A limitation apparent, also found in many
studies, is the high proportion of putative metabolites detected. Despite the precision
of our experiment, a limited number of samples could be the reason but for the rest of
the study, this consequence was not a bias. Concerning “biologically meaningless noise
level” for — ESI HILIC analysis, this phenomenon was totally independent from extrac-
tion because this method is known to the high noise level [24, 25].

The reproducibility analysis showed that a significant portion of features were not
reproducible (i.e., RSD >30%) in serum methods, indicating that the use of these meth-
ods would necessitate the implementation of additional quality controls and a thorough
examination of the causes of the irreproducibility. Regarding the acetonitrile precipita-
tion method, previous studies for plasma or serum metabolomics produced conflicting
evidence regarding repeatability, however, none of these studies used RSD as precision
parameter, limiting their results to signal to noise (S/N) ratio or chromatogram observa-
tion [26, 27]. For hybrid-SPE methods, it is difficult to explain such results in the absence
of other comparative studies. Considering this high RSD was found for both SPE meth-
ods in either plasma or serum, our results highlight the importance of carefully control-
ling SPE-based protocols when used routinely.

The cross-overlap findings are in accordance with findings reported by more tar-
geted studies, that highlighted this strong overlap in detected metabolites between
plasma and serum matrices [21]. Regarding the complementarity between extraction
methods for a given sample type/LC—MS method, it suggests that extraction meth-
ods could offer a complementarity towards providing as complete as possible an
image of the metabolic landscape. As demonstrated by Tulipani et al., conventional
and hybrid-SPE methods may fruitfully cohabit in untargeted metabolomics proto-
cols [13]. However, this needs to be carefully considered in regard to the performance
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of each method Since deploying these methods involves a sample consumption, a
fivefold increase in MS analysis time and the use of hybrid-SPE, with reproducibility
issues as demonstrated above, the potential gain in coverage needs to be evaluated
with attention. For instance, in 4+ ESI HILIC analysis, a total of 6286 non-redundant
putative metabolites were detected in the five combined plasma and serum extrac-
tion methods. At this stage of the study, we believe the most performant methods are
methanol and methanol/acetonitrile. Consequently, in + ESI HILIC analysis, this rep-
resented only a 40% improvement over methanol or methanol/acetonitrile in plasma
and 60% improvement of methanol or methanol/acetonitrile in serum. The approach
was realised in the other 3 conditions and similar results were observed. The improve-
ment was approximatively 50% (— ESI HILIC plasma), 49% (— ESI HILIC serum), 35%
(+ ESI RP plasma), 64% (4 ESI RP serum), 74% (— ESI RP plasma), and 75% (— ESI RP
serum). Therefore, these results clearly showed that simply using multiple extraction
methods in parallel could not be the best way to increase metabolite coverage.

Targeted metabolomics analysis

The comparison of standards across different extraction methods was achievable
because the same amount of sample was used for all protocols, the same dilution was
applied prior to injection, and the same MS detection parameters were employed,
allowing for comparable peak areas. In agreement with prior studies, our results
showed that the extraction methods did not appear to affect peak area [28].

A similar pattern of results was obtained in as for reproducibility in targeted
approach. Sitnikov et al. also observed a better RDS in conventional method, notably
methanol-based method than hybrid-SPE methods [9]. However, incoherence could
be demonstrated, as the Michopoulos et al. study who highlighted an RSD of 20%
for hybrid-SPE method compared to 46% for methanol-precipitated methods [29].
We acknowledge that there is considerable variability among techniques. We specu-
late that this might be due to the use of different SPE column suppliers or a different
selection of sorbent characteristics and wash/elution conditions. Further investiga-
tions could be realized.

Pooled biological plasma and serum samples were used to avoid biological variabil-
ity in the comparative analysis among sample preparation procedures. The majority
of results demonstrated a superiority of plasma vs. serum. This could be explained by
the waiting time at room temperature during serum separation from whole blood. To
date, temperature is known to induce significant changes in the metabolite perfor-
mance and affect extraction, robustness, sensitivity, or matrix effect [30].

Regarding the extraction methods, studies support the notion that hybrid-SPE could
be considered as the best method. It should be noted that these studies were focused
on targeted metabolomics approaches with SPE columns from another supplier, dif-
ferent solid and mobile phases, and which affects ionisation and therefore results [23].
Consequently, true comparison of SPE with classical approaches is difficult to draw
out at this point. In contrast, even if some of our results differed from prior studies,
the conclusion that methanol and methanol/acetonitrile methods for plasma seemed
to be the most efficient, is supported by the coherence of these experiments.
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Conclusion

A showdown between five extraction methods for plasma vs. serum metabolomics
analysis was realized. For the first time, coverage, repeatability, overlap and matrix
effect were systematically assessed and compared in combination with two reversed-
phased and two HILIC methods. Our results confirm the superiority of methanol-
based precipitation methods vs. other methods, with the best results observed using
methanol or methanol/acetonitrile as shown in Fig. 6. We also reveal high overlap
of methanol-based methods and hybrid-SPE to each other, providing the possibility
of increased metabolome coverage, however we highlight that such potential benefits
must be weighed against time constrains and the risk of low reproducibility of hybrid-
SPE method. Despite certain contradiction with prior studies, these approaches are
invaluable in this newly emerging field. Furthermore, we also highlighted the careful
consideration about matrix choice. Plasma showed the most suitable in this metabo-
lomics approach combined with methanol-based methods. While further investi-

gations could be necessary to validate the some of our observations, we hope they
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supply some guideline in designing metabolomics protocols and highlights the con-
siderations to be considered.

Abbreviations
LC-MS Liquid chromatography coupled with mass spectrometry
MeOH Methanol

ACN Acetonitrile

SPE Solid phase extraction

RP Reverse-phase

HILIC Hydrophilic interaction chromatography
RSD Relative standard deviation

ME Matrix effect

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/511658-023-00452-x.

Additional file 1. Figure S1. Study design for the targeted and global metabolomics analysis of extraction methods.
Biological samples and spiked solvents are simultaneously prepared. From stock solutions, Ml and MiIl are diluted

at different concentrations in five solvents. Plasma and serum samples are prepared from pooled of 7 donors. Five
extractions methods are applied in both plama and serum matrices in triplicate. For each method, we genera-
tetwelve plasma and serum extracts spiked with Ml,three plasma and serum extracts spiked with Mll,three plasma
and serum extracts unspiked, andsix neat solventsspiked with MIl. The next of protocol is described in materiel and
methods part. MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile.

Additional file 2: Figure S2. Customs parameters used for data processing with Compound Discoverer software.

Additional file 3: Figure S3. Quality analysis of plasmatic and serum extracts by SDS PAGE SDS-PAGE of loaded and
eluted plasma and serum proteins, after five different deproteinizations. 1: Molecular Weight marker; 2: neat MeOH;
3: Plasma extract with MeOH; 4: neat MeOH:ACN; 5: Plasma extract MeOH:ACN; 6: neat ACN, 7: Plasma extract with
ACN, 8: neat hybrid-SPE with ACN, 9: Plasma extract with hybrid-SPE with ACN; 10: neat hybrid-SPE with MeOH;

11: Plasma extract with hybrid-SPE with MeOH; 12: Molecular Weight marker; 13: neat MeOH; 14: Serum extract

with MeOH; 15: neat MeOH:ACN; 16: Serum extract MeOH:ACN; 17: neat ACN, 18: Serum extract with ACN, 19: neat
hybrid-SPE with ACN, 20: Serum extract with hybrid-SPE with ACN; 21: neat hybrid-SPE with MeOH; 22: Serum extract
with hybrid-SPE with MeOH.

Additional file 4: Figure S4. Heatmaps reflecting the peak area of standard unlabeled analytes from plasmaand
serumHeatmap, reflecting the response of the detected unlabeled standards from plasmavs. serumunder five extrac-
tion methodswithin four LC-MS analysis. Colour coding: signal responseincreases from light to dark green ; White box
:unidentified standard MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile; SPE :
solid preparation extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 5: Table S1. List of isotopic unlabeled and labeled standard analytes. Following information include
specifications, stock solution concentrations stored at -80°C, and final solution preparations for each standards.
Different final concentrationsare diluted in five solvents, acetonitrile, 0,1% formic acid/methanol, and 0,1% formic
acid/acetonitrile) for each standards. A calibration curve is then created for the assessment of linearity, sensitivity and
matrix effects. Ml : 7 labeled standard mixed; MII : unlabeled organic acid commercial mix.

Additional file 6. Table S2. List of compound expected containing name, formula and molecular weight of stand-
ards imported in search mass lists parameter from CD3.3.

Additional file 7. Table S3. Quality analysis of plasmatic and serum extracts by BCA assayThis table shows the pro-
tein concentrationin neat solventsand after plasma / serum extractions by BCA assay. MeOH : methanol; MeOH:ACN :
methanol combined with acetonitrile; ACN: acetonitrile, SPE : solid preparation extraction.

Additional file 8. Table S4. Ratio of remaining proteins to total proteins in plasma and serum for all extraction
methods. The remaining protein results were obtained after BCA assay and the values were in Table |. Total proteins
in plasma and serum refer to concentration of 70.000 ug/mL. MeOH : methanol; MeOH:ACN : methanol combined
with acetonitrile; ACN: acetonitrile; SPE : solid preparation extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 9. Table S5. Overlap coverage between plasma and serum using the same method and analysed
with the same LC-MS protocol.MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetoni-
trile; SPE : solid preparation extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 10. Table S6. Unlabeled and labeled standard analytes used in the study. Mass weight expected and
retention times are obtained from CD3.3 with several database onlines. Retention times are analyzed in either ESI
mode of each column. ND stands for not detected. For details on the usage and fate of analytes in experiments see
next Supplementary Tables and Figures. ESI: electrospray ionisation; RP: reverse phase.

Additional file 11. Table S7. Number of unlabeled and labeled detected standard in different protocols. All analytes
are detected from CD3.3.MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile; SPE
: solid preparation extraction; ESI : electrospray ionisation; RP: reverse phase.
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Additional file 12. Table S8. Summary of repeatabilityfor unlabeled standard analytes across all extraction methods
and LC-MS analyses. The table displays a mean relative standard deviationfor plasma vs. serum in each LC-MS condi-
tions . Empty boxes stands not detected.MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN:
acetonitrile; SPE : solid preparation extraction; ESI: electrospray ionisation; RP: reverse phase.

Additional file 13. Table S9. Summary of repeatabilityfor labeled standard analytes across all extraction methods
and LC-MS analyses. The table displays a mean relative standard deviationfor plasma vs. serum in each LC-MS condi-
tions . Empty boxes stands not detected.MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN:
acetonitrile; SPE : solid preparation extraction; ESI: electrospray ionisation; RP: reverse phase.

Additional file 14. Table S10. Summary of linearityfor labeled standard analytes across all extraction methods and
LC-MS analyses. The table displays a mean r2for plasma vs. serum in each LC-MS conditions . Empty boxes stands
not detected. MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile; SPE : solid
preparation extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 15. Table S11. Summary of sensitivityfor labeled standard analytes across all extraction methods
and LC-MS analyses. Sensitivity is given by the calibration curve slope, and the LOD and LOQ values are calculated as
those corresponding to the signal-to-noise ratios of 3:1 and 10:1, respectively. The table displays a mean of LOD and
LOQfor plasma vs. serum in each LC-MS conditions. Empty boxes stands not detected. LOD : limit of detection; LOQ

- limit of quantitation; MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile; SPE :
solid preparation extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 16. Table S12. Summary of matrix observed effects observed for labeled standard analytes across all
extraction methods and LC-MS analyses. Not all analytes were successfully detected in plasma or serum. Matrix effect
in the range of 0.80 < ME < 1.20 are considered as negligible and labelled as “no matrix effect”. ME values below 0.80
were considered as ion suppression, and those above 1.20 as ion enhancement. Empty boxes stands not detected.
MeOH : methanol; MeOH:ACN : methanol combined with acetonitrile; ACN: acetonitrile; SPE : solid preparation
extraction; ESI : electrospray ionisation; RP: reverse phase.

Additional file 17. Table S13: Number of putative metabolites detected and mean RSD in different protocols with
ratio 1:3.

Additional file 18. Table S14: Unlabeled and labeled standard analytes used in the study. Mass weight expected,
retention times and m/z are obtained from CD3.3 with several database onlines. MeOH : methanol; MeOH:ACN :
methanol combined with acetonitrile; ACN: acetonitrile; SPE : solid preparation extraction.

Additional file 19. Table S15: Plasma chromatograms highlighting the differences between sample preparation
protocols.The chromatograms were obtained using the Freestyle software. MeOH : methanol; MeOH:ACN : methanol
combined with acetonitrile; ACN: acetonitrile; SPE : solid preparation extraction.
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