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Sample preparation is a primary step of any bioanalytical workflow, especially in metabolomics analysis

where maximum information has to be obtained without spoiling the analytical instrument. Because of

their biological implication, highly polar metabolites, such as amino acids, nucleobases, and catechol-
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1. Introduction

Metabolomics is a scientific discipline, which consists in
studying the complex chemical fingerprint of a biological
system to describe its status. Focus is made toward any chemi-
cal species with a molecular weight lower than 1000-1500 Da,
produced, consumed, or present in the biological system, also
called metabolome. Metabolites are a direct consequence of
gene expression, metabolism, dietary habits, and environ-
mental exposure."”> Endogenous and exogenous metabolites
are involved in organism homeostasis, as well as pathological
or toxic processes. Comprehensive or untargeted metabolo-
mics involves the whole metabolites’ compartment and is com-
plicated due to the large variety of physicochemical properties
the metabolites possess. This complex procedure involves the
implementation of a large set of analytical methods to cover
the diversity of the metabolome in terms of biochemical and
physicochemical properties (volatility, solubility, lipophilicity,
pK,, etc.). Based on lipophilicity, the metabolome can be
classified into three main categories (Fig. 1): (i) lipophilic
metabolites with partition coefficient (log P) values from 5 to
10, such as fatty acids and triglycerides, (ii) moderately lipo-
philic metabolites with log P from 0 to 5, such as drug metabo-
lites and steroids, and (iii) hydrophilic metabolites with log P
below 0, such as amino acids, nucleobases, and nucleotides.

A typical metabolomics workflow consists of several steps,
including the sampling, sample preparation, data acquisition,
and finally data treatment. Data acquisition is mainly per-
formed using a separation method along with mass spec-
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amines seem to attract growing interest in the field of comprehensive metabolomics analysis although
their extraction from the matrix remains a real challenge. In this paper, we discuss about the actual prac-
tice and issues of hydrophilic metabolites’ extraction, including new solutions and perspectives to
improve their phase transfer from a complex biological sample to a clean extract prior to analysis.

trometry (MS) such as LC-MS/MS in RPLC or HILIC mode,
GC-MS/MS, and CE-MS/MS, especially for targeted analysis.’
Sample preparation includes all procedures and operations
applied to the sample prior to its analysis. This step is essential
when MS-based techniques are used. It is implemented to (i)
stabilize the sample, (ii) remove the sample contaminants, (iii)
enable sample enrichment, (iv) improve the analysis selectivity,
and/or (v) avoid fouling of the mass spectrometer. Sample
preparation approaches can be divided into two groups, namely
sample pretreatment and sample extraction methods (Fig. 2).

Sample pretreatment consists of removing or decreasing
the concentration of interferents from the original sample to
obtain the analyte(s) with a low amount of contaminants. This
approach is fast, generic for a large variety of matrices, and
enables a large metabolite coverage, so it is favoured for untar-
geted metabolomics. With this approach, interferents are
often not completely discarded and are still present in the pre-
treated aqueous sample where the polar metabolites are also
found. This generally decreases the repeatability of the
method and its sensitivity due to a matrix effect.”’
Hydrophilic metabolites are also diluted in the process so the
sensitivity of the analytical technique can be an issue further.
Dilute-and-shoot®” and protein precipitation®® belong to this
group and are mostly used for urine and blood-based matrices
such as plasma and serum.

With sample extraction, metabolites of interest are extracted
from the original sample matrix and transferred to another
interferent-free phase. This approach can be very selective, so
it is primarily used in targeted metabolomics, where prese-
lected metabolites are searched for. Sample extraction
methods allow a higher purification level than sample pretreat-
ment, reducing the matrix effect and important analytical
issues such as carry over. Solid phase extraction (SPE) belongs
to this group and is the most commonly used technique,

This journal is © The Royal Society of Chemistry 2018


www.rsc.li/analyst
http://orcid.org/0000-0003-1568-7944
http://orcid.org/0000-0002-6281-3002
http://crossmark.crossref.org/dialog/?doi=10.1039/c7an01333g&domain=pdf&date_stamp=2017-12-14
http://dx.doi.org/10.1039/c7an01333g
http://pubs.rsc.org/en/journals/journal/AN
http://pubs.rsc.org/en/journals/journal/AN?issueid=AN143001

Published on 27 November 2017. Downloaded on 18/12/2017 10:35:36.

Analyst

View Article Online

Minireview

-10 -5 0 +5 +10
s} NH, [o]
HO-P-0-P-0-H-0 N k\ N HN
o o O N H O)\NI> A hd d
rachidic aci
GTP  owow Adenine ére
Xanthine TAAAAAAA
N:C—Oo
A . ) " ml:—o)}/\/\/\/=\/\/\/\/
Spermidine UL o SOL
N ’ Testosterone Triglycerides
Histidine
Moderately
Hydrophilic lipophilic Lipophilic

Fig. 1 Lipophilicity range of metabolites encountered in metabolomics.
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Fig. 2 The two main approaches of sample preparation.

regardless of the application. Although SPE and liquid-liquid
extraction (LLE) are also commonly used in untargeted meta-
bolomics, they are not applied to extract the hydrophilic
metabolites but rather to eliminate the lipophilic interferents.
From a fundamental point of view, SPE and LLE in this case
are used as sample pretreatment approaches since the hydro-
philic metabolites remain in the sample phase.

Nowadays, both untargeted and targeted metabolomics
analyses often need enhanced sensitivity and repeatability to

This journal is © The Royal Society of Chemistry 2018

identify and/or quantify new biomarkers. Improvements can
be made in sample preparation by enriching the metabolites
or by reducing the matrix effect. Sample extraction is required
in this context. Lipophilic metabolites can be easily extracted
with efficient phase transfers, from the original aqueous
sample to an immiscible organic phase, due to the favorable
partition coefficient (log P) of these metabolites. Hydrophilic
compounds, including ionized analytes, are however not
straightforwardly extracted due to their negative log P values,
and a fortiori negative distribution coefficient (log D) value,
which is unfavorable for such phase transfer. In this review,
the focus is made on the extraction of hydrophilic metabolites,
and it includes the current achievements, issues, and the
future perspectives for hydrophilic or ionized metabolite
extraction.

2. Current practice and issues

In most metabolomics studies, sample pretreatment, typically
protein precipitation, is often performed.>® When high selecti-
vity towards polar metabolites or improved sample clean-up is
required, LLE is performed with water immiscible organic sol-
vents such as dichloromethane or hexane (addition of a co-
solvent can be performed to slightly modify the selectivity) to
remove most of the lipophilic interferents and retain the
hydrophilic metabolites in the original aqueous phase.'® SPE
is also used to remove proteins and sphingolipids'"'* and is
generally followed by conventional LLE."* These multi-step
approaches feature the advantage of compartmentalizing the
sample: proteins, lipophilic metabolites, and hydrophilic
metabolites are all recovered in different fractions, which can
be separately analyzed and detected with appropriate analyti-
cal techniques."® In this case, the analysis of hydrophilic

Analyst, 2018, 143, 16-20 | 17
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metabolites is only improved by the better extraction of lipo-
philic interferents. From a fundamental point of view, this
approach is not considered selective for hydrophilic metabo-
lites, since the latter are not transferred to another phase and
due to the presence of a large amount of salts and other con-
taminants remaining in the same aqueous matrix. Without
efficient sample preparation, these interferents may in LC
(i) induce injector carry over, (ii) saturate the stationary phases
from unwanted proteins or other endogenous compounds,
and (iii) cause high back pressure (and leaking during the
run), which all may lead to peak broadening, a shift in reten-
tion times, and/or instrument fouling. It is even worth noting
that when MS detection is used, it may result in (i) the
enhancement or suppression of the analyte signal (i.e., the
matrix effect), (i) the degradation of the method performance,
and hence (iii) a decrease in the metabolites that can be accu-
rately quantified."®

If higher selectivity or sensitivity is needed for ionized or
ionizable metabolites, ion exchange SPE (IE-SPE) is also used.
IE-SPE sorbents are made of cationic or anionic charges, per-
manent or not, to retain anionic compounds in the case of
anion exchange or cationic compounds with cation exchange.
IE-SPE is adapted for the extraction of ionic compounds such
as amino acids,'® dopamine,'”” nucleotides and their
analogs,'® and purines," and has already been used a few
times for large metabolomics studies.*® Elution is performed
either by switching the ionic charge (of the compounds or the
support) with a buffer at an appropriate pH or by exchanging
the analytes with a high salt concentration solution. The draw-
backs of IE-SPE are (i) the limited loading capacity of the sup-
ports'®?" and (ii) the use of salts or buffers for the elution,
which can be deleterious for the further analytical method,
particularly with MS detection.

3. Future trends

One major drawback of LLE is the time needed to obtain the
phase equilibrium (e.g. several hours in the case of polar com-
pounds for low recovery) and the large volumes of toxic
organic solvents required. Based on the same principle as LLE,
dispersive liquid-liquid microextraction (DLLME) is an inter-
esting alternative (Fig. 3). Due to the formation of a micro-
emulsion between the sample and the extraction solvent, the
contact surface is drastically enhanced and the equilibrium is
reached very quickly. Enrichment can be very important, up to
100-fold due to the very low volume of the extraction solvent
compared to that of the sample and can even counterbalance
the low recovery obtained with most of the polar metab-
olites.>*>* The use of a low amount of an organic solvent is
also an advantage in terms of toxicity and solvent consump-
tion. Several studies have demonstrated the applicability of
DLLME for very polar metabolites, such as neurotransmitters>*
or folate derivatives.>® Research is still needed to find other
organic solvents, which can improve the extraction recovery of
hydrophilic compounds.

18 | Analyst, 2018, 143, 16-20
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Solid phase microextraction (SPME) is another sample
preparation method adapted to hydrophilic metabolites. This
sample preparation technique consists of a thin polymeric
coating on a support where analytes are adsorbed onto accord-
ing to their partition coefficient. The extraction is maximum
when the equilibrium is reached, although pre-equilibrium
extraction is also possible and sometimes necessary.
Considering the thickness and the mass of the coating, SPME
cannot be considered an exhaustive extraction method but a
sampling approach selective to the compounds of interest.>®
A large variety of supports exist, from fiber, stir-bars, needles
or syringes to small blades for the 96 well-plate format,*”>°
leading to an excellent versatility of SPME in terms of sample
volume. Moreover, new biocompatible sorbents are now used
for direct in vivo sampling of living systems.’*?' Around ten
coatings are commercially available now. If they prove their
usefulness in inter-laboratory studies on various matrices and
applications, they will be mainly suitable for lipophilic com-
pounds. New coatings are thus in development for hydrophilic
compounds and should be available in the near future.****

Electromembrane extraction (EME) is a recent approach for
the extraction of ionized compounds. This sample preparation
technique is based on the application of an electrical field
between two compartments, the sample and the acceptor com-
partments, separated by a polymeric membrane impregnated
by an organic solvent, known as the supported liquid mem-
brane (SLM) (Fig. 4).>®> When a voltage is applied between the
two compartments, ionic compounds migrate under the elec-
trical field through the SLM and are concentrated into the
acceptor compartment.’® EME is a one-step sample prepa-
ration procedure and features the recovery of the analytes in
an aqueous phase, directly compatible with the further analyti-
cal device. Interferents such as proteins, salts or phospho-
lipids do not cross the SLM and generally a low matrix effect
such as ionization alteration is observed.’”*® Because EME
can extract either cations or anions, it can be an effective frac-
tionation method according to the charge of the metabolite, in
the case of very complex matrices. Nowadays, EME is largely

This journal is © The Royal Society of Chemistry 2018
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used for the extraction of moderately lipophilic ionized com-
pounds such as drugs and drug metabolites,>>*® inorganic
ions,**> from a large variety of matrices such as plasma and
waste water. As for other extraction techniques, the extraction
of hydrophilic endogenous compounds remains the principal
challenge for EME. The modification of the SLM with
carriers®® or the application of new organic solvents** appears
as a promising solution to enhance the mass transfer of
charged hydrophilic metabolites. Although no large metabolo-
mics studies using EME have been reported yet, a few studies
have already described the implementation of EME for the
extraction  of  peptides,**®  amino  acids,””  and
catecholamines.*

High throughput is nowadays another important aspect of
sample preparation in metabolomics. A large batch of samples
has to be prepared every day with low variability. The 96 well-
plate format is generally used according to the practical
considerations such as volume samples, injector modules, or
robotic liquid handlers.*® Until now, only SPME is commer-
cially available in a 96 well-plate format compatible with the
automatic workflow.>” No commercial device exists for DLLME
or EME yet, although efforts are currently made in EME to
develop such a parallel approach.*”*°

4. Concluding remarks

Because hydrophilic metabolites, such as amino acids, nucleo-
bases, catecholamines, play important roles in biological
systems, there is a need for their analysis in complex biological
matrices. The sample extraction of these metabolites is still
challenging and most of the time, only pretreatment
approaches are applied to the sample, with the issue of the

This journal is © The Royal Society of Chemistry 2018
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matrix effect. Today, other strategies exist and allow the phase
transfer of hydrophilic metabolites from the matrix phase to a
clean interference-free phase.

SPME can be used as an automated sampling method
adapted for the first screening of a large set of metabolites
according to the coating. SPME offers numerous supports and
sorbents, which are reusable and biocompatible, allowing even
in vivo sampling or high throughput extraction. Because it is
commercially available, SPME offers excellent repeatability and
robustness, although no commercial sorbent dedicated to
hydrophilic compounds are available yet. By increasing the
contact surface of the extracting solvent with the sample com-
pared to classical LLE, DLLME allows decreasing the extraction
time from a few hours in LLE to a few seconds, while improv-
ing the enrichment obtained for hydrophilic compounds,
although solvents suitable for these analytes are still lacking.
Automation has not been reported as well, circumventing the
widespread use of DLLME. EME also appears to be a promising
approach for hydrophilic metabolites. The electrical field forces
the extraction through a supported liquid membrane, enabling
very good extraction performance in terms of recovery and
enrichment, while reducing the extraction time and the matrix
effect. In the near future, new organic solvents and 96 well-plate
devices are expected to further expand the use of EME.

List of abbreviations

DLLME Dispersive liquid-liquid microextraction

EME Electromembrane extraction

IE-SPE  Ion exchange solid phase extraction
LLE Liquid-liquid extraction

SPE Solid-phase extraction

SPME  Solid-phase microextraction

SLE Supported liquid membrane
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