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ABSTRACT:
Introduction – The value of information obtained from a metabolomic study depends on how much of the metabolome is
present in analysed samples. Thus, only a comprehensive and reproducible extraction method will provide reliable data
because the metabolites that will be measured are those that were extracted and all conclusions will be built around this
information.
Objective – To discuss the efficiency and reliability of available sample pre-treatment methods and their application in
different fields of metabolomics.
Methods – The review has three sections: the first deals with pre-extraction techniques, the second discusses the choice of
extraction solvents and their main features and the third includes a brief description of the most used extraction techniques:
microwave-assisted extraction, solid-phase extraction, supercritical fluid extraction, Soxhlet and a new method developed in
our laboratory – the comprehensive extraction method.
Results – Examination of over 200 studies showed that sample collection, homogenisation, grinding and storage could affect
the yield and reproducibility of results. They also revealed that apart from the solvent used for extraction, the extraction
techniques have a decisive role on the metabolites available for analysis.
Conclusion – It is essential to evaluate efficacy and reproducibility of sample pre-treatment as a first step to ensure the
reliability of a metabolomic study. Among the reviewed methods, the comprehensive extraction method appears to provide
a promising approach for extracting diverse types of metabolites. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction
With advances in technology and the ability to collect and pro-
cess enormous amounts of data, the advance of life sciences
has seen a change from a reductionist approach towards that
provided by systems biology, that is, measuring biological as-
pects of a whole system and its interaction with its surroundings,
rather than targeting one single part of it. In today’s research
world, omics techniques such as proteomics, transcriptomics,
genomics and metabolomics have become an integral part of
systems biology (Mushtaq et al., 2013).

In the past 10 years, metabolomics has developed into an
important tool for all kinds of applications, including studies
on diseases, toxicity, quality control and natural products
(Verpoorte et al., 2007). The ultimate goal of metabolomics is
the chemical characterisation of a phenotype through the qual-
itative and quantitative analysis of all metabolites in an organism
and the measurement of the change in the metabolite profile
due to some type of challenge or perturbation (Oliver et al.,
1998). A metabolomics experiment generally consists of the
following steps: sample collection, extraction, analysis of the
extract, data reduction and statistics. The results depend heavily
upon the very initial steps that involve sample collection and
extraction. Researchers usually collect samples appropriately
but often ignore the importance of the extraction step, applying
protocols based on their experience but omit to validate, or at
least perform some evaluation of, their efficiency. Generally,
the idea of metabolomics is that the samples to be analysed
contain all the intact metabolites that can be extracted using
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
different solvents or techniques from an organism. Thus, any
non-extracted metabolites will greatly affect the overall quality
of the metabolomic study, which will be based on incomplete
information. Thus, it is vital to pay much attention to the extrac-
tion protocol design. Prasad and Ferenci (2003) summarised this
idea, defining an efficient extraction protocol as one that should
extract the largest number of metabolites and be non-destruc-
tive. For this, it is important to remember that the extraction
mechanism must not only consider solute–solvent interactions
but also the dissociation of the solute or analyte from the matrix.
It means that along with proper solvent selection, both pre-
extraction techniques and the treatment of the matrix during
extraction play an important part in the release of metabo-
lites, and to achieve good results not only should the type
of solvent used be taken into account but also the physico-
chemical characteristics of the matrix, effect of the pH on
the matrix, contact time and compartmentalisation of metab-
olites (Silas and Villas, 2006).
The main objective of this review is to highlight the impor-

tance of extraction in the field of metabolomics and to discuss
how different kinds of extraction techniques and conditions
Wiley & Sons, Ltd.
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can affect the outcome of the study. We will try to cover the pre-
treatment of samples before extraction and the types of
extraction techniques available to date.
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Sample preparation

Sample collection and quenching

Sampling for a metabolomics analysis should be fast because of
the high rate of metabolome turnover in a living organism
(Bolten et al., 2007). Immediately after sampling, however, the
metabolites themselves might suffer changes, so that consider-
ing both factors, it is clearly very important to collect samples
fast and take steps to stop any kind of biochemical activity right
away. It is also essential to keep the relevance of the sampling
time in mind because diurnal patterns can cause changes in
the metabolic profile as well as gene regulation patterns
(Espinoza et al., 2010). For example, it is now a well-known fact
that in plants, the malic acid and sugars content fluctuates
during the daily cycle (Queiroz, 1974). Similarly, Urbanczyk-
Wochniak et al. (2005) reported the fluctuation of both primary
and secondary metabolites in potatoes throughout the daily
cycle. This should also be considered for microorganism or
animal sampling. Another important issue is the homogeneity
and tissue specificity of samples. Bando et al. (2010) concluded
that in the case of urine and plasma samples of mice, the
pooling time, temperature of tubes used for collecting the urine,
or anti-coagulant agents used for blood plasma and sampling
sites of blood (e.g. jugular vein or abdomen) could cause a
significant variation in results. In the case of plants, the
metabolomic profiles of samples collected at different stages
of development were found to be highly variable (Abdel-Farid
et al., 2007). Moreover, not only the developmental stages
but also each organ, part or even cells of the same organ
have their own metabolic profile and any oversight of this
Table 1. Different techniques for quenching according to the typ

Organism Quenching method

Microbes,
cultured cells

Liquid nitrogen
Cold methanol
Cold ethanol
Perchloric acid

Yeast Cold methanol
Methanol base buffer
(methanol + 10 mM tricine buffer)
Liquid nitrogen
Pre-cooled stainless steel beads

Fungi Chilled water
Liquid nitrogen
Cold methanol

Insects Cold methanol
Liquid nitrogen
Cold acetonitrile

Plants Liquid nitrogen
Animals Liquid nitrogen

Cold methanol

NA, not applicable.

Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
factor can lead to non-homogeneous sampling and conse-
quently erratic outcomes.

To ensure the reproducibility of experiments it is important to
detain any kind of chemical or enzymatic reaction that may
occur immediately after sample collection, because these can
alter the original metabolite profile of the organism (Koning
and Dam, 1992); this rapid inactivation of all biochemical and
enzymatic activity in organisms is known as quenching. Cellular
metabolism is a dynamic process and any change can alter the
metabolic turnover, thus proper quenching can reduce the
impact of this problem. The quenching method depends on
the goal of what will be analysed or how: for example, whether
both the intracellular or extracellular metabolites have to be
measured together (microorganisms, cell cultures) or whether
the biomass has to be separated from the media. In the first
case, a quenching method, which also partially disrupts the cells,
can be used as there is no need for media separation, but in the
second case, care has to be taken that the quenching method
does not destroy the cells, otherwise leakage will affect the orig-
inal metabolite concentration in the media and within the cells.
For this, there are some methods available, including the use of
methanol (hot> 80°C or cold<�40°C), which causes a sudden
temperature shock and helps to interrupt biochemical reac-
tions. Other methods include changes in pH using perchloric
acid, or sudden temperature drops achieved by dipping the
sample in liquid nitrogen (Hajjaj et al., 1998; Abdel-Farid et al.,
2007; Teng et al., 2009). The choice of the appropriate
quenching method also depends on the biological sample to
be analysed, as mentioned earlier, because different types of
biological samples have different matrixes. In the case of fungi,
plants and animals, the tissues are distributed in several layers
and peripheral layers tend to be quenched before the inner
layers. Thus, care should be taken regarding the sample size
and time required to completely interrupt the physiological
reactions. Some of the general quenching methods are listed
in Table 1.
e of metabolite

Leakage Separation
of media

References

No No Tiziani et al., 2009
Yes Yes Koek et al., 2006
Yes Yes Ewald et al., 2009
Yes Yes Koek et al., 2006
Yes Yes Koning and Dam, 1992
Yes Yes Castrillo et al., 2003

No No Mashego et al., 2003
No Yes Theobald et al., 1997
Yes Yes Matsuzaki et al., 2008
No No Hajjaj et al., 1998
Yes Yes Mashego et al., 2007
Yes NA Bratty et al., 2011
No NA Williams et al., 2010
Yes NA Pedersen et al., 2008
No No Kim et al., 2009
No NA Wang et al., 2011
Yes NA Stentiford et al., 2005

Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.
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Drying and sample storage. Drying is another crucial step in
sample preparation before extraction. There are different
reasons for this: primarily it facilitates the long-term storage of
samples by inhibiting enzymatic activity and microbial growth
and furthermore, the presence of water in samples can affect
the solvation power of the extraction solvents. Yet another
reason for removing water is that it can interfere with the instru-
ments used to analyse the samples, especially in the case of
nuclear magnetic resonance (NMR) spectroscopy where traces
of water in the samples can distort the resolution of the spectra.
Water in samples can also affect gas chromatography (GC)
columns, resulting in the loss of reproducibility (Rangarajan
and Ghosh, 2011). Samples can be dried by heating, using ovens,
microwaves or hot air (Harbourne et al., 2009) or by freeze-drying.
Among the methods mentioned above, freeze-drying is the best
for different kind of samples. When freeze-drying, samples must
be frozen with liquid nitrogen first and then transferred to a
chamber that is at low pressure and low temperature so that
the water in the sample will sublimate. Although it is almost
impossible to eliminate the chemically bound water, it does not
pose a threat for long-term storage, as it does not participate in
microbial growth and chemical reactions (Kim et al., 2009). This
method is very useful for samples that are sensitive to high
temperature. Once the samples are completely dry they should
be stored in a controlled environment at �80°C or under liquid
nitrogen for example, but in all cases, care should be taken to
prevent the reabsorption of water from the surroundings. The
choice of drying method depends upon different factors,
including the kind and stability of the metabolites to be analysed,
the speed at which the sample should be dried and its size.
Naturally, the risk of losing volatile compounds should be taken
into account.

Homogenisation. Samples should be well homogenised to
achieve an effective extraction. This step is very important for
metabolomics. As the complexity of an organism increases so
does its heterogeneity, as in the case of plants (Kim et al.,
2009) and animals. Thus, the goal of this step is to achieve sam-
ple homogeneity and this can be done by means of either matrix
disruption or particle size reduction. Metabolites are present in
different compartments of cells, thus the disruption of those
cells or their protective covering can maximise the extraction
of metabolites. The strength of a cell membrane or cell wall
depends upon the interaction of lipids, proteins, carbohydrates,
and the degree of polymerisation or bonding between these
different molecules. This sort of layering also controls the
movement of metabolites across the cells. Thus, a good disrup-
tive method increases the chances of extracting the maximum
amount of metabolites from the cells. Different kinds of matrix
disruption techniques have been reviewed extensively by
Burden (2007).

During matrix disruption it is important to keep the effect of
particle size of samples in mind, as it greatly affects the extrac-
tion process. Theoretically, the rate of extraction is inversely
proportional to particle size. The reason for the increase in
extraction efficiency with smaller particle sizes is the depen-
dence of diffusion on the mass or size of the particles. A smaller
particle size reduces the time required for the diffusion of
solvents, thus facilitating the direct extraction of the metabolites
in the solvents (Pfenning et al., 2011). Coats and Wingard (1950)
reported how the size and shape of particles significantly
affected the extraction of oils from seeds and Sari and Velioglu
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
(2011), described how the theanine content determined in tea
varied according to the size of the ground tea-leaf particles.
Several techniques that can be used separately or in combina-

tion to achieve the purpose of homogeneity and matrix disrup-
tion for fast and reliable extraction are available. Among them,
the oldest and most conventional method is grinding. It can
be done manually with a mortar and pestle, and this is still the
gold standard for metabolomics (Lin et al., 2007), but this
method is laborious and time-consuming. Another alternative
is to use homogenisers, in which the sample can be
homogenised with liquid if necessary, although this is not the
method of choice for small samples (Lin et al., 2007). The effi-
ciency of hand-disperser grinding and ball-mill grinding of
Plantago lanceolata was compared and results showed that the
hand-disperser grinding produced a better homogenisation of
the sample (Lin et al., 2007; Maier et al., 2010). The choice of
the grinding method depends upon physical characteristics
of the material to be ground, for example, large bulbs or
vegetables cannot be ground by hand, so laboratory-grade
blenders that produce homogeneous samples can be used
(Lubbe et al., 2011). Care should be taken that whatever
method is used, the temperature of the samples remains low
enough to avoid the activation of enzymes that could alter
the metabolic profile. A widely used method in metabolomics
studies is the combination of grinding and ultrasonication,
which can be very effective in the extraction of a diverse range
of metabolites (Choi et al., 2004; Saric et al., 2007).
Ultrasonication uses acoustic energy to produce low- and
high-pressure waves in liquids, leading to the formation and
collapse of small bubbles due to strong hydrodynamic sheer
forces. Ultrasonication can also be considered as an alterna-
tive to high-speed mixers or strongly agitated ball-mills.
Another technique used, especially for small particle size sam-

ples such as yeast, cell cultures, microorganisms or body fluids, is
freeze–thaw cycles (Zivkovic et al., 2009; Smart et al., 2010).
These cycles can cause the breakage of cell structures allowing
metabolites to seep out. Usually the range of cycles is from 1
to 3. However, Teahan et al. (2006) suggested that excessive
freeze–thaw of samples could affect overall results and produce
an artificial separation between the groups so that they should
be reduced to a minimum. To achieve a good homogenisation,
the above-mentioned techniques can be used separately or
combined. Burden (2007) suggested that multistep homogenisa-
tion methods are more effective than single-step methods.

Extraction
Once the sample has been collected, dried and stored as
discussed previously, it must be extracted. The main goal of
extraction is to obtain the maximum number of metabolites or
ideally, all the metabolites present in the sample. To achieve this
goal, different kinds of extraction methods are used, usually
applying different solvent combinations. Here we will discuss
the role and effect of different solvents and techniques on the
extraction process.
Solvent

The choice of the solvent is a very important and critical step in
an extraction procedure. Due to the presence of a wide array of
metabolites it is not possible to extract them with one single
solvent (Kim et al., 2009). There are a number of points that
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca

3 mm
ons L

icense



Table 3. Solvents and their selectivity values (adapted from
Snyder, 1978)

Solvents P′ xe xd xn

Toulene (VIb) 2.3 0.32 0.24 0.44
Diethyl ether (I) 2.9 0.55 0.11 0.34
Ethoxybenzene (VIb) 2.9 0.27 0.29 0.44
Methylene chloride (V) 3.4 0.34 0.17 0.49
n-Propanol (II) 3.9 0.53 0.21 0.26
n-Butanol (II) 3.9 0.53 0.21 0.26
Chloroform (VIII) 4.4 0.28 0.39 0.33
Acetonitrile (VIa) 6.2 0.3 0.26 0.41
Methanol (II) 6.6 0.51 0.19 0.3
Water (VIII) 9 0.4 0.34 0.26

P′ is the polarity index of the solvent and xe, xd, and xn repre-
sent the fraction of P′ contributed by interactions associated
with proton-donor, proton-acceptor and dipole moment
characteristics of the solvent, respectively.
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should be borne in mind when selecting a solvent: toxicity,
solubilisation power, selectivity, dissolution rate, chemical
reactivity and pH (Schripsema, 2009). Ideally the solvent should
be non-toxic and have a high solubilising power. The toxicity
of a solvent can be handled by applying routine safety proce-
dures (Maltese et al., 2009), but the solubilising power is an
inherent characteristic of each solvent (Table 2). Apart from the
solubilisation power – defined as the power or ability of solvent
to dissolve a solute – another important feature is solvent selec-
tivity. Solvent selectivity can be defined as the ability of the
solvent to dissolve specific compounds, when their polarities
are not very different. Snyder (1974, 1978) did a great amount
of very valuable work on solvents and their selectivity, particu-
larly for liquid chromatography applications. He calculated a
polarity index for different solvents and their molecular interac-
tions and built a very illustrative solvent-selectivity triangle
(Table 3). This table shows, for example, that solvents such as
diethyl ether and ethoxybenzene have the same P′ value but
very different interactions with solutes, so they are placed in dif-
ferent selectivity groups. On the other hand, both water and
chloroform, having very diverse dipole moments, have a high
xd value (H-donor property) and are thus in a similar group.
Snyder suggests the use of the following equation to adjust
the polarity of different mixtures to required values:

P′ ¼ ΦaPa þΦbPb;

in which Φ are volume fractions of solvents in mixtures, and Pa
and Pb are the polarity indexes of solvents a and b.

One way to select the best mixture for a specific task is to test
blends of polar and non-polar solvents and calculate their P′
values. Once the optimum value has been selected, according
to the polarity range of the targeted metabolites, thus providing
maximum solubility, the selectivity can be explored by using
solvents with the same P′ values but different selectivity if
necessary.

Thus, the inherent selectivity of solvents must be considered
when choosing the extraction solvent and in the case of
metabolomics, a non-selective solvent may be the best choice
Table 2. Table of commonly used solvents and their solvent
strength values (from Snyder, 1978)

Solvent Solvent strength

Water >> 1
Methanol 0.95
Ethanol 0.88
2-Propanol 0.82
Dimethyl sulphoxide 0.75
Pyridine 0.71
Acetonitrile 0.65
Ethyl acetate 0.58
Tetrahydrofuran 0.57
Acetone 0.56
Dichloromethane 0.42
Chloroform 0.4
Diethyl ether 0.38
Benzene 0.32
Toulene 0.29
Hexane 0.01

Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
to obtain the largest possible number of metabolites. Compati-
bility issues with the analytical platform chosen for sample
analysis also condition solvent choice as well as the characteris-
tics not only of the metabolites to be extracted but also of the
sample matrix.
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Solvent-based extraction

Acid-base extraction. Perchloric acid extraction is a widely
used extraction method for animal samples (Rammouz et al.,
2010) and is also applied for plants, particularly to study primary
metabolites (Kruger et al., 2008). It is a strong oxidising acid, and
is comparable in acidity to hydrochloric acid. One of the aims of
the preparation of samples for metabolomics is the elimination
of high molecular mass compounds (macromolecules) such as
proteins, because they can have deleterious effects on analytical
determinations. Perchloric acid extraction denatures proteins,
yielding thus, a protein-free extract. The main steps in this kind
of extraction include the: (i) extraction of metabolites with an
aqueous perchloric acid solution; (b) neutralisation of the pH of
the resulting sample with a potassium carbonate or hydroxide
solution; (c) removal of the perchlorate salts formed during the
neutralisation step. Naturally, this kind of extraction is appropri-
ate only for metabolites that are stable under acidic conditions.
A major disadvantage of this method is the need to adjust the
pH for each sample before measuring, sometimes leading to a
great variation between samples, especially in case of NMR
analyses (Lin et al., 2007). Other disadvantages include the
presence of perchlorate salts, which if not completely removed
can be incompatible with liquid or gas chromatography coupled
to mass detectors (LC–MS or GC–MS). Furthermore, the difficulty
to adjust the pH of every sample to exactly the same value can
lead to different elution times or peak shifting, complicating
data-mining techniques. Thus, the main and perhaps, yet only
significant advantage of perchloric acid extraction is the
denaturation of proteins and total inactivation of enzymes
(Kruger et al., 2008). This kind of extraction technique will allow
only the polar, hydrophilic or basic compounds to be studied, as
hydrophobic neutral or acidic compounds cannot be extracted.
It is particularly useful to study primary metabolites.
Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.
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In metabolomics. This kind of extraction is used in plant
metabolomics. Avelange-Macherel et al. (2006) applied this
method for a study of cucumber metabolites, using 70%(v/v)
perchloric acid to quench the lyophilised samples and then 6%
perchloric acid to maximise the extraction of metabolites. The
pH of the samples was then adjusted to 5.0 with 2 M K2CO3,
followed by centrifugation to remove perchlorate precipitates
along with proteins. The supernatant was lyophilised before
the addition of a buffer adjusted to a pH of 7.5 with concen-
trated potassium hydroxide or hydrochloric acid. Deuterated
water (D2O) was added at the end for NMR analysis. Brouquisse
et al. (2001) implemented a slightly modified version of this
method, extracting the material with 1.1 M perchloric acid first
and then with water. The supernatant was then mixed with 5
mL of 2 M KHCO3. Kruger et al. (2008) extracted plant sample
metabolites – mostly organic acids, sugars, amino acids and
some aromatic compounds – with a 1.0 M perchloric acid
solution. Observing the perchloric acid fraction of a plant
material, Kaiser et al. (2009) concluded that this acid had caused
the hydrolysis of sugars, especially of sucrose, thus affecting the
biological interpretation of samples, as erroneously high levels
of glucose and fructose were observed.

Perchloric acid extraction is an extensively used method in
animal metabolomics due to its advantage of immediately
quenching enzymatic reactions and because of their high pro-
tein content as compared to plants. The protocol generally
consists in the extraction with 6% or 0.5 M perchloric acid
followed by the addition of a basic solution to neutralise the
pH, lyophilisation and then resuspension in the desired solvent
(Ekman et al., 2006; Rammouz et al., 2010). Griffin and Kauppinen
(2006) reported that perchloric acid is widely used for extracting
brain metabolites due to its strong quenching ability, but its
oxidising properties and the presence of high amounts of salts
resulting from the acid-base reaction could be problematic for
mass spectrometry. Lin et al. (2007) compared the extraction of
salmon muscle with ice cold 6% perchloric acid, acetonitrile:
water (1:1), acetonitrile:water (2:1), methanol:water (1:1),
methanol:water (2:1), and the biphasic systems, methanol–
chloroform–water, or methanol–chloroform–water with 0.8%
KCl. Following extraction and centrifugation, the supernatants
of all organic extracts were removed and liophilised, while
the perchloric acid extract had to be neutralised with potas-
sium carbonate, left on ice and then centrifuged again before
lyophilisation. They reported a significant shift of peaks in the
NMR spectra of samples extracted with perchloric acid (in
spite of having buffered the samples) of metabolites with a
pKa value near 7.2. Although perchloric acid extraction also
leads to poor recovery of certain metabolites, as explained
previously, it is still a useful method for targeted analysis
(Sellick et al., 2009; Rammouz et al., 2010).

In the case of microorganisms or cell cultures, it is important
to use a method that prevents the leakage of intracellular
metabolites in order to obtain the most reliable results. In a
study conducted by Faijes et al. (2007) on targeted metabolites
(ATP, ADP and AMP) the use of pre-cooled perchloric acid as
an extraction solvent proved to be good in terms of the recovery
of these metabolites, together with cold methanol as a
quenching solvent causing minimal leakage of ATP from the
cells. However, Müller et al. (1996) compared the results of pre-
cooled 1.3 M perchloric acid extraction with an alkaline
extraction method, and concluded that the neutralising step
could cause a time-dependent decrease in nucleotides, while
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
perchloric acid extraction also interfered with ion-pair reversed-
phase HPLC due to the presence of traces of perchlorate ions.
Schaefer et al. (1999) and Buchholz et al. (2001) successfully used
35% w/v perchloric acid for the extraction of glycolytic inter-
mediates, and tricarboxylic acid pathway metabolites. For yeast
cells, Theobald et al. (1997) and Buziol et al. (2002) used 35%
pre-cooled perchloric acid (�25oC) for the determination of
intracellular metabolites. Lafaye et al. (2005) also reported the
use of boiling 0.1% perchloric acid (pH 2–2.5) for the extraction
of sulphur-containing metabolites from yeast followed by a HPLC
analysis. Hajjaj et al. (1998) used 10% v/v pre-cooled perchloric
acid for the extraction of the filamentous fungi Monascus ruber
and reported a low recovery of acid stable metabolites along
with a significant loss in nucleotide concentration.
Organic solvent-based extraction

The above-mentioned perchloric acid extraction method is
suitable for the extraction of polar, hydrophilic or ionisable
metabolites. In the case of moderately polar, non-polar or hydro-
phobic metabolites, organic solvents must be included. One of
the main advantages of using organic solvents rather than water
is that more diverse types of metabolites can be extracted. In the
case, for example, of a two-phase solvent system with water–
methanol–chloroform, not only polar, hydrophilic metabolites
but also non-polar compounds could be extracted simulta-
neously. Other advantages include the compatibility of most
organic solvents with all analytical platforms including GC–MS,
HPLC, LC–MS, NMR and Capillary electrophoresis (CE), the ease
of solvent evaporation, absence of salt precipitates and
increased stability of the extracted metabolites.
Among the many options, alcohols, especially methanol,

ethanol and in lesser degree isopropanol are often used, alone
or more usually in mixtures with varying proportions of water.
Being hydrophilic due to their hydrogen-bonding capabilities,
alcohols are also lipophilic, a property that increases with their
chain length; the combination of these features confers a high
solubilisation power that allows them to extract a wide range
of metabolites.

In metabolomics. Mixtures of methanol and water are the
most popular combinations for metabolomic studies because
they have proven to be able to extract a wide range of metabo-
lites, namely, sugars, amino acids, organic acids, alkaloids and
phenolic compounds. Their ‘non-selectivity’, as discussed above,
makes them especially suited to metabolomics applications and
most plant metabolites can be extracted in these solvents.
Isopropanol has been used for LC–MS metabolite profiling stud-
ies targeted to more lipophilic compounds, that is, to evaluate
jasmonate synthesis or the role of jasmonic acid signalling as a
response of Arabidopsis thaliana leaf to wounding (Grata et al.,
2008; Chauvin et al., 2013). The use of this solvent increases
the extraction of more lipophilic metabolites but also requires
the use of solid-phase extraction (SPE) removal of unwanted
non-polar compounds such as chlorophylls and other sub-
stances that would reduce the life of reversed-phase columns.
De Vos et al. (2007) used acidified water (0.1% formic acid) in

75% methanol (pre-cooled) to extract a wide range of secondary
metabolites (flavonoids, phenolic acids, alkaloids and glucosinolates)
and reported it to be a very efficient method. This did not
coincide with the conclusions of Bertrand et al. (2013), who
found that the extraction efficiency of a number of solvent
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca
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systems decreased dramatically with the addition of 1% formic
acid. Anthocyanins also were extracted with 75% methanol
from tomatoes and analysed on a LC–MS-based platform by
Moco et al. (2006). An NMR-based analysis of Brassica rapa
metabolites was conducted by Jahangir et al. (2008) using a
direct extraction in deuterated methanol and water to analyse
the changes in glucosinolates, hydroxycinnamic acids, carbo-
hydrates and amino acids. Scarcely polar, hydrophobic com-
pounds such as terpenoids, fatty acids or lipids have been
extracted with the lipophilic solvents, chloroform, ethyl ace-
tate or n-hexane (Cordeiro et al., 1999; Yu et al., 2011). The
use of biphasic solvent systems is also quite frequent because
they allow the separation of metabolites that could interfere
in the analysis of samples, facilitating their identification. For
example, the extraction of metabolites of Catharanthus roseus
leaves using a very usual combination of chloroform–methanol–
water for 1H-NMR analysis, allowed indole alkaloids to be clearly
detected in the chloroform phase, separated from primary and
secondary metabolites such as loganic acid and secologanin that
remained in the aqueous–methanolic phase. The characteristic
signals of vindoline in the δ 5.8–7.0 region would overlap with
these signals if all compounds were together in a mid-polar
solvent extract (Choi et al., 2004). However, some practical issues
deriving from the presence of saponins, for example in plant
samples, which cause emulsions in the interphase and other
consequences, such as the need to concentrate and redissolve
the extracts, often outweigh the benefits of this type of extraction
in plants. In the case of 1H-NMR plant metabolomics studies, the
direct extraction of samples, using methanol-d4-KH2PO4 has
proved to be efficient and is a widely used protocol (Liang
et al., 2006; Simoh et al., 2009). Naturally, this solvent system
cannot be used for LC–MS and when comparing the metabolite
diversity of induced co-cultured fungi extracts of methanol,
Table 4. Organic solvents used for the extraction of different typ

Plant Solvent method Compounds extra

Solanum
lycopersicum

75% Methanol Anthocyanins

Solanum
tuberosum

62.5% Methanol Hydroxycinnamic
0.1% Formic acid Catecholamines
Methanol, water,
chloroform system

Brassica
oleraceae

60% Methanol Glucosinolates,
Hot 70% Methanol Phenolic acids,
Cold methanol Flavonoids

Sinapic acid deriv
Brassica rapa CD3OD: D2O(1:1) Glucosinolates, am

acids, sugars
Maytenus
aquifolium

Ethyl acetate at 40°C Terpenoids

Maytenus
ilicifolia
Origanum
dictaminus

62.5% Methanol Phenolic compoun

Teucrium polium Ethyl acetate
Lavandeula vera
Cataranthus roseus Two-phase solvent

system (MeOD, D2O)
Phenolic conpund
Organic acids

Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
isopropanol, t-butanol, dichloromethane:methanol:water (64:36:8)
and dichloromethane:ethyl acetate:methanol (2:3:1) with or
without 1% (v/v) formic acid, Bertrand et al. (2013) found that
the best results were obtained with the biphasic system. Some
examples of different solvent systems along with the type of
metabolite extracted are listed in Table 4.

As animals have a higher lipid and protein content and less
secondary metabolites than plants, the protocols used for
animal metabolomics extraction are not as diverse as those for
plants. The high lipid content is dealt with using biphasic
systems similar to those mentioned above, that is, methanol,
chloroform and water. Again, the ratio depends upon the type
of metabolites to be extracted. The removal of proteins can be
done using perchloric acid extraction as discussed above, but
when relatively non-polar metabolites are targeted, or in the
case of fatty tissues, organic solvents can be more efficient.
One study (Rammouz et al., 2010) compared different extraction
strategies using LC–MS as the analytical platform and suggested
that boiling water is the best way to analyse the skeletal tissues
except creatine, which showed a poor recovery. Considering the
recovery of the metabolites, he graded the methods as follows:
boiling water (100°C)>methanol–water–chloroform>methanol–
water> cold pure methanol (�80°C)>perchloric acid (�20°C)>
boiling ethanol (80°C). Lin et al. (2007) compared several solvent
systems for the extraction of fish liver, consisting in different
proportions of acetonitrile or methanol and water and a biphasic
sytem of methanol–chloroform–water, recommending the use of
the latter, especially in the case of lipid-rich tissues such as liver
and brain. They concluded that although single-solvent extraction
methods have the advantage of their ease and reproducibility, if
mixtures of hydrophilic and hydrophobic metabolites have to be
recovered, the best results would be obtained with the biphasic
system, despite some disadvantages such as the time and care
es of compounds from plant material

cted Analytical platform Reference

LC–MS Moco et al., 2006

acids LC–MS Szopa et al., 2001;
Vorst et al., 2005GC–MS

HPLC Robbins et al., 2005;
Gratacos-Cubarsi et al., 2009;
Lee et al., 2010

CE, HPLC
UPLC/DAD–MS/MS

atives
ino NMR Jahangir et al., 2008

HRGC–MS Cordeiro et al., 1999

ds HPLC, GC–MS Proestos et al., 2006

s NMR Choi et al., 2004
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required to transfer the phases, which limits its use in high through-
put sample processing. Table 5 shows different solvent systems and
the type of compounds extracted from mammalian tissue.

As discussed above, both microorganisms and cells are
cultured in external media and require rapid quenching. They
produce two types of intracellular and extracellular metabolites.
Methods to extract metabolites from both kinds of matrices will
be discussed here briefly.

Intracellular metabolites. Microorganisms are quite diverse
in their nature and produce a wide range of metabolites. In
microbes, the ability to produce secondary metabolites is spread
unevenly, mainly due to their dependence on their environment
rather than phylogeny (Vining, 2007). Because of this diversity,
different kinds of systems have been applied to extract the
maximum number of metabolites, but as yet no single method
has proved to be globally efficient for all metabolites. However,
advances in technology have allowed researchers to identify
100–500 metabolites in one single analysis of a microorganism
(van der Werf et al., 2007).

The most commonly used solvents for intracellular metabolite
extraction are ethanol, methanol and chloroform (Table 6).

Extracellular metabolites. Extracellular metabolites are those
that are secreted by the organism during its life cycle. Thus, their
analysis can provide a good insight into how the organism
interacts and responds to its environment. One of the easiest
methods to separate cells from the medium is centrifugation
(Sulek et al., 2011). Another method is filtration, but this can be
quite difficult due to the presence of viscous material in growth
media (Devantier et al., 2005). After removal of the cells, the
supernatant can be either quenched or lyophilised, and
extracted with any suitable solvent system. The medium can
be separated from the metabolites with a non-water miscible
solution or by using solid-phase extraction.

Different techniques in extraction

Microwave-assisted extraction

The first use of microwave-assisted extraction (MAE) for organic
compounds was reported by Ganzler et al. (1986), who suc-
cessfully applied it to partition and extract various types of
Table 5. Application of different organic solvent systems for anim
the metabolomic study

Matrix Solvent system Compound

Rat brain 1% Formic acid Amino acids
Cold water Organic acids
Methanol–water mixture Neurotransmitt

Catecholamines
Mice liver Methanol–chloroform (2:1) Glycerols, ester

Oesophagous
cancer tissue

Methanol–water–
chloroform (2:5:2)

Organic acids, a
sugar derivative
acids, nucleosid

Mice liver Methanol/chloroform (2:1) Amino acids
Nematodes Free fatty acids
Fish Chloroform/methanol (3:1) Lipids, free fatty
Ground squirrels Methanol Acyl esters, am

Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
compounds from a range of different samples (baby food,
animal fodder, maize). In MAE, the solute is in direct contact with
solvents heated by microwave energy (2.45 GHz), and this
kinetics-driven elevated temperature causes the rapid extraction
of desired compounds with a minimum amount of solvent. A
typical extraction procedure takes 15–30 min, with solvent
volumes that range from 10–30 mL (Sparr Eskilsson and
Bjorklund, 2000). Two versions of MAE are available: focused
open-vessel MAE (FOV–MAE) or closed-vessel MAE (CV–MAE).
The main difference between the techniques is the instrumenta-
tion. In FOV–MAE, the vessel containing the sample and solvent
is open whereas in CV–MAE it is closed. Both have advantages
and limitations. The main advantages of using CV–MAE are that
pressure is controlled and an increase in temperature is
achieved in less time with no loss of volatiles or any need to
add extra solvent. The limitations are that sample size is limited
and the risks derived from high pressurisation. On the other
hand, the main advantage of FOV–MAE is the possibility of using
large amounts of sample and of adding reagents at any time.
The limitations for this method are a lower precision and longer
extraction times than those required by CV–MAE. Before using
MAE there are few factors that should be taken into account.

Solvent system. As in any kind of extraction method, the
solvent plays a major role in MAE and will affect the efficiency
of the method. The choice of the solvent depends upon the
interaction of the solvent with the matrix, the solubility of the de-
sired analyte and the microwave absorption ability. The solvent
selected for MAE should: be compatible with the matrix of the
sample; able to solubilise the target analyte/s; and have micro-
wave absorption capability. The microwave absorption ability of
solvents depends upon their dielectric constant: in theory the
larger their dielectric constant, the larger their ability to absorb
energy and become hot (Dean, 2009). A few solvents with their
corresponding dielectric constants are shown in Table 7.
As can be observed, water has the highest microwave absorp-

tion whereas hexane is literally transparent to microwaves and
thus does not heat up (Tatke and Jaiswal, 2011). Solvents can
be used separately or in combinations, depending on the nature
of the experiments. Solvent properties can be modified using
mixtures of different polarities and dielectric constants to make
them more suitable for different compounds. For example, in
al tissue sample extraction considering the platform used for

extracted Platform References

UPLC–MS/MS Kanani et al., 2008;
Goh et al., 2009GC–MS

ers

s, phospholipids HPTLC Van Ginneken et al., 2007
LC–MS

mino acids,
s, free fatty
es

GC–MS Wu et al., 2009

NMR Atherton et al., 2008
GC–MS

acids NMR Samuelsson et al., 2006
ino acids LC–MS Nelson et al., 2010
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Table 6. Application of organic solvent extraction for metabolomic studies of microorganisms and cell cultures

Species Solvent Metabolites Platform References

Escherichia coli Boiling ethanol Amino acids, nucleotides TLC Tweeddale et al., 1998;
Tian et al., 2008Methanol, chloroform, water

(1,1,0.5 respectively) at�45°C
GC–MS
GC–FID

Mycobacterium
tuberculosis

Acetonitrile:methanol:water
(40:40:20) at �40°C

Glycolysis
intermediates, TCA
intermediates

LC–MS De Carvalho et al., 2010

Xanthomonas
campestris

80% Methanol Glycolysis intermediate, GC–MS Neuweger et al., 2008

Saccharomyces
cerevisiae

Chloroform Glycolysis intermediate Enzymatic Koning and Dam, 1992;
Devantier et al., 2005Methanol at �80°C GC–MS

SW cells colon
cancer cells

75% Methanol at �20°C Osmolytes, amino acids,
nucleotides

NMR Maddula and Baumbach, 2010

Fusarium
oxysporum

Methanol, chloroform
at �20°C

TCA cycle intermediates,
Amino acids and
dibasic acids

CLC Panagiotou et al., 2005

Coprinus
disseminates

Methanol at 4°C Hydroxy quinones,
organic aicds, free
fatty acids, sugars

TLC Peiris et al., 2008

Coprinellus
micaceus

GC–TOF MS

Stereum
hirsutum

Table 7. Common solvents used in microwave-assisted
extraction: boiling and melting points and dielectric con-
stants (at 20°C)

Solvent Melting
point (ºC)

Boiling
point (ºC)

Dielectric
constant (K)

Acetone �95 56 20.7
Acetonitrile �44 82 37.5
Chloroform �64 61 4.81
Hexane �95 69 1.89
Ethanol �114 78 24.5
Methanol �98 65 32.7
Water 0 100 80.1
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the case of volatile compounds, solvents with a low dielectric
constant can be used to ensure they are exposed to low temper-
atures and will cool faster once they are extracted (Routray and
Orsat, 2011).

Volume of solvent. Generally, the volume of solvents used for
MAE is in the range of 10–30 mL. This volume should be
sufficient to cover the sample completely, taking into account
any swelling during extraction (Sparr Eskilsson and Bjorklund,
2000). For example, Zhu et al. (2006) used 20 mL of solvent for
400 mg of a tobacco sample for the extraction of volatile com-
pounds. Misra et al. (2013) reported that an increase of solvent
from 5 to 10 mL slightly increased the recovery of artemisinin
from dried leaves of Artemisia annua. Generally, increasing the
volume of the extraction solvent usually leads to a higher
recovery of the solutes, but in the case of MAE this might not
be always true. Li et al. (2004) found that during the extraction
of geniposidic and chlorogenic acid from Eucommia ulmodies
Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
an increase in solvent volume actually reduced the recovery of
the desired compounds. Thus, in the optimisation process of
MAE, the volume of solvent should be borne in mind as an
important factor.

Temperature. Temperature is another very important and
well-studied factor in MAE, because as for most extraction
techniques it significantly affects recovery. Especially when
MAE is conducted in a closed vessel, the temperature of the
solvents may be heated to ca. 100°C above their atmospheric
pressure boiling point. This high temperature results in a
decreased viscosity and surface tension and increases the
adsorption of the solvent to active sites of the solute (Kaufmann
and Christen, 2002). However, the effect of temperature is not
always predictable: Jin et al. (2010) showed that increasing the
temperature up to 30°C increased the yield of tannins from the
Chinese herb Argimonia pilosa but a further increase decreased
the yield. A similar effect was observed for the recovery of poly-
phenols from the fruit hull of Camellia oleifera (Zhang et al., 2011).

Microwave power. Microwave power provides localised
heating to the matrix and can actually even destroy it, thus
assisting the diffusion of the analyte into the solvent (Chan
et al., 2011). Generally, the choice of microwave power, espe-
cially in the closed vessel system, depends upon the number
of vessels or the total amount of liquid used for extraction.
Ideally, the power used should minimise the time required to
reach the set temperature without producing the bump phe-
nomenon (Sparr Eskilsson and Bjorklund, 2000). Low or moderate
temperatures with longer times of exposure can be selected to
optimise MAE (Tatke and Jaiswal, 2011). Young (1995) reported
that the use of 10% of the maximum power (750 W) for 3 s
resulted in a considerable yield of ergosterol and an increase of
up to 50% of the power provided the highest yield, but a longer
exposure to the maximum power (750 W) caused tube leakage. It
Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.
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Table 8. Critical properties of solvents used for superfluid
critical extraction

Solvents CT (K) CP (MPa) CV (cm3/mol)

Ammonia 405.4 11.35 72.5
CO2 304.1 7.37 94.1
Methanol 512.6 8.09 118.0
n-Hexane 507.5 3.02 368
Water 647.1 22.06 55.9

CT, critical temperature; CP, critical pressure; CV, critical volume.
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has been observed that once microwaves have destroyed the
matrix, a further increase in power does not improve the yield
significantly (Alfaro et al., 2003). Shu et al. (2003) also reported
that the use of different levels of microwave power is more signif-
icant when applied for shorter periods than for longer extraction
times. The danger of using high power for long extraction times
is, among other things, the thermal destabilisation of thermola-
bile compounds (Xiao et al., 2008).

Extraction time. Prolonged extraction times, even at moder-
ate power, can result in decreased yields and the degradation
of active compounds (Hao et al., 2002; Wang et al., 2009). Extrac-
tion time in MAE is quite variable and ranges from a few minutes
(Pastor et al., 1997) to hours, especially in the case of solvent-free
MAE in which more time is required to extract analytes (Lucchesi
et al., 2004). The risk of degradation due to long extraction times
can be overcome by introducing shorter extraction cycles, that
is, adding fresh solvent to the residue and repeating the extrac-
tion. Xiao et al. (2008) showed that two extraction cycles are
sufficient to extract flavonoids completely from Radix astragali.
Similarly, Shao et al. (2012) observed that two extraction cycles
yielded 96% flavonoids from Perilla frutescens leaves, whereas a
third cycle yielded only an additional 4%.

In metabolomics. Microwave extraction is more popular for
plant than for animal metabolomics studies, probably because
the diversity of metabolites is much greater in plants and their
extraction is more challenging. Compared with the use of
conventional methods to extract different classes of compounds
such as flavonoids and phenols, which are time consuming and
difficult, the use of MAE certainly reduces the time. Proestos and
Komaitis (2008) compared the conventional reflux method for
phenolic compound extraction with MAE, using different solvent
systems, and reported that not only were extraction times
reduced but also the extraction efficiency of different solvents
was increased.

As the awareness of the damage caused by toxic solvent
residues increases, researchers in the field of metabolomics are
considering the option of using green solvents. The use of such
solvents (ionic liquids and water) has shown to be efficient and
safe as compared with other conventional solvents for the
extraction of secondary metabolites from plants. Du et al.
(2009) successfully applied MAE with ionic liquids (ILs) for the
extraction of phenolic compounds from Psidium guajava leaves
and Smilax china tubers, reporting that the use of ILs together
with MAE could efficiently replace the conventional reflux
method with methanol, as ILs with MAE not only reduced the
extraction time, but also the waste.

Although MAE is mostly used in plants, there are a few studies
involving clinical samples such as blood, hair and urine where it
was used. Keller et al. (2009) studied blood samples for
organohalogen contaminants by using different extraction tech-
niques such as liquid–liquid extraction (LLE), SPE, pressurised
fluid extraction (PFE) and focus microwave assisted extraction
(FMAE), finding that among the different methods, FMAE
showed the greatest recovery. Fernández et al. (2009) success-
fully extracted cocaine and its metabolites from human hair
samples using MAE. To date, no study has been reported for
global profiling of animal and human metabolomics using
MAE, the reason probably being that there are always thermo-
labile metabolites that could be destroyed using this method
(Teo et al., 2013).
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
Supercritical fluid extraction

Supercritical fluid extraction (SFE) can be defined as the separa-
tion of one component from others by the use of a supercritical
fluid. A supercritical fluid is a liquid that is above its critical
temperature and pressure. Charles Cagniard first discovered
supercritical fluids in 1822. They have, or display, properties of
both gases and liquids, diffusing into a solid like a gas while dis-
solving substances like liquids. Small changes in temperature
and pressure can dramatically change the properties of super-
critical fluids, thus allowing control of their physicochemical
properties (density, solvation power) (Abbas et al., 2008). There
are two main applications of SFE technology: (i) countercurrent
extraction from liquids streams; and (ii) extraction from solid
particles (Oliveira et al., 2011). Countercurrent SFE has been
applied to modify essential oils, for example, the deterpenation
of orange peel oils (Espinosa et al., 2005) or obtaining high-value
products from waste such as the purification of squalene from
vegetable oils (Vázquez et al., 2007). On the other hand, the
decaffeination of coffee beans with SFE is an example of the
extraction through solid particles or a bed. After the extraction
process is finished the solvent is easily removed from the
extracted material by simple expansion. This, together with the
ease of manipulating solvation characteristics by slight changes
in gas and temperature of the supercritical fluid are among the
main advantages of SFE over conventional methods.
A few of the substances that can be used as SFE solvents are

listed in Table 8. Among them, carbon dioxide is clearly the most
popular. Some of the reasons for its choice are its low critical
temperature and pressure, high purity, low cost, easy recovery
and low toxicity. Additionally it is almost inert in the standard
operating conditions, that is, 304 K and 7.37 MPa. It is also
convenient for the extraction of heated labile and non-polar
compounds. The main disadvantage of CO2 is its non-polar
nature, but this can be overcome by adding modifiers or
co-solvents, as will be discussed later. Carbon dioxide SFE
(CO2-SFE) has been shown to have a wide range of applica-
tions, not only for extractions but also in purification pro-
cesses. In the field of natural products, CO2-SFE has long
been used to extract bioactive compounds. Phenols and ses-
quiterpenes have been extracted either using pure CO2 or
CO2 with the addition of some methanol as a modifier
(Zizovic et al., 2007; Sun et al., 2008). Díaz-Reinoso et al.
(2006) extensively reviewed the extraction and purification
of anti-oxidants from natural sources using CO2-SFE. Some
other substances have also been used as SFE solvents. For
example, Nobre et al. (2011) used and compared ethane with
CO2-SFE for the extraction of lycopene from industrial tomato
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca
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waste and found it to be more efficient in terms of extraction
speed and recovery. Because ethane is more expensive than
CO2, the use of mixtures with the cheaper CO2 has also been
proposed. Propane and dimethyl ether have been tested for
the extraction of pungent compounds from ginger, black
chilli and pepper, and propane was found to be the least
effective of the two (Catchpole et al., 2003).

Besides the type of solvent used in SFE, the ability to remove
the solute from the matrix depends upon the adjustment and
optimisation of the temperature and pressure, solvent flow rate
and the influence of co-extractors or modifiers.

Temperature and pressure. As mentioned earlier, the manip-
ulation of both temperature and pressure can significantly affect
the physicochemical properties of the solvents, which in turn
affect their extraction or solvating power. Phelps et al. (1996)
suggested that changing both the temperature and pressure
of fluids could modify the solvating power of organic solvents.
As a rule, an increase in temperature at constant pressure
reduces the solvent density and its solvating power, whereas
an increase of pressure at constant temperature enhances the
solvation power (Pereira and Meireles, 2010). This means that
the solubility of a solute in a matrix depends directly on the
density of the solvents used. Thus, the solubility of a solute can be
manipulated by changing the temperature or pressure conditions.

Solvent flow rate. Solvent flow rate is also an important
factor for SFE. Generally, an increase in flow rate increases the
extraction capacity but in some cases very high flow rates can
decrease it. Kumoro and Hasan (2007) studied the effect of
solvent flow rate on the extraction of andrographolide from
Andrographis paniculata and found that very high flow rates
resulted in a lower extraction capacity. The reason for this could
be that the contact time between the solvent and the sample is
insufficient, considering the low diffusion rate of the solvent/
solute within the matrix. In another study, Nemoto et al. (1997)
analysed the effect of the CO2 flow rate on the extraction of
pesticides and proposed that low flow rates result in low linear
velocity and increase extraction efficiency.

Modifiers or co-extractors. As mentioned earlier, CO2-SFE
has one major drawback: the non-polarity of carbon dioxide. A
common practice to overcome this problem is the addition of
modifiers or co-extractors. A modifier can be added with the
solvent or together with the sample in the extraction chamber.
The first method can be applied to both countercurrent SFE
and static SFE, whereas the second one is always used for static
SFE. These modifiers can range from ethanol, acetonitrile and
methanol to water. Several mechanisms that may explain
modifier activity have been proposed. One theory is the
existence of a solute–modifier interaction, in which the modifier
interacts chemically with the solute (Pereira and Meireles, 2010)
and another is that the modifier might form a solvation shell
around the solute (Yonker et al., 1986). Generally, the concentra-
tion of the modifier ranges between 1% and 15%. Among the
different modifiers, methanol and acetone are the most popular
(Phelps et al., 1996). Choi et al. (2000) compared the extraction
efficiency of different modifiers for the CO2-SFE of cephlotaxine
from Cephlotaxus wilsoniana and concluded that methanol
alkalinised with dimethylamine increased the extraction of
cephlotaxine by supressing the ionisation of the hydrophilic salt,
thus increasing the affinity of the resulting lipophilic base with
CO2. Another example is the solubility of beta-carotene, a
Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
compound that should be easily soluble in this solvent, consider-
ing it non-polar nature. However, its large molecular weight
(536.87 g/mol) inhibits its solubility in CO2-SFE due to its low
volatility (Sun and Temelli, 2006). This problem can be solved
by the addition of co-solvents, as shown by the increased
solubility achieved by the addition of 5–10% of ethanol (Barth
et al., 1995). Marsili and Callahan (1993) also used CO2-SFE with
ethanol as a modifier to extract and compare the extraction
efficiency of beta-carotene with LLE, concluding that CO2-SFE
not only increased the yield by 23% but was also less time
consuming. Vegetable oils were also used as modifiers to in-
crease the extraction of carotenoids and lycopenes in CO2-SFE
(Sun and Temelli, 2006; John et al., 2009). The type of modifier
to be used should be selected according to its affinity with the
solute to be extracted.

In Metabolomics. As mentioned above, SFE is a fast, reliable
and highly manipulable extraction technique and its utilisation
in metabolomics studies is thus quite widespread. It has the
additional advantage of being able to extract compounds with
few online adjustments, which would otherwise be difficult to
achieve using conventional metabolomics extraction techniques.
A few examples of its utilisation in the metabolomics field are
mentioned here. Hou et al. (2010) used CO2-SFE to extract
alkamides and phenolic compounds from Echinacea plants with
the objective of applying comparative metabolomics for quality
control and bioactivity validation. This approach was also pro-
posed by Blanch et al. (1999) as a method for the detection of
highly volatile compounds, which are usually lost during the
extraction and fractionation procedures, using a combined CO2-
SFE/GC system. Anticipating that during a conventional SFE
extraction procedure some highly volatile compounds could co-
evaporate from the collection vessel during the concentration
step, he added a programmed temperature vaporiser (PTV) injec-
tor between the CO2-SFE extraction set-up that allowed him to
collect and detect the volatile compounds with GC. In another
study Uchikata et al. (2012) were able to detect 134 phospho-
lipids from a 3-μL dried blood sample spot within 5 min using
SFE/supercritical chromatography (SFC) combined with tandem
mass spectrometry (MS/MS) and suggested that it could be a
useful technique for lipid profiling and biomarker discovery.
Solid-phase extraction (SPE)

Solid-phase extraction is often not considered to be strictly an
extraction method, because it is used more often for the clean
up and/or concentration of a diverse a range of metabolites
from a liquid matrix. In SPE a sorbent is used to adsorb (Fig. 1)
the metabolites from a liquid phase (e.g. extracts, mediums or
body fluid). Depending upon the affinity and interaction of
metabolites with the solid phase, these are then desorbed with
a suitable solvent. This technique has been automated and
coupled with online extraction and analytical instruments such
as GC or LC–MS (Louter et al., 1999; López-Blanco et al., 2002).
Before selecting any kind of cartridge it is necessary to bear in
mind the points shown in Table 9, because they can significantly
affect the time, cost and recovery of the analyte.

When choosing the sorbent it is very important to take into
account the properties of both the matrix and the compound
to be extracted. A wide range of sorbents is available on the
market and these are well reviewed by Masque et al. (1998).
Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.
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Figure 1. A typical Syrische-barrel type of cartridge, with a frit and
sorbent. The sample is added to the barrel and impregnates the sorbent,
after which it is flushed with the selected solvent.

Table 9. Type of formats available for solid-phase extraction
and factors to be considered before selecting a specific type
of matrix (data adapted from Hennion, 1999)

Types Comments

Syringe
barrel/cartridge

Coagulation of sediments at the top
Filtration takes a long time
Can be corrected by addition
of diatomaceous earth

Disc type Higher flow rate
Sediments may cause clogging
of channels
Glass fibre matrix or in-depth filters can
be used to overcome this problem

96-well plate
with disc

Initially developed to help high
throughput screening and automation

Pipette tips
with sorbent

To speed up the automation
and reduce the void volume

Microfibre For head-space analysis by GC–MS
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In metabolomics. There are not a great number of applica-
tions of SPE as an extraction method in plant metabolomics, be-
cause the selectivity of this method is greater than solvent-
based extraction methods, so it is generally preferable to use
these other methods for extraction and eventually clean up
the extract, eliminating interfering compounds with SPE.

Ali et al. (2011a,2011b) compared SPE with direct extraction of
the phenolic compounds from grapes using deuterated metha-
nol and water, finding that SPE extracts showed increased signal
intensities of phenolics in 1H-NMR spectra. They also successfully
applied SPE to remove sugars from grape samples to improve
spectra resolution. Exarchou et al. (2003) used an online SPE
system in a LC/UV/SPE–NMR–MS set-up for the analysis of
monoterpenes, flavonoids and phenolic acid in Greek oregano,
adding protonated solvents in the SPE part for the online prep-
aration of NMR samples.

The vast majority of applications of SPE in metabolomics
studies refer to the extraction of metabolites from biological
fluids or elimination of proteins before LC–MS-based meta-
bolomic studies. Michopoulos et al. (2009) applied SPE to
remove proteins from human blood plasma and compared this
method with solvent-based precipitation. The UPLC–MS results
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
showed that the reproducibility of the system increased with
SPE as compared with other precipitation-based methods.
Solid phasemicro-extraction (SPME) has been used extensively

in biological fluid metabolomics studies. Dixon et al. (2011)
applied SPME for the study of faecal volatile organic compounds
(VOCs) using GC–MS and GC with Flame ionisation detector (FID)
analytical platforms. Similarly, in another study, VOCs from hu-
man skin were collected by directly exposing SPME fibres to the
skin and then injected into a GC–MS at 230°C for 1 min to desorb
VOCs before their analysis (Gallagher et al., 2008). Vuckovic et al.
(2010) wrote a comprehensive review on SPME applications.
Soxhlet extraction

Soxhlet extraction is one of the oldest methods for solid–liquid
extraction. Among the other techniques used, it has been the
most cited, probably because up to now the optimisation of
new extraction techniques often regarded it as the reference.
Initially, it was developed to extract lipids from solids (milk)
(Soxhlet, 1879). A Soxhlet apparatus consists of a solvent reser-
voir, an extractor body, an electric heat source and a water-
cooled reflux condenser. The sample is placed in a thimble that
is then positioned in the extractor body. The solvent is poured
into a round bottom flask (solvent reservoir) and the extractor
body and the condenser are assembled on top. The solvent
reservoir is then placed on a heat source and as the temperature
increases the vaporisation process of the solvent starts. Once the
solvent reaches the condenser it condenses and pours down
into the extractor body, coming into contact with the thimble
that contains the sample. As the process continues, the sample
is macerated with the solvent until it reaches a certain volume,
after which it is siphoned back into the solvent reservoir flask
along with extracted solute. At the end of each cycle the concen-
tration of the analyte in the solvent reservoir increases. As the
analytes have a higher boiling temperature than the solvent,
only pure solvent will reach the sample-containing thimble
thereby increasing extraction efficiency. The clever feature of
this system is that each cycle consumes small amounts of
solvent. This process can continue for a number of cycles (four
cycles per hour depending on solvent volume), while total
extraction time can vary from 6 to 24 h depending upon the
matrix and the solubility of the desired compounds. Conserva-
tive Soxhlet extraction has some advantages because the
continued heating of the solvent keeps the temperature con-
stant, avoids the filtration step and allows the extraction yield
to be increased by parallel runs. It is possible to extract higher
sample masses as compared with other modern extraction
techniques, for example MAE and SFE (Luque de Castro and
García-Ayuso, 1998). The major drawbacks include the total use
of large quantities of solvent, longer extraction times, but above
all, the possible degradation of heated labile compounds due to
the continual heating of the extract in the solvent reservoir.

Modified Soxhlet extractors. As this extraction is still very
much used and considered a benchmark for other extraction
techniques, it has been modified to increase its efficiency and
overcome its drawbacks. Some of these will be discussed here.

Automatic Soxhlet extraction or Soxtec. In this case, the
extraction process consists of three steps. In the first step, the
thimble with the sample is dipped in boiling solvent for 60
min, and then submitted to a normal Soxhlet extraction for 60
min, after which solvent evaporation and condensation take
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca
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place in the Soxtec apparatus, reducing the final volume of the
extract to 1–2 mL (Dean, 2009). The main advantages of this
technique are the rapid extraction and lower solvent usage.
Nurthen et al. (1986) compared the yield of resin and rubber
extracted from guayule using a Soxtec apparatus and a conven-
tional Soxhlet, finding a 98% correlation between them.

Focused microwave-assisted Soxhlet extraction. In focused
microwave-assisted Soxhlet extraction (FMASE), as the name
indicates, energy is provided by microwaves rather than an elec-
tric heater or water bath, but the basic principal is almost same
as conventional Soxhlet extraction. Microwave energy helps to
break the sample matrix while solvent drips down onto the
sample, is collected and recycled again. García-Ayuso et al.
(1998) developed this technique and reported a reduction of
extraction time from 8 h to 50–60 min. Priego-Capote and Luque
de Castro (2005) also reported that by using FMASE, extraction
time for total fat from bakery products decreased from 16 h to
60 min. They compared the results with the Association of
Analytical Communities (AOAC) reference extraction method
and found no significant difference in terms of recovery. Some
other modifications are ultrasonic Soxhlet extraction and high-
pressurised Soxhlet extraction that are extensively reviewed by
Luque de Castro and García-Ayuso (1998).

Factors affecting Soxhlet extraction. As in any other extrac-
tion technique, some of the factors affecting the recovery, yield
and quality of analytes are the time of extraction, temperature
and sample size. In the case of a modified Soxhlet apparatus
such as FMASE, the energy and duration of the radiation
exposure can significantly affect the analyte extraction. Several
optimisation studies have been done using different sample
matrixes. Awolu et al. (2013) optimised the extraction for three
factors, namely sample weight, particle size and extraction
period using response-surface modelling, finding that all three
significantly affected the yield of oil from Azadirachta indica.
Similarly, the residual moisture content, time, solvent to mass
ratio and particle size were also found to significantly affect
the oil yield from Dacryodes deulis (Mampouya et al., 2013).
Figure 2. Graphical representation of th

Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
In metabolomics. As compared with the other extraction
methods mentioned above, Soxhlet extraction is considered to
be the least suitable for metabolomics studies (Kim and
Verpoorte, 2010), the major drawbacks being the longer extrac-
tion times and the continued heating of the extract. Although
the longer extraction time may result in higher yields, it could
also increase the possibility of the formation of artefacts (Mal-
tese et al., 2009). The possibility of solvent reactivity with
analytes due to long exposure and high temperature should also
be considered, a good example of which is the complete
quaternisation of strychnine when using Soxhlet extraction on
Strychnos nux vomica (Bisset and Choudhury, 1974). In spite of
these drawbacks, Soxhlet extraction is still successfully applied
to extract non-polar and weakly polar metabolites from sold ma-
trixes (Schäfer, 1998; Iverson et al., 2001). In some other studies,
Soxhlet extraction accounted for the total phenolic content of
mushrooms and different fruits ( Cheung et al., 2003; de Oliveira
et al., 2009). Thus, care should be taken, especially in case of
metabolomics studies, to avoid the degradation of metabolites
using the modified Soxhlet extraction method.
Comprehensive extraction method

Considering the different methods and solvents discussed
above, it is quite clear that it might not be possible or even
desirable to extract all metabolites in one single step. Analytical
restrictions lead to the need to clean up extracts, because none
of the available platforms can handle such a large amount of
analytes due to interference issues, even if such an extract was
possible to obtain. It is also clear that the ambition of finding a
one-for-all extraction solvent or protocol that would be univer-
sally applicable is unrealistic, because differences in matrices,
profiling aims and analytical platforms make this impossible.

Considering this, our group at the Natural Product Laboratory
developed what we call the comprehensive extraction method.
A detailed description of this method can be found in Yuliana
et al. (2011). It is based on the use of a gradient of two or more
solvents to increase the polarity range of the metabolite extrac-
tion. The ground plant material, together with an anti-clogging
e comprehensive extraction method.
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agent, such as kieselguhr, is packed into a stainless steel column
of 4.00 × 1.80 cm, which is then connected to a pump (Fig. 2). A
gradient of increasing polarity of solvents is then pumped
through the column and fractions are collected at predetermined
time points. The greatest advantage of this method is the ability
to extract a wide range of metabolites in conditions that preserve
their integrity. In a conventional method it is quite possible to
overlook the novel activity of a certain metabolite in a certain
plant because the desired molecule did not have enough affinity
with the extraction solvent and was thus not extracted. However,
using a gradient solvent system and collecting fractions at
different time points can minimise this risk. Thus, in principle,
all metabolites should be extracted and the sum of metabolites
obtained in all the fractions should represent the total
metabolome (Yuliana et al., 2011). At the moment this method
has been validated only for plants, but it could be successfully
applied to other organisms.

From the literature discussed above, extraction is clearly a
very important and critical step that is particularly challenging
in metabolomics. Attention has to be paid not only to solvent–
solute affinity, but also to possible solute–matrix interactions
that can cause significant variations in collected data. Thus, the
validation of proposed extraction methods or at least some
evaluation of their extraction capacity is tedious, but inevitable.
It involves testing profiles of extracts obtained with different
solvent systems that are compatible with the analytical platform
to be used and comparing their performance, bearing the goals
of the studies to be undertaken in mind.

Acknowledgements

This work was supported by the Ministry of Land, Transport and
Maritime Affairs (PM56641), Korea.

References
Abbas KA, Mohamed A, Abdulamir AS, Abas HA. 2008. A review on super-

critical fluid extraction as new analytical method. Am J Biochem
Biotechnol 4: 345–353.

Abdel-Farid IB, Kim HK, Choi YH, Verpoorte R. 2007. Metabolic character-
ization of Brassica rapa leaves by NMR Spectroscopy. J Agric Food
Chem 55: 7936–7943.

Ali K, Maltese F, Fortes AM, Pais MS, Verpoorte R, Choi YH. 2011a. Pre-
analytical method for NMR-based grape metabolic fingerprinting
and chemometrics. Anal Chim Acta 703: 179–186.

Ali K, Maltese F, Fortes AM, Pais MS, Choi YH, Verpoorte R. 2011b.
Monitoring biochemical changes during grape berry develop-
ment in Portuguese cultivars by NMR spectroscopy. Food Chem
124: 1760–1769.

Alfaro MJ, Bélanger JMR, Padilla FC, Jocelyn Pare JR. 2003. Influence of
solvent, matrix dielectric properties, and applied power on the
liquid-phase microwave-assisted processes (MAPTM)1 extraction of
ginger (Zingiber officinale). Food Res Int 36: 499–504.

Atherton HJ, Jones OAH, Malik S, Miska EA, Griffin JL. 2008. A compara-
tive metabolomics study of NMR-49 in Caenorhabditis elegans and
PPAR-α in the mouse. FEBS Lett 582: 1661–1666.

Avelange-Macherel MH, Ly-Vu B, Delaunay J, Richomme P, Leprince O.
2006. NMR metabolite profiling analysis reveals changes in phospho-
lipid metabolism associated with the re-establishment of desiccation
tolerance upon osmotic stress in germinated radicles of cucumber.
Plant Cell Environ 29: 471–482.

Awolu OO, Obafaye OO, Ayodele BS. 2013. Optimization of solvent
extraction of oil from neem (Azadirachta indica) and its characteriza-
tions. J Sci Res Rep 2: 304–314.

Bando K, Kawahara R, Kunimatsu T, Sakai J, Funabashi H, Seki T, Bamba T,
Fukusaki E. 2010. Influence of biofluid sample coleection and
handling procedure on GC–MS based metabolomic studies. J Biosci
Bioeng 110: 491–499.
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
Barth MM, Zhou C, Kute KM, Rosenthal GA. 1995. Determination of opti-
mum conditions for supercritical fluid extraction of carotenoids from
carrot (Daucus carota L.) tissue. J Agric Food Chem 43: 2876–2878.

Bertrand S, Schumpp O, Bohni N, Bujard A, Azzollini A, Monod M, Gindro
K, Wolfender JL. 2013. Detection of metabolite induction in fungal co-
cultures on solid media by high-throughput differential ultra-high
pressure liquid chromatography-time-of-flight mass spectrometry
fingerprinting. J Chromatogr A 1292: 219–228.

Bisset NG, Choudhury AK. 1974. Alkaloids and iridoids from Strychnos
nux-vomica fruits. Phytochemistry 13: 265–269.

Blanch GP, Caja MM, Ruiz del Castillo MaL, Santa-María G, Herraiz M.
1999. Fractionation of plant extracts by supercritical fluid extraction
and direct introduction in capillary gas chromatography using
a programmable temperature vaporizer. J Chromatogr Sci 37:
407–410.

Bolten CJ, Kiefer P, Letisse F, Portais JC, Wittmann C. 2007. Sampling for
metabolome analysis of microorganisms. Anal Chem 79: 3843–3849.

Bratty M, Hobani Y, Dow J, Watson D.2011: Metabolomic profiling of
the effects of allopurinol on Drosophila melanogaster. Metabolomics
7: 542–548.

Brouquisse R, Evrard A, Rolin D, Raymond P, Roby C. 2001. Regulation of
protein degradation and protease expression by mannose in maize
root tips. Pi sequestration by mannose may hinder the study of its
signaling properties. Plant Physiol 125: 1485–1498.

Buchholz A, Takors R, Wandrey C. 2001. Quantification of intracellular
metabolites in Escherichia coli k12 using liquid chromatographic–
electrospray ionization tandem mass spectrometric techniques. Anal
Biochem 295: 129–137.

Burden WD. 2007. Guide to homogenization of biological samples. Rand
Primers 7: 1–14.

Buziol S, Bashir I, Baumeister A, Claassen W, Noisommit-Rizzi N, Mailinger
W, Reuss M. 2002. New bioreactor-coupled rapid stopped-flow
sampling technique for measurements of metabolite dynamics on a
subsecond time scale. Biotech Bioeng 80: 632–636.

Catchpole OJ, Grey JB, Perry NB, Burgess EJ, Redmond WA, Porter NG.
2003. Extraction of chili, black pepper, and ginger with near-critical
CO2, propane, and dimethyl ether: analysis of the extracts by
quantitative nuclear magnetic resonance. J Agric Food Chem
51: 4853–4860.

Castrillo JI, Hayes A, Mohammed S, Gaskell SJ, Oliver SG. 2003. An opti-
mized protocol for metabolome analysis in yeast using direct infu-
sion electrospray mass spectrometry. Phytochemistry 62: 929–937.

Chan C-H, Yusoff R, Ngoh G-C, Kung FW-L. 2011. Microwave-assisted
extractions of active ingredients from plants. J Chromatogr A 1218:
6213–6225.

Chauvin A, Caldelari D, Wolfender JL, Farmer EE. 2013. Four 13-
lipoxygenases detection of metabolite induction in fungal co-
cultures on solid media by high-throughput differential ultra-high
pressure liquid chromatography-time-of-flight mass spectrometry
fingerprinting contribute to rapid jasmonate synthesis in wounded
Arabidopsis thaliana leaves: a role for lipoxygenase 6 in responses
to long-distance wound signals. New Phytol 197: 566–575.

Cheung LM, Cheung PCK, Ooi VEC. 2003. Antioxidant activity and total
phenolics of edible mushroom extracts. Food Chem 81: 249–255.

Choi YH, Tapias EC, Kim HK, Lefeber AWM, Erkelens C, Verhoeven JTJ,
Brzin J,Zel J, Verpoorte R. 2004. Metabolic Discrimination of Catharanthus
roseus leaves infected by phytoplasma using 1H-NMR spectroscopy and
multivariate data analysis. Plant Physiol 135: 2398–2410.

Choi Y, Kim J, Joung S, Yoo K, Chang Y. 2000. Modified effects on
supercritical CO2 extraction effeciency of cephlotaxine form
Cephlotaxus wilsoniana leaves. Arch Pharm Res 23: 163–166.

Coats HB, Wingard MR. 1950. Solvent extraction. III. The effect of particle
size on extraction rate. J Am Oil Chem Soc 27: 93–96.

Cordeiro PJM, Vilegas JHY, Lancas FM. 1999. HRGC-MS analysis of
terpenoids from Maytenus ilicifolia and Maytenus aquifolium
(‘Espinheira santa’). J Braz Chem Soc 10: 523–526.

Dean JR. 2009. Extraction Techniques in Analytical Sciences. Wiley:
Chichester, UK; 169–170.

De Carvalho LPS, Fischer SM, Marrero J, Nathan C, Ehrt S, Rhee KY. 2010.
Metabolomics of Mycobacterium tuberculosis reveals compartmental-
ized co-catabolism of carbon substrates. Chem Biol 17: 1122–1131.

De Oliveira AC, Valentim IB, Silva CCA, Bechara EJH, Barros MPD, Mano
CM. 2009. Total phenolic content and free radical scavenging
activities of methanolic extract powders of tropical fruit residues.
Food Chem 115: 469–475.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca

3 mm
ons L

icense



M. Y. Mushtaq et al.

304

 10991565, 2014, 4, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/pca.2505 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

o

Devantier R, Scheithauer B, Villas-Bôas SG, Pedersen S, Olsson L. 2005.
Metabolite profiling for analysis of yeast stress response during very
high gravity ethanol fermentations. Biotech Bioeng 90: 703–714.

De Vos CHR, Moco S, Lommen A, Keurentjes JJB, Bino RJ, Hall RD. 2007.
Untargeted large-scale plant metabolomics using liquid chromatog-
raphy coupled to mass spectrometry. Nat Protoc 2: 778–791.

Díaz-Reinoso B, Moure A, Domínguez H, Parajó JC. 2006. Supercritical
CO2 extraction and purification of compounds with antioxidant
activity. J Agric Food Chem 54: 2441–2469.

Dixon E, Clubb C, Pittman S, Ammann L, Rasheed Z, Kazmi N,
Keshavarzian A, Gillevet P, Rangwala H, Couch RD. 2011. Solid-phase
microextraction and the human fecal VOC metabolome. PLoS ONE 6:
e18471.

Du F-Y, Xiao X-H, Luo X-J, Li G-K. 2009. Application of ionic liquids in the
microwave-assisted extraction of polyphenolic compounds from
medicinal plants. Talanta 78: 1177–1184.

Ekman D, Keun H, Eads C, Furnish C, Murrell R, Rockett J, Dix D. 2006.
Metabolomic evaluation of rat liver and testis to characterize the
toxicity of triazole fungicides. Metabolomics 2: 63–73.

Espinosa S, Diaz MS, Brignole EA. 2005. Process optimization for super-
critical concentration of orange peel oil. Lat Am Appl Res 35: 321–326.

Espinoza C, Degekolbe T, Caldana C, Zuther E, Leidde A, Willmitzer L,
Hincha D, Hannah MA. 2010. Interaction with diurnal and circadian
regulation results in dynamic metabolic and transcriptional changes
cold acclimation in Arabidopsis. PloS ONE 11: e1401.

Ewald JC, Heux SP, Zamboni N. 2009. High-throughput quantitative
metabolomics: workflow for cultivation, quenching, and analysis of
yeast in a multi well format. Anal Chem 81: 3623–3629.

Exarchou V, Godejohann M, van Beek TA, Gerothanassis IP, Vervoort J.
2003. LC-UV–solid-phase extraction–NMR–MS combined with a
cryogenic flow probe and its application to the identification of
compounds present in Greek oregano. Anal Chem 75: 6288–6294.

Faijes M, Mars A, Smid E. 2007. Comparison of quenching and extraction
methodologies for metabolome analysis of Lactobacillus plantarum.
Microb Cell Fact 6: 27.

Fernández P, Lago M, Lorenzo RA, Carro AM, Bermejo AM, Tabernero MJ.
2009. Optimization of a rapid microwave-assisted extraction method
for the simultaneous determination of opiates, cocaine and their
metabolites in human hair. J Chromatogr B 877: 1743–1750.

Gallagher M, Wysocki CJ, Leyden JJ, Spielman AI, Sun X, Petri G. 2008.
Analyses of volatile organic compounds from human skin. Br J
Dermatol 159: 780–791.

Ganzler K, Salgó A, Valkó K. 1986. Microwave extraction : A novel sample
preparation method for chromatography. J Chromatogr A 371: 299–
306.

García-Ayuso LE, Sánchez M, Fernández de Alba A, Luque de Castro MD.
1998. Focused microwave-assisted soxhlet: an advantageous tool for
sample extraction. Anal Chem 70: 2426–2431.

Goh DPQ, Neo AH, Goh CW, Aw CC, New LS, Chen WS, Atcha Z, Browne
ER, Chan ECY. 2009. Metabolic profiling of rat brain and cognitive be-
havioral tasks: potential complementary strategies in preclinical cog-
nition enhancement research. J Proteome Res 8: 5679–5690.

Grata E, Boccard J, Guillarme D, Glauser G, Carrupt PA, Farmer EE,
Wolfender JL,Rudaz S 2008. UPLC–TOF-MS for plant metabolomics:
A sequential approach for wound marker analysis in Arabidopsis
thaliana. J Chromatogr B 871: 261–270.

Gratacos-Cubarsi M, Ribas-Agusti A, Garcia-Regueiro JA, Castellari M.
2009. Simultaneous evaluation of intact glucosinolates and phenolic
compounds by UPLC-DAD-MS/MS in Brassica oleracea L. var. botrytis.
Food Chem 121: 257–263.

Griffin JL, Kauppinen RA. 2006. Tumor metabolomics in animal models of
human cancer. J Proteome Res 6: 498–505.

Hajjaj H, Blanc PJ, Goma G, François J. 1998. Sampling techniques and
comparative extraction procedures for quantitative determination
of intra- and extracellular metabolites in filamentous fungi. FEMS
Microbiol Lett 164: 195–200.

Hao JY, Han W, Huang SD, Xue BY, Deng X. 2002. Microwave-assisted
extraction of artemisinin from Artemisia annua L. Sep Purif Technol
28: 191–196.

Harbourne N, Marete E, Jacquier JC, O’Riordan D. 2009. Effect of drying
methods on the phenolic constituents of meadowsweet (Filipendula
ulmaria) and willow (Salix alba). Food Sci Technol 42: 1468–1473.

Hennion MC. 1999. Solid-phase extraction: method development,
sorbents, and coupling with liquid chromatography. J Chromatogr A
856: 3–54.
Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
Hou CC, Chen CH, Yang NS, Chen YP, Lo CP, Wang SY. 2010. Comparative
metabolomics approach coupled with cell- and gene-based assays
for species classification and anti-inflammatory bioactivity validation
of Echinacea plants. J Nutr Biochem 21: 1045–1059.

Iverson S, Lang SC, Cooper M. 2001. Comparison of the Bligh and Dyer
and Folch methods for total lipid determination in a broad range of
marine tissue. Lipids 36: 1283–1287.

Jahangir M, Abdel-Farid IB, Choi YH, Verpoorte R. 2008. Metal ion-
inducing metabolite accumulation in Brassica rapa. J Plant Physiol
165: 1429–1437.

Jin Zx, Wang BQ, Chen ZJ. 2010. Microwave-assissted extraction of
tannins from Chinese herb Argimonia pilosa Ledeb. J Med Plants Res
4: 2229–2234.

John S, Chun Y, Sophia JX, Yueming J, Ying M, Dong L. 2009. Effects of
modifiers on the profile of lycopene extracted from tomato skins
by supercritical CO2. J Food Eng 93: 431–436.

Kaiser KA, Barding GA, Larive CK. 2009. A comparison of metabolite
extraction strategies for 1H-NMR-based metabolic profiling using
mature leaf tissue from the model plant Arabidopsis thaliana. Magn
Reson Chem 47: S147–S156.

Kanani H, Chrysanthopoulos PK, Klapa MI. 2008. Standardizing GC–MS
metabolomics. J Chromatogr B 871: 191–201.

Kaufmann B, Christen P. 2002. Recent extraction techniques for natural
products: Microwave-assisted extraction and pressurised solvent
extraction. Phytochem Anal 13: 105–113.

Keller J, Swarthout R, Carlson BR, Yordy J, Guichard A, Schantz M. 2009.
Comparison of five extraction methods for measuring PCBs, PBDEs,
organochlorine pesticides, and lipid content in serum. Anal Bioanal
Chem 393: 747–760.

Kim HK, Verpoorte R. 2010. Sample preparation for plant metabolomics.
Phytochem Anal 21: 4–13.

Kim HK, Choi YH, Verpoorte R. 2009. NMR-based metabolomic analysis of
plants. Nat Protoc 5: 536–549.

Koek MM, Muilwijk B, van der Werf MtJ, Hankemeier T. 2006. Microbial
metabolomics with gas chromatography/mass spectrometry. Anal
Chem 78: 1272–1281.

Koning WD, Dam Kv. 1992. A method for the determination of changes
of glycolytic metabolites in yeast on a subsecond time scale using
extraction at neutral pH. Anal Biochem 204: 118–123.

Kruger NJ, Troncoso-Ponce MA, Ratcliffe RG. 2008. 1H-NMR metabolite
fingerprinting and metabolomic analysis of perchloric acid extracts
from plant tissues. Nat Protoc 3: 1001–1012.

Kumoro AC, Hasan M. 2007. Supercritical Carbon dioxide extraction of
andrographolide from andrographis paniculata: effect of the
solvent flow rate, pressure, and temperature. Chin J Chem Eng 15:
877–883.

Lafaye A, Junot C, Pereira Y, Lagniel G, Tabet J-C, Ezan E, Labarre J. 2005.
Combined proteome and metabolite-profiling analyses reveal
surprising insights into yeast sulfur metabolism. J Biol Chem 280:
24723–24730.

Lee ISL, Boyce MC, Breadmore MC. 2010. A rapid quantitative determina-
tion of phenolic acids in Brassica oleracea by capillary zone electro-
phoresis. Food Chem 127: 797–801.

Li H, Chen B, Zhang Z, Yao S. 2004. Focused microwave-assisted solvent
extraction and HPLC determination of effective constituents in
Eucommia ulmodies Oliv. (E. ulmodies). Talanta 63: 659–665.

Liang Y-S, Choi YH, Kim HK. 2006. Metabolic analysis of methyl jasmonate
treate Brassica rapa leaves by 2-dimensional NMR spectroscopy.
Phytochemistry 67: 2503–2511.

Lin C, Wu H, Tjeerdema R, Viant M. 2007. Evaluation of metabolite
extraction strategies from tissue samples using NMR metabolomics.
Metabolomics 3: 55–67.

López-Blanco MC, Reboreda-Rodriguez B, Cancho-Grande B, Simal-
Gandara J. 2002. Optimization of solid-phase extraction and solid-phase
microextraction for the determination of alpha- and beta-endosulfan in
water by gas chromatography-electron-capture detection. J Chromatogr
A 976: 293–299.

Louter AJH, Vreuls JJ, Brinkman UAT. 1999. On-line combination of
aqueous-sample preparation and capillary gas chromatography. J
Chromatogr A 842: 391–426.

Lubbe A, Choi YH, Vreeburg P, Verpoorte R. 2011. Effect of fertilizers on
galanthamine and metabolite profiles in narcissus bulbs by 1H-NMR.
J Agric Food Chem 59: 3155–3161.

Lucchesi ME, Chemat F, Smadja J. 2004. An original solvent free microwave
extraction of essential oils from spices. Flavour Fragr J 19: 134–138.
Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.

m
m

ons L
icense



Extraction for Metabolomics: Access to the Metabolome

30
 10991565, 2014, 4, D

ow
nloaded from

 https://analyticalsciencejournals.onlinelibrary.w
iley.com

/doi/10.1002/pca.2505 by L
eiden U

niversity L
ibraries, W

iley O
nline L

ibrary on [28/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
Luque de Castro MD, García-Ayuso LE. 1998. Soxhlet extraction of solid
materials: an outdated technique with a promising innovative future.
Anal Chim Acta 369: 1–10.

Maddula S, Baumbach J. 2010. Heterogeneity in tumor cell energetic
metabolome at different cell cycle phases of human colon cancer cell
lines. Metabolomics 7: 509–523.

Maier T, Kuhn J, Muller C. 2010. Proposal for field sampling of plants and
processing in the lab for environmental metabolic fingerprinting.
Plant Methods 6: 6.

Maltese F, van der Kooy F, Verpoorte R. 2009. Solvent derived artifacts in
natural products chemistry. Nat Prod Commun 4: 447–454.

Mampouya D, Kama Niamayoua R, Goteni S, Loumouamou AN, Kinkela T,
Silou T. 2013.Optimization of the soxhlet extraction of oil from safou
pulp (Dacryodes Deulis). Adv J Food Sci Technol 5: 230–235.

Marsili R, Callahan D. 1993. Comparison of a liquid solvent extraction
technique and supercritical fluid extraction for the determination of
α- and β-carotene in vegetables. J Chromatogr Sci 31: 422–428.

Mashego M, Rumbold K, De Mey M, Vandamme E, Soetaert W, Heijnen J.
2007. Microbial metabolomics: past, present and future methodolo-
gies. Biotechnol Lett 29: 1–16.

Mashego MR, van Gulik WM, Vinke JL, Heijnen JJ. 2003. Critical evaluation
of sampling techniques for residual glucose determination in carbon-
limited chemostat culture of Saccharomyces cerevisiae. Biotechnol
Bioeng 83: 395–399.

Masque N, Marce RM, Borrull F. 1998. New polymeric and other types of
sorbents for solid-phase extraction of polar organic micropollutants
from environmental water. Trends Anal Chem 17: 384–394.

Matsuzaki F, Shimizu M, Wariishi H. 2008. Proteomic and metabolomic
analyses of the white-rot fungus Phanerochaete chrysosporium
exposed to exogenous benzoic acid. J Proteome Res 7: 2342–2350.

Michopoulos F, Lai L, Gika H, Theodoridis G, Wilson I. 2009. UPLC-
MS-based analysis of human plasma for metabonomics using
solvent precipitation or solid phase extraction. J Proteome Res
8: 2114–2121.

Misra H, Mehta D, Mehta BK, Jain DC. 2013. Microwave-assisted extrac-
tion studies of target analyte artemisinin from dried leaves of Artemi-
sia annua L. Org Chem Int 2013: 163028, 6.

Moco S, Bino RJ, Vorst O, Verhoeven HA, de Groot J, van Beek TA, Vervoort J,
de Vos CHR. 2006. A Liquid chromatography-mass spectrometry-based
metabolome database For tomato. Plant Physiol 141: 1205–1218.

Müller RH, Loffhagen N, Babel W. 1996. Rapid extraction of (di) nucleo-
tides from bacterial cells and determination by ion-pair reversed-
phase HPLC. J Microbiol Methods 25: 29–35.

Mushtaq M, Verpoorte R, Kim HK. 2013. Zebrafish as model for system bi-
ology. Biotechnol Genet Eng Rev 29: 187–205.

Nelson CJ, Otis JP, Carey HV. 2010. Global analysis of circulating metabo-
lites in hibernating ground squirrels. Comp Biochem Physiol Part D
Genom Proteom 5: 265–273.

Nemoto S, Sasaki K, Toyoda M, Saito Y. 1997. Effect of Extraction condi-
tions and modifiers on the supercritical fluid extraction of 88 pesti-
cides. J Chromatogr Sci 35: 467–477.

Neuweger H, Albaum SP, Dondrup M, Persicke M, Watt T, Niehaus K,
Stoye J, Goesmann A. 2008. MeltDB: a software platform for the
analysis and integration of metabolomics experiments data. Bioinfor-
matics 24: 2726–2732.

Nobre BP, Gouveia L, Matos PGS, Cristino AF, Palavra AF, Mendes RL.
2011. Supercritical extraction of lycopene from tomato industrial
wastes with ethane. Molecules 17: 8397–8407.

Nurthen EJ, McCleary BV, Milthorpe PL, Whitworth JW. 1986. Modified
soxhlet procedure for the quantification of resin and rubber content
of guayule. Anal Chem 58: 448–453.

Oliveira ELG, Silvestre AJD, Silva CM. 2011. Review of kinetic models for
supercritical fluid extraction. Chem Eng Res Design 89: 1104–1117.

Oliver SG, Winson MK, Kell DB, Baganz F. 1998. Systematic functional
analysis of the yeast genome. Trends Biotechnol 16: 373–378.

Panagiotou G, Villas-Bôas SG, Christakopoulos P, Nielsen J, Olsson L.
2005. Intracellular metabolite profiling of Fusarium oxysporum
converting glucose to ethanol. J Biotech 115: 425–434.

Pastor A, Vázquez E, Ciscar R, de la Guardia M. 1997. Efficiency of the
microwave-assisted extraction of hydrocarbons and pesticides from
sediments. Anal Chim Acta 344: 241–249.

Pedersen KS, Kristensen TN, Loeschcke V, Petersen BO, Duus JØ, Nielsen
NC, Malmendal A. 2008. Metabolomic signatures of inbreeding at be-
nign and stressful temperatures in Drosophila melanogaster. Genetics
180: 1233–1243.
Phytochem. Anal. 2014, 25, 291–306 Copyright © 2014 John
Peiris D, Dunn W, Brown M, Kell D, Roy I, Hedger J. 2008. Metabolite
profiles of interacting mycelial fronts differ for pairings of the wood
decay basidiomycete fungus, Stereum hirsutum with its competitors
Coprinus micaceus and Coprinus disseminatus. Metabolomics 4: 52–62.

Pereira C, Meireles MA. 2010. Supercritical fluid extraction of bioactive
compounds: fundamentals, applications and economic perspectives.
Food Bioprocess Technol 3: 340–372.

Pfenning A, Dirk D, Johannisbauer W, Josten H. 2011. Extraction technol-
ogy. In Industrial scale natural products extraction, Vol. 1, Bart HJ, Pilz S
(eds). Wiley-VCH Verlag & Co: Weinheim; 181–218.

Phelps CL, Smart NG, Wai CM. 1996. Past, present, and possible future
applications of supercritical fluid extraction technology. J Chem Educ
73: 1163.

Prasad MR, Ferenci T. 2003. Global metabolites analysis: the influence of
extraction methodology on metabolome profiles of Eschericia coli.
Anal Biochem 313: 145–154.

Proestos C, Sereli D, Komaitis M. 2006. Determination of phenolic
compounds in aromatic plants by RP-HPLC and GC-MS. Food Chem
95: 44–52.

Priego-Capote F, Luque de Castro MD. 2005. Focused microwave-
assisted soxhlet extraction: a convincing alternative for total fat
isolation from bakery products. Talanta 65: 81–86.

Proestos C, Komaitis M. 2008. Application of microwave-assisted extrac-
tion to the fast extraction of plant phenolic compounds. Food Sci
Technol 41: 652–659.

Queiroz O. 1974. Circadian rhythms and metabolic patterns. Annu Rev
Plant Physiol 25: 115–134.

Rammouz RE, Letisse F, Durand S, Portais J-C, Moussa ZW, Fernandez X.
2010. Analysis of skeletal muscle metabolome: Evaluation of
extraction methods for targeted metabolite quantification using
liquid chromatography tandem mass spectrometry. Anal Biochem
398: 169–177.

Rangarajan R, Ghosh P. 2011. Role of water contamination within the GC
column of a GasBench II peripheral on the reproducibility of 18O/16O
ratios in water samples. Isotopes Environ Health Stud 47: 498–511.

Robbins RJ, Keck A-S, Banuelos G, Finley JW. 2005. Cultivation conditions
and selenium fertilization alter the phenolic profile, glucosinolate,
and sulforaphane content of broccoli. J Med Food 8: 204–214.

Routray W, Orsat V. 2011. Microwave-assisted extraction of flavonoids: A
review. Food Bioprocess Technol 5: 409–424.

Samuelsson LM, Forlin L, Karlsson G, Adolfsson-Erici M, Larsson DGJ.
2006. Using NMR metabolomics to identify responses of an environ-
mental estrogen in blood plasma of fish. Aqua Toxicol 78: 341–349.

Sari F, Velioglu YS. 2011. Effects of particle size, extraction time and tem-
perature, and derivatization time on determination of theanine in
tea. J Food Comp Anal 24: 1130–1135.

Saric J, Wang Y, Li J, Coen M, Utzinger Jr, Marchesi JR, Keiser J, Veselkov K,
Lindon JC, Nicholson JK, Holmes E. 2007. Species variation in the fecal
metabolome gives insight into differential gastrointestinal function. J
Proteome Res 7: 352–360.

Schäfer K. 1998. Accelerated solvent extraction of lipids for deter-
mining the fatty acid composition of biological material. Anal
Chim Acta 358: 69–77.

Schaefer U, Boos W, Takors R, Weuster-Botz D. 1999. Automated
sampling device for monitoring intracellular metabolite dynamics.
Anal Biochem 270: 88–96.

Schripsema J. 2009. Application of NMR in plant metabolomics: tech-
niques, problems and prospects. Phytochem Anal 21: 14–21.

Sellick C, Knight D, Croxford A, Maqsood A, Stephens G, Goodacre R,
Dickson A. 2009. Evaluation of extraction processes for intracel-
lular metabolite profiling of mammalian cells: matching extrac-
tion approaches to cell type and metabolite targets. Metabolomics
6: 427–438.

Shao P, He J, Sun P, Zhag P. 2012. Analysis of conditions for microwave-
assisted extraction of total water-soluble flavonoids from Perilla
Frutescens leaves. J Food Sci Technol 49: 66–73.

Shu YY, Ko MY, Chang YS. 2003. Microwave-assisted extraction of
ginsenosides from ginseng root. Microchem J 74: 131–139.

Silas G, Villas B. 2006. Sampling and sample preparation. In
Metabolome Analysis: An Introduction, Vol. 1, Villas B, Silas G,
Ute R, Hansen MAE, Smedsgaard J, Nielsen J (eds). John Wiley
& Sons Inc: Hoboken; 39–76.

Simoh S, Quintana N, Kim HK, Choi YH, Verpoorte R. 2009. Metabolic
changes in Agrobacterium tumefaciens-infected Brassica rapa. J Plant
Physiol 166: 1005–1014.
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/pca

5 omm
ons L

icense



M. Y. Mushtaq et al.

306

 10991565, 2014, 4, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/pca.2505 by L

eiden U
niversity L

ibraries, W
iley O

nline L
ibrary on [28/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of u
Smart KF, Aggio RBM, Van Houtte JR, Villas-Boas SG. 2010. Analytical
platform for metabolome analysis of microbial cells using methyl
chloroformate derivatization followed by gas chromatography-mass
spectrometry. Nat Protoc 5: 1709–1729.

Snyder LR. 1974. Classification of the solvent properties of common
liquids. J Chromatogr A 92: 223–230.

Snyder LR. 1978. Classification of the solvent properties of common
liquids. J Chromatogr Sci 16: 223–234.

Soxhlet F. 1879. Die gewichtsanalytische bestimmung des milchfettes.
Dingler’s Polytech J 232: 461–465.

Sparr Eskilsson C, Bjorklund E. 2000. Analytical-scale microwave-assisted
extraction. J Chromatogr A 902: 227–250.

Stentiford GD, Viant MR, Ward DG, Johnson PJ, Martin A, Wenbin W,
Cooper HJ, Lyons BP, Feist SW. 2005. Liver tumors in wild flatfish: A
histopathological, proteomic, and metabolomic study. OMICS: J Integr
Biol 9: 281–299.

Sulek K, Frandsen H, Smedsgaard J, Skov T, Wilcks A, Licht T. 2011.
Metabolic footprint of Lactobacillus acidophilus NCFM at different
pH. Metabolomics 8: 244–252.

Sun M, Temelli F. 2006. Supercritical carbon dioxide extraction of
carotenoids from carrot using canola oil as a continuous co-solvent.
J Supercrit Fluids 37: 397–408.

Sun Y, Liu Z, Wang J, Tian W, Zhou H, Zhu L, Zhang C. 2008. Supercritical
fluid extraction of paeonol from Cynanchum paniculatum (Bge.) Kitag.
and subsequent isolation by high-speed counter-current chromatog-
raphy coupled with high performance liquid chromatography-
photodiode array detector. Sep Purif Technol 64: 221–226.

Szopa J, Wilczynski G, Fiehn O, Wenczel A, Willmitzer L. 2001. Identifica-
tion and quantification of catecholamines in potato plants (Solanum
tuberosum) by GC- MS. Phytochemistry 58: 315–320.

Tatke P, Jaiswal Y. 2011. An overview of microvawe assissted extraction
and its application in herbal drug research. Res J Med Plant 5: 21–31.

Teahan O, Gamble S, Holmes E, Waxman J, Nicholson JK, Bevan C, Keun
HC. 2006. Impact of analytical bias in metabonomic studies of human
blood serum and plasma. Anal Chem 78: 4307–4318.

Teng Q, Huang W, Collette T, Ekman D, Tan C. 2009. A direct cell
quenching method for cell-culture based metabolomics.
Metabolomics 5: 199–208.

Teo C, Chong W, Ho Y. 2013. Development and application of
microwave-assisted extraction technique in biological sample prepa-
ration for small molecule analysis. Metabolomics 9: 1109–1128.

Theobald U, Mailinger W, Baltes M, Rizzi M, Reuss M. 1997. In vivo analysis
of metabolic dynamics in Saccharomyces cerevisiae: I. Experimental
observations. Biotech Bioeng 55: 305–316.

Tian J, Shi C, Gao P, Yuan K, Yang D, Lu X, Xu G. 2008. Phenotype differ-
entiation of three E. coli strains by GC-FID and GC-MS based
metabolomics. J Chromatogr 871: 220–226.

Tiziani S, Lodi A, Khanim FL, Viant MR, Bunce CM, Gunther UL. 2009.
Metabolomic profiling of drug responses in acute myeloid leukaemia
cell lines. PLoS ONE 4: e4251.

Tweeddale H, Notley-McRobb L, Ferenci T. 1998. Effect of slow growth on
metabolism of Escherichia coli, as revealed by global metabolite pool
(“Metabolome”) Analysis. J Bacteriol 180: 5109–5116.

Uchikata T, Matsubara A, Fukusaki E, Bamba T. 2012. High-throughput
phospholipid profiling system based on supercritical fluid
extraction-supercritical fluid chromatography/mass spectrometry for
dried plasma spot analysis. J Chromatogr A 1250: 69–75.

Urbanczyk-Wochniak E, Baxter C, Kolbe A, Kopka J, Sweetlove L, Fernie A.
2005. Profiling of diurnal patterns of metabolite and transcript abun-
dance in potato (Solanum tuberosum) leaves. Planta 221: 891–903.

Van der Werf MJ, Overkamp KM, Muilwijk B, Coulier L, Hankemeier T.
2007. Microbial metabolomics: Towards a platform with full
metabolome coverage. Anal Biochem 370: 17–25.
Copyright © 2014 Johnwileyonlinelibrary.com/journal/pca
Van Ginneken V, Verhey E, Poelmann R, Ramakers R, van Dijk KW, Ham L,
Voshol P, Havekes L, Van Eck M, van der Greef J. 2007. Metabolomics
(liver and blood profiling) in a mouse model in response to fasting: A
study of hepatic steatosis. BBA - Mol Cell Biol L 1771: 1263–1270.

Vázquez L, Torres CF, Fornari T, Señoráns FJ, Reglero G. 2007. Recovery of
squalene from vegetable oil sources using countercurrent supercriti-
cal carbon dioxide extraction. J Supercrit Fluids 40: 59–66.

Verpoorte R, Choi YH, Kim HK. 2007. NMR-based metabolomics at work in
phytochemistry. Phytochem Rev 6: 3–14.

Vining LC. 2007. Roles of secondary metabolites from microbes. In Ciba
Foundation Symposium, Secondary Metabolites their Function and
Evolution, Vol. 17, Derek JC, Julie W (eds). John Wiley & Sons Ltd:
Chichester; 184–198.

Vorst O, de Vos CHR, Lommen A, Staps RV, Visser RGF, Bino RJ, Hall RD.
2005. A non-directed approach to the differential analysis of multiple
LC–MS-derived metabolic profiles. Metabolomics 1: 169–180.

Vuckovic D, Zhang X, Cudjoe E, Pawliszyn J. 2010. Solid-phase
microextraction in bioanalysis: New devices and directions. J
Chromatogr A, 1217,25, 4041–4060.

Wang J, Zhang J, Wang X, Zhao B, Wu Y, Yao J. 2009. A comparison
study on microwave- assisted extraction of Artemisia spha-
erocephala polysaccharides with conventional method: Molecule
structure and antioxidant activities evaluation. Int J Biol
Macromol 45: 483–492.

Wang J, Zhang S, Li Z, Yang J, Huang C, Liang R, Liu Z, Zhou R.
2011. 1H-NMR- based metabolomics of tumor tissue for the
metabolic characterization of rat hepatocellular carcinoma
formation and metastasis. Tumor Biol 32: 223–231.

Williams TCR, Poolman MG, Howden AJM, Schwarzlander M, Fell DA,
Ratcliffe RG, Sweetlove LJ. 2010. A Genome-scale metabolic model
accurately predicts fluxes in central carbon metabolism under stress
conditions. Plant Physiol 154: 311–323.

WuH, Xue R, Lu C, DengC, Liu T, ZengH,WangQ, Shen X. 2009.Metabolomic
study for diagnostic model of oesophageal cancer using gas
chromatography/mass spectrometry. J Chromatogr B 877: 3111–3117.

Xiao W, Han L, Shi B. 2008. Microwave-assisted extraction of flavonoids
from Radix Astragali. Sep Purif Technol 62: 614–618.

Yonker CR, Frye SL, Kalkwarf DR, Smith RD. 1986. Characterization of
supercritical fluid solvents using solvatochromic shifts. J Phys Chem
90: 3022–3026.

Young JC. 1995. Microwave-assisted extraction of the fungal metabolite
ergosterol and total fatty acids. J Agric Food Chem 43: 2904–2910.

Yu X-H, Rawat R, Shanklin J. 2011. Characterization and analysis of the
cotton cyclopropane fatty acid synthase family and their contribution
to cyclopropane fatty acid synthesis. BMC Plant Biol 11: 97.

Yuliana ND, Khatib A, Verpoorte R, Choi YH. 2011. Comprehensive
extraction method integrated with NMR metabolomics: a new
bioactivity screening method for plants, adenosine a1 receptor
binding compounds in Orthosiphon stamineus Benth. Anal Chem
83: 6902–6906.

Zhang L, Wang Y, Wu D, Xu M, Chen J. 2011. Microwave-assisted
extraction of polyphenols from Camellia oleifera fruit hull. Mole-
cules 16: 4428–4437.

Zhu X, Su Q, Cai J, Yang J. 2006. Optimization of microwave-
assisted solvent extraction for volatile organic acids in tobacco
and its comparison with conventional extraction methods. Anal
Chim Acta 579: 88–94.

Zivkovic A, Wiest M, Nguyen U, Davis R, Watkins S, German J. 2009.
Effects of sample handling and storage on quantitative lipid analysis
in human serum. Metabolomics 5: 507–516.

Zizovic I, Stamenić M, Ivanović J, Orlović A, Ristić M, Djordjević S. 2007.
Supercritical carbon dioxide extraction of sesquiterpenes from
valerian root. J Supercrit Fluids 43: 249–258.
se; O
Phytochem. Anal. 2014, 25, 291–306Wiley & Sons, Ltd.

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


