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Analysis of metabolome samples by gas chromatography/mass spectrometry requires a comprehensive
derivatization method to afford quantitative and qualitative information of a complex biological sample.
Here we describe an extremely time-effective microwave-assisted protocol for the commonly used meth-

oxyamine and N-methyl-N-trimethylsilylfluoracetamide silylation method of primary metabolites. Our
studies show that microwave irradiation can decrease the sample preparation time from approximately
120 min to 6 min without loss of either qualitative or quantitative information for the tested synthetic
metabolite mixtures and microbial-derived metabolome samples collected from Bacillus subtilis and
Staphylococcus aureus. Comparisons of metabolic fingerprints and selected metabolites show no notice-
able differences compared with the commonly used heating block methods.

© 2009 Elsevier Inc. All rights reserved.

To study the link between genotype and phenotype, so-called
metabolomics [1], requires a high-throughput analytical technique
that can characterize all imaginable phenotypes of living organ-
isms and plants as well as fluids or other matrices in regard to
metabolites. The main aim of most laboratories working in this
field is to develop a reliable and fast method for the generation
of comprehensive metabolome data from the original sample [2].
Much research has been devoted to sample collection and metab-
olite extraction, for example, from bacterial cells [3] or plant tis-
sues [4]. The extraction of metabolites is followed by separation
and detection procedures. In most cases, liquid chromatography
or gas chromatography coupled to mass spectrometry detection
(LC/MS or GC/MS, respectively)! is used in metabolomics labs
[5,6]. Whereas LC/MS methods require a pre- or postcolumn deriva-
tization of analytes in rare cases, in GC/MS analysis sample derivati-
zation is mandatory before the sample can be subjected to GC due to
the fact that most of the metabolites of interest are nonvolatile in
their original composition.

The entire metabolome sample is a very complex mixture of
biochemicals. The main metabolites are organic acids, amino acids,
sugars, sugar phosphates, fatty acids, and steroids, all of which are
of interest for the organism’s physiology. In most protocols, the po-
lar groups and active hydrogen atoms, such as those in ~OH, NH, -
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1 Abbreviations used: LC/MS, liquid chromatography/mass spectrometry; GC/MS,
gas chromatography/mass spectrometry; MSTFA, N-methyl-N-trimethylsilyltrifluoro-
acetamnide; BSTFA, N,0-bis-trimethylsilyltrifluoroacetamide; MeOx, methoxyamine;
MA, microwave assistance; HB, heating block; MST, mass spectral tag; AUC, area
under the curve; RSD, relative standard deviation.
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COOH, -SH, and other chemical groups, are trimethylsilylated by
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) or N,O-bis-
trimethylsilyltrifluoroacetamide (BSTFA) to gain more volatile
compounds [7]. By adding methoxyamine (MeOx) or ethoxyamine
to the sample before silylation, the number of tautomeric forms of
monosaccharides can be reduced while aldehyde or keto groups
are converted to hydroxyamines or alkoxyamines [8,9]. Many dif-
ferent protocols for the derivatization procedure of primary metab-
olites exist in the literature [10-13]. In the majority of these, two
steps are required: first an oximation with ethoxyamine or MeOx
at 37°C for 90 min and then a trimethylsilylation at 37 °C for
30 min in a heating block. Shortening this time-consuming pre-
treatment step in metabolome analysis was the goal of our studies.

We describe here the implementation of a power-adjustable
microwave oven to accelerate the derivatization process for oxima-
tion and silylation without loss of quality in identification and
quantification of the metabolite data. This approach was recently
described for another derivatization procedure, namely methyla-
tion of herbicides and fatty acids via microwave assistance (MA)
[14] and silylation by MA with delimited metabolite approaches
[15,16]. We have compared our procedure with the existing one
for synthetic metabolite mixtures as well as for microbial-derived
cell extracts from Bacillus subtilis and Staphylococcus aureus to cov-
er more complex sample compositions.

First, a synthetic metabolite mixture was prepared at different
concentrations to validate the derivatization by MA against the
commonly used procedure in a heating block (HB). For this purpose,
a mixture of 30 compounds (see note at bottom of Table 1), includ-
ing deuterated standards, was prepared to ensure coverage of a
broad range of different metabolites. All standards and MeOx were
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Table 1
Results for all tested derivatization conditions.

RSDyp RSDma Awnia-Hp R RSDma Awnia-Hp RSDyg Ama-Hp

37 °C (90/30 min) 80 W (3/3 min) 80 W (1/1 min) 37°C (45/15 min)
Synthetic mixture (20 nmol) 13.8 11.2 +12.4 0.9825 16.7 -9.3 - -
Synthetic mixture (200 nmol) 6.1 2.5 ST/ - - 34 -7.8
Synthetic mixture (500 nmol) 4.6 4.7 -7.3 - - - -
Mean 8.2 6.1 +7.5

37 °C (90/30 min) 240 W (3/3 min)
Synthetic mixture (500 nmol) 85 -0.2
Bacillus subtilis 200 225 -275 0.9998
Staphylococcus aureus 19.0 29.1 -10.0 0.9993

Note. Values are the mean relative standard deviations (RSDs) of integrated areas for all metabolites contained in the synthetic mixture and for a subset of metabolites in the
microbial-derived metabolome samples (n = 3). Mean differences (delta, A) between microwave-assisted derivatization (MA) and the commonly used heating block method
(HB) are given in percentages for direct response signals from the MS. -, not determined. The synthetic metabolite mixture consisted of glucose, xylose, ribitol, cellobiose,
pyruvic acid, citric acid, succinic acid, 2-oxoglutaric acid, fumaric acid, malic acid, cis-aconic acid, aspartate, cysteine, glutamic acid, methionine, isoleucine, leucine, norvaline,
valine, serine, threonine, tyrosine, phenylalanine, phosphoenolpyruvate, phenylalanine-2,2-d2, urea-d4, stearic acid-2,2-d2, leucine-2,3,3-d3, glucose-6,6-d2, and alanine-2,3,3,3-

d4 (with internal standards in italics). The mixture was measured at concentrations of 20, 200, and 500 nmol/vial.

purchased from Sigma-Aldrich, and MSTFA used for derivatization
was purchased from CS Chromatography Service. Metabolite deriv-
atization, as commonly used for plant, bacterial, and eukaryotic
samples [11,12], was performed by adding 80 pl of MeOx
(20 mg ml~! pyridine) to the freeze-dried sample and heating for
90 min at 37 °C. After this first heating phase, 80 pl of MSTFA was
added and heated for another 30 min at 37 °C. The so-called micro-
wave assistance method was accomplished with an adjustable
microwave appliance by adding MeOx and MSTFA to the samples
as described above, with each step requiring 3 min at 80 W
(240 W for microbial samples). Samples were then subjected to
GC/MS analysis under recently described conditions [17,18]. De-
fined mass spectral tags (MSTs, strongest mass fragment plus reten-
tion index) [4] were extracted from the total ion chromatogram for
each metabolite and standard, and the areas under the curve (AUCs)
were integrated by MetaQuant (version 1.3) [19]. In case of quanti-
tative evaluations, data were normalized to the internal standards
present in each sample, as suggested by Wu and coworkers [20].
To test the new MA protocol on complex biological matrices,
microbial-derived intracellular metabolome samples were used.
We selected B. subtilis, a gram-positive soil-derived microorganism
known for its importance in biotechnology and basic bacterial
physiology research. A second gram-positive but pathogen organ-
ism, S. aureus, was chosen. Bacterial growth conditions for B. subtil-
is strain 168 and S. aureus COL were as described elsewhere [21].
Bacterial metabolome samples were collected by fast filtration as
published recently [3,17]. After washing the cells on the filter,
the filter was dipped into an ice-cold solution containing internal
standards, which quenched further cell metabolism. This solution
was immediately frozen in liquid nitrogen. This was followed by
further extraction with an organic solution and, in addition for S.
aureus, by mechanical disruption with glass beads. After centrifu-
gation (4 °C, 8000 rpm, 5 min), the cell debris was discarded and
the supernatant was lyophilized and then derivatized for analysis
as described above. To capture the constitutive metabolites, all
peaks higher than 0.5% of the highest peak were analyzed.
Results for synthetic metabolite mixture and microbial samples
are summarized in Table 1. The new fast derivatization protocol
with MA gives results that agree well with the traditionally used
HB method. The mean (of direct response signals) is more repro-
ducible with the new protocol (mean RSDya =6.1% vs. mean
RSDys = 8.2%). For all tested concentrations of the synthetic mix-
tures, there are no drastic negative differences in metabolite peak
areas with microwave-assisted heating (3 min for both steps) com-
pared with the classical HB method. The decrease of derivatization
efficiency in the 500-nmol synthetic mixture can be improved by
increasing the energy of the microwave to 240 W, which results

in an increase of approximately 20% derivatization efficiency for
a subset of critical metabolites such as pyruvate, glucose, and urea
(see Table 1). On average, a 7.5% larger signal area was achieved
with MA derivatization of synthetic samples. By chromatogram
overlay of MA and HB samples, no missing or extra peaks were de-
tected, so the selectivity of the derivatization reaction was tested
under the new conditions. A reduction of time in both methods
(45/15 min for HB, 1/1 min for MA) resulted in lower derivatization
effectiveness (see last columns of Table 1) for some metabolites,
especially carbohydrates. An evaluation of the samples from
microorganisms also revealed no dramatic differences between
the GC/MS fingerprints from both methods; in detail, the main
compounds displayed small RSD values, whereas small peaks gave
larger differences but for both methods were comparable (Fig. 1B
and C; see also Supplementary Fig. 2S in supplementary material).

Fig. 1 illustrates the good correlation between results obtained
by the traditional method and the new time-effective protocol. The
measured relative responses of each MST in the chromatograms
from both methods were plotted against each other to detect
trends or outliers in the derivatization effectiveness. The correla-
tion coefficients (MA vs. HB) are high for all samples; R* values
higher than 0.98 were obtained for the synthetic mixture, B. subtil-
is, and S. aureus. The chromatographic fingerprints differ markedly
between the two microorganisms, so that a broad analysis of un-
known metabolites (in addition to the identified ones) was possi-
ble. The mean difference comparing MA with HB response areas
for all selected MSTs is negative (Table 1). This fact must be consid-
ered for absolute quantification of trimethylsilylated metabolites
via GC/MS. In addition, if a derivatized sample was subjected to re-
peated GC/MS analysis, a decrease in response {AUC, corrected to
internal standards) was observed over time (1.5 and 3.0 h after
derivatization with storage in autosampler at room temperature)
and was independent of the derivatization method (see supple-
mentary material). Therefore, we suggest that laboratories without
an automatic sample-handling device should not prepare more
than one sample at a time to avoid such metabolite loss in the last
step of analysis. In principle, a test for microwave-assisted deriva-
tization against traditionally used methods for each divergent
metabolome sample is mandatory considering the complexity of
the huge number of metabolites in the living cell.

In summary, microwave-assisted methoxylation/trimethylsily-
lation of metabolome samples significantly reduces the sample
preparation time prior to GC/MS analysis without loss of experi-
mental quality compared with the commonly used method.
The new method has the potential to become an efficient and
time-effective standard procedure in the preparation of metabolo-
me samples of all kinds.
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Fig. 1. Total ion chromatogram and plot of correlated metabolite signal areas from extracted mass spectral tags. The microwave-assisted fast method (MA, y axis) is plotted
against the commonly used, time-consuming heating block procedure (HB, x axis) for synthetic metabolite mixture at different concentrations (A) and Bacillus subtilis (B) and
Staphylococcus aureus (C) samples. The diagonal line in each correlation plot is the 1:1 graph of MA versus HB. For panels (B and C), metabolites presenting 95% of the total ion

chromatogram were chosen for analysis.

Note added in proof

After receiving the proofs of our contribution we became aware
of a similar method described by Villas-Boas and coworkers [Silas
G. Villas-Bbas, Samantha Noel, Geoffrey A. Lane, Graeme Attwood,
and Adrian Cookson: Extracellular metabolomics: A metabolic
footprinting approach to assess fiber degradation in complex med-
ia. Analytical Biochemistry, Volume 349, Issue 2, Pages 297-305,
doi:10.1016/j.ab.2005.11.019]. In that reference the usage of
microwave irradiation for the derivatization of extracellular
metabolome samples was described.
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