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A B S T R A C T   

Thermal processes are widely used in small molecule chemical analysis and metabolomics for derivatization, 
vaporization, chromatography, and ionization, especially in gas chromatography mass spectrometry (GC/MS). 
An optimized derivatization protocol has been successfully applied using multiple isotope labelled analytical 
internal standards of selected deuterated and 13C selected compounds, covering a range of different groups of 
metabolites for non-automated GC metabolomics (off-line). Moreover, the study was also realized in a pooled 
urine sample, following metabolic profiling. A study of thermal degradation of metabolites due to GC inlet and 
oven programs (fast, slow) was performed, where the results indicated that both GC oven programs (fast and 
slow) negatively affected the thermal stability of the metabolites, while the fast-ramp GC program also sup-
pressed MS signals. However, the use of multiple internal standards can overcome this drawback. The application 
of extended temperature ramp GC program presented identical behaviour on metabolite stability and better 
chromatographic separation combined with much lower signal suppression, compared to a short temperature 
ramp program. No effects were observed for organic acids, fatty acids, sugars and sugar alcohols, while signif-
icant differences were observed for amino acids. GC metabolomics is a strong tool that can facilitate analysis, but 
special attention is required for sampling handling and heating, before and during the GC analysis. The use and 
application of multiple multi-group internal standards is highly recommended.   

1. Introduction 

Metabolomics has been defined as “the quantitative measurement of 
the dynamic multi-parametric response of a living system to patho-
physiological stimuli or genetic modification” [1,2]. For metabolomics, 
several analytical techniques can be applied, presenting specific ad-
vantages and disadvantages. The most used include nuclear magnetic 
resonance spectroscopy (1H NMR), direct infusion mass spectrometry 
(DIMS), gas chromatography coupled to mass spectrometry (GC–MS), 
two-dimensional GC coupled to MS (GC × GC–MS), liquid chromatog-
raphy coupled to MS (LC-MS), two-dimensional liquid chromatography 
(2D LC), capillary electrophoresis coupled to MS (CE-MS) and super-
critical fluid chromatography coupled to MS [2-5]. 

GC–MS remains an analytical technique of preference for the analysis 

of volatile and semi-volatile analytes. However, this technique presents 
some known limitations: substances with polar nature, non-volatile, 
large/bulky and/or thermolabile cannot be directly analysed with GC. 
Thus, an often-used approach is to rely on an extensive sample prepa-
ration steps that transform non-volatile compounds into volatile sub-
stances by following derivatization schemes (e.g., methoximation, 
silylation) prior to analysis. 

The use of derivatization coupled with extensive sample preparation 
and typically long chromatographic analysis time, make GC–MS a rather 
low-throughput technique for metabolomic applications. However, an 
important advantage of GC–MS in this field, is that the identification of 
peaks (peak annotation or, more difficult, the structure elucidation of 
unknowns) is more straightforward than in LC–MS [2,5]. When using 
derivatization for metabolomics, it is crucial that all metabolites are 
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derivatized in a similar way across all analysed samples with high 
reproducibility to allow relative comparison, otherwise there is a risk of 
accepting differences due to derivatization kinetics as variations of 
biological significance [6-9]. A considerable number of agents are 
currently available and can be used in metabolomics for derivatization. 
Conditions of derivatization can vary considerable, with different re-
action temperatures (e.g. 37 ◦C, 60 ◦C) and reaction times that can range 
from minutes to hours, as reported in applications [7] and research 
studies [10,11]. Furthermore, in an investigation of the derivatization 
conditions and the stability of derivatized biological samples, it was 
highlighted that the stability of individual metabolites varies over time, 
and special attention should be paid to the analysis time, where a 
maximum of 18 h is considered as safe, while there is also possibility of 
online trimethylsilyl (TMS) derivatization, within the same time frames 
prior to injection, in order to increase reproducibility and avoid stability 
issues among derivatized samples [11]. 

Furthermore, during GC–MS analysis high temperatures are applied. 
In the injection system temperatures can reach 300 ◦C, oven programs 
can start as low as 40 ◦C up to 300 ◦C and for the ionization for mass 
spectrometry analysis, temperatures of 230 ◦C are regularly applied in 
the source [12]. 

In GC-based metabolomics studies, molecular profiles are generated 
based on thermally stable molecules [13,14]. During the entire analyt-
ical process, small molecules and metabolites can be subjected to a wide 
range of temperatures, from low sample-storing temperatures (-80 ◦C, 
4 ◦C) up to high thermal processing temperatures during derivatization 
reactions and, finally the analysis with GC–MS. However, thermal pro-
cessing during sample derivatization, vaporization and GC analysis may 
potentially lead to formation of degradation products of metabolites or 
de novo formation of compounds [12,15]. 

Although it is a well-known and accepted problem, there is limited 
knowledge concerning the evaluation of in situ thermal effects at 
elevated temperatures (inlet temperature, temperature ramps) on me-
tabolites within a GC system, while using a limited number of internal 
standards, especially in case on non-automated GC metabolomics. Thus, 
the objective of this work was to evaluate the thermal effects of GC 
injector and oven temperature on urine metabolites, applying multiple 
and multi-class isotope-labelled internal standards and assess their sta-
bility for off-line GC metabolomics using a selected derivatization pro-
cess of urine samples. 

2. Materials and methods 

2.1. Chemicals 

MSTFA (2,2,2-Trifluoro-N-methyl-N-(trimethylsilyl)-acetamide) 
containing 1 %TMCS (trimethylchloro silane) (Thermo Scientific, USA). 
TMSCN (trimethylsilyl cyanide) 98% was purchased from Sigma Aldrich 
(Steinheim, Germany). A mix of 20 labelled amino acids “Cell Free” mix 
(20 amino acid) (13C, 97-99%; 15N, 97-99%), L-valine-2,3-d2, L-alanine- 
2,3,3,3-d4, myo-inositol-1,2,3,4,5,6-d6, Citric-2,2,4,4-d4 acid (98%), 
decanoic-1-13C acid (98%), lauric-1-13C acid (98%), myristic-1-13C acid 
(98%), palmitic acid-1,2-13C acid (98%), and stearic-1-13C acid (98%) 
internal standards were obtained from Cambridge Isotope Laboratories 
Inc. (Andover, MA, USA), while D-glucose-1,2,3,4,5,6,6-d7 (97% atom 
D) was purchased from Sigma Aldrich Steinheim, Germany). Methanol 
LC-MS and n-heptane grade was supplied by Sigma Aldrich (Steinheim, 
Germany) and Ultrapure water (18.2 MΩ), for the preparation of stock 
solutions (Millipore, Bedford, USA). Chemical characteristics of 
deuterated, 13C and 13C/15N labelled compounds used in this study are 
given in Table S1 (supplementary material). 

2.2. Derivatization protocol 

Standard mixtures of selected isotope labelled metabolites (deuter-
ated, 13C, 13C/15N) and a pooled urine sample from four different 

random urine samples, were prepared to be assessed. Two derivatization 
protocols were applied and tested with both the standards and urine, 
aiming to compare the selected derivatization protocols. These protocols 
were based in the one described in Nielsen et al. 2017 [10], which was 
based on the method reported by Khakimov et al. [6,10] and a slightly 
modified Fiehn GC/MS metabolomics using MSTFA/1% TMCS [7]. Two 
different silylation reagents were tested, namely TMSCN and MTSFA/ 
1% TMCS, and resulting samples were applied to the same GC analytical 
procedure and oven programs. The first program was a short program 
with a total analysis time of 15 min, and an extended program with a 
total analysis time of 30 min (description in paragraph 2.3). 

For both tested protocols, in 2 mL Eppendorf tube, an aliquot of 200 
μL of urine were mixed with isotope-labelled internal standards (10 μL of 
1 mg mL− 1 L-valine-2,3-d2, L-alanine-2,3,3,3-d4, 10 μL of 0.5 mg mL− 1 

myo-inositol-d6 and 10 μL of 0.3 mg mL− 1 citric-2,2,4,4-d4 acid in 1:1 
water:methanol and 10 μL of 0.3 mg mL− 1 D-glucose1,2,3,4,5,6,7-d7, 
and 10 μL of palmitic acid-1,2-13C acid of 0.5 mg/mL, and stearic-1-13C 
acid of 0.5 mg/mL) . Subsequently, 800 μL of methanol were added to 
the mixture and stirred for 30 s using a vortex mixer. Solutions were 
extracted using a shaker (IKA, Germany) at 1000 rpm for 10 min at room 
temperature and centrifuged for 10 min (14,000 × g, 4 ◦C). An aliquot 
(200 μL) of the supernatant were evaporated to dryness under vacuum at 
35 ◦C using vacuum centrifuge (miVac, United Kingdom) and 
derivatized. 

For TMSCN derivatization, 40 μL of methoxyamine hydrochloride in 
pyridine (20 mg mL− 1) were added to each GC vial, in pyridine) in order 
to protect aldehyde and ketone groups. Then solutions were mixed for 
90 min (750 rpm) while incubated at 30 ◦C. After methoximation re-
action, the samples were added 40 μL of trimethylsilylated (TMSCN) and 
shaking (750 rpm) for 60 min at 37 ◦C. After that, 40 μL of heptane were 
added to the mixture and stirred for 30 s using a vortex mixer (Fisher 
Scientific) before GC–MS analysis. The same approach (volumes, times, 
temperatures) was followed in case of MSTFA/1%TMCS, only by 
replacing the TMSCN (same volumes, times, temperatures) [6,10,16]. 

Derivatization protocols were reproduced three times per sample 
and each sample was analysed in duplicates, the same day, with the 
same analytical instrument and by the same analyst, under repeatability 
conditions. The two derivatization procedures were evaluated and 
assessed in terms of peak intensities, peak areas and number of deriv-
atized metabolites, in respect to the ratio of the applied isotope-labelled 
internal standards. 

2.3. GC-qToF-MS 

The samples (1 μL aliquot) were injected in split mode with a 1:10 
flow into an Agilent Technologies 7890B gas chromatography system 
coupled to an Agilent Technologies 7200 Accurate-Mass Q-ToF mass 
spectrometer (Agilent Technologies, Waldbronn, Germany). Separation 
of the metabolites was performed on an HP-5MS capillary column 
coated with polyimide (20 m, 0.180 mm i.d., 0.18 μm film thickness; 
Agilent Technologies). The temperatures of the ion source was 230 ◦C, 
the mass spectral analysis was performed in scan mode with a quadruple 
temperature of 150 ◦C and a fragmentation voltage of 70 eV. Solvent 
delay was adjusted accordingly for the two tested GC oven programs. 

Two GC oven programs were tested: (1) a typical GC–MS metab-
olomics, so-called extended program (EP), where the initial temperature 
was 60 ◦C and held for 2 min, followed by a temperature ramp of 10 ◦C 
min− 1 up to a temperature of 320 ◦C, and then held for 5 min. The total 
analysis time was 34 min, and a solvent delay of 4 min was applied. The 
second program (2), the so-called short program (SP), was set at an initial 
temperature was 60 ◦C and held for 2 min followed by a temperature 
ramp of 30 ◦C min− 1 up to a temperature of 320 ◦C, and then held for 5 
min. Total analysis time was 15.7 min. A solvent delay of 2 min was 
applied. 

Two inlet temperatures of 240 ◦C) and 270 ◦C) were tested, whilst 
the remaining settings were kept the same (pressure of 21.4 psi, a gas 
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saver of 20 mL/min and 3 mL/min purge flow). The autosampler tem-
perature was set to 8 ◦C, to avoid evaporation and retain stability of the 
derivatives. 

2.4. GC-qToF MS metabolomics data 

Raw GC-qToF-MS data were deconvoluted using Mass Hunter Un-
known Analysis software (Quantitative Analysis, version B.07.00/Build 
7.0.457.0, Agilent Technologies) and metabolite identification using the 
NIST11 library. Raw data from all samples were transferred into Mass 
Profiler Software (MPP) (Agilent, USA) for retention time alignment, 
peaks filtration as well as for generation of volcano plots and multi-
variate analysis. Normalization of the peak area was realized using the 
total area of the applied isotope-labelled internal standards, namely L- 
valine-d2, L-alanine-d4, myo-inositol-d6, citric-2,2,4,4-d4 acid and D- 
glucose-d7, and palmitic acid-1,2-13C acid of 0.5 mg/mL, and stearic- 
1-13C acid as highlighted in paragraph 2.2. 

2.5. Statistical analysis 

All identified factors were compared with 1-way analysis of variance 
(ANOVA) with Minitab software (Minitab Inc) after checking for normal 
distribution and homogeneity of variances (Bartlett test). After pro-
cessing, integrated peak areas for the detected analytes data were 
analyzed by Agilent MPP for multivariate data analysis. Before statistical 
analysis, data were visually examined for outliers (Hotelling’s T2 value 
> 95% confidence limit) in principal component analysis (PCA). 

3. Results and discussion 

3.1. Derivatization 

One of the advantages of GC–MS is its versatility among different 
brands, although special attention shall be taken regarding the deriva-
tization of non-volatile metabolites, to perform it in a similar, and if 
possible, an automated and reproducible way. However, the effect of 
thermal degradation of substances can occur and it shall be taken into 
consideration, prior analysis. Hence, a focus was given to reported 
methods, a generally extensively applied one (MSTFA/1 % TMCS; 

Agilent Fiehn GC metabolomics) and a second one on that is not that less 
extensively used (TMSCN). A special care during sample preparation 
was taken in case of TMSCN due to the generation of the toxic hydrogen 
cyanide by-product [6], operating under well-ventilation and isolated 
place. Therefore, the application of combined isotope-labelled internal 
standards can support the applicability and repeatability of this impor-
tant step within GC-based metabolomics. 

Hence, these two derivatization methods were applied to pooled 
urine samples, using a mixture of selected isotope-labelled internal 
standards. They were compared in terms of signal intensity of the 
derivatized molecules, and the potential effects on the GC system (dirty 
liners; injection systems), together with reproducibility (Fig. 1). By 
applying a MSTFA/1% TMCS derivatization, significant higher in-
tensities of metabolites were observed compared to the trimethyl silyl 
cyanide (TMSCN) derivatization (Fig. 1, volcano plot). To evaluate these 
effects, the extended GC program and an inlet temperature of 240 ◦C 
were applied for both derivatization protocols. The results are in 
accordance with previous studies [6,10,11]. 

Unsupervised principal compound analysis (PCA) showed a clear 
separation of the TMSCN derivatization against the MSTFA/1% TMCS 
derivatization along PC1, presenting a variation of 31.97%, indicating a 
clear difference in either number or level of the detected/derivatized 
metabolites. The PCA results and the volcano plot highlights signifi-
cantly differentiated identified metabolites, which are being up- 
regulated in case of the MSTFA/1 %TMCS. The plot is organized with 
mass-to-charge ratio (m/z) on the y-axis and by retention time on the x- 
axis. The fold change (≥1.5) at the retention times of the amino acids 
(3–6 min), shoed to represent the vast majority of the statistically 
different (p-value < 0.01) metabolites that seemed to report higher in-
tensities with the MSTFA/1 %TMCS and therefore it was selected for the 
subsequent studies (Fig. 1). Repeatability of the analysis was very good, 
where in both cases, for the same metabolites, relative standard devia-
tion (RSD, %) was below 20% for all identified and analysed metabo-
lites. However, main goal of this test was not to identify differences 
among applied derivatization strategies nor the optimization of the 
method, which eventually exist and are unavoidable. A large number of 
derivatization reagents can be used in GC-metabolomics, i.e., BSTFA, 
BSTFA/1% TMCS that have been studied and compared and previously 
reported [6,10,11]. However, from our results we can conclude that the 

Fig. 1. PCA plot of the altered metabolites for the derivatized urine metabolites with either 2,2,2-trifluoro-N-methyl-N-(trimethylsilyl)-acetamide) containing 1% 
TMCS (trimethylchlorosilane) (MSTFA/1%TMCS; light green) or trimethylsilyl cyanide (TMSCN; red). (B) volcano plot comparison between the 2 derivatization 
protocols (red points: fold change ≥ 1.5; p ≤ 0.05; blue points: fold change ≤ 1.5; p ≤ 0.05; Grey point: no statistically significant; between MSTFA/1% TMCS and 
TMSCN). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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derivatization with MSTFA/1%TMCS can be realized in repeatable 
conditions, and with high derivatization efficiency. In addition, the use 
of TMSCN did not show any added-value nor higher derivatization ef-
ficiency, thus its use shall be avoided also considering its associated 
toxicity. 

TMSCN has been reported to be a more efficient agent when 
compared with MSTFA (not including 1% TMCS), with or without 
methoximation [6], where the TMSCN derivatization (with no 
methoximation) was more sensitive than MSTFA (though no TMCS was 
included) and with higher signal intensities [6]. In the present study, the 
intensities of the majority of the identified analytes were significantly 
higher with MSTFA/1% TMCS than with TMSCN. Both results can be 
tentatively explained considering the combined use of 1% TMCS and 
pyridine from the methoximation. This is a key point, as both processes 
can act as catalyst and increase the yields of derivatization [7,11,17]. In 
addition, the use of methoxime hydrochloride in pyridine, can further 
support the derivatization reaction. Thus, pyridine, apart from being a 
common solvent, supports as a promoter of reactions with TMCS [9,17]. 
It captures protons and acts as an additional derivatization catalyst by 
increasing nucleophilicity [7]. Hence, the combination of MSTFA with 
1% TMCS (the latter as catalyst) can enhance the derivatization of 
moderately hindered or slowly reacting compounds, in the presence of 
pyridine. 

In accordance with Moros et al., the results of the selected derivati-
zation (MSTFA/1% TMCS) indicated stability up to 18 h, (Figure S1). An 
additional observation was that the derivatization with TMSCN resulted 
in a brownish coloured solution that seemed to affect the lifetime of the 
GC liner (Figure S1, supplementary material) and consequently, it also 
affected the repeatability of the analytical signals. Thus, the optimized 
MSTFA/1% TMCS method has been selected and used further for the 
metabolomics study of the selected standards and for the analysis of the 
pooled urine sample. Thus, the application of multiple labelled IS for GC 
metabolomics it is highly preferable, in order to facilitate high repeat-
ability in case of the off-line GC metabolomics. It shall be highlighted 
that a typical derivatization protocol, such as reported by Fiehn et al. 
introduces and includes the application of a single internal standard 
(myristic acid-d27) [16]. However, these types of analytes (either 
isotope-labelled or not fatty acids) are rather stable, as already reported 
by Moros et al. and as presented in the current study. Moreover, it is well 
known that O-silylated derivatives are more stable than the N-silylated 
analogues and both hydrogens of the primary amino group can be 
replaced and the substitution reaction highly depends on the reaction 
conditions and purity of reagents [16,18,19]. Therefore, and especially 
in non-automated procedures, the use of multiple and multi-group in-
ternal standards is important to assess these phenomena and validate the 
derivatization process (repeatability, reproducibility), especially for 
either O-silylation or N-silylation. 

3.2. Stability of isotope-labelled internal standards 

After selecting the most efficient derivatiazation protocol, a study of 
the stability of the selected isotope-labelled internal standards was 
realized. Within this framework, in this work we studied the presence of 
multiple isotope-labelled internal standards, during derivatization, in 
order to evaluate the repeatability of the derivatization process and to 
eliminate potential random errors. The use of a single isotope-labelled 
internal standards is recommended, namely myristic acid-d27, in a 
generic GC-metabolomics workflow [16], which however does not cover 
the potential effect to different chemical groups. Thus, initial tests using 
selected isotope labelled amino acids (alanine, valine), fatty acids, 
organic acids, sugars (glucose) and sugar alcohol (myo-inositol) 
revealed a statistically significant degradation only in case of amino 
acids and particularly in case of the deuterated amino acids alanine-d4 
and valine-d2. In particular, alanine-d4 was most affected. However, an 
effect on valine was also observed, though it was considered as negli-
gible (RSD < 11%). The remaining analytes, such as isotope-labelled 

sugars, sugar alcohols and fatty acids, showed a decrease, though 
negligible, presenting an RSD below 15% (Table 1). Hence, concentra-
tion differences (ΔC,%) of all studied deuterated standards injected with 
the two different inlet temperatures (270 ◦C, 240 ◦C) after optimized 
derivatization, are given in Table 1. Statistical analysis (p = 0.05) 
revealed statistical significant differences, only in cases of alanine-d4 
and valine d2 among the two inlet temperatures, in both GC temperature 
ramp programs. 

Nevertheless, the selection of isotope-labelled internal standards 
shall cover a significant range of groups of metabolites, and a stability 
study verified their potential use. Hence, in this study, and based on the 
reported results from Moros et al. [11], we selected several compounds 
to be evaluated for isotope-labelled internal standards, including amino 
acids (valine, alanine), fatty acids (octanoic, decanoic, lauric, palmitic, 
stearic), organic acids (citric acid), sugars (D-glucose) and sugar alco-
hols (myo-inositol). Results indicated that compounds derivatized with 
both derivatization agents were stable with no statistical difference (1- 
way ANOVA; p > 0.05) up to 16 h after derivatization, and especially 
with the MSTFA/1 % TMCS agent (Figure S2), indicating that MSTFA 
can be used to evaluate and ensure the repeatability of the process. 
Furthermore, the adjustments of the operating condition of GC–MS be-
tween batches, together with the required sample preparation (deriva-
tization) can be corrected by combining internal standard together with 
a quality control sample (QC) [2,6,7,17] 

Following the general accepted GC-metabolomics protocols, and as 
already reported, a robust, quantitative GC–MS metabolomic workflow 
therefore requires automated timed on-line sample preparation [8]. 
Hence, this a desired scenarion, which however not all laboratories can 
invest to support, thus alternative and acceptable approaches are 
desired in case of non-automated strategies (off-line). 

It is well known that O-silylated derivatives are more stable than the 
N-silylated analogues and both hydrogens of the primary amino group 
can be replaced and the substitution reaction highly depends on the 
reaction conditions and purity of reagents [16,18,19]. Therefore, and 
especially in non-automated procedures, the use of multiple and multi- 
group internal standards is important to assess these phenomena and 
validate the derivatization process (repeatability, reproducibility), 
especially for either O-silylation or N-silylation. 

3.3. Inlet temperature 

In order to assess the thermal degradation of metabolites during GC 
metabolomics, isotopic labelled (deuterated, 13C, 13C/15N) standards 
were used to cover the entire range of potential analytes. The samples 
were analysed with two different inlet temperatures (240 ◦C and 270 ◦C) 
and with two GC oven programs (short 16 min vs extended 30 min). The 
selection of these two inlet temperature ranges was based on existing 
GC-metabolomics protocols [7,8]. Higher temperatures can facilitate 
better evaporation of heavier metabolites (270 ◦C). Lower temperatures 
might result in dirty liners that subsequently will affect sensitivity and 
repeatability [17]. Therefore, following the general procedures for GC- 
metabolomics and without risking dirtying the liner, we selected tem-
peratures above 240 ◦C. All the samples were derivatized with the 
optimized protocol (section 3.1) employing a mixture of MSTFA/1% 
TMCS, after methoximation. The obtained chromatograms are presented 
in Fig. 2. 

Following the preliminary results for the isotope-labelled analytes, 
especially amino acids and after assessing their degradation potential 
within different inlet temperatures, pooled urine sample was also ana-
lysed with the selected GC temperature programs. Volcano plots were 
generated to visualize significant statistical differences (p < 0.05) and 
their magnitude of change (fold change; FC) among identified metabo-
lites in the real urine samples (Fig. 3, Table S2). In case of the inlet 
temperature effects, the volcano plot revealed a significant effect mainly 
to AA and especially to L-alanine, L-lysine, L-glycine, L-valine and L- 
proline, confirming the results obtained with the labelled amino acids. 
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Moreover, sugars (D-glucose, D-galactose, D-mannose, D-erythrote-
trofuranose), sugar alcohols (myo-inositol, ribitol) and acids (lactic acid, 
butanoic acid, oxalic acid) were not that affected, presenting absolute 
values of FC lower than 1.5, and not being statistically different. In 
addition to amino acids, also the glucose oxime, trihydroxybutyric acids, 
oleic acid and (Z,Z)-,9,12-Octadecadienoic acid were mostly affected. 

A similar effect of potential thermal degradation of small organic 
molecules has been reported by Lu et al., where the importance of the 
injection step, prior GC metabolomics analysis was presented [15]. 
Moreover, potential thermal degradation of analytes that could be 
accelerated by degradation products arising from an unclean injector or 
the sample itself has been highlighted [15,18]. However, Lu et al. did 
not differentiate these effects nor clustered them according to chemical 
groups or metabolites (i.e. amino acids, sugars, fatty acids) [15]. To the 
best of our knowledge, only Fang et al. evaluated the thermal degra-
dation of small molecules within metabolomics, following a funda-
mental different approach compared to this study. They reported these 
effects in plasma, after derivatizing and heating (different temperatures 

× time combinations) and by analysing with LC-MS [12]. Hence, there is 
a need to assess in situ the behaviour of metabolites and organic com-
pounds, within a GC inlet system as well as within typical GC analysis 
(fast or slow temperature ramping). Furthermore, heating at 250 ◦C in 
the GC inlets is for a very short time period (<30 s) and not high as 300 s 
as in the LC-MS study [12]. 

Compared to LC-MS, the injection step is considered more chal-
lenging in GC. The sample might undergo thermal degradation, during 
introduction to the inlet system. Moreover, Lu et al. highlighted that 
certain non-volatile metabolites, such as phosphatidylcholines, can 
degrade in the GC injector, cross contaminate samples, and lead to un-
desired catalytic degradation of analytes of interest [15]. In addition, 
another point of interest, is the loss of trimethylsilyl groups at high 
temperatures, and our results are in accordance with what has been 
reported for GC metabolomics [12,15]. Hence, O-trimethylsilyl groups 
are more stable and robust for GC measurement of sugars, phosphates, 
and hydroxyl- acids, while N-trimethylsilyl groups are less stable, as in 
case of amines and amino acids, already highlighted by Lu et al. [15]. 

Table 1 
Concentration differences1 of deuterated standards injected with the two studied inlet temperatures, and tested with the two GC temperature ramps, after derivati-
zation with MSTFA/1% TMCS.  

Labelled metabolite Short program (SP) Extended program (EP) 

ΔC*270-240 (%) p-value Abundance ΔC*270-240 (%) p-value Regulation 

Alanine-d4 − 15.1 <10-7 lower –32.1 <10-5 lower 
Valine d2 − 6.8 <10-7 lower − 10.3 <10-5 lower 
Octanoic-1-13C- acid − 8.7 >0.05 – − 6.9 >0.05 – 
Decanoic-1-13C-acid − 8.3 >0.05 – − 7.9 >0.05 – 
Lauric-1-13C acid − 7.9 >0.05 . − 8.6 >0.05 . 
citric acid-2,2,4,4-d4 acid − 5.3 >0.05 . − 2.3 >0.05 . 
D-(+)-glucose-d7 

D-(-)-glucose-d7 

− 9.5 
− 5.9 

>0.05 – − 2.4 
− 0.7 

>0.05 – 

Palmitic-1,2-13C acid 6.0 >0.05 – 4.9 >0.05 – 
Myo-inositol-d6 − 1.9 >0.05 – − 2.1 >0.05 – 
Stearic-1-13C acid 4.6 >0.05 – 2.6 >0.05 – 

a statistically significant (p < 0.05); 
* ΔC270-240 (%): Per cent concentration difference between inlet temperature 270 ◦C and 240 ◦C. 
Note 1: results followed by different letters in a row, are statistically significant at 95 % statistical level. 
Note 2: Non statistically significant (p > 0.05). 

1 Based on peak areas at temperatures of 270 ◦C and 240 ◦C. 

Fig. 2. GC-chromatogram of A: 13C/15N amino acids, short program (short program, overlaid inlet temperatures); B: 13C-fatty acids, myoinositol-d6 and deuterated 
amino acids IS (short program, overlaid inlet temperatures); C. 13C/15N amino acids extended program overlaid inlet temperatures; D: 13C-fatty acids, myoinositol-d6 
and deuterated amino acids IS (extended program, overlaid inlet temperatures); (two inlet temperatures: —240 ◦C ; — 270 ◦C]. 
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Furthermore, derivatization temperatures should be kept as moderate as 
possible (below 40 ◦C), possibly by extending the derivatization times, 
to avoid having potential degradation reactions [2,7,8,12]. 

In the present study, glutamate was found to be in very low con-
centrations, probably due to the potential degradation within 30 s, 
which is aligned with previous reported research for thermal degrada-
tion (at 250 ◦C; Fang et al. 2015 [12]) of amino acids [12,20]. Another 
substance of interest was citric acid-d4, which belongs to the group of 
small organic acids that is known to be thermally unstable. Citric acid 
has been reported to degrade after only 60 s of heating at standard inlet 
temperatures (250 ◦C) [12]. Our work suggested that by keeping the 
derivatization and inlet temperatures low, this degradation can be 
avoided, as citric acid could be analysed with both GC programs and 
inlet temperatures tested, with no statistical differences. 

3.4. GC oven programs 

In order to further investigate the effect of GC inlet temperatures on 
amino acid stability, a total of 15 15N/13C labelled amino acids were 
analyzed. For all the labelled amino acids, the differences in their con-
centration (ΔC, %) were calculated. Sample were injected with the two 
studied inlet temperatures after methoximation and derivatization with 
MSTFA/1% TMCS (Table 2). Thus, it can be observed that in all cases a 
decrease of amino acids concentration is observed due to inlet temper-
ature or GC oven programs, ranging from − 51.9% for leucine to − 12.0% 
for asparagine for the short program, while for the extended program 
ranged from − 69.1% for leucine to − 6.9% for threonine. All differences 
were statistically significant (p < 0.05), except in case of methionine 
(both programs), asparagine, aspartic acid (short programs) and for 
threonine (extended program). 

The results of both GC temperature programs were comparable, 

although the higher inlet temperature presented more relevant degra-
dation effects. As it can be extrapolated from Table 2, differences in 
concentration between − 20% and + 20%, can be considered as 
acceptable, although the analysis was targeted and in this case the 
threshold shall be typically of ± 15% having an acceptable maximum of 
± 20% [11,21]. The latter value comes from specific acceptance criteria 
have been set for targeted analysis (e.g. ICH, EMAS, or the US FDA) as 
well as in case of validation of bioanalytical methods [11,21-25]. 
However, it is important to underline the fact that although the current 
study explicitly refers to GC metabolomic’s thermal degradation, iden-
tical or similar thermal effects can occur also to other hyphenated 
techniques (e.g., liquid chromatography) coupled to MS, for metab-
olomics. Thus, in an electrospray ionization (ESI) source, temperatures 
up to 350 ◦C are applied, which may lead to identical degradation effects 
to those found with GC, or even larger [26,27] . Therefore, it is clear that 
the thermal degradation is of overall importance in the fields of MS- 
based metabolomics [12]. 

For the assesmsent and evaluation of the GC temperature ramps, in 
combination with the different inlet temperatures, the pooled urine 
sample was analyzed and the differences obeserved were evaluated by a 
volcano plot among the identified metabolites in the tested urine sam-
ples (Fig. 4, Table S3). In case of the inlet temperature effects and as 
already reported in case of GC inlet, the volcano plot revealed a number 
of different metablites, where the majority of them were the amino 
acids, presenting a FC significanlty higher than 1.5. Within this frame-
work and in correlation to what was observed with the isotope labeled 
metabolites, the amino acids affected were mainly L-alanine, L-lysine, L- 
glycine, L-valine and L-proline, confirming the results obtained with the 
labelled amino acids. Moreover, sugars, sugar alcohols and acids were 
not highly affected, presenting absolute values of FC lower than 1.5, and 
not being statistically different. The GC temperature results are in 
accordance with the GC inlet results. 

3.5. Profiling of urine metabolites 

A pooled sample of urine was analysed with the previously selected 
conditions for inlet and oven programs, with the results being processed 
and analysed to evaluate the observed differences. The urine samples 
were derivatized according to the optimized protocol (section 2.1), and 
analysed on the same day, applying the two inlet temperatures and the 
two GC oven programs, following a short temperature ramp (see 

Fig. 3. Volcano plot of the results obtained for the two inlet temperatures of 
240 ◦C and 270 ◦C (see also Table S2) at the short GC program (red points: fold 
change ≥ 1.5; p ≤ 0.05; blue points: fold change ≤ 1.5; p ≤ 0.05; Grey point: no 
statistically significant). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Table 2 
Concentration differences1 comparison of 15N/13C labelled AA, injected with the 
two studied GC temperature programs and the two selected inlet temperatures, 
after derivatization with MSTFA/1% TMCS.  

Target 
metabolite 

Short method 
tR (min) 

ΔC*270-240 

(%) 
Extended 
method tR (min) 

ΔC*270-240 

(%) 

Glycine  4.18 − 12.5*  5.66 − 21.0* 
Alanine  4.29 − 12.3*  5.93 − 37.8* 
Valine  4.51 − 14.0*  6.52 − 36.6* 
Leucine  4.58 − 51.9*  6.67 − 69.1* 
Isoleucine  4.70 − 18.9*  6.96 − 31.9* 
Proline  5.20 − 38.9*  7.60 − 57.1* 
Methionine  5.39 − 12.5  8.84 − 16.7 
Serine  5.53 − 16.0*  9.18 –23.7* 
Phenylalanine  5.64 –23.2*  9.65 –32.2* 
Threonine  5.77 − 48.6*  10.00 − 6.9 
Aspartic acid  5.91 − 13.9  10.37 –22.5* 
Asparagine  6.35 − 12.0  11.57 − 31.4* 
Glutamic acid  6.73 − 51.0*  12.78 − 29.7* 
Lysine  7.84 − 43.4*  15.95 − 28.4* 
Tyrosine  7.90 –23.7*  16.11 − 19.6* 

ΔC270-240 (%): Concentration difference in percent between inlet temperature 
270 ◦C and 240 ◦C. 
Note: Values marked with asterisk (*) are statistical significant at 95 % CI level 
(p < 0.05). 

1 Based on peak areas at temperatures of 270 ◦C and 240 ◦C. 
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supplementary material Figure S3). 
The metabolic profiles obtained from the analysis with the two 

studied inlet temperatures and the two different GC oven programs were 
compared. The PCA score plot and the two generated cloud plot of all the 
investigated variables are presented in Fig. 3. Thus, the analysis 
confirmed that the oven temperature programs and the inlet tempera-
ture were significant factors. For the GC oven programs, the multivariate 
analysis indicated the there is a difference, more apparent in the short 
GC program, which was shown to be more variable than the extended 
program. The latter, can be explained by the significant signal sup-
pression that exists, which affects the detection sensitivity and repeat-
ability, as it can be observed from the obtained total ion chromatograms 
(Figure S3). 

After alignment using Mass Profiler, a large number of analytes has 
been identified and detected (Tables S2 and S3, Figure S3), using the 
library NIST 2011. A total number of 96 metabolites were identified in 
the pooled sample and volcano plots were generated (Figs. 3 and 4). 
Hence, as mentioned before, it was clear that the majority of the me-
tabolites were higher in intensity with the low inlet temperatures 
(Table S2) in combination with the extended GC oven programs 
(Table S3). In addition, the obtained features are more dispersed in case 
of the extended program in contrast with the short program (Figure S3). 
This result indicated that MS saturation or suppression can be avoided, 
in case of extended programs, rather in the short GC programs (high 
temperature ramps).The latter verified the initial results with the 
analytical standards. As to conclude, the combination of high inlet 
temperature and short temperature programs shall be avoided. 

The urine sample results confirmed the results observed with the 
standards, while highlighting that in real-case analysis, fast-ramp GC 
programs, together with high inlet temperatures, significantly affected 
the stability of certain metabolites. Hence, the combination of both high 
inlet temperature and fast-ramp GC temperature programs, were 
significantly different compared to the low-ramp one (extended 
program). 

The metabolic profiling study of urine and respective PCA 
(Figure S3), clearly shows that short and fast ramp GC programs, 
together with different inlet temperatures, significantly affected the 
metabolic profile of the urine sample. This effect was most pronounced 
for amino acids, which were within retention times from 4 up to 8.0 min. 
Negligible effects, though slightly higher signal intensities were 
observed for fatty acids and sugars in the lower inlet temperatures 
(240 ◦C) and the low ramp GC program (10 ◦C min− 1; extended). In case 
of the short program, regardless of inlet, higher temperature ramps (e.g. 
30 ◦C min− 1) will expose the compounds to high temperatures for a 
significant time period affecting overall the metabolic profile, including 
also fatty acids and sugars, and not only for the amino acids [12]. In this 
case, a degradation of the derivatized substances can occur, together 
with potential formation of new compounds or breakdown/degradation 
products, or even chemical reaction between derivatized metabolites 
[12]. Thus, the latter programs (short GC programs; high temperature 
ramps) should be avoided in case of GC metabolomics and metabolic 
profiling. 

Furthermore, the observed differences between the two studied 
temperature programs in Fig. 3, could be tentatively explained by the 
significant signal suppression obtained in case of the fast ramp program. 
Not even a fast MS detector such as a TOF can avoid signal saturation. 
The latter was not observed when using an extended program, where the 
chromatography delivers more efficient separation of metabolites. 

The metabolic profile revealed a decrease of peak intensities (only 
for the fast ramp GC program), for the amino acids, compared to the 
slow ramp GC program. Furthermore, regarding inlet temperature, 
glycine, leucine, alanine, isoleucine, proline and valine presented a 
concentration decrease (ΔC, %) of 25–37% in case of the short program, 
while for the extended programs decreases ranged from 15 to 25%, 
which can be considered within the acceptable criteria [21,22,26,28]. 
For the extended GC program, no significant effects have been observed 
in case of fatty acids and sugars, and other metabolites (i.e. urea, uric 
acid, hydroxybutyric acid, myo-inositol, glucose, galactose, lactic acid, 
glycerol) whereas in the short program the difference was statistically 
significant (Table S3). 

However, even with the studied temperatures, there still is a po-
tential of certain metabolites to degrade at elevated temperature 
(240 ◦C) in urine, even at minimal exposure times (30 s). That is the case 
of the tri- and di-organophosphates (e.g., adenosine triphosphate and 
adenosine diphosphate), and certain nucleosides and nucleotides that 
can be transformed into purine derivatives [12]. Furthermore, it can be 
concluded that the use of more than one internal standard, representing 
different chemical groups (i.e. fatty acids, sugars, sugar alcohols) will 
facilitate analysis and eventually minimizing the effects and variations 
due to thermal stability phenomena [15,17]. 

4. Conclusions 

A study of the potential thermal degradation during GC metab-
olomics analysis of urine was performed to assess the in situ effects of 
thermal degradation of small molecules/metabolites within a GC sys-
tem. Heating of samples within a GC system, inlet or oven programs, 
significantly affected the metabolic profile, with high temperatures 
specifically degrading all studied amino acids. Thus, fast ramp oven 
programs and in combination with higher inlet temperatures, should be 
avoided as they promote MS saturation. These observations were 
confirmed by metabolic profiling of urine, where no statistical effects of 
GC temperatures were observed for organic acids, fatty acids, sugars and 
sugar alcohols, while significant differences were observed for amino 
acids. Finally, higher derivatization temperatures should be avoided in 
order to minimize potential further degradation of metabolites. 
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