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Figure 2.4. Analytical strategies positioned in a 3D space defined by three descriptors: number of 
samples (X), number of analytes (Y), and chemical information (Z), illustrating their overlap and 
gradation across methodological dimensions.
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Sample preparation is the first and one of the most critical steps in ensuring the continuity 
of analytical information. Every extraction, purification, or derivatization step acts as a filter, 
selectively enriching certain analytes while excluding others. Highly specific preparation 
procedures (e.g., solid-phase extraction tailored for particular analyte classes) enhance 
sensitivity and reproducibility but reduce the scope of detectable compounds [62]. This 
results in low AIC, since much of the sample’s chemical content is discarded.

Conversely, non-selective sample preparation strategies such as dilute-and-shoot, thermal 
desorption, or direct injections are designed to preserve the broadest possible chemical 
profile. These approaches maximize the initial AIC by allowing more of the sample’s 
chemical reality to enter the analytical pipeline. 

However, it is important to note that less selective or minimal sample preparation does not 
necessarily translate into greater AIC. While broader extraction strategies may allow more 
compounds to enter the analytical system, they also increase the risk of matrix effects, signal 
suppression, and co-elutions, all of which can compromise detection and interpretation [63]. 
The effectiveness of sample preparation must therefore be evaluated in conjunction with the 
resolution and sensitivity of the downstream analytical techniques. In this sense, sample 



preparation is not an isolated step, but rather a process that must be tuned with the entire 
analytical workflow and research objective. 

Even before chromatographic separation, the act of introducing a sample into the analytical 
system is inherently selective. This has profound implications for non-targeted analysis. 
Although NTA is often outlined as an inclusive strategy aimed at capturing the broadest 
possible array of chemical constituents, the operational reality is that inclusion is conditional. 
For GC-based NTA, analytes must be volatile, thermally stable, and compatible with the 
carrier gas and liner materials. These requirements introduce implicit selectivity, 
constraining the accessible chemical domain even when no prior target list is defined [64]. 
Thus, while NTA is conceptually open-ended, its analytical information continuity is always 
instrumentally mediated. 

In addition, the injection step plays a decisive role in chromatographic performance, since 
high injection efficiency ensures narrow, well-defined bands entering the column, which is 
fundamental for achieving high-resolution GC separations. From the perspective of AIC, the 
injection system is therefore not a passive interface but both a filter and a performance factor. 
This physical and chemical threshold not only determines what becomes accessible but also 
how effectively it can be resolved downstream in the analysis process (i.e., in the column, in 
the mass spectrometer, and in data elaboration and interpretation). 

mechanisms all help preserve the sample’s complexity throughout the separation process. In 

Mass spectrometry contributes to the information continuity as well. For instance, excluding 
a range of m/z values from the EI-MS acquisition could limit or erroneously affect the 
recorded information. MS also defines the level of structural information available for each 
detected signal. High-resolution instruments, such as TOF and Orbitrap analyzers already 
mentioned, provide precise mass measurements and high resolving power, which are 
essential for distinguishing isobaric compounds, assigning elemental formulas, and 



deconvoluting co-eluting peaks, resulting in high AIC [35]. These capabilities are especially 
critical in non-targeted strategies, where analytes may not be present in spectral libraries and 
accurate mass becomes a necessary feature for tentative identification. In such contexts, high 
mass resolution extends the interpretive depth of the analysis, allowing greater confidence 
in structural assignments and facilitating more reliable annotation of unknown features [37, 
65].

In contrast, unit-resolution instruments, such as quadrupoles, while effective for monitoring 
specific transitions in targeted analyses, they impose a limitation on what can be learned 
from the data. They lack detail to resolve fine mass differences and are generally unsuited 
for exploratory or high-complexity workflows [35]. Thus, mass resolution plays a decisive 
role not just in detection but in shaping the scope of chemical knowledge that can be 
extracted. When considering MS/MS systems, the choice mainly depends on the nature of 
the analyzers and the acquisition mode. For example, triple quadrupoles in tandem MS mode 
exclude most of the information by filtering only the selected parent/daughter ions and are 
used exclusively for target analytes, which, however, results in limited AIC. 

In GC-based workflows, mass spectrometry also benefits from the extensive EI spectral 
libraries, which greatly enhance the identification power and are highly reliable and 
standardized across different instrument suppliers. Beyond standard EI, the use of 
complementary ionization modes such as soft EI, negative chemical ionization (NCI), and 
positive chemical ionization (PCI) can selectively emphasize different structural features or 
compound classes [66]. This multimodal approach enhances AIC by expanding the range of 
detectable analytes, increasing confidence in identification, and facilitating the 
characterization of compounds that may be underrepresented or poorly ionized under a 
single ionization mode.

The continuity of analytical information is not defined by any isolated single step, but by the 
cumulative effect of all stages. A method with high-resolution MS but selective sample 
preparation remains limited in what it can reveal. Likewise, universal sample extraction 
paired with low-resolution separation and detection yields an incomplete picture. It is the 
preservation of information across the entire analytical chain, from sampling to preparation, 
separation, detection, and interpretation, that defines a method’s AIC. Because each of these 
steps introduces its own selectivity, achieving a truly comprehensive chemical picture often 
requires combining multiple analytical methodologies. No single technique can capture all 
compounds present in a complex sample due to the diverse physicochemical properties and 
concentrations. By integrating complementary techniques, such as GC and LC, or multiple 
ionization modes, analysts can mitigate limitations and expand the accessible chemical 
space.

Finally, to fully maximize the recorded chemical data, efforts must also be made during data 
analysis by selecting suitable tools and tailoring them to the analytical strategy and objective 
[67]. Otherwise, most of the information would remain hindered, offering little benefit and 
not balancing the efforts of experimental conditions [68].

This holistic view allows AIC to be conceptualized as a gradient shaped by trade-offs (Figure 
2.11). Essentially, every methodological choice, what to extract, what to separate, what to 
detect, and how to process, affects not only the data obtained but also the knowledge that 
can be produced.

Workflows with high AIC are better suited for exploratory studies, which aim to unravel 
unknowns and identify unexpected compounds (non-targeted analysis). In contrast, low-AIC 



workflows are optimized for quantification and regulatory compliance, but at the cost of 
discarding potentially relevant information (targeted analysis). 
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the possibility to use a “gas saver” procedure by reducing carrier gas flow rate shortly after 
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to a high flow rate (≥100 mL min⁻¹). Under these conditions, the solvent is selectively 
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by the same group led to the development of the “sweeper” modulator, the first co



cryogenic modulators used a mobile liquid CO₂ jet that moved along the column to trap 

perature of liquid CO₂ (approximately 

, developed an alternative CO₂

described an improved CO₂



es a “cubic 
separation space” in which identification 



dimension peak accompanied by a full mass spectrum. B) Resulting “data cube” combining 

analyzer, and detector. Typical pressures are 10⁻⁴ and 10⁻⁸ torr, and the mass

’

Chemical ionization (CI) is a much “softer” ionization technique than EI and involves the 
reaction of sample molecules with an ionized “reagent gas” within the ion source. 





chromatograms with narrow mass windows (≤5 ppm) substantially reduce matrix and 
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synergistic interactions (also known as an “entourage effect”) with other terpenoids as well 

the “entourage effect”. Furthermore, as a raw material for the medical, fr



the technique of choice for detailed molecular sample characterization, known as “profiling” 

–



inflorescences. Briefly, 2 μL of the probe mix was spiked into a 20 mL air

The development of the GC×GC-MS method was conducted on a Pegasus BT 4D (LECO 
Corporation, Mönchengladbach, Germany) equipped with an Agilent 8890 GC and an 
automated tube handling device PAL System (CTC Analytics AG, Zwingen, Switzerland). 
The chromatographic columns were a 30 m × 0.25 mm × 0.25 μm df Rxi-5ms as the first 
dimension and a 2 m × 0.25 mm × 0.25 μm df Rxi-17SilMS as the second dimension (both 
from Restek Corporation, Bellefonte, PA, USA). Injection was performed using an OPTIC-
4 multimode injector (GL Sciences B.V., Eindhoven, Netherlands) equipped with an inlet 
Peltier cooler and a liner exchanger (GL Sciences B.V.). The GC was also equipped with a 
cryogenic trap (GL Sciences B.V.) as a secondary trapping/release stage. The carrier gas used 
was helium at 1.5 mL/min column flow throughout the run. The vent time (60 sec) before 
thermal desorption consisted of a split flow of 50 mL/min and a column flow of 0.5 mL/min, 
with the inlet body held at 20°C. During thermal desorption, the inlet was heated from 20 °C 
to 300 °C at 20 °C/s, using a split flow of 150 mL/min and restoring the initial 1.5 mL/min 
column flow. The cryogenic trap was set at -20°C throughout the vent time (60 s) and the 
thermal desorption (45 s), after which its temperature was raised to 250 °C at 50 °C/s to 
allow the secondary release of the analytes.

The oven temperature program was 40°C (held for 1 min), then ramped at 4 °C/min to 
190 °C, and finally ramped at 30 °C/min to 320 °C (held for 3 min). Temperature offsets for 
the secondary oven and modulator oven were set to +5 °C and +15 °C, respectively. A 3 s 
modulation period was used (cold and hot jets were 0.7 and 0.8 s, respectively). A mass range 



from 40 to 500 m/z was collected with an acquisition frequency of 150 Hz. An acquisition 
delay of 180 s was used. The transfer line and ion source temperatures were set at 280 °C 
and 250 °C, respectively. 

For the cryogenic trap evaluation, 2 μL of Grob mixture (10 ppm in hexane) was spiked on 
a TA tube. Then, flushed at room temperature at 100 mL/min for 60 s. Chromatographic 
parameters were assessed under single and dual-stage thermal desorption conditions in one-
dimensional gas chromatography.

Data were collected and analyzed using ChromaTOF software version 5.56 (LECO 
Corporation), and NIST23 was used as the mass spectral library. The signal-to-noise 
threshold for peak integration was set at 10, and putative identification was based on spectral 
similarity (≥70%) and linear retention indices (RI) with a tolerance of ±30 units.

The instrumental configuration for thermal desorption used a multimode injector with an 
automated tube exchanger. Such a configuration avoids the use of an external unit, making 
the system more compact and requiring fewer hardware components, providing a direct, 
more efficient injection into the GC column head. Nevertheless, the overall chromatography 
can benefit from an additional trapping/release stage using a cryotrap. Therefore, the first 
step in the method development was to evaluate the cryotrap conditions.

For such a purpose, a test standard mixture (i.e., Grob mix) was used, and full width at half 
height, tailing factor, peak height, and resolution were evaluated with (“trap active”) and 
without the trap (“trap not active”). During thermal desorption, analytes are ideally 
transferred from the tube into the GC column as a narrow band, and the presence of an 
additional focusing system (dual-stage thermal desorption) reduces both band broadening 
and breakthrough of highly volatile compounds, thereby improving the final separation [20]. 
Not surprisingly, the secondary trapping/release stage reduced the average full width at half-
height (FWHM) from 2.9 to 2.1 s. At the same time, the tailing factor dropped from an 
average of 1.6 to 1.5, and an average increase of 28% in peak intensity was also observed.  

Figure 4.1 shows the overlapped 1D chromatogram with and without the trap, in which the 
chromatographic improvement can be observed in terms of peak shape, peak height, and 
resolution between some critical pairs. The use of the secondary trapping/release stage 
increased the chromatographic resolution between the undecane/nonanal and 2,6-dimethyl-
phenol/2-ethyl-hexanoic acid considerably by a factor of ×1.7 and ×2.5, respectively. Such 
advantages observed in one-dimensional chromatography are also beneficial in two-
dimensional separations.



Figure 4.1. Zoomed GC chromatogram of critical pairs obtained with single-stage (black trace) and 
dual-stage thermal desorption (green trace).

covering different degrees of analytes’ polarity and boiling point. In addition 

–

, β



Figure 4.2. A) GC×GC plot (TIC) of probe fragrance mixture using TA as trapping material. B) 
Analyte response and reproducibility (error bars, n=3) with thermal desorption tubes (blue dots = 
TA; green dots =CT420; yellow dots =C202. C) Y-scale is normalized for each analyte to the highest 
signal among the three tube types. For peak numbering, refer to the peak list on the right.

The volatile profiles of four different Cannabis chemovars' inflorescences were extracted 
using TA and CT420 tubes, thanks to their satisfactory extraction performance, as 
demonstrated by the probe mixture and discussed in the previous paragraph. 

Figure 4.3A shows a representative two-dimensional chromatogram obtained using TA 
tubes. The use of a non-polar primary column combined with a polar secondary column 
results in a structured separation in which the two main terpene classes, i.e., monoterpenes 
and sesquiterpenes, appear clustered. This pattern is also observed in conventional one-
dimensional GC analyses; however, GC×GC enhances class separation and peak 
organization of complex terpene mixtures. For the rapid classification of these terpenoids, 
two elution regions were drawn based on the RI information (considering both experimental 
and literature values) and the characteristic fragments (e.g., 69, 93, 105, 121, 136 m/z, etc.). 
These two elution regions are circled and spanned from an RI of 877 (i.e., the monoterpenes 
cyclofenchene) to 1810 (i.e., the sesquiterpenoid nootkatone [25]). 

Considering the large number of compounds present in Cannabis inflorescences, GC×GC 
certainly proves to be a suitable separation technique. Some examples of peak pairs that 
would be otherwise co-eluted in conventional one-dimensional separation are shown in 
Figure 4.3B and 4.3C. In the case of the monoterpenes Terpinolene and Fenchone (Figure 
4.3B), the resulting chromatographic resolution improved from 0.24 to 1.51, respectively in 
1D and 2D. Similarly, the sesquiterpenes 3,7(11)-Selinadiene and α-Bisabolene gained a 
resolution of 1.14 using GC×GC, in contrast to 0.19 in 1D (Figure 4.3B). One more benefit 



arising from the improved GC×GC separation is evident in Figures 4.3B and 4.3C, where 
the purity of mass spectra results in higher spectral matches with reference databases. 

Figure 4.3. A) 2D elution regions of terpene classes. B &C) Chromatographic resolution comparison 
of selected terpenes between 2D and 1D, with relative spectral and RI information.

On average, considering the two terpenoid elution regions, 183 analytes were detected in the 
sample headspace using TA.

To compare the performance of the two selected TDTs, 75 putatively identified terpenes were 
selected from 4 different Cannabis chemovars (spectral similarity (Sim) > 70%; linear 



retention indices ±30 units). These compounds are listed in Table 4.1 and visually 
highlighted in Figure 4.4. 

Table 4.1. List of the 75 putatively identified terpenes in Cannabis. 

# Compounds 1tr (min) 2tr (s) Similarity Exp. RI Lib. RI

1 Cyclofenchene 7.05 1.20 906 877 890

2 Bornene <2-> 7.75 1.24 892 903 908

3 Santolinatriene 8.15 1.31 795 915 902

4 Thujene <alpha-> 8.40 1.29 904 923 929

5 Pinene <alpha-> 8.60 1.42 910 929 937

6 Camphene 9.10 1.49 943 945 952

7 Dehydrosabinene 9.30 1.54 805 951 956

8 Pinene <beta-> 10.00 1.58 855 972 979

9 Myrcene <beta-> 10.55 1.58 862 989 991

10 Phellandrene <alpha-> 11.00 1.60 863 1003 1005

11 Carene <3-> 11.20 1.56 736 1009 1011

12 Terpinene <alpha-> 11.41 1.60 794 1014 1017

13 Cymene <ortho-> 11.51 1.69 703 1017 1024

14 Cymene <para-> 11.71 1.78 892 1023 1025

15 Limonene 11.86 1.66 811 1027 1029

16 Ocimene <cis-, beta-> 12.21 1.56 882 1037 1035

17 Ocimene <trans-, beta-> 12.56 1.54 726 1047 1046

18 Terpinene <gamma-> 12.91 1.72 809 1057 1058

19 Sabinene hydrate <cis-> 13.16 1.84 727 1064 1069

20 Fenchone 13.91 2.13 848 1086 1090

21 Terpinolene 13.96 1.73 876 1087 1086

22 Epoxymyrcene <6,7-> 14.16 1.86 807 1093 1096

23 Linalool 14.36 1.80 883 1099 1099

24 Fenchol <endo-> 14.81 2.01 882 1111 1119

25 Linalool <alpha-> 15.11 2.12 760 1120 1099

26 Pinocarveol <trans-> 15.71 2.17 841 1137 1139

27 Isocitral <exo-> 15.81 2.18 713 1140 1144

28 Ipsdienol 16.01 2.02 741 1146 1146



29 Terpineol <beta-, trans-> 16.06 2.15 753 1147 1169

30 Pinene oxide <beta-> 16.41 2.04 762 1157 1156

31 Pinocarvone 16.56 2.50 877 1161 1164

32 Isoborneol 16.66 2.19 850 1164 1165

33 Terpinenol <4-> 17.11 2.14 747 1177 1177

34 Terpineol <alpha-> 17.56 2.23 876 1190 1189

35 Myrtenol 17.76 2.26 840 1196 1195

36 Myrtenal 17.76 2.61 913 1196 1193

37 Verbenone 18.21 2.75 909 1209 1228

38 Carveol 18.56 2.35 758 1219 1219

39 Fenchyl acetate 18.61 1.91 827 1220 1219

40 Citronellol 18.91 1.97 875 1229 1228

41 Carvone 19.46 2.70 753 1245 1242

42 Pinocarvyl acetate <trans-> 21.26 2.51 771 1297 1297

43 Myrtenyl acetate 21.81 2.39 710 1314 1327

44 Ylangene 23.71 1.78 901 1373 1372

45 Copaene 23.86 1.78 920 1378 1376

46 Bourbonene <beta-> 24.11 1.85 779 1386 1384

47 Sesquithujene <7-epi-> 24.31 1.71 913 1392 1394

48 Isocomene <beta-> 24.41 1.95 849 1395 1412

49 Sesquithujene 24.81 1.73 872 1408 1402

50 Caryophyllene <cis-> 24.81 1.94 929 1408 1406

51 cis-α-Bergamotene <cis-, alpha-> 25.06 1.85 900 1416 1415

52 Caryophyllene 25.21 2.00 948 1421 1419

53 Bergamotene <trans-, alpha-> 25.71 1.80 913 1437 1435

54 Guaiene <alpha-> 25.81 1.86 874 1440 1439

55 Aromandendrene 26.16 1.98 856 1452 1440

56 Humulene 26.31 2.06 901 1457 1454

57 Farnesene <trans-, beta-> 26.36 1.80 910 1458 1452

58 Alloaromadendrene 26.51 2.06 895 1463 1461

59 Acoradiene <beta-> 26.61 2.06 801 1466 1471

60 Muurolene <gamma-> 27.01 2.04 893 1479 1478

61 Bergamotene <beta-, trans-> 27.26 1.96 857 1487 1483

62 Eudesmene <beta-> 27.31 2.12 906 1489 1486



63 Valencene 27.51 2.09 908 1495 1492

64 Muurolene <alpha-> 27.71 2.06 874 1502 1497

65 Bisabolene <beta-> 27.96 1.91 935 1510 1509

66 Cadinene <gamma-> 28.11 2.14 865 1516 1512

67 Guaiene <cis-beta-> 28.32 2.14 848 1522 1498

68 Calamenene 28.37 2.34 857 1524 1523

69 Sesquiphellandrene <beta-> 28.42 1.99 803 1526 1524

70 Selinadiene <4(15),7(11)> 28.77 2.21 874 1538 1540

71 Selinadiene <3,7(11)> 28.97 2.16 903 1545 1542

72 Caryophyllene oxide 30.17 2.51 840 1586 1587

73 Acorenol <beta-> 31.22 2.50 815 1623 1649

74 Bisabolol <alpha-> 32.97 2.34 913 1686 1684

75 Isovalencenol 35.92 2.77 787 1796 1788

Of the 75 putatively identified compounds, 43 were classified as monoterpenes and 32 as 
sesquiterpenes. 

It must be highlighted that additional compounds were detected, eluting within these regions 
(e.g., on sample#1, 45 compounds within the monoterpene and 45 compounds within the 
sesquiterpenes region), and are marked with red and green dots on the 2D plot in Figure 4.4. 
Considering the spectral fragmentation patterns, these can reasonably be other terpenoids 
that were not included in the comparison due to lower identification levels (Sim<70% and 
ΔRI>30 or absent).



Figure 4.5. A) Total signal area comparison on monoterpenes and sesquiterpenes between Tenax-TA 
and Carbotrap T420. B) Tube collection efficiency on peak count, where error bars represent the 
standard deviation (n = 3), which is also reported numerically on top of each bar.

Considering only Tenax-TA extractions, the detailed distribution of the 75 terpenoids across 
the four chemovars is shown in the heatmap in Figure 4.6A. In this representation, missing 
values were replaced with the dataset's minimum value, and features were normalized using 



an auto-scaling procedure (i.e., mean-centered and divided by each variable's standard 
deviation). Each column corresponds to a putatively identified substance, while each row 
represents a sample within a chemovar group. The color scale (from dark blue to yellow) 
reflects low-to-high relative abundances after auto-scaling, and the dendrograms highlight 
natural similarity patterns among both chemovars and compounds. 

Figure 4.6. A) Heatmap with respective hierarchical cluster analysis of the 75 putative compounds 
using Tenax-TA. B) Score plot made by principal component analysis of the tentatively identified 
substances using Tenax-TA.

In Figure 4.6A, a clear separation among chemovars is evident, with samples within the same 
group clustering closely, indicating consistent group volatilomic profiles. Differences in the 
abundance and distribution of mono- and sesquiterpenes across chemovars produce distinct 
color patterns, underscoring Tenax-TA's ability to capture a broad portion of the volatilome. 
As highlighted by the intense yellow color, chemovar A represents the most flavoring 
species, followed by chemovar C and then B, D. Also, explorative principal component 
analysis (PCA) was performed, and the score plot is presented in Figure 4.6B. Here, each 
sample is plotted in the space of the first two principal components (PCs), and confidence 



ellipses emphasize the within-group consistency. Four different group clusters can be seen, 
highlighting how the volatile components allows a clear distinction between chemovars.

Moreover, the broader selectivity of TA tubes discussed earlier was also observed through 
the detection of compounds not extracted by CT420 tubes. An example of compounds 
uniquely extracted and detected using TA is shown in Figure 4.7. These two compounds elute 
between the monoterpene and sesquiterpene regions, are absent in the blanks, and do not 
meet reliable identification criteria (Sim>70% and ΔRI<30). The mass spectrum of these 
analytes, which are probably not included in the MS database, is also presented in Figure 
4.7.

Figure 4.7. Elution region and mass spectra of two unidentified analytes (Unkn’ and Unkn”), 
uniquely extracted and detected when using Tenax-TA tubes. 

This study revealed how the use of dynamic headspace extraction followed by thermal 
desorption represents an effective and non-invasive approach for the investigation of volatile 
profiles of Cannabis inflorescences, which can be advantageous for on-field applications. 
Using both probe standard analytes and real-world samples, we showed that the secondary 
trapping/release stage implemented herein greatly improves chromatographic performance 
(i.e., peak quality and resolution). 

For the choice of sampling material, we observed that either the Tenax-TA (porous polymer) 
or the Carbotrap T420 (a combination of two graphitized carbon blacks) tubes are suitable 
for terpenoid profiling in plants, although the former provides better reproducibility. 
However, when the scope of the investigation extends beyond a targeted or profiling 
approach, the use of the porous polymer provides broader analyte coverage and is thus more 
suitable for non-targeted purposes.

Regarding the separation technique, we showed that comprehensive two-dimensional gas 
chromatography coupled to mass spectrometry enables deep molecular characterization of 
Cannabis with enhanced resolution and identification reliability, highlighting flavor 
differences across chemovars.
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Metabolomics is a research domain that aims to comprehensively identify small metabolites 
(i.e., molecules with MW < 1000 Da) in biological systems, providing a snapshot of the 
physiological status of an organism of interest [1]. This discipline, when applied to biological 
fluids (e.g., serum, plasma, urine), enables the simultaneous analysis of hundreds of 
compounds, capturing both endogenous metabolites produced by the inherent metabolic 
pathways and exogenous compounds absorbed primarily through the diet [2]. In this way, 
metabolomics provides a detailed picture of how biochemical pathways shift in response to 
genetic inputs and how environmental and lifestyle factors influence the biochemical 
equilibrium of an organism [3, 4]. Moreover, given that sample collection is relatively non-
invasive and relies on straightforward procedures, this domain is particularly suitable for 
large-scale studies aimed at characterizing diseases in their early stages [5, 6].

As the downstream product of gene expression and protein activity, metabolomics is a 
valuable tool for identifying diagnostic or predictive biomarkers of various disorders [7]. For 
example, numerous studies present in the literature have examined correlations between 
metabolic profiles and multiple types of cancer [8–14]. Beyond oncology, metabolomics has 
also proven effective in metabolomic profiling of Alzheimer’s disease, childhood obesity, 
COVID-19 infection, maternally inherited diabetes, and rheumatoid arthritis [15–19]. All 
this scientific evidence highlights the capacity of this discipline to capture specific 
biochemical perturbations.

In the context of human blood, the Human Metabolome Database (HMDB) is currently the 
most comprehensive repository of metabolites, reporting thousands of low-molecular-weight 
compounds detected in this matrix [20]. The full chemical diversity of human blood, 
however, remains far from being completely characterized [21]. In general, biological fluids 
derived from blood (i.e., serum and plasma) contain metabolites that can be broadly 
classified into two main categories: water-soluble and lipid-soluble compounds, with the 
latter accounting for approximately 88% of the total metabolome [22, 23]. Lipid molecules 
satisfy numerous biological functions, acting as membrane constituents, signaling mediators, 
and long-term energy reservoirs. In contrast, non-lipid metabolites account for only about 
12% of the blood metabolome and span a wider variety of chemical classes, including amino 
acids, carbohydrates, organic acids, and other small molecules. Blood metabolites also span 



an extraordinary concentration range, covering several orders of magnitude, with highly 
abundant species such as cholesterol and urea present at millimolar levels, while certain 
phospholipids occur at picomolar concentrations [22]. Moreover, metabolic concentrations 
vary substantially among healthy individuals, reflecting both internal factors (e.g., age, sex) 
and external influences (e.g., diet, physical activity) [24]. Despite extensive characterization 
efforts, current databases represent only an estimated 20% of the complete human 
metabolome, highlighting that the complexity of serum composition remains to be revealed 
[1]. This diversity presents challenges across many aspects of metabolomic workflows, from 
extraction to data processing and, finally, biological interpretation.

Analytical techniques in metabolomics rely on high-throughput platforms capable of 
profiling large numbers of metabolites within complex biological matrices [25, 26]. Gas 
chromatography (GC) and liquid chromatography (LC), particularly when hyphenated to 
mass spectrometry (MS), are among the most widely used techniques for exploring 
metabolomes [27]. However, GC-based analysis is inherently limited to volatile compounds, 
as many metabolites possess polar functional groups and exhibit insufficient volatility. To 
overcome this limitation, chemical derivatization is typically employed to modify 
functionalities such as -OH, -NH₂, -COOH, and -SH, thereby reducing polarity, breaking 
intramolecular hydrogen bonding, and increasing volatility [28]. The most common 
procedure involves a two-step process of methoximation followed by trimethylsilylation, 
although alternative derivatization strategies, such as acylation or esterification, exist for 
specific metabolite classes [29, 30]. Trimethylsilylation, however, remains a benchmark for 
non-targeted GC-MS metabolomics due to its broad applicability across diverse chemical 
classes [31]. Further, considering the separation capacity for complex mixtures, 
comprehensive two-dimensional gas chromatography (GC×GC) has been increasingly 
adopted in metabolomics [32]. Compared with conventional one-dimensional GC, GC×GC 
typically enables the detection of several-fold more chromatographic features, enhancing the 
chemical space of the metabolome coverage [33, 34].

One of the main challenges in metabolomics analysis is the lack of standardized procedures 
across sample collection, chemical analysis, and data interpretation. Every step in the 
analytical workflow directly impacts the result of the study, shaping the accessible chemical 
space of the biological sample through multiple analytical choices [35]. In this context, 
sample preparation represents the main bottleneck in metabolomics analysis, which typically 
involves three stages: sample collection, metabolite extraction, and preparation for 
instrumental analysis [28]. Concerning the second step, selecting the extraction solvent is 
particularly critical, as it must efficiently transfer metabolites from the serum matrix into the 
solvent phase. Additionally, this process not only depends on the solvent’s ability to 
solubilize compounds across a broad polarity spectrum but should also be as straightforward 
and rapid as possible to facilitate large-scale high-throughput studies and avoid degradation 
during sample handling [36]. Ideally, the extraction solvent should act as a non-selective 
extractant capable of recovering metabolites across diverse chemical classes [37]. Several 
studies and established protocols have suggested different solvent systems for serum/plasma 
metabolite extraction, with much of the heterogeneity arising from the use of sequential 
extraction steps, binary and ternary solvent combinations, as well as the number of internal 
standards or solvent volumes [38].  

Dunn et al. proposed in 2011 a detailed protocol for large-scale metabolic profiling of 
serum/plasma using methanol, while Fiehn subsequently proposed in 2016 a workflow for 
gas chromatography-mass spectrometry of mammalian samples using a ternary mixture of 
isopropanol, acetonitrile, and water [39, 40]. Moreover, Stephens et al. and He et al. both 
found that ternary mixtures of methanol, acetonitrile, and acetone provide a strong balance 
between feature numbers, analytical stability, and signal intensity [41, 42]. Other solvent 



combinations have also been explored, including mixtures of methanol, chloroform, methyl 
tert-butyl ether, ethanol, and water [38]. However, given the wide variety of chemicals 
available, there is currently no solvent system that is more widely used than others. 

In light of this consideration, the aim of this study was to compare the extraction performance 
of three solvent systems, i.e., methanol, isopropanol:acetonitrile:water 3:3:2 (v/v/v), and 
methanol:acetonitrile:acetone 1:1:1 (v/v/v) by GC×GC-TOFMS. A non-targeted 
metabolomic workflow was developed and optimized to maximize analytical accuracy while 
maintaining practical efficiency and time productivity. The different solvent mixtures were 
evaluated for reproducibility, the number of detected peaks, and extraction efficiency across 
the identified metabolite classes. This work aims to demonstrate how variations in solvent 
partitioning shift the extracted metabolic classes, highlighting that the overall composition 
of the extraction solvent directly affects the scientific outcome.

workflow for metabolomics analysis. Serum samples were stored at −80 °C until processed. 



GC×GC-MS analyses were conducted on a Pegasus BT 4D (LECO Corporation, 
Mönchengladbach, Germany) equipped with an Agilent 8890 GC and an automated tube 
handling device PAL System (CTC Analytics AG, Zwingen, Switzerland). The 
chromatographic columns were a 30 m × 0.25 mm × 0.25 μm df Rxi-5ms as the first 
dimension and a 2 m × 0.25 mm × 0.25 μm df Rxi-17SilMS as the second dimension (both 
from Restek Corporation, Bellefonte, PA, USA). Injection was performed using an OPTIC-
4 multimode injector (GL Sciences B.V., Eindhoven, Netherlands). The carrier gas used was 
helium at 1.5 mL/min column flow throughout the run. The inlet temperature was set to 280 
°C, and the septum purge flow was set to 3 mL/min. 0.5 µL of the final derivatization solution 
was injected into the chromatographic system in split mode with a split ratio of 1:10.

The oven temperature program was 50 °C (held for 1 min), then ramped at 4 °C/min to 330 
°C (held for 5 min). Temperature offsets for the secondary oven and modulator oven were 
set to +5 °C and +15 °C, respectively. A 3.5s modulation period was used (cold and hot jets 
were 0.7 and 1.05 sec, respectively). A time-of-flight mass analyzer was used to acquire a 
mass range of 50-500 m/z at 150 Hz, using electron ionization (70 eV). The ion source was 
maintained at 250 °C, while the transfer line was set to 280 °C. Finally, an acquisition delay 
of 438 s was used.

Data were collected and analyzed using ChromaTOF software version 5.56 (LECO 
Corporation), and NIST23 was used as the mass spectral library. The signal-to-noise 
threshold for peak integration was set at 10, and putative identification was based on spectral 
similarity (≥70%), blank subtraction, and coherent position in the two-dimensional 
chromatogram. Finally, predicted logP values of the selected metabolites were retrieved from 
PubChem (XlogP3) and ChemSpider (ACD/LogP). When available, experimentally 
determined logP values reported in the databases were considered for comparison [43, 44].
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Per- and polyfluoroalkyl substances (PFAS) represent a class of anthropogenic compounds 
characterized by a fully or partially fluorinated carbon atom structure. Formal definition 
described PFAS as -CnF2n+1- substances, while a more recent -CnF2n-based definition has 
broadened this concept, substantially expanding the chemical space covered by this group 
of compounds [1, 2]. Today, PFAS comprises thousands of linear and branched compounds 
with a wide variety of terminal functional groups, resulting in more than 4000 PFAS 
identified for use on the global market [3, 4].

PFAS have been widely used due to their unique physicochemical properties. Combining 
amphiphilic behavior with thermal and chemical stability [5, 6], which has led PFAS to be 
commonly referred to as “forever chemicals” [7], has driven their adoption across numerous 
industrial and consumer applications. Typical uses include surfactants, metal coatings, 
electronics manufacturing, adhesives, personal care products and aqueous film-forming 
foams (AFFF) [8–10]. Other typical applications include water-repellent agents for textiles, 
carpets, and clothing, where fluorotelomer methacrylates (FTMACs) are key intermediates 
in the telomerization of fluorotelomer-based polymers, whereas iodine-containing PFAS, 
due to their labile C-I bond, play a central role as reactive precursors of fluorotelomer 
alcohols (FTOH) and subsequently FTMAC [11–13]. Such varied uses have led to the well-
known pervasive environmental occurrence, caused merely by human activities.

In this sense, indirect sources represent a significant pathway for PFAS exposure. For 
example, landfills, lakes, and surface waters act as sinks for PFAS originating from waste of 
the industrial activities mentioned above, with concentrations strongly influenced by 
emission point and seasonal variability [14]. Moreover, atmospheric deposition through rain, 
snow, and snowmelt has emerged as a significant contributor to volatile and semi-volatile 
PFAS, following industrial emissions or volatilization from contaminated sites [15]. Finally, 
product use, disposal, and manufacturing processes can result in residual amounts of 
fluorotelomer-based polymers and related precursors [16].



–

Exposure to per- and polyfluoroalkyl substances has been increasingly associated with a 
wide range of adverse health outcomes, particularly during sensitive life stages (childhood 
and pregnancy), but not exclusively [17]. Due to their persistence, PFAS can exhibit diverse 
effects depending on the length of exposure and individual factors such as age, sex, or 
genetic predisposition [18]. Emerging evidence suggests associations between chronic PFAS 
contact and several types of cancer, including kidney, prostate, thyroid, and bladder cancer 
[19]. Moreover, metabolic disturbances have been widely reported, including insulin 
dysregulation, dyslipidemia (cholesterol imbalance), and hepatic steatosis [20]. Prenatal and 
infancy represent a critical window, as PFAS have been associated with gestational diabetes 
mellitus, childhood obesity, and reproductive disorders later in life [21]. Given these adverse 
effects and their ubiquitous presence in the environment and in everyday items, further 
investigation into the separation, detection, and remediation of PFAS is an urgent priority.

While PFAS research has been historically dominated by liquid chromatography (LC), gas 
chromatography (GC) covers a complementary chemical space that is largely inaccessible 
to LC, particularly for volatile and semi-volatile PFAS [22, 23]. Predictive models suggest 
that less than 10% of known PFAS are well suited for conventional LC, underscoring the 
potential of gas chromatography to expand PFAS chemical coverage [24]. Furthermore, 
high-resolution mass spectrometry (HRMS) enables isobaric separation and structural 
elucidation, while advanced configurations such as comprehensive two-dimensional gas 
chromatography (GC×GC) provide additional gains in selectivity and sensitivity [25, 26]. 

The use of multiple ionization strategies in GC-(HR)MS represents a powerful approach to 
expand the detectable chemical space (Figure 6.1) [27].

Figure 6.1. Influence of sample preparation, analytical technique, and ionization strategy on 
detectable chemical space. Adapted from [28].

Electron ionization (EI) at 70 eV remains the most widely used ionization technique due to 
its high reproducibility and the ability to generate highly fragmented spectra that are directly 
comparable across many instruments [29, 30]. However, extensive fragmentation often 
results in low-abundance or missing molecular ions, limiting the determination of molecular 
mass and related elemental compositions, especially for unknown contaminants not yet 
present in existing libraries [31]. In this context, soft ionization techniques such as positive 
chemical ionization (PCI) and negative chemical ionization (NCI) provide complementary 
information by preserving molecular or pseudomolecular ions and reducing spectral 
complexity [32, 33]. Additionally, combining hard and soft ionization extends the range of 
compounds that can be efficiently ionized and detected [34]. All these properties improve 



selectivity for specific analyte classes and support quantitative analysis by reducing 
interference or background noise associated with a single ionization mode [35]. 

In light of these considerations, the aim of this research was to demonstrate how the 
complementary use of hard (EI) and soft (PCI and NCI) ionization strategies significantly 
improves the continuity of analytical information (AIC) and expands the detectable chemical 
in PFAS analysis. Fourteen volatile standards, including methacrylate, iodine-based, and 
fluorinated aromatic standards, were analyzed using gas chromatography coupled to high-
resolution mass spectrometry using EI, PCI, and NCI. The most suitable ionization 
conditions were identified for each modality, and the different ionization strategies were 
systematically evaluated with respect to fragmentation behavior and signal intensity. Finally, 
analyses were also performed using comprehensive two-dimensional gas chromatography 
(GC×GC), highlighting the additional detectability that this technique can provide.
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