Evaluation of different adsorbent materials for the untargeted and targeted bacterial VOC analysis using GC×GC-MS
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Highlights
· Different adsorbent materials were compared for the extraction of standards and bacterial volatile metabolites in vitro.
· Bacterial VOCs were desorbed and analyzed in a comprehensive GC × GC-ToF MS.
· Tenax resulted more efficient to extract the standard mix and bacterial VOCs with better repeatability and higher sensitivity.

Abstract
The analysis of bacterial volatile organic compounds has gained attraction as a non-invasive way to identify disease-causing organisms, given that bacteria have unique metabolisms and volatile metabolic byproducts. In the present research, different adsorbent materials (Carbopack Y, X, B, Carboxen 1000 and Tenax TA), packed singularly or in combination, were compared in terms of sampling performance (sensitivity, repeatability and selectivity) for the extraction of standards and bacterial volatile metabolites in vitro (from Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli). After extraction, bacterial volatile organic compounds were desorbed and analyzed in a comprehensive two-dimensional gas chromatography system coupled to a time-of-flight mass spectrometer (GC × GC-ToF MS).
The results show that Tenax has the greater ability to extract the standard mix as well as volatile organic compounds with better repeatability (4–26 RSD%), higher sensitivity (on average ∼24 fold) compared to Carbopack Y, X and Carboxen 1000 tube, which followed in terms of performance. In addition, Tenax confirmed the best sensitivity and discriminatory power with no misclassification in the untargeted and unsupervised analysis for the differentiation of the bacterial species.
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Introduction
The analysis of bacterial volatile organic compounds (VOCs) is proposed as a non-invasive way to identify the organisms responsible for the occurrence of a particular infectious disease, given that pathogens have unique metabolism and volatile metabolic byproducts [1-3]. Generally, the discovery of volatile biomarkers and VOC profiling employs a pre-concentration step coupled to a separation technique and/or direct infusion into a mass spectrometer [4-6]. Although frequently overlooked, sampling optimization is critical for reliable and robust analyses.
Sample headspace is usually exposed to sorbent phases which can absorb and/or adsorb molecules depending on the chemical and physical properties of the material(s) used [4,7]. The general approaches employed are solid phase micro-extraction (SPME), thermal desorption with sorbent tubes (TDTs) or needle trap device (NTD) [4,8]. Solid phase micro-extraction has played the major role as an extraction technique for in vitro analysis of bacterial VOCs since its introduction [9-11], whereas TDTs have more commonly been used in in vivo applications, such as in breath for detecting bacterial infection [12,13]. SPME fibers and TDTs have different selectivity and loading factors, and sensitivity varies between the static and dynamic sampling methods. Considering that biomarker translation from in vitro to in vivo studies is often one of the primary research goals, the use of thermal desorption tubes, which is the most widely-used approach for VOC analysis in breath, should also be applied in in vitro research.
Thermal desorption is a well-established and regulated sample extraction technique for air monitoring [14-16], and although the number of applications is recently growing in in vitro and in vivo applications [17-19], the sampling for thermal desorption was not investigated in sufficient detail in the context of clinical research. Specifically, the present study aimed to evaluate the sampling performance in terms of sensitivity, repeatability, and selectivity of four TDTs (Tenax TA, Carbopack Y/X/Carboxen1000, Carbopack B/X, and Carbopack Y) on (micro-)biological matrices, specifically in the context of bacterial volatile metabolites. A preliminary investigation was carried out on an analytical standard mix of 17 compounds to select tubes with better recovery, coverage, and repeatability. The selected TDTs were then compared through measurement of bacterial VOC profiles from the headspace of three different bacterial cultures, namely Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli, which are the main bacterial species causing respiratory tract infection and sepsis [20,21]. After the extraction from bacterial culture headspace, the tubes were desorbed and analyzed in a comprehensive two-dimensional gas chromatography system coupled to a time-of-flight mass spectrometer (GC×GC-ToF MS) [22]. The entire volatile profile, as well as the known bacterium-specific VOCs, were compared both in an untargeted and targeted way to evaluate the performance of the selected TDTs.



Materials and methods


2.1. Chemicals and standards
The following standards were acquired from Millipore/Sigma (Bellefonte, PA) for preliminary evaluation of the TD tubes: 2pentanone, 3-methylbutyl acetate, decane, limonene, undecane, 1-octanol, acetophenone, nonanal, 2,6-dimethylphenol, 2,6dimethylaniline, methyl salicylate, ethyl salicylate, methyl decanoate, cinnamaldehyde, methyl undecanoate, methyl anthranilate, methyl dodecanoate. Additional information on these standards is listed in Supplementary Table S1. Stock solutions and dilutions were prepared in ethanol. Tryptic soy broth (TSB) media were spiked with the standards at a concentration of 100 ng mL1 and used to evaluate the different TDT (n ¼ 5 for each tube).

2.2. Bacterial culture conditions and preparation
The VOC profile of three bacterial species was evaluated to assess the sampling efficacy of TDTs: 1) Escherichia coli (EC), 2) Staphylococcus aureus (SA), and 3) Pseudomonas aeruginosa (PA). All three bacterial species were clinical isolates obtained from the clinical microbiology laboratory at Dartmouth-Hitchcock Medical Center (Lebanon, NH, United States). The 16S rDNA sequencing was used to confirm genera. All three bacterial species were precultured aerobically overnight (37 C, 200 rpm) in 5 mL TSB(Becton Dickinson, Franklin Lakes, NJ, United States) and then inoculated (1:1000) into 100 mL of fresh TSB, which was incubated under identical conditions (37 C, 200 rpm shaking) in a 500 mL Erlenmeyer flask until early stationary phase of growth (12 h postinoculation). The number of bacterial cells were also obtained and are listed in Supplementary Table S2. Cultures were then transferred to 50 mL conical flasks, submerged on ice to quench cellular metabolism, and centrifuged (12100g, 4 C, 20 min). A 4 mL aliquot of culture supernatant was transferred to a 20 mL airtight glass headspace vial, sealed with a Silicone/PTFE screw cap (Millipore/Sigma), and stored at 20 C until analysis. VOCs were extracted within one week of sample storage. Ten technical replicates were prepared for each unique sample. Sterile TSB media were identically prepared and analyzed.

2.3. Sampling and thermal desorption tubes
The volatile molecules from the standards solution and bacterial cultures were extracted using the dynamic headspace system illustrated in Supplementary Figure 1. Specifically, the 4 mL sample contained in the 20 mL air-tight headspace glass vial was incubated at 37 °C for 5 min, under magnetic stirring. The PTFE/Silicone cap was penetrated with two 14 gauge syringe needles (VWR, Radnor, PA), while the sample was held at 37 °C under magnetic agitation. A vacuum pump was used to draw ~1 L room air through the vial headspace and onto the thermal desorption tube. The contribution of interfering VOCs from room air can be considered equal for all samples, since the extractions were performed under laminar hood and within 2 h, and thus not relevant for the further data analysis. The average sampling flow rate per tube was 180-200 mL min-1. Such a sampling flow was adapted from the regulated method for active sampling using sorption tubes to minimize the extraction time [15]. The absence of sampling breakthrough was assessed by connecting two tubes in series during the sampling, and ensuring the absence of signals from the second tube (data not shown). Tubes were sealed with hermetic caps, stored at 4 °C in solvent-free environment, and analyzed within 10 days from the sampling.
Four types of TDTs containing 5 different adsorbents materials, packed singularly or in combination, were initially tested. They include carbon molecular sieves (Carboxen1000), graphitized carbon (Carbopack Y, Carbopack X, Carbopack B) and porous polymer (Tenax TA).
Specifically, the TDTs evaluated were Carbopack Y/X/Carboxen1000 (CarY/X/1000), Carbopack Y (CarY), Tenax TA (Tenax), and Carbopack B/X (CarB/X), and they were supplied (brand new), pre-conditioned, and pre-packed by Millipore/Sigma. Thermal desorption tubes were conditioned using a pure nitrogen gas according to the supplier's recommendations before each sampling process. All the standard solutions and samples were extracted 5 times (n = 5) on separate tubes for each sorbent type.

2.4. TD-GC  GC-MS instrumental parameters
Thermal desorption tubes were desorbed into a Pegasus 4D (LECO Corporation, St. Joseph, MI) GC  GC-TOF MS instrument with an Agilent 7890 GC equipped with a thermal desorption unit (TDU), cooled injection system (CIS), and a MultiPurposeSampler (MPS) autosampler (Gerstel, Linthicum Heights, MD).
The first-dimension column was a Rxi-624Sil (60 m×250 mm×1.4 mm (length×internal×diameter film thickness)) connected in series with a Stabilwax secondary column (1.3 m×250 mm×0.5 mm), both from Restek (Bellefonte, PA, USA). The carrier gas was helium, at a flow rate of 2 mL min-1. The primary oven temperature program was 45 °C (hold 1 min) ramped to 235 C at a rate of 8.0 °C/ min. The secondary oven and the thermal modulator were offset from the primary oven by þ5 C and þ20 C, respectively. A modulation period of 2.5 s (alternating 0.85 s hot and 0.40 s cold pulses) was used. The transfer line temperature was set at 250 °C. A mass range of m/z 40 to 400 was collected at a rate of 150 spectra/s. The ion source was maintained at 200 °C. Data acquisition and analysis were performed using ChromaTOF software, version 4.50 (LECO Corp.).
The volatile molecules were thermally desorbed from the sorbent tubes using the Gerstel thermal desorption unit. The initial temperature of the thermal desorption was set at 20 °C (held for 2 min) then heated to 300 C (when Tenax was used) 330 C (when CarY/X/1000, CarY, and CarB/X were used) at 700 °C/min, with helium venting flow at 60 mL min1 for 2 min. The interface temperature was kept at 275 °C. The VOCs desorbed from the thermal desorption tube were focused at 30 °C on a quartz wool glass liner of a cooled injection system (CIS 4, Gerstel). The CIS 4 was programmed from 30 °C to 330 °C at 12 °C/sec. The injection was performed in split mode (1:10).
Chromatographic data were processed and aligned using ChromaTOF. For peak identification, a signal-to-noise (S/N) cutoff was set at 100, and resulting peaks were identified by a forward search of the NIST 2011 library (70% minimum similarity was required). For the alignment of peaks across chromatograms, maximum first and second-dimension retention time deviations were set at 6s and 0.1s, respectively, and the inter-chromatogram spectral match threshold was set at 70%. Moreover, the search for peaks not found by the initial peak finding during the alignment was set to 50 S/N.
Peaks with retention time prior to 4 min were removed. Artifacts such as siloxane and phthalates were identified and deleted with the support of the script tool available in ChromaTOF. The scripts used to identify linear siloxanes and phthalates were adopted from Weggler et al. [23]. Additional scripts were also developed to define and identify cyclosiloxanes and silanols [24]. Peaks identified using the aforementioned scripts were then manually checked to avoid false positives, deleted from the peak table, and not considered for further data analysis.

2.5. Statistical analysis
Statistical analyses were performed using R (version 3.3.0). For the preliminary evaluation, repeatability (5 replicates) on the standards was calculated using the raw area from extracted ion currents (EIC). A two-tailed t-test was used to determine statistical significance (p < 0.05) of the measured peak area between the different TDTs, during the preliminary evaluation on standards.
Prior to statistical analyses and after assessing that the chromatographic signal for each chemical class was within the linear range, samples were normalized using probabilistic quotient normalization [25] and log transformed. Since zero values in the dataset may cause a problem for data normalization (i.e. log), the missing values were replaced with a low number equal to the half of the lowest detected area with the assumption that they were below the detection limit.
Random forest (RF) [26] algorithm was used for the selection of the discriminant features between the bacterial sample types (EC, SA, and PA), in multiple rounds of pair-wise classification. The TSB media was not considered in the pair-wise RF models because of the low clinical and biological relevance and because it was the same for the 3 bacteria providing a constant background (or baseline) contribution. The RF machine learning method constructs numerous decorrelated decision trees to classify samples in a 2class model and return the list of features ranked according to their mean decrease accuracy. Features were selected as discriminatory if they were ranked in the top 100 in 100/100 random forest iterations of 1000 trees, based on their mean decrease in impurity. Hierarchical clustering and principal component analysis were used to visualize the separation between samples.


Results and discussion
3.1. Thermal desorption tubes performance evaluation on standards
Generally, the selectivity and sensitivity of the sorbent materials, beyond the physical (surface area, porosity, pore volume, density) and chemical characteristic of the adsorption particles, depend on analyte properties like molecular size and polarity [27,28]. The ability of an adsorbent to retain the analytes of interests is also influenced by other conditions such as the relative humidity of the samples [29,30]. The investigation of this variable was outside the scope of the present research and was maintained constant during all the extractions.
In this research, the TDTs were initially selected based on their capability to efficiently trap known bacterial biomarkers, as well as other VOCs to permit both the targeted and the exploratory approaches for biomarker identification. Generally, graphitized carbon black (i.e. Carbopack) and carbon molecular sieve (i.e., Carboxen) materials are considered strong adsorbents because of the high capacity in retaining low-boiling point compounds. On the other side, the porous hydrophobic polymer (i.e., Tenax) shows a better capacity compared to the previous sorbents in retaining analytes with high boiling points. A detailed discussion about the sorbent material characteristics can be found in the literature [16,29,31-33].
The performance of four thermal desorption tubes containing different adsorbent types (carbon molecular sieve, graphitized carbon, porous polymer), namely Tenax, Carbopack Y/X/Carboxen1000 (CarY/X/1000), Carbopack B/X (CarB/X), and Carbopack Y (CarY) were compared by analyzing the headspace of TSB media spiked with standards at the 100 ng mL-1 concentration.
Seventeen standards were selected to represent different chemical classes (hydrocarbons, alcohols, aldehydes, aromatics, ketones, and esters), boiling points (101-261 °C) and vapor pressures (1.1×10-2 to 35 mmHg at 25 °C). Additionally, emphasis was placed on selecting compounds chemically similar to those that most commonly characterize the headspace of bacterial culture [1,2,9]. Supplementary Table S1 provides detailed information about the standards used.
Fig. 1 reports the average area (n = 5) of the 17 standards extracted with the different sorbents, with each extraction performed on separate thermal desorption tubes. Because of the diverse intensity and to better highlight the differences in the extraction yield, three sections with different y-scale axis were created in Fig. 1. Overall, a higher trapping yield for all compounds was obtained using Tenax tubes. This is particularly evident with high boiling point compounds (for example, methyl decanoate, ethyl salicylate, methyl undecanoate, and methyl dodecanoate) [34]. The tri-bed CarY/X/1000 follows Tenax in terms of trapping efficiency. The statistically different (p < 0.05) peaks, which were higher in Tenax and CarY/X/1000 are marked in Fig. 1 with * and #, respectively. The EIC signal of 9 out of 17 standards was statistically higher when tubes packed with Tenax were used compared to tubes packed with the other sorbents. Eight compounds had significantly lower signals when analyzed using CarY tubes and CarB/X tubes compared to CarY/X/1000 tubes. At the concentration of 100 ng mL-1, three compounds (2,6-dimethylphenol, cinnamaldehyde, and methyl anthranilate) were detected exclusively with Tenax and one compound (2,6-dimethylaniline) was detected only with Tenax and CarY/X/1000.
In terms of repeatability, an overall lower variance was observed using Tenax tubes, which showed an average 16% RSD (4-25% RSD range, with the exception of acetophenone). In view of this preliminary study on standards, both Tenax and CarY/X/1000 tubes were selected for further evaluation of bacterial cultures headspace.
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Fig. 1. Extraction yields obtained using the different type TDTs in TSB media spiked with 17 standards (100 ng mL-1). Statistically lower (p < 0.05) areas are marked with * and # only for those significant compared to Tenax and CarY/X/1000, respectively. For 3-methyl butyl acetate and 2-pentanone, the real area value is 5 and 2 times more than the one shown, respectively. ND = not detected. EIC =extracted ion current. To better highlight the differences, three sections with different y-scale axis were generated.

3.2. Application to bacterial culture headspace: untargeted investigation
Tenax tubes and CarY/X/1000 tubes were then used to analyze the headspace of different bacterial cultures, namely Escherichia coli (EC), Pseudomonas aeruginosa (PA), and Staphylococcus aureus (SA) grown in TSB media. In addition, sterile TSB media was analyzed and considered for the untargeted evaluation. Bacterial cultures were sampled at a single time point corresponding to the early stationary phase of growth (see Section 2.2). Five samples for each culture were taken for each TDT type and analyzed by GC×GC-TOF MS.
After the chromatographic alignment based on retention time and mass spectrum match, and artifact removal (see 2.4 for details), a refined list of 257 peaks was obtained.
For further data analysis, an inclusion criterion was applied to consider only the features detected in at least 3 out of 5 replicates within each group type. These are defined as the most consistent features and they consisted of 220 and 177 total features (among the 4 sample type) for Tenax tubes and CarY/X/1000 tubes respectively. The majority of the features were detected in 5 out of 5 replicates for both tubes. A complete overview of the number of features exclusively detected in 3, 4, and 5 out of 5 replicates for each sample type is showed in Supplementary Figure 2. Fig. 2 illustrates the overall flow of data treatment applied in the present research.
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Fig. 2. Scheme illustrating the flow of data treatment for bacterial culture analysis. The numbers in the circles relate to the number of analyte detected. Step a) Chromatogram alignment; Step b) artifact removal using scripts; Step c) adoption of an inclusion criteria to retain the more consistent features (presence in at least 3/5 replicates within each group type) and normalization (PQN); Step d) Discriminatory feature selection using random forest. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
The most consistent features were used to evaluate the correlation of the volatile profile within each sample type as a measure of the sampling consistency. On Tenax, the average group correlation (Pearson r) was 0.97 ± 0.02, 0.69 ± 0.12, 0.85 ± 0.12, and 0.99 ± 0.01, for EC, SA, PA, and TSB respectively. On CarY/X/1000, the group correlation was 0.84 ± 0.11, 0.66 ± 0.27, 0.78 ± 0.13, and 0.59 ± 0.25, for EC, SA, PA, and TSB respectively. The observed high correlation between technical replicates was expected, but it is important to note that Pearson correlation gave both higher coefficient values and narrower standard deviations for Tenax compared to CarY/X/1000. This finding confirmed the higher consistency and lower variability of measurements obtained using Tenax tubes that were observed in the preliminary experiments on standards (section 3.1).
The chemical classes of the features selected in Fig. 2 (step c) are reported in Fig. 3. Notably, both tubes efficiently trapped a wide range of chemical classes, ranging from alcohols to hydrocarbons and Tenax trapped generally an equal or greater number (~25%) of compounds across the chemical classes (except for ethers) present in those bacterial cultures, compared to CarY/X/1000 (in total 220 instead of 177 peaks).
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Fig. 3. Number of compounds per chemical class detected considering the aggregate peaks meeting the inclusion criteria in TSB, SA, PA, and EC using Tenax (blue) and CarY/ X/1000 (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Upon closer inspection, the different yield between the two tubes in trapping VOCs was selective and related to analyte size. As a representative example, Fig. 4 shows the averaged chromatogram of the EC volatile profile extracted with Tenax and CarY/X/1000 tubes (the profile of PA and SA are reported in Supplementary Figures 3 and 4). Here, the analytes detected in 100% of the replicates (5 out of 5) in E. coli are represented, and thus the average is derived from 5 measurements.
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Fig. 4. Bubble plot showing the VOCs from P. aeruginosa, detected in 5 out of 5 replicates with Tenax (blue circles, 138 features) and CarY/X/1000 (yellow circles, 88 features). The size of the bubbles is relative to the average area (n = 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Generally, in the first half of the chromatogram, the difference between the profiles is quantity-related; indeed, the same analytes are detected with Tenax and CarY/X/1000 but with different signals. In the last part instead (>20 min), the chromatogram with Tenax (blue circles) shows more peaks due to the better affinity for trapping the higher boiling-point analytes.
In the attempt to differentiate the samples based on the VOC profile, the samples were plotted using hierarchical clustering analysis and heatmap using the 220 and 177 consistent features (Fig. 5). With this straightforward and unsupervised data analysis flow, a very good clustering of the 4 groups is obtained with Tenax (Fig. 5A), whereas TSB and PA sample results were not well distinguished from one another when CarY/X/1000 was used for VOCs sampling (Fig. 5B). Euclidean distances (intra- and intergroups), a measure of the distance between samples/groups in the dendrogram for hierarchical analysis [24], were extrapolated to better evaluate and compare the sampling tubes. The intra-group distance (within the same sample-type) is a value of the dispersion of the samples within the same group, and the inter-group gives a measure of the separation between the two classes. The values obtained are reported in Fig. 5C. As can be noted from the diagonal, which reports the intra-group Euclidian distances, smaller values (thus, tighter intra-grouping) are obtained for Tenax (on average 15.8) compared to CarY/X/1000 (on average 19.8). On the other hand, all the inter-group distances (between different sample-types) result on average doubled with Tenax (26.2) compared to CarY/X/1000 (13.8), meaning that the discrimination between the bacteria headspace is more effective when Tenax is used for VOCs sampling. These results can be explained by a sum of two factors: I) the use of Tenax gave a better repeatability compared to CarX/Y/1000, thus determining a lower dispersion and variability of the replicates; II) using Tenax about 50 more features, highly informative, were extracted compared to CarX/Y/1000.
[image: A screenshot of a graph

AI-generated content may be incorrect.]
Fig. 5. Heatmap and hierarchical clustering for TSB, SA, PA and EC samples using Tenax (A) and CarY/X/1000 (B) considering the peaks meeting the inclusion criteria (220 and 177 features, respectively). C) Euclidean distances for each combination of sample groups, measured in Tenax and CarY/X/1000.

3.3. Characteristic VOCs from bacterial cultures: targeted evaluation
The common progression of untargeted analysis is the subsequent identification of features that best discriminate and characterize the samples under investigation, and which can be possibly considered as diagnostic biomarkers. For this purpose, random forest was used to select discriminatory volatile metabolites [12,19] between the three bacterial species evaluated (Fig. 2, step d). The media was not considered for feature selection because of its low clinical relevance.
The random forest model considered the aggregated discriminatory features from either EC, SA, and PA, and selected 60 molecules (from the initial 220) using Tenax and 34 molecules (from the initial 177) using CarY/X/1000 tubes. Of these, 26 volatile metabolites were in common between Tenax and CarY/X/1000, and are listed in Table 1. Moreover, the relative abundance (normalized to the highest signal between the two tubes within the same culture type), is reported as well. The box plot confirmed that Tenax performed better than CarY/X/1000 for VOC sampling, both in terms of trapping efficiency (higher signals in 17 out of 26 analytes in common) and standard deviation of the measured area (all below 30% RSD, except for 5 analytes).

Table 1
Discriminatory molecules selected by using random forest and shared between Tenax (blue) and CarY/X/1000 (yellow). Also reported for each peak the average library match, retention times and relative abundance. The box plots reflect the analyte extraction efficiency of Tenax (blue) and CarY/X/1000 (yellow) in the same sample type (a,b,c).
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In terms of discrimination capability between the four groups is worthy saying that although both tubes showed a good discrimination between the 4 groups after feature selection, a ~30% better clustering and separation were obtained when sampling with Tenax (average inter-group Euclidean distance of 12.6 for Tenax versus 9.8 for CarY/X/1000), as shown in Supplementary Figure 5. The random forest algorithm highly benefitted from the higher repeatability and consistency of the measurements using Tenax, thus retaining a higher number of informative features (60 vs 34) and giving a better discrimination capability.
Although an exhaustive discussion of the discriminatory features is outside the aim of the paper, it is important to mention that of the discriminatory VOCs in common when sampling with Tenax and CarY/X/1000, nine are largely reported in the literature (those indicated as * in Table 1) [1, 35-41]. For example, indole was detected and confirmed as a discriminatory feature for EC [38,40,41]. For indole, both trapping efficiency and repeatability resulted greater using Tenax tubes (~3.5 fold higher area and 4 times lower RSD respect to CarY/X/1000).
The aldehyde 2-methyl butanal was selected as characteristic VOC for SA, in agreement with previous reports [1,37], and had a higher signal when CarY/X/1000 was used (~0.3 fold higher area), probably because of the low molecular size and higher affinity to the stronger adsorbent, but with higher variability (33% RSD) than Tenax (12% RSD).
The ketone 2-heptanone, which is a known P. aeruginosa biomarker [36,39], had a signal approximately 1.3 fold higher area with 3 times lower RSD values with Tenax in comparison to CarY/X/ 1000.


Conclusion
The goal of the current research was to evaluate the use of different TDTs for bacterial VOC analysis, both in a targeted and untargeted manner. Of the four different TDTs tested, tubes packed with Tenax showed the best sensitivity and repeatability on the standard analytes used in the preliminary evaluation, followed by CarY/X/1000 tubes.
Tenax tubes also showed a better performance in terms of correlation and discrimination efficiency in a multivariate data analysis between bacterial headspace samples (Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and the growth media). In looking at this in a univariate way, Tenax confirmed an overall better repeatability, analyte coverage, and recovery of the most characteristic bacterial VOCs, considering the samples and condition herein used.
The future intent is to be more consistent in VOC sampling (i.e. using thermal desorption tubes) when in vitro studies want to be compared to in vivo studies for biomarkers discovery and translation, in order to exclusively focus on biological differences and minimize the variability of sample preparation. This study recommends the presence of the Tenax bed in TDTs.
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