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Abstract 20 

This study reports and critically discusses the results of a systematic investigation on the effectiveness of 21 

different and complementary sampling approaches, based on either sorption and adsorption, treated as a 22 

further dimension of a two-dimensional comprehensive gas chromatography mass spectrometry analytical 23 

platform for sensomics. The focus is on the potentials of a group of high concentration capacity (HCC) 24 

sample preparation (Solid Phase Microextraction, SPME, Stir Bar Sorptive Extraction, SBSE and Headspace 25 

Sorptive Extraction, HSSE) and Dynamic Headspace (D-HS) techniques investigated to provide information 26 

useful for fingerprinting and profiling studies of food aroma.  27 

Volatiles and semi-volatiles contributing to define whole and nonfat dry milk aroma have been successfully 28 

characterized thanks to the combination of effective and selective sampling by HCC and D-HS techniques, 29 

high separation and detection power of GC×GC-MS and suitable data elaboration (i.e., Comprehensive 30 

Template Matching Fingerprinting- CTMF).  31 

Out of the sample preparation techniques investigated, HSSE and SBSE have shown to be really effective for 32 

sensomics studies because of their high concentration factors, providing highly representative profiles as 33 

well as analyte recovery suitable for GC-Olfactometry even with high odor threshold (OT) markers or potent 34 

odorants in sub-trace amounts.  35 

 36 
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1. Introduction 46 

Modern -omics disciplines dealing with food (foodomics, flavour metabolomics, sensomics, flavoromics [1-47 

5]) investigate sample constituents considered collectively (primary and secondary metabolites, 48 

compounds generated by thermal treatments and/or enzymatic activity) and open interesting perspectives 49 

in the correlation between sensory attributes and chemical composition.  50 

Sensomics and flavoromics, in particular, focus analytical efforts on revealing sensory-active compounds. 51 

The investigation is extended to all possible stimuli of the multimodal perception (aroma, taste, texture 52 

etc..) by comprehensively treating sample constituents and related attributes (physicochemical properties, 53 

concentration in-the-matrix) together with their sensory properties (odor quality, odor threshold - OT, 54 

Odour Activity Value - OAV) [4]. The resulting investigation strategy combines the advantages of detailed 55 

profiling on known components (and possibly unknown ones too) with the effectiveness of fingerprinting to 56 

catalog sample constituents comprehensively, quantitatively and in a way comparable across samples [6]. 57 

Conventional and well established approaches adopted in sensomics studies for food aroma 58 

characterization [4,7] aim to isolate-identify-quantify key-aroma compounds, combining extraction (liquid-59 

liquid extraction or more effective processes such as Solvent Assisted Flavor Evaporation (SAFE)), odorants 60 

qualification by GC-Olfactometry (GC-O) and subsequent accurate quantitation. These approaches are not 61 

only fundamental to define flavor composition and key-components but also for high-throughput 62 

screenings and fingerprinting [8].  63 

In this context, multidimensional approaches offer the possibility to overcome some of the limits of 64 

conventional approaches by applying orthogonal discrimination in multiple analytical dimensions and 65 

combining: (a) analytes’ separation based on volatility, polarity, partition coefficient, solubility, etc., (b) 66 

analytes’ identity assessment, provided by mass spectroscopy (exact mass assignment, fragmentation 67 

pattern, multiple reaction monitoring), (c) analytes quantitation (true concentration and relative 68 

abundance) and, not least, (d) analytes’ odour activity characterization with olfactometric detection. In 69 

particular, two-dimensional comprehensive gas chromatography coupled with mass spectrometry (GC×GC-70 

MS) has proved to be the technique of choice for detailed profiling (untargeted and targeted) and 71 

fingerprinting of volatiles from food and, if implemented by olfactometric detection (GC(O)×GC-MS), this 72 



platform ideally fulfills the needs for an effective investigation of volatiles and semi-volatiles in a sensomics 73 

perspective [4,9].  74 

However, sample preparation is still one of the bottle-necks of the entire analytical process. Key-requisites 75 

for a sample preparation technique able to provide a consistent and meaningful picture of sensory-76 

informative analytes can be summarized in a few points: (a) possibility of an ad hoc tuning of the extraction 77 

selectivity by modifying physico-chemical characteristics of the extractants and of sampling conditions 78 

(time, temperature and volume/mass of the extraction phase); (b) flexibility in terms of extraction 79 

efficiency/capability, since the absolute amount extracted directly affects method performance in terms of 80 

LOD and LOQ; (c) extraction methods based on mild interactions to limit artifacts formations; sorption (i.e. 81 

partition) should therefore be preferred to adsorption as extraction mechanism; (d) possibility of full 82 

integration and automation of the extraction process, thus including sample preparation as an additional 83 

dimension in the analytical platform.  84 

In this perspective, a recent study by Ching et al [10] is of interest. This publication discusses the 85 

advantages, in terms of detection limit for GC-O screening, obtained by applying cumulative Headspace - 86 

Solid Phase Microextraction (HS-SPME) as sample preparation approach for wine aroma assessment. Such 87 

an experimental design presents challenging aspects and, at the same times some limitations due to the 88 

low possibility of it being automated; the proposed method includes twelve contemporary samplings with 89 

two different fiber coatings, followed by successive GC injections delayed over time.  90 

However, other HS sampling approaches, which are currently seldom used in GC×GC-MS and GC(O)×GC-MS 91 

sensomics applications, may potentially be successful being able to fulfill most of the key-points listed 92 

above and, in particular, reducing the Limit of Odour Activity Value (LOAV) of the method [4]. LOAV is a 93 

useful parameter introduced by sensomics, determined through the ratio between analyte odor threshold 94 

(OT) and method LOQ. By definition, LOAV values above 1 refer to sensitive methods giving an effective and 95 

quantitative odorant assessment above their odor threshold, while an LOAV of below 1 indicates the 96 

concentration limit under which an odorant can be identified but not quantified. 97 

The so-called High Concentration Capacity Headspace Techniques (HCC-HS) [11], based on either a static or 98 

dynamic accumulation of volatile(s) on polymers, operating in sorption and/or adsorption, are an elective 99 



route for a satisfactory throughput headspace sampling. Selectivity and extraction capability can ad hoc be 100 

tuned to meet the requirements for a given application, by selecting appropriate polymers, their physical 101 

state and volume. In particular, HS-SPME and Headspace Sorptive Extraction (HSSE) are the most widely-102 

used static HCC-HS approaches; they are based on multiple equilibria that are predictable provided that a 103 

limited number of physicochemical constants are known, are easy to standardize and to integrate with the 104 

separation system. Dynamic headspace sampling (D-HS) can also be considered as a valid alternative, being 105 

able to increase sensitivity and achieve higher concentration factors (CF) [12], although a careful tuning of 106 

sampling parameters is necessary to avoid breakthrough and obtain a representative picture of volatiles 107 

without discriminations [13-17]. 108 

This study reports and critically discusses the results of a systematic investigation on the effectiveness of 109 

different and complementary sampling approaches, based on either sorption and adsorption, or a 110 

combination of them, with the aim of qualitatively and quantitatively screening volatiles and semi-volatiles 111 

of dry milk powders especially focused on sensory-informative analytical targets (key-aroma compounds 112 

and off-odors). In particular, information deriving from analytes obtained by headspace and in-solution 113 

sampling is here compared to evaluate whether an orthogonal approach is advantageous and effective 114 

when describing the sensory properties of the components in the sampled fraction. The sample matrix 115 

investigated, i.e. dry milk powders (whole and nonfat milk), is challenging because of the wide range of 116 

volatility (Vapor pressures - Vp), polarity (LogP values from 0.3 to 8), water solubility and concentration of 117 

the most significant analytes, which requires that both powders and reconstituted liquids are analyzed for a 118 

reliable characterization of the final aroma profile. 119 

 120 

2. Experimental 121 

2.1 Reference compounds and samples  122 

Pure reference compounds for key-aroma compounds identity confirmation ((E)-2-nonenal, (E)-2-123 

undecenal, (E)-heptadecenal, (E,E)-2,4-decadienal, 2-furanmethanol ,3-methylbutanal, 3-methylbutanoic 124 

acid, acetic acid, butanoic acid, pentanoic acid, hexanoic acid, octanoic acid, nonanoic acid, decanoic acid, 125 

decenoic acid, dodecanoic acid, γ-dodecalactone, δ-decalactone, δ-undecalactone, maltol, benzothiazole, 126 



dimethyltrisulfide, β-ionone) and n-alkanes (n-C9 to n-C25) for Linear Retention Index (IT
S) determination 127 

were from Sigma-Aldrich (Milan, Italy).  128 

Dry nonfat and whole milk samples were kindly supplied by Soremartec Italia (Alba, CN, Italy) and consisted 129 

of freshly prepared powders, obtained by freeze drying technology, complying the Codex Alimentarius 130 

standard: CODEX STAN 207-1999. 131 

Reconstituted samples were freshly prepared, immediately before sampling, by adding to the dry powder 132 

distilled water in a proportion of 1:9 w/w. In-solution sampling was carried out on 10 mL of the resulting 133 

dispersion at room temperature.  134 

 135 

2.2 Sample Preparation 136 

2.2.1 Automated Static Headspace  137 

Automated Static Headspace analysis was run with HT2100H (HTA srl - Brescia Italy). Sampling conditions 138 

and parameters are listed in Table 1.  139 

 140 

2.2.2 Automated Solid Phase Microextraction and Headspace Solid Phase Microextraction  141 

Automated SPME for in-solution sampling and HS-SPME for headspace analysis were performed using a 142 

MPS-2 multipurpose sampler (Gerstel, Mülheim a/d Ruhr, Germany) installed on the GC×GC-MS system. 143 

SPME fibers were from Supelco (Bellefonte, PA, USA). The tested coatings consisted of: 144 

Divinylbenzene/Carboxen/ Polydimethyl siloxane (DVB/CAR/PDMS) df 50/30 μm - 2 cm; Polydimethyl 145 

siloxane (PDMS) df 100 μm -1 cm; Polyacrylate (PA) df 85 μm - 1 cm and Carbowax (PEG) df 60 μm - 1 cm. 146 

Fibers were conditioned before use as recommended by the manufacturer. Sampling conditions and 147 

parameters are summarized in Table 1. 148 

 149 

2.2.3 Stir Bar Sorptive Extraction and Headspace Sorptive Extraction 150 

SBSE for in solution-sampling and HSSE for headspace sampling were performed with commercial Twister™ 151 

devices. 100% PDMS df 500 μm - 2 cm twisters were supplied by Gerstel (Mülheim a/d Ruhr, Germany) and 152 

PDMS-Carbopack B™ df 500 μm - 2 cm Dual Phase (DP) twisters were from Research Institute for 153 



Chromatography –RIC (Koortrijk, Belgium) or prepared in the authors’ laboratory. Sampling was carried out 154 

in a thermostatic bath with constant stirring; HSSE twisters were suspended in the vapour phase with a 155 

stainless steel wire [12], volatiles were thus transferred to GC×GC-MS by a MPS-2 multipurpose sampler 156 

(Gerstel, Mülheim a/d Ruhr, Germany) equipped with a Thermo Desorption Unit (TDU) and a CIS-4 PTV 157 

injector (Gerstel, Mülheim a/d Ruhr, Germany). Sampling conditions and parameters are reported in Table 158 

1. 159 

 160 

2.2.4 Dynamic Headspace sampling 161 

Dynamic headspace sampling was performed with trapping devices assembled in the authors laboratory 162 

with characteristics suitable to obtain comparable data, in particular they consisted of: (a) 50 mg (±2) of 163 

Tenax TA™ - 60/80 meshes from Supelco (Bellefonte, PA, USA) and (b) a combination head-to-tail of 100% 164 

PDMS foams (15 mm length – 30 mg ± 2) and 20 mg (±2) 100% PDMS particles supplied by Gerstel 165 

(Mülheim a/d Ruhr, Germany). Extractants were packed on inert, single taper, glass liners to be directly 166 

desorbed into the TDU unit.  167 

During sampling, traps were gas-tight connected to the outlet of a 20 mL sampling vial kept at 50°C, 168 

analytes were trapped with a nitrogen flowrate of 10 mL/min for an extraction time of 20 min (200 mL of 169 

total volume). Traps were maintained at room temperature during sampling to increase extraction 170 

efficiency. Sampling conditions and parameters are given in Table 1. 171 

 172 

2.3 GC×GC-MS instrument set-up and analytical conditions  173 

GC×GC analyses were performed on an Agilent 6890 GC unit coupled with an Agilent 5975C MS inert 174 

detector operating in the EI mode at 70 eV (Agilent, Little Falls, DE, USA). The transfer line was set at 270°C. 175 

A Standard Tune was used and the scan range was set at m/z 35-250 with a scan rate of 10,000 amu/s to 176 

obtain a suitable number of data points for each chromatographic peak for reliable  quantitation. The 177 

system was equipped with a two-stage KT 2004 loop thermal modulator (Zoex Corporation, Houston, TX) 178 

cooled with liquid nitrogen controlled by Optimode™ V.2 (SRA Instruments, Cernusco sul Naviglio, MI, 179 

Italy). Hot jet pulse time was set at 250 ms, modulation time was 5 s and cold-jet total flow progressively 180 



reduced with a linear function from 40% of Mass Flow Controller (MFC) at initial conditions to 3% at the 181 

end of the run. A deactivated fused silica capillary loop (1 m × 0.1 mm dc) was used. The column set was 182 

configured as follows: 1D SolGel-Wax column (100% polyethylene glycol) (30 m × 0.25 mm dc, 0.25 μm df) 183 

coupled with a 2D OV1701 column (86% polydimethylsiloxane, 7% phenyl, 7% cyanopropyl) (1 m × 0.1 mm 184 

dc, 0.10 μm df). The 1D Column was from SGE (Melbourne, Australia) whereas the 2D column was from 185 

Mega (Legnano, Milan, Italy).  186 

One microliter of the n-alkane sample solution for Linear Retention Index (IT
S) determination was 187 

automatically injected with an Agilent ALS 7683B injection system under the following conditions: 188 

split/splitless injector, split mode, split ratio 1:50, injector temperature 280°C.  189 

Volatiles extracted by in-solution sampling or headspace sampling were injected as reported in Table 1. For 190 

all experiments, carrier gas was helium kept at a constant flow of 0.7 mL/min (initial head pressure 260 191 

KPa). The temperature program was 40°C (1 min) to 170°C at 2°C/min and to 250°C at 20°C/min (5 min). 192 

Data were acquired by Agilent MSD ChemStation ver D.02.00.275 and processed using GC Image GCGC 193 

Software version 2.3 (GC Image, LLC Lincoln NE, USA). Statistical analysis was performed with SPSS 14.0 194 

(SPSS Inc. Chicago, Illinois, USA) and heat map visualization by GENE-E v 3.0.77 (Broad Institute, Inc. 195 

Cambridge, MA, USA). 196 

 197 

2.4 Method performance parameters  198 

To establish method performance in terms of precision for quantitative descriptors (i.e. 2D Peak Volumes 199 

measured on analytes Target Ion –Ti), a simple validation protocol was designed, including experiments on 200 

HS-SPME with DVB/CAR/PDMS, HSSE and SBSE with 100% PDMS Twister™ and D-HS sampling with PDMS 201 

foam/particles. Precision data (intra and inter-week precision on retention times and 2D Peak Volumes on 202 

key-odorants Ti) were evaluated by replicating analyses (six replicates) during a period of three months. 203 

Results are reported in Table 2 for a selection of key-odorants and are expressed as RSD% on analytes 2D 204 

Peak Volume.  205 

2.5 Analytes identification 206 



Analytes were identified on the basis of their linear retention indices and MS-EI spectra compared to those 207 

of authentic standards (when available) or tentatively identified through their EI-MS fragmentation 208 

patterns and retention indices. 209 

 210 

3. Results and Discussion 211 

This study evaluates how sample preparation can influence the characterization of fingerprints and profiles 212 

of complex volatile fractions of food matrices when combined with GC×GC-MS analysis. The volatile 213 

fraction of dry milks (whole and nonfat) was here chosen as model sample to study the effectiveness of a 214 

set of headspace and in-solution HCC and dynamic headspace techniques also because conventional static 215 

headspace sampling results were not significant at all, most probably because of a high matrix effect.  216 

The sample preparations performance are measured through a dedicated GC×GC-MS data handling 217 

approach suitable to compare data from several samples and described in the next paragraph.  218 

 219 

3.1 Untargeted analysis and global performance 220 

The so-called peak feature methods have here been adopted for data processing because of their 221 

effectiveness in fully exploiting the informative content of the three dimensional GC×GC-MS data sets (1D 222 

and 2D retention times and MS fragmentation patterns) and, to a different extent, because of their 223 

sensitivity, which is suited to monitoring variations in the chemical pattern within a set of complex samples 224 

[18].  225 

In particular, Comprehensive Template Matching Fingerprinting (CTMF) extends correspondences to the 226 

similarities with the MS fragmentation pattern, in addition to 1D and 2D retention data, by adopting the 227 

NIST MS Search algorithm (NIST MS Search 2.0 ver. d [19]).  228 

CTMF was here used to process 2D patterns from dry milk samples (whole and nonfat) analyzed by 229 

headspace approaches and reconstituted samples submitted to the in-solution sampling, for a total of 90 230 

2D plots (see Table 1 for sample replicates) and reliable peak features collected in a cumulative template 231 

were used to align them across sample chromatograms and extract mass quantitative descriptors (2D 232 

Normalized Peak Volumes) for the comparative analysis. The list of peak features and related information 233 



(1D and 2D retention times, 1D Linear Retention Index (IT
S), Normalized Peak Volumes and MS fragmentation 234 

pattern) are provided as supplementary data (Supplementary Table ST1). The resulting 2D Peak Volumes, 235 

referred to the 211 untargeted analytes, are visualized as heat map in Figure 1. Rows follow the retention 236 

indices ordered coherently with the polar x apolar column combination. Peak Volumes were normalized by 237 

dividing by row standard deviation; headspace and in-solution sampling were treated separately to make 238 

comparisons more coherent. Intense blue indicates analytes that were not detected (2D Peak Volume equal 239 

to zero). 240 

Within headspace approaches, HCC techniques with higher amounts of polymeric accumulation phase (i.e. 241 

HSSE and D-HS), as expected, gave better results in term of concentration capacity (predominance of red 242 

spots). On the other hand, single-polymer SPME fibers, including polar and selective polymers (i.e., PA and 243 

PEG), resulted less effective with the exception of  DVB/CAR/PDMS SPME fibre. Since milk aroma is 244 

characterized by the predominance of medium-to-high polarity analytes, polar fibers were chosen to see if 245 

selectivity alone can provide a clearer picture of the most informative analytes.  246 

As additional consideration, whole dry milk headspace was defined by a higher amount of low-molecular 247 

weight low-polarity analytes, mainly (saturated and unsaturated) alkyl compounds derived from lipid-248 

degradation of triglycerides induced by thermal treatment (intense red colourization for IT
S values until 249 

1200 and corresponding to Features ID# number until 25 - Supplementary Table ST1).  250 

With in-solution sampling, the concentration capacity of SBSE for both sampling systems (100% PDMS and 251 

dual-phase PDMS-Carbopack B™) resulted decisive, although information on highly volatile components 252 

was partially lost due to their evaporation in the sample headspace (deliberately maintained during 253 

extraction); SBSE enabled to obtain concentration factors of up to between 6 and 7 times of the 254 

analytemass in comparison to HCC-HS techniques. This aspect is crucial with respect to an integrated 255 

analytical platform for sensomics, where GC-O has to be carried out contemporarily to the identification 256 

and quantitation of odor-active compounds. 257 

The following paragraphs discuss the advantages provided by implementing HCC sampling to a sensomics 258 

analytical platform by focusing on key-analytes and the information they can provide in a high throughput 259 

survey on milk volatiles. 260 



 261 

3.2 Targeted analysis: focus on most relevant chemical classes  262 

The volatile fraction of milk and of dry milk products has been the object of several studies, most of 263 

them aimed at identifying sensory active compounds responsible for positive and negative attributes that 264 

concur to the whole aroma [20-26]. Conclusive results were reported by Karagül-Yüceer et al. in two 265 

successive studies [25,26] where they indicated as relevant sensory attributes of freshly prepared non-fat 266 

dry milk, the cooked/sulfurous note, perceived by the panel as the most intense flavor, followed by the 267 

caramelized and sweet aromatic/cake perceptions and finally the sweet and astringent notes. Extending 268 

the study along samples shelf-life, Maillard reaction, aminoacids degradation and lipid oxidation products 269 

dominate the scenario, adding further sensory attributes as, for example, the papery/cardboard, the 270 

fried/fatty, the barny/animal like and the waxy notes.  271 

Aroma active compounds found to be responsible of the sensory quality of dry milks belongs to several 272 

chemical classes, such as: short chain fatty acids, saturated and unsaturated aldehydes, methyl-ketones, 273 

lactones, furanones, sulphur derivatives and esters [26]. These groups of chemicals suitably describe the 274 

impact exerted by technological treatments on native milk components: Maillard reaction dominates with 275 

its primary and secondary products, the former affecting the aroma bouquet (furan derivatives, Strecker 276 

aldehydes etc.) and the latter influencing other hedonic properties as color and taste, due to the formation 277 

of high molecular weight products (including melanoidins). Lipid oxidation, due to both enzymatic activity 278 

and ozonolysis induced by spray-drying, releases several carbonyls derivatives, alkenes and alcohols while 279 

hydrolysis of triglycerides, promoted by native (endogenous) and lactic (exogenous) enzymes, gives a 280 

characteristic fingerprint of free, short-chain fatty acids. Not least, the amino acid degradation releases 281 

some phenolic compounds while plant secondary metabolites from vegetable feeding imply native 282 

terpenoids and/or degradation products such as, for instance, nor-isoprenoids derived from carotenoids. 283 

The investigation on the volatile fraction of dry milk was thus targeted on the above mentioned chemical 284 

classes, including also some key-odorants reported in the literature [25,26]. Emphasis was given to the 285 

informative potential of both single key-analytes undoubtedly responsible of aroma sensations, and to 286 

indirect markers of degradation reactions that may be correlated with key-odorants. The first group of 287 



sensory-relevant and abundant chemicals is undoubtedly that of carbonyl derivatives. It includes aromatic 288 

aldehydes (benzaldehyde, 4-methyl benzaldehyde and cynnamic aldehyde) and homologue series of linear 289 

saturated aldehydes from C-6 to C-18, mono and di-unsaturated aldehydes (sensory relevant with OTs 290 

around 0.1/0.01 ng/g) and saturated and unsaturated methyl ketones from C-7 to C-17. Table 2 lists peak 291 

features (1D and 2D retention times, 1D IT
S, and Absolute 2D Peak Volume (x 100,000)) for relevant target 292 

analytes identified in all samples (dry powders and reconstituted milk) when the investigated sampling 293 

approaches were applied. Because of the dimension of the data matrix, information on static headspace (S-294 

HS) and single polymer SPME sampling (i.e., PA, PEG and PDMS) are not included in this table but they can 295 

be easily retrieved in Supplementary Table ST1 through Peak Feature ID#.  296 

First of all, the GC×GC-MS profiles obtained after static headspace sampling (S-HS) were not significant and 297 

no compounds of interest were revealed. S-HS sampling was deliberately carried out under the same 298 

sampling conditions (headspace volume, sample weight, temperature and time) applied to the investigated 299 

HCC-HS to enable a comparable evaluation of their concentration capacity, although each technique surely 300 

would provide better results if run under optimized conditions [12,27]. Taking HS-SPME as a reference for 301 

comparisons, as expected, D-HS in both sorption (PDMS) and adsorption modes (TENAX) and HSSE with 302 

both 100% PDMS and PDMS-Carbopack B™ resulted in the best enriching approaches in absolute terms 303 

(Figure 1 and Table 2). These results are also confirmed for carbonyl derivatives where, interestingly, the 304 

concentration capacity compared to SPME with DVB/CAR/PDMS, is from a 2 to 24 fold increase for 305 

aldehydes, in whole and non fat milk respectively, and from a 3 to 25 fold increase for ketones. Figure 2 306 

reports a graphical summary, limited to carbonyl compounds, concerning the effectiveness of each single 307 

HS sampling approach in terms of number of analytes revealed and total response (i.e. Absolute 2D Peak 308 

Volume counts), Figure 2 also includes the results of single-polymer SPME extraction.  309 

With in-solution sampling, the best performing technique in terms of global concentration capacity was 310 

SBSE. Its recovery increased 3 fold with DP twisters with Carbopack B™ as inner stationary phase compared 311 

to SPME with DVB/CAR/PDMS. SBSE also provided a more coherent and meaningful picture for carbonyl 312 

compounds (Figure 2 and Table 2) in comparison to SPME with DVB/CAR/PDMS. 313 



With in-solution sampling, the high molecular weight (MW) homologues, characterized by a lower water 314 

solubility and volatility, were less effectively recovered than with D-HS sampling with apolar sorbents 315 

(PDMS) or the dual extraction mechanism of HSSE with DP-twisters (PDMS-Carbopack B™). 316 

Figure 3 reports the 2D patterns of a whole dried milk sample and its linear saturated aldehydes from C-6 317 

to C-18 obtained by D-HS-PDMS (TIC and SIM traces), as well as the 2D pattern of lactones resulting from a 318 

HSSE-PDMS sampling. 2D plots were obtained by selecting diagnostic m/z fragments (i.e., 57,82,95 m/z for 319 

aldehydes and 55,71,99 m/z for lactones) from the Total Ion Current (TIC) (top of image) by scripting with 320 

CLIC™ Expression (GC-Image, LLC Lincoln NE, USA) on the software platform.  321 

Lactones warrant a mention too, as they are among the most informative chemical classes of milk volatile 322 

fraction;  they are formed from free fatty acids after lipase hydrolysis followed by a β-oxidation and 323 

hydroxylation to form 4- and 5- hydroxyacids, precursors of γ- or δ- lactones respectively. Their relevance 324 

as quality markers of milk products is related to the dual behavior addressed by several authors, i.e. below 325 

a given concentration, their contribution to the whole aroma is positive giving sweet, fatty and milky odor 326 

notes; at higher concentration, they may impart unpleasant notes [25,26]. For this chemical class, 327 

consisting of 16 members belonging to both γ- and δ- series, and for short chain fatty acids (SCFAs, from C-328 

2 to C-10), that have a similar water solubility, in-solution sampling gave better results (in terms of 329 

Cumulative 2D Peak Volumes and number of detected peaks - Table 2) than headspace, although, for in-330 

solution sampling, a lower amount of the dry powder was submitted to extraction (i.e. 1.000 g in 9.000 g of 331 

distilled water).  For both headspace and in-solution sampling, polar SPME fiber coatings, such as PEG gave 332 

satisfactory results for polar analytes (i.e., SCFAs and lactones) because their selectivity partially 333 

compensated their lower extraction recovery due to the limited coating volume compared to SBSE.  Figure 334 

4 compares the concentration capability for SCFAs and lactones, for a selection of SPME extractants 335 

operating both in headspace and in-solution sampling: an apolar 100% PDMS, a polar 100% PEG and the 336 

multi-component DVB/CAR/PDMS.  337 

 338 

3.3 Key-odorants and aroma blueprint 339 



Milk key-odorants merit a separate discussion; it is known from literature [25,26] that their 340 

concentration in non-fat dry milk powders ranges from 40 ng/Kg of dimethyl trisulfide and 10-60 ng/Kg of 341 

β-ionone, to 0.5 µg/Kg for δ-deca- and undecalactone and 2 µg/Kg for γ-dodecalactone. Other key-aroma 342 

compounds such as propionic, pentanoic, nonanoic and dodecanoic acid (short chain fatty acids - SCFA) and 343 

maltol fall in the mg/Kg range. 344 

In this context, the extraction step of the analytical process plays the major role in concentrating analytes 345 

above the method’s LOD and LOAV [4]. In addition, to monitor shelf-life changes and/or the impact of 346 

process parameters on the aroma profile, high throughput sampling is mandatory. These experimental 347 

results might then be useful in order to select the most appropriate sampling approach(es). 348 

In-solution sampling with both PDMS and PDMS-Carbopack B™ twisters would indubitably be the best 349 

choice for whole dry milk powders characterization. This is because of carbonyl compounds and lactones 350 

and of key-aroma compounds belonging to these classes. Similar results were also obtained for nonfat milk, 351 

for which, on average, the number of key-aroma compounds present was only slightly lower. Differences in 352 

the absolute amount of extracted analytes within whole and nonfat milk should be attributed to the matrix 353 

effect that only a true quantitation approach can accurately determine. On the other hand, headspace 354 

approaches, although less effective in terms of absolute amount of key-aromas recovered, showed good 355 

aptitude to profiling, being able to cover on average 60% of this group of 23 informative analytes. 356 

Figure 5 visualizes, in logarithmic scale, the extraction efficiency (Cumulative 2D Peak Volume (x 100,000)) 357 

of two of the most effective approaches (i.e., SBSE and HSSE with 100% PDMS) investigated for key-aroma 358 

compounds of dry milk. Figure 5a reports the profile of absolute 2D peak volumes of key-aroma 359 

compounds of whole dry milk samples. In Figure 5b, mass indicators (2D Peak Volumes) were normalized 360 

on OTs (in µg/Kg) getting closer to the OAV concept and giving a more realistic perspective to the 361 

informative potential of these specific approaches. It can be seen, for example, that (E,E)-2,4-decadienal 362 

has the highest informative role, though it is characterized by a relatively low enrichment factor with all 363 

approaches, but being a potent odorant with an OT of about 0.07 µg/Kg. On the contrary, SCFAs play a 364 

lesser role in the definition of the overall aroma being less active as odorants, their OTs being around 1 365 

mg/Kg or above. 366 



However, for a future implementation with olfactometric detection of the analytical platform GC(O)×GC-367 

MS, the amount of information provided by both SBSE and HSSE sampling approaches is strategic from 368 

different points of view: (a) their concentration capacity is higher than that of SPME and it can be further 369 

improved by optimizing sampling parameters (i.e., modifying ionic strength, improving phase ratio (β), 370 

tuning sampling temperature and time), or by performing multi-shot extraction/desorption [28]; (b) a 371 

broader selectivity range can be obtained thanks to the possibility of combining multiple extraction 372 

mechanisms (e.g. sorption/adsorption with PDMS-Carbopack B™ DP-twisters) thus enabling to cover wider 373 

volatility/polarity intervals; (c) method standardization and automation is easier than with dynamic 374 

samplings , being HSSE a static sampling approach, and (d) the possibility of extending the headspace 375 

linearity range due the higher volume of extractant in HSSE twisters that is important for quantitative 376 

studies by Multiple Headspace Extraction [29,30]. 377 

 378 

4. Conclusions  379 

The reported results show that sample preparation can successfully be fully or partially integrated in a 380 

GC×GC-MS platform in view of its application to both fingerprinting and profiling studies and GC-381 

olfactometry detection. The proposed platform consists of HCC sample preparation techniques and D-HS in 382 

combination with both a high separation power analytical system (GC×GC-MS) providing a highly 383 

informative detection on analytes identity and quantitative distribution, and a suitable data elaboration 384 

system (Comprehensive Template Matching Fingerprinting). Its application to a complex matrix (whole and 385 

nonfat dry milk) with a meaningless S-HS profiles has not only enabled us to obtain information on volatiles 386 

distribution, but also to detect most of the dry milk key-aroma compounds and “to extract” profiles of 387 

homologous groups of target markers (aliphatic aldehydes, lactones and free fatty acids) diagnostic of milk 388 

aroma quality. These results on dried milk samples show how an appropriate sample preparation technique 389 

(better if high throughput and fully automated) can influence the resulting fingerprint and, as a 390 

consequence, the full exploitation of the platform potentials, thus making sample preparation a true 391 

further dimension for sample characterization.  392 



Among the investigated sample preparation techniques, HSSE and SBSE have shown to be really effective 393 

for sensomics investigations because of their high concentration factors, allowing them to provide highly 394 

descriptive profiles as well as analyte amount suitable for GC-olfactometry determination, even with high 395 

OT markers or potent odorants in sub-trace amounts, therefore representing a possible bridge between 396 

classic extraction procedures (LLE, SDE and SAFE) and more popular approaches such as SPME. 397 

 398 
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Table captions 450 

 451 

Table 1: Sampling conditions and parameters. 452 

Table 2: lists peak features from different sampling approaches (unique ID# numbering resulting from 453 

untargeted profiling to be used for retrieving information from Supplementary Table 1 ST1; Vapor Pressure 454 

(Torr at 25°C); Water solubility (pH 6, 25°C); 1D and 2D retention times; 1D IT
S, and Absolute 2D Peak Volume 455 

(x 100,000) average value of 3 replicates). Analytes are grouped according functionalities and key-aroma 456 

compounds [25,26] are marked with an asterisk. For sampling approaches acronyms see Table 1.  457 

 458 

 459 

Figure captions 460 

Figure 1: heat map showing untargeted profiling results; Rows follow the retention indices ordered 461 

coherently with the polar x apolar column combination. Peak Volumes were normalized by dividing the 462 

analysis value by row standard deviation. Headspace and in-solution sampling were treated separately to 463 

make comparisons more coherent. For sampling approaches acronyms see Table 1.  464 

 465 

Figure 2: sampling results obtained for carbonyl compounds. Histograms report the Cumulative 2D Peak 466 

Volume obtained for total aldehydes (intense colorization) and on single classes (aldehydes and ketones). 467 

Compared sampling approaches include also single polymers SPME.  468 

 469 

Figure 3: 2D pattern of a whole dried milk sample submitted to D-HS with PDMS packing and HSSE-PDMS 470 

sampling. 3a shows the TIC trace of the sample headspace (D-HS-PDMS), 3b the SIM trace of linear 471 

saturated aldehydes (57,82,95 m/z) and 3c SIM trace for lactones (55,71,99 m/z) recovered by HSSE-PDMS. 472 

SIM images were obtained by scripting with CLIC™ Expression (GC-Image, LLC Lincoln NE, USA). 473 

 474 

Figure 4: Comparison of concentration capability of SPME with a selection of polymers (PDMS, PEG and 475 

DVB/CAR/PDMS) for SCFA and lactones. Results are reported as Absolute 2D Peak Volume for selected 476 

analytes and for both headspace and in-solution sampling. 477 

 478 

Figure 5: distribution of key-aroma compounds obtained for whole dried milk with 100% PDMS HSSE and 479 

SBSE sampling. Abundance reported in logarithmic scale refers to Absolute 2D Peak Volumes (5a) and 480 

normalized to analytes Odor Threshold (OT) in µg/Kg (5b).  481 

 482 



Table 1 

Sample Sampling approach 
Sample 

weight/volume 
Temperature and time Other Replicates 

Nonfat and whole dry 

milk 
S-HS  

2.000g dry powder 

Sampling vial: 20 mL 

Temperature: 50°C 

Sampling time: 40 min 

Syringe temperature: 60°C; Fill speed: 40 

mL/min 

Sample volume: 1 mL; Fill volume: 2 mlL  

Injection speed: 100 mL/min ;Flush time: 2 

min 

S/SL injector: 270 °C; Split ratio 1:10 

3 + 3 

Nonfat and whole dry 

milk 

HS-SPME - 

DVB/CAR/PDMS 
2.000g dry powder 

Sampling vial: 20 mL 

Temperature: 50°C 

Sampling time: 40 min 

Constant stirring 

Desorption time: 5 (min) 

S/SL injector: 270 °C 

Split ratio 1:10 

3 +3  

HS-SPME - PDMS 3 +3  

HS-SPME - PA 3 +3  

HS-SPME - PEG 3 +3  

Nonfat and whole dry 

milk 

HSSE  

100% PDMS 2.000g dry powder 

Sampling vial: 20 mL 

Temperature: 50°C 

Sampling time: 40 min 

TDU conditions: from 30°C to 270°C (5 

min) at 60°C/min; 

flow mode: splitless 

Transfer line: 270°C.  

CIS-4 PTV injector temp: -50°C 

coolant: liquid CO2;  

Injection temp program: from -50°C to 

270°C (10 min) at 12°C/s. 

Inlet operated in split mode: split ratio 

1:10. 

3 +3  

HSSE  

PDMS – Carbopack B™ 
3 +3  

Nonfat and whole dry 

milk 

D-HS  

TENAX TA™ 

2.000g dry powder 

Sampling vial: 20 mL  

Incubation: 50°C  

Sampling: room 

temperature 

Carrier: nitrogen 

Sampling flow: 10 

mL/min 

Sampling time: 20 min 

3 +3  

D-HS  

PDMS (particles + 

foam) 

3 +3  

Reconstituted sample 

Nonfat and whole 

milk 

1:9 w/w in distilled 

water 

SPME - 

DVB/CAR/PDMS Sample volume 10 

mL 

Sampling vial: 20 mL 

Room temperature 

Sampling time: 40 min 

Constant stirring 

Desorption time: 5 (min) 

S/SL injector: 270 °C 

Split ratio 1:10 

3 +3  

SPME - PDMS 3 +3  

SPME - PA 3 +3  

SPME - PEG 3 +3  

Reconstituted sample 

Nonfat and whole 

milk 

1:9 w/w in distilled 

water 

SBSE -Twister™ 

100% PDMS 

Sample volume 10 

mL 

Sampling vial: 20 mL 

Room temperature 

Sampling time: 40 min 

TDU conditions: from 30°C to 270°C (5 

min) at 60°C/min; 

flow mode: splitless 

Transfer line: 270°C.  

CIS-4 PTV injector temp: -50°C 

coolant: liquid CO2;  

Injection temp program: from -50°C to 

270°C (10 min) at 12°C/s. 

Inlet operated in split mode: split ratio 

1:10. 

3 +3  

SBSE – Dual-phase 

Twister™ 

PDMS – Carbopack B™ 

3 +3  

 

 

  



Table 2  
       Whole milk    

F# Compound Name 

Vpa (25°C 
Torr) 

 

Water Solubilitya 
mol/L (pH 6, 

25°C) 1D Rt (min) 2D Rt (s) IT
S HS

-D
VB

/C
AR

/P
DM

S 

HS
SE

-P
DM

S 

HS
SE

-P
DM

S/
CB

P 

D-
HS

 -P
DM

S 

D-
HS

 -T
EN

AX
 

IS
-D

VB
/C

AR
/P

DM
S 

SB
SE

-P
DM

S 

SB
SE

-P
DM

S/
CB

P 

 

 

 

 

 
 

 
 

 

 

 

 Aldehydes       

 

 2 3-methylbutanal* 4.93E+01 8.60E-02 7.07 0.78 880 0.0 6.8 6.6 4.7 4.9 2.3 2.7 7.9 
 

        
14 hexanal* 1.09E+01 3.10E-02 11.16 1.21 1034 2.3 13.9 11.0 8.4 12.1 6.7 4.1 23.1 

 
        

22 heptanal 3.85E+00 1.30E-02 15.42 1.43 1154 2.3 16.9 12.2 14.1 7.7 0.0 0.0 23.5 
 

        
35 octanal 2.07E+00 5.40E-03 20.50 1.43 1275 3.3 29.0 21.0 14.4 7.0 1.2 3.6 10.7 

 
        

55 nonanal 5.32E-01 2.30E-03 25.67 1.56 1396 12.0 72.0 56.2 41.2 32.5 2.1 6.0 23.5 
 

        
60 furfural 2.23E+00 6.90E-02 28.24 0.70 1455 0.9 12.1 32.5 0.0 22.6 46.6 186.2 357.5 

 
        

69 decanal 2.07E-01 9.80E-04 30.17 1.68 1500 5.9 105.0 7.4 37.2 23.6 1.1 2.9 8.6 
 

        
74 benzaldehyde 2.63E-01 2.00E-02 30.92 0.84 1518 6.9 10.4 23.6 10.2 18.0 4.5 16.3 10.6 

 
        

80 (E)-2-nonenal* 2.56E-01 6.50E-03 31.59 1.43 1534 2.4 2.5 6.0 1.3 1.2 0.5 1.5 7.0 
 

        
95 undecanal 8.32E-02 4.20E-04 34.42 1.77 1602 2.9 15.2 2.6 13.7 3.7 0.0 0.0 3.8 

 
        

102 4-methylbenzaldehyde 9.74E-01 9.10E-03 35.92 0.97 1640 23.6 25.1 26.4 44.0 57.8 10.3 1.4 32.1 
 

        
103 (E)-2-decenal 6.74E-02 2.80E-03 35.92 1.52 1640 3.8 7.9 21.0 1.3 1.3 0.4 1.8 10.0 

 
        

115 dodecanal 3.44E-02 1.80E-04 38.66 1.79 1711 4.3 16.1 8.6 16.7 5.0 0.0 0.0 0.0 
 

        
119 (E)-2-undecenal* 2.97E-02 1.20E-03 40.00 1.60 1747 2.9 10.6 19.8 0.0 0.0 0.0 2.2 11.2 

 
        

126 (E,E)-2,4-decadienal* 3.00E-02 5.30E-03 42.09 1.35 1802 4.0 2.1 4.2 0.0 5.2 0.0 36.1 91.9 
 

        
129 tridecanal 1.46E-02 8.20E-05 42.50 1.98 1814 1.9 7.4 0.6 12.8 2.5 0.0 0.0 4.0 

 
        

133 (E)-2-dodecenal 1.02E-02 5.20E-04 44.00 1.73 1856 1.6 3.3 2.3 1.0 0.6 0.0 0.0 0.0 
 

        
139 tetradecanal 6.39E-03 3.70E-05 46.17 2.06 1917 4.5 7.8 0.6 25.6 4.3 0.0 0.0 2.7 

 
        

152 cynnamic aldehyde  2.65E-02 2.30E-02 49.57 1.00 2018 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

        
154 pentadecanal 2.87E-03 1.70E-05 49.75 2.10 2023 4.1 5.2 30.9 29.5 6.1 0.0 0.0 6.7 

 
        

156 (E)-pentadecenal 4.19E-04 4.60E-05 50.82 1.92 2056 0.0 5.6 14.7 6.2 3.0 0.0 0.0 0.0 
 

        
164 hexadecanal 1.32E-03 7.60E-06 53.17 2.19 2129 10.5 2.9 8.0 66.6 3.5 0.0 0.0 0.0 

 
        

166 (E)-hexadecenal 1.45E-04 2.10E-05 54.00 2.06 2155 1.3 0.0 0.0 8.8 1.5 0.0 0.0 0.0 
 

        
176 heptadecanal 6.22E-04 3.50E-06 56.49 2.30 2236 2.5 0.0 7.3 13.2 2.7 0.0 0.0 0.0 

 
        

179 (E)-heptadecenal* 5.00E-05 9.70E-06 57.24 2.09 2261 1.8 4.6 3.8 5.2 0.0 0.0 0.0 0.0 
 

        
189 octadecanal 3.00E-04 1.70E-06 59.66 2.38 2342 9.8 0.0 0.0 29.1 0.0 0.0 0.0 0.0 

 
        

194 (E)-octadecenal 1.72E-05 4.50E-06 60.32 2.22 2365 0.0 0.0 9.9 19.9 0.0 0.0 0.0 0.0 
 

        

   
N° of detected peaks (over 27) 23 22 24 23 22 10 12 17 

 
        

   
Cumulative 2D Peak Volume (x 100,000) 115.5 382.3 337.4 425.0 227.0 75.8 264.9 634.9 

 
        

   
Fold change (ref SPME-DVB/CAR/PDMS)  ref 3.3 2.9 3.7 2.0 ref 3.5 8.4           

 
Ketones 

                      9 3-methyl-4-heptanone 2.44E+00 2.10E-02 9.57 4.07 979 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

        
23 2-heptanone 4.73E+00 4.40E-02 15.74 1.29 1162 0.0 3.0 0.0 0.0 0.0 15.0 12.1 0.0 

 
        

36 2-octanone 1.72E+00 1.80E-02 20.57 1.46 1277 0.0 0.9 0.0 0.0 0.0 0.0 0.0 35.6 
 

        
37 1-hydroxy-2-propanone 1.91E+00 7.83E+00 21.17 0.51 1290 1.3 16.8 0.0 0.0 1.9 16.6 0.0 117.1 

 
        

52 2-nonanone 6.45E-01 7.80E-03 25.32 1.58 1388 0.0 1.9 1.2 0.0 1.8 1.6 2.8 0.0 
 

        
66 2-decanone 2.48E-01 3.30E-03 29.91 1.63 1494 0.0 7.3 1.2 4.0 2.8 0.0 0.0 1.6 

 
        

67 2,5-hexanedione 5.87E-01 5.80E-01 30.00 0.88 1496 2.0 2.7 1.6 2.6 2.5 0.0 0.0 0.0 
 

        
73 (E,E)-3,5-octadien-2-one  4.37E-01 3.70E-02 30.91 1.21 1518 0.0 0.0 0.0 0.0 1.8 5.2 7.1 20.3 

 
        

90 (E,Z)-3,5-octadien-2-one  4.37E-01 3.70E-02 32.99 1.21 1568 0.0 0.0 0.0 0.0 0.0 4.6 7.9 17.9 
 

        
93 2-undecanone 9.78E-02 1.40E-03 34.17 1.77 1596 0.5 1.8 1.8 2.7 1.5 0.0 2.8 7.2 

 
        

112 2-dodecanone 3.96E-02 6.30E-04 38.41 1.79 1704 0.3 0.0 0.4 1.7 0.0 0.0 0.0 1.1 
 

        
121 2-hydroxy-2-cyclopenten-1-one 4.96E-03 2.50E-01 40.42 0.53 1758 0.0 22.2 11.6 0.0 4.2 16.2 39.9 56.7 

 
        

128 2-tridecanone 1.64E-02 2.80E-04 42.17 1.94 1805 0.5 1.1 1.8 2.1 0.9 1.2 3.4 7.3 
 

        
130 6,10-dimethyl-5,9-undecadien-2-one 1.57E-02 2.30E-03 43.67 1.64 1847 1.2 14.4 2.6 1.7 0.0 0.0 0.0 2.0 

 
        

138 2-tetradecanone 6.98E-03 1.20E-04 45.99 1.96 1912 0.4 1.6 0.0 1.6 0.4 0.0 0.0 0.0 
 

        
151 2-pentadecanone 3.04E-03 5.6E-05 49.50 2.10 2015 1.6 6.5 5.9 3.1 4.2 0.0 8.4 16.8 

 
        

163 2-hexadecanone 3.62E-04 2.60E-05 52.82 2.22 2118 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.0 
 

        
173 2-heptadecanone 6.17E-04 1.2E-05 56.07 2.30 2222 0.0 5.5 0.0 2.5 5.2 0.0 0.0 0.0 

 
        

   
N° of detected peaks (over 18) 8 13 9 9 13 7 8 11 

 
        

   
Cumulative 2D Peak Volume (x 100,000) 7.8 85.6 28.1 22.1 28.4 60.3 84.3 283.6 

 
        

   
Fold change (ref SPME-DVB/CAR/PDMS) ref 11.0 3.6 2.8 4 ref 1.4 4.7 

 
        

 

 
Lactones 

                      97 butyrolactone 2.70E-01 8.10E-01 34.92 0.80 1615 3.5 10.4 7.1 3.1 22.5 6.3 21.0 44.3 
 

        
110 γ-hexalactone 1.52E-01 1.40E-01 38.07 0.95 1695 0.0 2.0 2.1 0.0 1.3 0.0 0.0 0.0 

 
        

123 δ-hexalactone 1.45E-01 1.90E-01 41.25 1.01 1780 7.6 0.0 5.2 8.8 8.9 2.1 11.8 0.0 
 

        
124 δ-valerolactone 1.29E-01 4.30E-01 41.59 0.97 1789 1.8 9.5 3.5 2.2 4.2 1.1 10.0 16.1 

 
        

125 γ-heptalactone 8.27E-02 5.80E-02 41.82 1.08 1795 0.4 2.0 2.4 1.4 2.4 0.0 0.0 0.0 
 

        
137 γ-octalactone 4.68E-03 3.70E-03 45.82 1.21 1907 1.1 3.3 4.8 0.0 31.6 0.9 0.0 5.9 

 
        

144 δ-heptalactone 7.95E-02 7.60E-02 47.24 1.33 1948 0.0 0.0 0.0 6.3 0.0 8.7 17.2 40.7 
 

        
153 γ-nonalactone 8.58E-03 1.00E-02 49.57 1.29 2018 0.7 3.2 1.5 2.0 2.2 1.4 2.0 6.0 

 
        

157 δ-octalactone 3.94E-02 3.20E-02 50.99 1.33 2061 2.1 0.0 0.0 0.0 0.0 0.5 1.7 5.7 
 

        
165 γ-decalactone 8.52E-03 4.20E-03 53.32 1.37 2134 1.9 2.8 3.5 0.0 1.8 1.0 2.1 7.4 

 
        

169 δ-nonalactone 1.84E-02 1.30E-02 54.67 1.43 2176 6.9 12.5 5.7 14.3 14.1 80.8 154.1 358.6 
 

        
178 γ-undecalactone 2.71E-03 1.80E-03 56.82 1.42 2247 0.0 0.0 0.0 0.0 2.6 0.0 0.0 0.0 

 
        

182 δ-decalactone* 8.25E-03 5.60E-03 57.99 1.50 2286 0.0 0.0 0.0 0.0 0.0 0.0 13.2 28.0 
 

        
192 δ-undecalactone* 1.90E-03 2.40E-03 60.16 1.42 2360 0.0 0.0 0.0 0.0 0.0 0.0 85.1 0.0 

 
        

193 γ-dodecalactone* 1.59E-03 7.90E-04 60.25 1.73 2363 3.5 0.0 0.0 8.6 11.0 0.0 33.2 0.0 
 

        
200 5-Hydroxymethyl-γ-butyrolactone 6.02E-05 3.03E+00 62.41 0.83 2439 0.0 15.1 0.0 0.0 35.9 23.0 67.9 111.5 

 
        

   
N° of detected peaks (over 16) 10 9 9 8 12 10 12 10 

 
        

   
Cumulative 2D Peak Volume (x 100,000) 29.3 60.9 35.9 46.7 138.5 125.8 419.2 624.2 

 
        

   
Fold change (ref SPME-DVB/CAR/PDMS) ref 2.1 1.2 1.6 4.7 ref 3.3 5.0 

 
        

 
Furanones 

                      64 furfuryl formate 1.44E+00 4.30E-02 29.41 0.66 1482 0.0 0.0 1.0 0.0 0.0 5.1 7.4 27.0 
 

        
89 2-furancarboxaldehyde-5-methyl 6.44E-01 4.50E-02 32.91 0.91 1566 0.0 0.0 0.0 0.0 2.0 6.5 24.2 47.8 

 
        

104 2-furanmethanol* 1.01E+00 7.80E-01 35.99 0.57 1642 0.0 26.1 0.0 5.5 49.0 135.2 0.0 550.6 
 

        
134 4-methyl-2(5H)-furanone 1.02E-01 1.63E+00 44.24 0.83 1862 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 
        

201 5-hydroxymethyl-2-furancarboxaldehyde 8.91E-04 4.30E-01 62.97 0.61 2459 0.0 10.6 0.0 0.0 22.9 103.9 87.5 207.6 
 

        

   
N° of detected peaks (over 5) 0 2 1 1 3 4 3 4 

 
        

   
Cumulative 2D Peak Volume (x 100,000) 0.0 36.7 1.0 5.5 73.9 250.6 119.1 833.0 

 
        



   
Fold change (ref SPME-DVB/CAR/PDMS) ref 36.7 1.7 5.7 73.9 ref 0.5 3.3 

 
        

 
Fatty Acids 

                      59 acetic acid* 1.39E+01 1.66E+01 28.24 0.49 1455 20.4 77.1 71.0 30.4 66.5 22.1 75.2 799.8 
 

        
72 formic acid 3.65E+01 2.17E+01 30.82 0.53 1516 0.0 0.0 0.0 0.0 0.0 17.5 31.9 0.0 

 
        

100 butanoic acid* 4.23E+00 9.41E+00 35.59 0.59 1632 32.4 6.8 37.2 24.1 47.4 3.8 7.2 32.3 
 

        
109 3-methylbutanoic acid* 5.54E-01 4.05E+00 37.34 0.63 1677 2.1 3.3 2.2 2.7 0.0 0.0 22.4 0.0 

 
        

118 pentanoic acid* 1.35E+00 3.62E+00 40.00 0.59 1747 1.3 0.0 15.1 2.9 0.0 0.0 0.0 0.0 
 

        
131 hexanoic acid* 4.52E-01 1.47E+00 43.75 0.76 1849 22.9 13.4 22.5 12.3 53.6 20.9 0.0 0.0 

 
        

143 heptanoic acid 1.58E-01 6.00E-01 47.07 0.62 1943 0.8 8.0 0.0 2.3 0.0 0.0 0.0 0.0 
 

        
160 octanoic acid* 5.78E-02 2.50E-01 51.17 0.80 2067 7.7 93.0 12.5 4.3 0.0 32.4 22.7 99.0 

 
        

168 nonanoic acid* 2.20E-02 1.10E-01 54.59 0.88 2174 7.1 68.8 7.5 7.7 41.1 6.9 122.0 0.0 
 

        
181 decanoic acid* 8.67E-03 4.50E-02 57.84 0.97 2281 7.2 66.0 42.7 10.5 25.5 145.4 12.6 363.6 

 
        

186 decenoic acid* 1.51E-03 2.10E-02 58.99 0.62 
 

0.0 0.0 3.7 0.0 0.0 0.0 31.2 78.9 
 

        
195 undecanoic acid 6.61E-04 1.90E-02 60.49 0.91 2371 0.0 5.8 7.2 1.8 0.0 3.6 11.9 35.4 

 
        

203 dodecanoic acid* 2.99E-04 8.50E-03 63.92 1.01 2494 6.6 83.8 31.8 35.0 455.9 6.2 13.4 245.3 
 

        
209 tetradecanoic acid 1.39E-04 1.70E-03 67.74 0.91 2613 0.0 400.8 600.8 234.0 380.5 166.6 21.2 71.3 

 
        

211 pentadecanoic acid 6.67E-05 7.60E-04 70.74 1.08 2713 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1134.7 
 

        

   
N° of detected peaks (over 15) 10 11 12 12 7 10 11 9 

 
        

   
Cumulative 2D Peak Volume (x 100,000) 108.4 826.9 854.1 367.8 1070.4 425.3 371.9 2860.4 

 
        

   
Fold change (ref SPME-DVB/CAR/PDMS) ref 7.6 7.9 3.4 9.9 ref 0.9 6.7 

 
        

 
Others 

                      13 toluene 2.77E+01 3.50E-03 10.74 0.83 1021 4.6 0.0 0.0 0.0 11.2 3.5 0.0 0.0 
 

        
21 pyridine 2.28E+01 1.26E+01 15.41 0.74 1154 0.9 2.1 3.3 25.3 2.2 2.5 2.6 2.6 

 
        

26 limonene 1.54E+00 2.50E-05 17.09 1.68 1196 6.7 1.9 3.8 3.2 8.7 0.5 0.0 0.0 
 

        
40 2-methylpropanoic acid methyl ester 5.04E+01 2.00E-01 21.59 1.22 1300 6.5 5.8 0.0 8.6 7.4 0.0 0.0 0.0 

 
        

51 dimethyltrisulfide* 1.07E+00 1.00E-03 24.59 0.84 1371 0.0 1.4 0.0 0.0 0.8 0.3 2.1 0.0 
 

        
99 isomaltol 1.58E-01 1.10E-01 35.57 0.83 1632 0.0 0.0 0.0 0.0 0.0 15.2 26.6 81.7 

 
        

116 beta citral 7.12E-02 1.10E-02 39.17 1.35 1724 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 

        
135 dimethylsulfone 5.73E-02 1.95E+00 44.67 0.80 1874 17.5 18.2 15.0 7.8 17.2 5.8 6.0 25.6 

 
        

140 β-ionone* 1.69E-02 1.20E-03 46.42 1.26 1924 0.0 0.0 0.0 0.3 0.2 0.2 0.4 1.2 
 

        
141 benzothiazole* 1.19E-01 2.70E-01 46.59 0.84 1929 0.0 0.0 0.0 1.4 1.5 0.0 0.0 0.0 

 
        

142 maltol* 3.37E-04 2.50E-01 46.99 0.83 1941 0.0 4.5 7.2 0.0 0.0 43.6 177.9 264.8 
 

        
146 phenol 6.14E-01 1.02E+00 48.25 0.72 1978 1.6 7.0 26.6 3.6 8.7 0.0 0.0 0.0 

 
        

                        
  

N° of key-aroma compounds detected (over 23 exp/ 56 lit) 14 16 16 15 15 14 19 15 
 

        

   
Cumulative 2D Peak Volume (x 100,000) 122.7 480.0 301.0 125.0 775.8 426.3 665.3 2604.8 

 
        

   
Fold change (ref SPME-DVB/CAR/PDMS) ref 3.9 2.5 1.0 6.3 ref 1.6 6.1           

a Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2013 ACD/Labs)(Toronto, ON, Canada) 
* Key-aroma compounds [25,26] 
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Figure 3 
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