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a b s t r a c t 

Effective investigation of food volatilome by comprehensive two-dimensional gas chromatography with 

parallel detection by mass spectrometry and flame ionization detector (GC ×GC–MS/FID) gives access to 

valuable information related to industrial quality. However, without accurate quantitative data, results 

transferability over time and across laboratories is prevented. The study applies quantitative volatilomics 

by multiple headspace solid phase microextraction (MHS-SPME) to a large selection of hazelnut sam- 

ples ( Corylus avellana L. n = 207) representing the top-quality selection of interest for the confectionery 

industry. By untargeted and targeted fingerprinting, performant classification models validate the role 

of chemical patterns strongly correlated to quality parameters ( i.e ., botanical/geographical origin, post- 

harvest practices, storage time and conditions). By quantification of marker analytes, Artificial Intelligence 

(AI) tools are derived: the augmented smelling based on sensomics with blueprint related to key-aroma 

compounds and spoilage odorant; decision-makers for rancidity level and storage quality; origin tracers. 

By reliable quantification AI can be applied with confidence and could be the driver for industrial strate- 

gies. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Consumer acceptability of food is significantly impacted by its 

leasant aroma shaped by the presence of key-aroma compounds 

nd potent odorants within the complex fraction of volatile or- 

anic compouns [1] . The so-called aroma blueprint unequivocally 

vokes in humans the product’s identity [2] . Although the major- 

ty of volatile compounds do not exert a direct effect on aroma 

erception, their potential in informing about product quality and 

uthenticity/identity is relevant. Analytical strategies capable of ef- 

ectively investigating the so called food volatilome (or volatome) 

hich “contains all of the volatile metabolites as well as other volatile 

rganic and inorganic compounds that originate from an organism ”

uper-organism, or ecosystem [3] , are of great interest for the 

ood industry. By this fraction, primary materials, semi-finished 

nd finished products can be monitored based on their botani- 
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al/geographical characteristics ( i.e ., the phenotype), the impact of 

rocessing, or shelf life. 

In hazelnuts ( Corylus avellana L.), a primary material used 

y the confectionery industry, the volatilome encrypts infor- 

ation about many quality features. Native volatiles, such ter- 

enes and terpenoids [4] , are a direct expression of the plant 

henotype, informing also for the presence of bacteria and 

oulds [5] . Monoterpenoids in raw hazelnuts are α-pinene, β- 

inene, (E)- p-2-menthen-1-ol, camphene, δ-carene, α-thujene, γ - 

erpinene, sabinene, limonene, cis- sabinene hydrate, α-terpinolene, 

-phellandrene, and p- cymene [6–8] . 

Another class of volatiles with great informative power on 

azelnut quality and sensory profile is that of secondary prod- 

cts of lipid oxidation. They derive from lipids autoxidation by 

-scission and hydroperoxide epi–dioxide decomposition of fatty 

cids hydroperoxides ( i.e. , primary oxidation products) [9] . Within 

his class, linear saturated aldehydes, unsaturated aldehydes, and 

ethyl-ketones might have sensory relevance conferring unpleas- 

nt aroma qualities ( e.g., rancid, fatty, and waxy notes). Moreover, 

lthough connoted by high odor thresholds ( i.e., lower odor po- 

ency), alcohols, and short-chain fatty acids [ 9 , 10 ] are also formed
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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uring hydroperoxides degradation; they give a contribution to the 

nformative potential of the volatilome as markers of lipid stability 

uring storage of hazelnuts [ 6 , 11 , 12 ]. 

Post-harvest practices are known to have a role in kernel stabil- 

ty over time; high water activity ( a w 

), uncontrolled temperatures 

uring drying, and substrates availability might promote enzymatic 

ctivation of the seed as well as the development/growth of bac- 

eria and moulds further increasing the volatilome chemical com- 

lexity. Moreover, inappropriate post-harvesting is generally cor- 

elated to the off-flavors due to the presence of highly impact- 

ng odorants belonging to the classes of primary and secondary 

lcohols, carboxylic acids [6] , lactones, furans, and some aromat- 

cs (benzaldehyde, phenyl ethyl alcohol, phenyl ethyl acetaldehyde, 

lkylated phenol derivatives) [ 5 , 11 , 13 , 14 ]. 

Nowadays, raw hazelnuts are checked for their quality and the 

bsence of sensory defects by visual inspection by trained staff

nd evaluation by a sensory panel. Representative samples from all 

ncoming batches are tested before their acceptance or rejection. 

his approach, although highly specific since performed by a direct 

easure of the target quality feature ( i.e ., morphological defects 

r presence of off-flavors), is strongly influenced by the operator 

 e.g. level of experience, eyes sensibility, generically human vari- 

bility), time-consuming [15] , and hardly standardisable over time 

nd across-panels. 

This study aimed at developing and validating an accurate 

uantification method targeted to robust quality markers of raw 

azelnuts to be used by the industry as an objective support tool 

or quality control (QC) purposes. Volatile makers within the de- 

ectable volatilome were selected based on their information po- 

ential: aroma blueprint odorants [ 11 , 16 ], spoilage indicators [5] , 

otanical/geographical tracers, secondary products of lipid oxida- 

ion [10] , and storage time/conditions indicators [6] . 

To achieve suitable separation efficiency, resolution, sensitiv- 

ty, and quantification accuracy, an analytical platform based on 

omprehensive two-dimensional gas chromatography with paral- 

el detection by mass spectrometry and flame ionization detector 

GC ×GC–MS/FID) was designed. Moreover, intending the method- 

logy suitable for industrial laboratories, fully automated sample 

reparation was by exhaustive extraction by multiple headspace 

olid-phase microextraction (MHS-SPME) to achieve accurate quan- 

itative results [17–19] due to the solid nature of hazelnut kernels. 

The method has the potential of the sensomics-based expert 

ystem (SEBES) for efficient and quick screening of key-odorants 

n food [20] . As an Artificial Intelligence (AI) smelling machine, the 

roma blueprint of food can be monitored objectively. Moreover, by 

xtending method capabilities to a larger set of quality markers, it 

ight support AI decision-making tools once reference values are 

efined for each marker/pattern of markers [21] . 

To prove the method’s suitability, a large set of hazelnut sam- 

les from industrial batches ( n = 72) were selected. Samples were 

rom different botanical/geographical origins ( n = 4), undergone 

ifferent post-harvesting (optimal or high moisture), and were 

tored in different conditions (5 °C with air or under vacuum) for 

welve months (time 0–4–6–9–12 months). 

. Materials and methods 

.1. Reference standards and solvents 

Pure standards of n- alkanes (from n -C7 to n -C30) used for Lin-

ar Retention Indices ( I T ) calibration; of α/ β-thujone used as Inter- 

al Standards (ISs); of hexanal, heptanal, octanal, nonanal, decanal, 

-heptanone, 2-pentanol, 2-heptanol, γ -hexalactone used for ex- 

ernal calibration; and solvents (cyclohexane and dibutyl phthalate 

99% of purity) were all from Merck (Milan, Italy). 
2

.2. Reference solution and calibration standards 

Standard stock solutions of reference analytes were prepared at 

 concentration of 10 g/L in cyclohexane and stored at −18 °C for 

ne week. 

The n- alkanes solution for I T calibration was prepared by mix- 

ng suitable amounts of standard stock solutions of pure standards 

o reach the concentration of 0.050 g/L using cyclohexane as sol- 

ent. 

ISs working solution for standard-in fiber pre-loading was pre- 

ared at 0.100 g/L in dibutyl phthalate and stored at −18 °C in 

ealed vials. ISs were used for validation purposes (method pre- 

ision and repeatability) and to normalize the analytes’ absolute 

esponses ( i.e .,% normalized response). 

The reference working solution for analytes external calibration 

as prepared by mixing suitable amounts of standard stock solu- 

ions using dibutyl phthalate as solvent. Calibration curves were 

et to cover analyte absolute amounts within the range 1–2.5–5–

0–25–50–10 0–250–50 0 ng. External standard calibration by MHS- 

PME was conducted on FID while the MS trace was used to con- 

rm analytes’ identity and exclude co-elutions. Sampling condi- 

ions were those applied to hazelnut samples (50 °C – 50 min sam- 

ling) with 4 consecutive extraction steps, achieving an almost ex- 

austive extraction for calibrated analytes [22] . 

.3. Hazelnut samples 

Raw hazelnuts from 2020 harvest year, were provided by Sore- 

artec Italia Srl (Alba, Cuneo, Italy). Samples collected at each time 

oint (see below) were stored at −18 °C away from UV exposure 

ntil analysis. 

The functional variables characterizing the sample set included 

our different cultivars/geographical origins ( Tonda Gentile Trilobata 

TGT, Tonda Gentile Romana – TGR, Akçakoca mix – AKC, Gire- 

un mix – GIR) informing about the phenotype expression in the 

olatilome. Post-harvest conditions were tested on ad hoc samples 

rom AKC and GIR, where hazelnuts were-dried on multiple lay- 

rs with humidity kept between 15 and 20% in order to artifi- 

ially simulate a rainy season ( Bad Post-Harvest drying – GIRbPH 

nd AKCbPH) and compared to an optimal in-field sun-drying on 

 single layer kept at humidity levels under 6% ( Good Post-Harvest 

rying – GIRgPH and AKCgPH) [6] . 

Hazelnuts were then stored until 12 months after their har- 

est, and samples were collected and analyzed at 0,4,6,9, and 12 

onths. Storage, impacting sensory quality and off-flavor develop- 

ent, was at 5 °C and 65% of equilibrium relative humidity with a 

tandard atmosphere (SA) or under vacuum (UV). 

A summary of samples characteristics and acronyms is provided 

n Supplementary Table 1 – ST1. 

.4. Headspace solid-phase microextraction: sample preparation, 

evices and conditions 

Multiple HS-SPME was conducted by a multipurpose sampler, 

odel MPS-2 (Gerstel, Mülheim a/d Ruhr, Germany), with a 2 cm 

ivinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) d f 
0/30 μm fiber from Merck (Milan, Italy), conditioned beforehand 

s recommended by the manufacturer. The standard-in-fiber pro- 

edure on 5 μL of IS placed in a 20 mL glass sealed vial was ap-

lied to pre-load the IS on the SPME; it was conducted at 50 °C 

or 5 min. 

MHS-SPME was performed on 100 ± 0.2 mg of finely ground 

azelnuts ( i.e., granella ) prepared with a lab-scale grinder at Sore- 

artec. The average dimensions of the powder were 500 μm 

 ±50). 
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Sampling was at 50 °C for 50 min. MHS-SPME was applied with 

 consecutive extraction steps on a 15% of samples randomly dis- 

ributed over the analytical batch to define reliable decay constants 

 β) for accurate quantification [ 18 , 23–25 ]. 

.5. GC ×GC–MS/FID: instrument setup and conditions 

Analyses were performed on an Agilent 7890B unit coupled 

ith an Agilent 5977B fast quadrupole MS detector (Agilent Tech- 

ologies, Little Falls, DE, USA) with a high-efficiency source (HES) 

orking in electron ionization mode at 70 eV. The scan range was 

etween 40 and 250 m/z achieving an acquisition frequency of 

8 Hz. The MS source was set at 230 °C, the quadrupole at 150 °C,

nd the transfer line temperature was at 280 °C. Parallel detection 

as achieved with an FID set at 300 °C base temperature, the H 2 

ow was 40 mL/min, the air flow was 450 mL/min, and the sam- 

ling frequency was 200 Hz. 

The split-splitless injector was set at 250 °C, operating in 

ulsed-split mode at 250 kPa until 2.5 min with a 1:5 split ra- 

io. The carrier gas was helium with a differential flow set at 

.4 mL/min for the first dimension ( 1 D) column and 10 mL/min 

n the second dimension ( 2 D). 

Modulation was by differential-flow modulator via the reverse- 

nject dynamics, it was realized on the capillary flow technology TM 

FT (G4573A, Agilent Technologies). The modulation period ( P M 

) 

as 2.5 s and pulse time was 0.25 s. 

The column configuration was the following: 1 D DB- 

eavyWax TM (100% polyethylene glycol - PEG; 20 m × 0.18 mm 

 c × 0.18 μm d f ) coupled with a 2 D DB17 ((50%-phenyl)- 

ethylpolysiloxane; 1.8 m × 0.18 mm d c × 0.18 μm d f ) both 

rom Agilent Technologies. After the 2 D column, the flow was 

plit using a three-way unpurged capillary microfluidic splitter 

G3181B, Agilent Technologies). The connections toward the MS 

nd FID consisted of deactivated silica capillaries (Agilent Tech- 

ologies) 0.5 m × 0.1 mm d c and 1.1 m x 0.18 mm dc respectively,

esulting in a split ratio of 70:30 FID/MS. The bleeding capillary 

5.81 m × 0.1 mm d c ) consisted of deactivated silica, dimensions 

ere calculated using a validated calculator [ 22 , 26 ]. 

The oven temperature program was the following: 40 °C 

2 min) to 130 °C (0 min) @ 4 °C/min, and to 260 °C (10 min)

 8 °C/min. 

.6. Data acquisition and processing 

Data were acquired using MassHunter WorkStation (Agilent 

echnologies) and processed with GC Image GC ×GC Software ver. 

021r2 (GC Image, LLC, Lincoln, NE, USA). Data mining was per- 

ormed using Matlab R2021a (The MathWorks, Inc., Natick, Mas- 

achusetts, United States) with the following packages: PCA tool- 

ox (v1.5) [27] and Classification toolbox (v6.0) [28] , and XLSTAT 

014 by Addinsoft (New York, USA). 

. Results and discussion 

The analytical workflow employed in this study, based on the 

ombined untargeted and targeted (UT) fingerprinting of the de- 

ectable volatilome of hazelnuts, has a great informative potential 

hich can be exploited for answering many questions related to 

he samples properties. For instance, by UT fingerprinting and ma- 

hine learning, informative patterns of UT features and their corre- 

ations to quality can be revealed and then used for quality assess- 

ent and benchmarking. At the same time, thanks to the accurate 

uantification of an extended range of volatile components, ro- 

ust data is collected for their adoption in long-term and/or inter- 

aboratory studies. The combination of both, the informative po- 
3 
ential and the accurate quantification would be the basis for AI 

ecision-making strategies [21] . 

Next sections will focus at first on the results related to the in- 

ormative fingerprinting potential and its relation to hazelnut qual- 

ty ( Section 3.1 ), and then on the robust and transferable outcomes 

f quantitative fingerprinting with an insight on the augmented 

melling capability ( Sections 3.2 and 3.3 ). 

.1. Raw hazelnut volatile fingerprint 

Hazelnut volatilome was explored through the combined UT 

ngerprinting procedure [29–31] with previously validated pro- 

essing parameters for the UT template construction [32] , i.e. , S/N 

hreshold of 50 datapoints (dp), distance threshold of 10 dp in both 

ID and MS channels, and additional direct match factor (DMF) 

hreshold of 700 according to the NIST similarity algorithm for the 

S channel only [33] . The resulting feature template was charac- 

erized by 44 reliable peaks and 164 peak regions for the MS chan- 

el and by 271 reliable peaks and 439 peak regions for the FID 

hannel, of which 117 were putatively identified with the aid of I T 

 ± 15 tolerance) and spectrum similarity ( > 900 DMF) for the MS 

hannel. The resulting discrepancy in the number of reliable peaks 

etween the two channels is attributed to both, the higher speci- 

city of MS vs . FID that provides positive matches just for candi- 

ate peaks with a spectral similarity above the 700 DMF threshold, 

nd the split ratio of 70:30 FID/MS which impacts on the absolute 

hannel sensitivity. 

The contour plot of the detected volatiles from a cumulative 

mage resulting from all fresh (T0) hazelnut samples is shown in 

ig. 1 , while the list of targeted peaks is provided in Supplemen- 

ary Table 2 – ST2 together with their retention times and experi- 

ental and tabulated 

1 D I T . The complexity of the matrix is shown 

n an exemplary heatmap in Supplementary Figure 1 – SF1 where 

ll UT features are represented in a color scale (from blue to red) 

ccording to their relative abundance ( i.e ., normalized responses vs. 

nternal standard). Hierarchical clustering of variables was by Pear- 

on similarity. 

The detectable volatilome was explored using chemomet- 

ics to verify the known correlations between biological proper- 

ies/functional variables and chemical patterns, and possibly high- 

ight new potential markers to be used for screenings at industrial 

evel. Both unsupervised (Principal Component Analysis PCA) and 

upervised (Partial Least Squares Discriminant Analysis PLS-DA) al- 

orithms were adopted. 

Fig. 2A shows the PCA scores on the first two principal compo- 

ents (PC1 and PC2 for a total explained variance of 32%) obtained 

omputing FID normalized responses of 439 UT peak regions col- 

ected from all samples (including 3 replicates each, n = 203); 

amples are colorized according to storage time. Results confirm 

revious findings of large variability of the volatile fraction of raw 

azelnuts as a function of botanical/geographical origin and post- 

arvest practices [6] . Fresh raw hazelnuts have a distinctive volatile 

ignature which is mainly driven by the genetic and pedoclimatic 

haracteristics of the harvest region (phenotype). However, along 

ith storage, these distinctive traits are fuzzed by the impact of 

utoxidation which produces a large amount of volatile secondary 

roducts (saturated and mono-unsaturated linear aldehydes above 

ll). Note that raw hazelnuts have a 50–60% of the gross composi- 

ion represented by fat [ 34 , 35 ]. 

Besides natural clustering shown by the PCA, supervised algo- 

ithms were used to understand the differential impact of func- 

ional variables left hidden by this preliminary approach. The clas- 

ification of samples according to the storage months is improved 

ith the supervised algorithm, as shown in Fig. 2B . Scores plot for 

eographical origin macro-regions ( i.e., Italy vs. Turkey) and stor- 

ge conditions’ (SA vs . UV) models are displayed in Fig. 2C and 2D,
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Fig. 1. Contour plots corresponding to the detectable volatilome of fresh hazelnuts (0 months of storage) analysed by a polar × semi-polar column combination ( i.e. , 

HeavyWax × OV17) and resulting from the parallel detection by MS (1A) and FID (1B). 
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p

espectively. Classifications were validated according to the Monte- 

arlo cross-validation algorithm which uses 20% of the total num- 

er of samples as the testing dataset and reiterates the validation 

rocedure 10 0 0 times with a random choice of test samples [36] .

he confusion matrix and ROC curves are shown in Supplemen- 

ary Figure 2 – SF2. Moreover, variable importance in the projec- 

ion (VIP) scores were examined to confirm the role of markers 

ssociated with the investigated variables and eventually highlight 

ew volatiles with a potential marker role. Forty-eight targeted an- 

lytes were characterized by VIPs greater than 1 on LV1 and LV3 

n the storage months’ model, while 40 of them were discriminant 

n the storage conditions model. The complete list is reported in 

upplementary Table 3 – ST3 with an arrow indicating whether 

he analyte is positively or negatively contributing to the probabil- 

ty for an unknown sample to be classified as a member of a par-

icular class. Note that the PLS-DA multi-class models were based 

n UT features% responses ( i.e. , 2D peak response normalized over 

he IS and then over the total chromatographic response – MSTUS 

ethod). Therefore, an analyte could have positive/negative proba- 

ility coefficients as a function of the specific class. 

The combination of the information collected from classifica- 

ion models and variables interaction showed that short-chain sat- 

rated aldehydes registered higher normalized responses in sam- 

les undergone sub-optimal storage conditions (SA) with a posi- 

ive correlation with storage months. Being secondary products of 
t

4 
ipid autoxidation, their role as rancidity markers is validated by 

urther supporting their use in the AI decision-making tool [37] . 

oreover, at longer shelf-life times (9–12 months), the extent of 

xidative processes converts carbonyl species into carboxylic acids, 

here an increase is registered for both octanoic and nonanoic 

omologs. Both chemical classes (carbonyls and carboxylic acids) 

re negatively impacting the storage classification model for the 

V class. Other discriminant chemical species are primary alcohols 

 e.g., 1-hexanol), which are also associated with SA storage, and are 

he final degradation products of linoleic acid [ 9 , 10 , 38–50 ]. These

ndings are aligned with previous studies on storage stability by 

inderlerer et al . [10] , on Turkish cultivars/blend quality by Alasal- 

ar et al . [ 51 , 52 ], by Cialiè Rosso et al . [6] and Cordero and co-

orkers [ 14 , 53 ] when focusing on high-quality hazelnuts for con- 

ectionery. 

Monoterpenes did not show significant evolution along shelf- 

ife, although they have a weak influence on the SA storage model, 

ost probably due to a differential impact of storage ambient to 

he seed metabolism. 

.2. Multiple markers quantitative analysis: accuracy and precision 

Quantification is one of the most difficult tasks when HS sam- 

ling is applied to a solid matrix/sample. The physical form of 

he matrix prevents the adoption, at least for accurate quantifica- 
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Fig. 2. (2A) PCA score plot of untargeted and targeted (UT) reliable peaks (203 samples x 439 variables) based on normalized responses after Z-score normalization, dis- 

playing the storage months ( i.e. , 0 months, 4 months, 6 months, 9 months, 12 months with lighter to darker shades of green). PLS-DA score plot of untargeted and targeted 

(UT) reliable peaks (203 samples x 439 variables) based on normalized responses after Z-score normalization, displaying the storage months (2B), the geographical area ( i.e., 

Turkey – blue, Italy – red) (2C), and the storage conditions ( i.e., Null – black, Standard Atmosphere (SA) – orange, Under Vacuum (UV) – green) (2D). 
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ion purposes, of any equilibrium-based approach since the ana- 

yte(s)’ release from the condensed phase to the HS is governed 

y a combination of sorption/desorption and adsorption mecha- 

isms [ 25 , 54 ], the latter affected by displacement issues. More- 

ver, HS linearity, i.e ., the absence of the HS saturation, is com- 

ulsory especially if HS sampling is conducted in non-equilibrium 

onditions. To achieve a suitable accuracy level, external calibration 

hould also take into account the matrix effect, as done by stan- 

ard addition procedure with or without the use of stable isotope- 

abelled standards [18] . Note that standard addition provides accu- 

ate results in absence of HS saturation or for equilibrium sampling 

 17 , 18 , 55 , 56 ]. 

In the case of non-equilibrium samplings, MHE approach is the 

lective route [ 57 , 58 ]. It intrinsically overcomes the matrix effect 

y approaching/modeling exhaustive extraction of analytes from 

he sample HS. MHE was modelled by Kolb and Ettre [57] and suc- 

essfully applied to HS-SPME sampling [ 18 , 24 , 25 , 54 , 59 , 60 ] as MHS-

PME. Principles of operation and fundamental equations are out 

f the scope of this manuscript, information is provided in refer- 

nce studies [ 18 , 24 , 25 , 54 , 59 , 60 ]. 

In the present study, MHS-SPME was applied by external 

alibration on a selection of marker volatiles (hexanal, heptanal, 

ctanal, nonanal, decanal, 4-heptanone, 2-pentanol, 2-heptanol, 
5 
-hexalactone) selected for their informative role (lipid autoxi- 

ation secondary products, key-aromas, spoilage indicators) and 

lso covering a suitable volatility/polarity range. External calibra- 

ion was used in combination with FID-predicted relative response 

actors (RRFs) based on combustion enthalpies and molecular for- 

ula [61] to quantify additional volatiles not affected by HS satu- 

ation in the sampling conditions. 

FID-predicted RFFs correlate the analyte response with its 

mount in the sample, relative to an internal standard (IS), taking 

nto account the molecular weight and the structure ( e.g ., num- 

er C 

–H-O and other heteroatoms, the number of aromatic rings) 

ogether with coefficients related to combustion enthalpy and IS 

dentity. Equation 1 allows the estimation of the RRF for analytes 

hose formula is known. By predicted RRF accurate quantification 

ithout calibration is possible as long as IS quantification is con- 

istent and accurate. 

RF = 10 

3 ∗
(

MW i 

MW IS 

)
∗( −61 . 3 + 88 . 8 ηC + 18 . 7 ηH − 41 . 3 ηO 

+ 6 . 4 ηN + 64 . 0 ηS − 20 . 2 ηF − 23 . 5 ηCl − 10 . 2 ηBr 

− 1 . 75 ηI + 127 ηbenz ) 
−1 (1) 

In this study, the IS for RRFs application was hexanal, which 

mount was estimated by external calibration in all samples. 
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Table 1 

Quantified analytes together with their retention times ( 1 t R , 
2 t R ), experimental and tabulated 1 D I T , odor qualities and odor threshold as listed in reference literature [46] , 

calculated RRFs, β values ( i.e ., constant representing the MHE exponential decay function [41] ), and precision data on normalized responses over 3 analytical replicates from 

12 different samples. For analytes included in the external calibration, linear function parameters (slope, intercept, and determination coefficient R 2 ) are also reported. 

External calibration 

Analyte 1 t R min 2 t R sec Exp. I T tab i t odor quality OT (ng/g) RRFs β ± SD 

Uncertainty 

(% RSD) 

Range 

(ng/g) Slope Intercept R 2 

Hexanal 11.5 0.93 1083 1080 green, grassy 276 0.967 0.662 0.026 10.8 1_50 0.030 0.038 0.998 

50_500 0.021 −0.079 0.986 

Heptanal 15.3 0.98 1183 1186 oily, fatty 50 1.412 0.748 0.061 16.8 1_50 0.028 0.000 0.996 

50_500 0.024 0.129 0.983 

Octanal 19.1 1.01 1288 1289 soapy 51 1.365 0.792 0.037 7.0 1_50 0.025 0.094 1.000 

50_500 0.021 0.037 0.983 

Nonanal 22.8 1.03 1393 1390 fatty, waxy 610 1.329 0.892 0.022 10.9 1_50 0.031 0.227 0.932 

50_500 0.017 0.382 0.986 

Butanoic acid 29.3 0.38 1621 1637 cheesy 135 2.357 0.928 0.007 10.5 

Decanal 26.1 0.91 1497 1496 orange peel like 75 1.301 0.837 0.064 14.3 1_50 0.035 0.073 1.000 

50_500 0.024 0.274 0.979 

4-Heptanone 13.0 1.05 1124 1131 fruity, sweet 8.2 1.412 0.699 0.037 9.0 1_50 0.030 0.092 1.000 

50_500 0.035 −0.623 0.987 

2-Pentanol 12.7 0.59 1115 1115 fruity 470 1.504 0.765 0.028 10.5 1_50 0.020 0.017 0.999 

50_500 0.033 −1.362 0.976 

Nonanoic acid 38.0 0.38 2154 2144 fatty, waxy 2400 1.540 0.803 0.015 16.8 

α-pinene 9.3 1.67 1022 1022 terpenic 274 1.168 0.842 0.028 9.9 

3-Methyl-4-heptanone 14.0 1.17 1149 1178 nutty 0.86 1.365 0.875 0.045 8.8 

Octanoic acid 36.6 0.36 2048 2046 fatty waxy rancid 3000 1.608 0.781 0.021 16.1 

Pentanal 8.0 0.81 980 978 pungent, like bitter 

almond 

150 1.574 0.684 0.057 12.6 

Hexanoic acid 33.4 0.38 1836 1839 pungent, musty 460 1.828 0.898 0.026 19.6 

1-Hexanol 21.1 0.60 1345 1340 fruity 400 1.425 0.768 0.046 9.8 

2,3-Butanediol 27.0 0.43 1530 1545 buttery, creamy 20,000 2.184 0.918 0.035 10.4 

Decanoic acid 39.3 0.35 2258 2265 fatty 230,000 1.487 0.861 0.035 8.8 

2-Heptanone 15.1 0.97 1180 1175 herbaceous 300 1.412 0.617 0.024 18.6 

4-Heptanol 18.7 0.68 1277 1281 alcoholic 410 1.371 0.685 0.053 10.9 

1-Pentanol 17.4 0.58 1242 1244 fruity 470 1.504 0.675 0.055 10.2 

γ -Butyrolactone 29.5 0.51 1630 1626 creamy, fatty, 

caramel 

20,000 2.569 0.922 0.013 8.9 

Heptanoic acid 35.1 0.38 1943 1946 rancid, fatty 100 1.700 0.797 0.066 19.2 

3-Methylbutanoic acid 30.2 0.38 1663 1666 sweaty 22 2.024 0.865 0.086 10.9 

Propanoic acid 27.1 0.41 1535 1534 Sour 720 3.047 0.865 0.055 11.4 

Sabinene 12.8 1.52 1117 1120 woody, spicy, 

citrus 

750 1.168 0.785 0.046 9.0 

Limonene 15.6 1.43 1193 1199 terpenic 14,700 1.168 0.838 0.046 9.7 

2-Heptanol 19.9 0.65 1312 1318 fresh, lemon 263 1.371 0.725 0.039 9.9 1_50 0.031 0.031 0.995 

50_500 0.042 −1.218 0.990 

Pentanoic acid 31.5 0.39 1729 1733 sweaty, fruity 400 2.024 0.906 0.035 12.8 

2-Hexanol 16.4 0.63 1214 1211 herbaceous 15 1.425 0.745 0.038 10.0 

p-Cymene 18.3 1.23 1268 1268 woody, terpenic 18,000 1.190 0.828 0.025 9.9 

Benzaldehyde 26.9 0.64 1527 1530 sweet, oily 60 1.351 0.923 0.023 10.5 

δ−3-Carene 13.8 1.61 1144 1147 citrus, pine, herbal 770 1.050 0.829 0.069 9.6 

γ -Hexalactone 31.1 0.55 1704 1703 sweet, creamy 50 1.913 0.926 0.020 13.5 1_50 0.026 0.021 0.985 

50_500 0.033 −0.449 0.999 

(E) −2-Heptenal 20.3 0.85 1322 1332 green, fatty, oily 14 1.457 0.800 0.032 12.6 

(E) −2-Hexenal green, fatty, cheesy 0.42 1.535 0.812 0.023 8.8 

1-Octanol 27.5 0.55 1549 1546 waxy, green, citrus 900 1.331 0.888 0.009 12.7 

2-Decanone 25.9 0.76 1491 1495 orange, floral 8.3 1.301 0.778 0.127 18.4 

2-Nonanone 22.5 1.01 1387 1390 sweet green 100 1.329 0.825 0.035 8.3 

2-Octanone 18.8 1.12 1279 1281 herbal 510 1.365 0.742 0.011 12.5 

γ -Octalactone 34.8 0.51 1923 1916 sweet 120 1.657 0.928 0.004 20.7 

2-Decenal, (E)- 29.8 0.66 1642 1630 fatty 101 1.327 0.887 0.109 12.7 

(E) −2-Nonenal 27.2 0.77 1536 1543 fatty 4.1 1.359 0.933 0.010 11.5 

3-Methylbutanal 6.4 0.80 918 922 malty 5 1.574 0.848 0.012 11.5 

t  
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Table 1 lists all quantified analytes together with their reten- 

ion times ( 1 t R , 
2 t R ), experimental and tabulated 

1 D I T , odor quali-

ies and odor threshold as listed in reference literature [62] , cal- 

ulated RRFs, β values ( i.e ., constant representing the MHE ex- 

onential decay function [57] ), and precision data on normalized 

esponses over 3 analytical replicates from 12 different samples. 

or analytes included in the external calibration, linear function 

arameters (slope, intercept, and determination coefficient R 2 ) are 

lso reported. 
6

Due to the lack of certified reference materials, the quantifica- 

ion accuracy by MHS-SPME-GC ×GC–MS/FID was verified using a 

reviously validated and industrially certified method that quanti- 

es linear saturated aldehydes (hexanal, heptanal, octanal, nonanal, 

ecanal) by MHS-SPME-GC–MS [37] . The reference method is cur- 

ently applied in QC industrial laboratories for rancidity assess- 

ent. To cover the full range of oxidation stages, therefore validat- 

ng the current methodology within the entire dynamic range of 

pplication, results from nine samples were cross-compared and 
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Fig. 3. Regression analysis comparing quantification results between methods. (3A) Correlation between the candidate method by MHS-SPME-GC ×GC–MS/FID and the ref- 

erence method by MHS-GC–MS. Analytes compared are the linear saturated aldehydes from C6 to C10. (3B) Correlation between the estimated amounts by predicted RRFs 

and the external calibration. Analytes compared are hexanal, 4-heptanone, 2-pentanol, 2-heptanol, and γ -hexalactone. 
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ercent relative error (% RE) was calculated. Results indicate a 

uite good accuracy, RE was on average |11.6|% and ever below 

20|% for all analytes which is considered acceptable by EU Com- 

ission indications for food safety analytical methods [63] . Results 

n accuracy are visualized as linear regression in Fig. 3A where 

he amount (ng/g) of target aldehydes estimated by the certified 

ethod is considered as the independent variable ( x ) and results 

btained by external calibration with the candidate method ( i.e ., 

HS-SPME-GCxGC-MS/FID) are treated as the dependent variable 

y). The coefficient of determination indicates a quite good linear 

orrelation between methods with just a few outliers in the higher 

ange, reasonably due to the achievement of the limit of HS linear- 

ty. 

Given the high complexity of the hazelnut volatilome and the 

xistence of multiple markers informing about quality, the ability 

o expand the analytical method’s quantitation capability to a wide 

ange of analytes while maintaining acceptable accuracy was ap- 

ealing. Therefore, FID-structure’s specific response factors based 

n combustion enthalpies were estimated using hexanal (IS) for all 

nalytes falling within HS linearity condition. Table 1 lists RRFs cal- 

ulated by Equation 1 for analytes which showed an exponential 

ecay function by MHE at the sampling conditions. β values above 

.95 were excluded, according to Kolb and Ettre [57] above that 

imit, HS saturation occurs. 

The RRF quantification accuracy was tested vs. the results ob- 

ained from external calibrations. Five test analytes were used 

o cover the full spectrum of chemical classes in the hazel- 

ut volatilome ( i.e., octanal – aldehydes, 4-heptanone – ketones, 

-pentanol and 2-heptanol – alcohols, γ -hexalactone – esters). 

he%RE was calculated on 48 samples randomly distributed within 

ll analytical batches. Results referred for acceptable accuracy, with 

edian% RE values of 18.7 for octanal (% RSD 15), 15.8 for 4- 

eptanone (% RSD 12), 20 for γ -hexalactone (% RSD 17), and 10.5 

or 2-heptanol (% RSD 8). Results were tested for correlation and 

inear regression and shown in Fig. 3B . 

To further confirm the inaccuracy of internal standardiza- 

ion if adopted for estimating analytes amount in HS-SPME non- 

quilibrium sampling [ 18 , 19 , 22 , 55 ], results obtained by applying

quation 2 were compared to those from external calibration. 

 x = 

A x ∗C IS 

A 

(2) 

IS 

7

here C x is the amount or concentration of the analyte x in the 

nalyzed sample, C IS is the amount or concentration of the inter- 

al standard, A is the chromatographic area or response for the an- 

lyte ( a x ) and the IS ( A IS ). In practice, by internal standardization,

he response factor of any target analyte is assumed to be equal to 

nity, and the matrix effect is neglected. 

In the case of internal standardization, the median% RE values 

chieved 406 for octanal (% RSD 95), 646 for 4-heptanone (% RSD 

08), 69 for γ -hexalactone (% RSD 36), and 633.5 for 2-heptanol (% 

SD 108). 

Once validated for its reliability, the quantitative results were 

sed to develop an AI decision-making tool capable of augmented 

melling with further potential to detect spoilage odors, rancidity 

hile keeping its ability to correct classify samples according to 

rigin and shelf-life. 

.3. AI decision-making tools: augmented smelling and robust 

lassification 

Aligned with the SEBES concept, which acts as an AI smelling 

achine [20] , the extended quantification results were used to 

valuate the putative contribution of potent odorants to the over- 

ll aroma profile of samples. Analytes that reported a median for 

he Odor Activity Value (OAV) > 1 were computed and OAV val- 

es visualized in the log 10 scale as a spider diagrams. Fig. 4A 

hows the blueprint of fresh hazelnuts belonging to the three cul- 

ivar/geographical regions investigated. 

Fresh samples (0 months) have similar profiles, with lower 

mounts of oxidative markers responsible for the fatty and green 

otes, and with the aroma blueprint dominated by 3-methyl-4- 

eptanone, which is responsible for the nutty quality. Along shelf 

ife, samples have a different evolution, Fig. 4B illustrates the 

lueprint at 12 months of storage in SA. TGT samples, considered 

s a gold standard for their superior sensory quality, tend to main- 

ain the original characteristics for longer periods without major 

hanges in the aroma-active compound patterns while also elic- 

ting stronger resistance to rancidity ( i.e ., lower amounts of satu- 

ated aldehydes). On the other hand, samples from the other culti- 

ar/geographical origins have a different evolution with the Turkey 

election showing a general increase in the amounts of short-chain 

atty acids likely impacting rancid and musty odors. Moreover, TGT 
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Fig. 4. Spider-diagrams showing OAVs for odorants related to the hazelnut aroma blueprint, spoilage, and rancidity. OAVs are reported in log 10 scale. The shelf life changes 

are shown at 0 months, and 12 months with storage condition with standard atmosphere (SA); cultivar/geographical blend are the Tonda Gentile Trilobata (TGT), Tonda 

Gentile Romana (TGR), Turkey blend, and Turkey undergone bad post-harvest conditions (bPH). 

Fig. 5. PLS-DA score plot on quantified analytes (203 samples x 43 variables), displaying the discrimination model results for TGT (Red) vs . all (Blue) (5A), and Turkey bPH 

(Purple) vs . all (Blue) (5B). 
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amples are the ones with generally higher values of key-aroma 

ompounds. To note, the spider diagrams are represented in log 10 

cale given the different order of magnitude of the OAV values. This 

eans that minimal differences in the pictograms correspond to 

xponential variations; the complete list of average OAV values for 

ll the samples at the different time-points is reported in Supple- 

entary Table 4 –ST4. 

Moreover, quantified data can be also processed with unsuper- 

ised and supervised chemometric tools. The latter are of partic- 

lar interest given the possibility to generate models for quality 

enchmarking where diagnostic quantitative patterns of markers 

an be consistently used across many laboratories as AI decision- 

akers. PLS-DA models were created for two quality variables of 

nterest for the industry: (a) discriminate the gold standard from 

he other cultivars/origins ( i.e. , TGT vs . rest); and (b) discriminate 

he critical in-filed post-harvesting versus the optimal drying ( i.e ., 

PH vs . rest). 

The first model, which model score plot is illustrated in Fig. 5A , 

as created to delineate the peculiar pattern of variables discrim- 

nating the gold standard TGT samples independently by the stor- 

ge time. Odorous ketones, such as 4-heptanone, 2-decanone, and 
8 
-methyl-4-heptanone are diagnostic markers for the TGT sam- 

les, while oxidation products as the carboxylic acids (C5 to C10), 

rimary alcohols (C6 and C7), and both saturated and unsatu- 

ated aldehydes (C5 to C9) are the analytes discriminating all the 

ther samples. These results are in keeping with previous ob- 

ervations on TGT cultivar and its distinctive volatile signature 

 14 , 16 , 53 , 64 , 65 ]. 

The second classification model was conducted to assess criti- 

al threshold values for pattern variables correlated to bad post- 

arvest practices ( Fig. 5B ). This is of particular importance for 

he industrial quality of kernels, as it was demonstrated to have 

 tremendous impact on their stability after long shelf-life pe- 

iods [6] . Interestingly, eight variables were identified as the 

riving analytes for the classification algorithms: these are pen- 

anoic and hexanoic acid (previously shown to be correlated with 

ouldy defect [5] ), C6 to C8 saturated aldehydes, ( E ) −2-heptenal, 

-methylbutanal (correlated with higher oxidative levels proba- 

ly due to the increased enzymatic activity correlated with in- 

reased moisture content), and two terpenoids, i.e. , p-cymene 

nd sabinene (having a role in the plant defense against biotic 

tresses [66] ). 
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. Conclusions 

The characterization of high-quality hazelnuts was done, for the 

rst time, using a combination of chromatographic fingerprinting 

nd multi-target quantification to achieve quantitative volatilomic 

s the basis of robust AI decision-making tools. Thanks to the 

mproved separation power and chromatographic resolution com- 

ared to 1D-GC, fingerprinting is more specific and selective pro- 

iding accurate quantification of several quality markers for prod- 

ct benchmarking and discrimination. Moreover, accurate quantita- 

ive data can be transferred over time and across laboratories en- 

bling the validation of AI decision-making tools over many har- 

est years. 

The use of comprehensive two-dimensional gas chromatogra- 

hy and parallel detection by MS/FID implemented in a commer- 

ial platform with automated sample preparation and data inter- 

retation, a step forward in the objective evaluation of industrial 

uality is made. Although non-mandatory by law, as for safety re- 

uirements, the industry has a great interest in defining chemi- 

al quality traits for all incoming materials, since these traits are 

hose that guarantee consumers’ preferences/choices while sup- 

orting the industry’s competitive advantage in the market. By a 

ingle analysis, it is possible to objectively capture relevant quality 

raits named: aroma blueprint, storage quality and time, geograph- 

cal area of harvest, and spoilage. All these traits can be turned 

nto decision-making tools driving and orienting industry strategic 

nvestments and value chains. Since edible crops are living organ- 

sms, their complexity is preventing any strategy for quality assess- 

ent based on simple, single-marker measurement. 

The analytical strategy proposed is also of great interest in a 

cenario where climate change, market fluctuations, and geopolit- 

cal stability could impact the availability of crops with suitable 

uality. Robust tools can guide strategic warehousing and indus- 

rial storage while guiding breeding strategies in new promising 

eographical areas. 
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