Mineral oil saturated and aromatic hydrocarbons quantification: Mono- and two-dimensional approaches
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Abstract
    	The determination of the level of mineral oil contamination in foods is a well-known problem. This class of contaminants is generally divided into mineral oil saturated and aromatic hydrocarbons with different toxicological relevance and analytical challenges. Among the many challenges, data interpretation and integration represent an important source of uncertainty in the results provided by different laboratories leading to a variation evaluated on the order of 20%. The use of multidimensional comprehensive gas chromatography (GC × GC) has been proposed to support the data interpretation but the integration and the reliability of the results using this methodology has never been systematically evaluated. The aim of this work was to assess the integration and quantification performance of a two-dimensional (2D) software. The data were generated using a novel, completely automated platform, namely LC-GC × GC coupled to dual detectors, i.e., time-of-flight mass spectrometer (MS) and flame ionization detector (FID). From a systematic study of the failures of the two-dimensional quantification approach a novel solution was proposed for simplifying and automating the entire process. The novel algorithm was tested on ad hoc created samples (i.e. a paraﬃn mixture added of n-alkanes) and real-world samples proving the agreement of the results obtained by LC-GC × GC and the traditional mono-dimensional approach. Moreover, the benefits of using an entirely integrated platform were emphasized, particularly regarding the identity confirmation capability of the MS data, which can be easily translated into the 2D FID quantification feature.
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Introduction

	Mineral oil hydrocarbons (MOH) originate from petroleum and its derived products and are classified into two main fractions composed of a large number of isomers, MO saturated hydro- carbons (MOSH, including linear, branched, and alkyl-substituted cycloalkanes) and MO aromatic hydrocarbons [MOAH, including mainly alkyl-substituted (poly)aromatic hydrocarbons with a different number of fused rings] [1].
The occurrence of MOH in food is known since 1991 [2], but the problem became of public concern in 2008/2009 after the finding of a highly contaminated edible oil (>1000 mg/kg) and the discovery of migration of MOH from recycled paperboard [3,4]. In 2012 the European Food Safety Authority (EFSA) published an Opinion on MOH in food, stressing the urgency of the matter and lack of conclusive data for risk assessment [5]. In 2017, the European Union (EU) required the collection of additional and more detailed occurrence data (Commission Recommendation 2017/84 [6]) and in 2019 stressed the importance of the 3–7 ring MOAH fraction for toxicological evaluation [7].
The LC-GC-FID method proposed by Biedermann et al. [8] in 2009 and later slightly modified [9,10] is considered as the reference procedure. However, the overall procedure is highly sample- dependent. A complete overview and discussion of the analytical techniques proposed so far can be found in some recently published reviews [11–14].
Despite significant efforts, the determination of MOSH and MOAH in food remains very challenging and an intense debate is ongoing with respect to the reliability of the data generated [15– 17]. Among the most relevant gaps that still need to be fulfilled, there are the lack of harmonized and validated protocols, lack of confirmatory methods, and the interpretation and integration (including the baseline drift and the riding peaks subtraction) of the final analytical data [18]. As reported by Biedermann et al. [19,20], a major source of uncertainty in MOSH and MOAH determination derives from the interpretation and integration of the final chromatogram. In fact, the instrumental uncertainty of the reference instrument (namely LC-GC-FID) was evaluated as only ~1%, while the interpretation/integration uncertainty was estimated at ~20%. This high uncertainty is related mainly to the baseline drift, the definition of the edge of a broad hump, and the removal of the riding peaks on top of the humps. Moreover, when the contamination extends over high boiling point compounds (current guidance requires quantification up to C50), the hump may coelute with column bleed, adding an extra source of inaccuracy. Thus, the column bleed should be carefully subtracted from the total area. In 2019, the Joint Research Center (JRC) published a Guidance with the attempt to standardize the overall analytical procedure [21]. The Guidance established how to quantify the MOSH and MOAH (in sub-fraction based on the carbon number, called C- fraction) and some performance parameters to be met by the chosen method, such as a response factor between 0.8–1.2 for C50 over C20 (when a solution at the same concentration for each hydro- carbon is injected), target and maximum accepted limit of quantification (LOQ) according to the fat content of food (ranging be- tween 0.1 an 10 mg/kg), recovery (in the 70–120% range), and intermediate-precision (in the 10–20% range) [21]. Moreover, the JRC Guidance reported a decision-tree to assist analysts in deciding the most suitable auxiliary procedure to adopt.
More recently, intense research has been devoted to proposing confirmatory methods for the MOSH and MOAH determination [15,16,22]. In fact, in contrast to other contaminants, where mass spectrometry (MS) confidently confirms the nature of the contamination [23], in the field of MOH determination, the interpretation of the MS information remains ambiguous. Spack et al. pro- pose GC–MS as a confirmatory method for identifying the MOSH and MOAH hump [15]. However, non-specific fragments were chosen (e.g., m/z 43, 57, 71, and 85 for MOSH and m/z 91, 105, 119, and 133 for MOAH), which may derive from many possible interfering components as well [16]. The exploitation of a more powerful chromatographic separation has been suggested to enhance the identification capability, thus pointing towards comprehensive two-dimensional GC (GC × GC) [16,17]. The use of GC × GC for a better characterization of MOSH and MOAH was proposed for the first time by Biedermann in 2009 [8,24]. Despite the increased separation, a pre-separation of MOSH and MOAH is necessary to avoid coelution of the four- and five-member ring saturated hydrocar- bons (i.e., steranes, hopanes, and bicyclic sesquiterpenes) with the highly alkylated two- and three-ring aromatics [4,20,24]. GC × GC has been coupled both to FID and MS, but data on quantification performed in GC × GC has been rarely reported [25–28]. In fact, until now, GC × GC has been mainly used as a confirmatory method [8,24,27,29], injecting a few μL mostly in a split/splitless injector without assuring the non-discrimination requirement pin- pointed by the JRC Guidance (response factor in the 0.8–1.2 range for C50 vs. C20 ).
The aims of this work are multiple: I) investigate in detail the quantification process of 2D plots in relation to the integration of the broad “cloud” generated by MOSH and MOAH; II) explore the potential of a novel, completely automated LC-GC × GC-FID/MS platform for the analysis and confirmation of the MOSH and MOAH contamination.

[bookmark: 2_Materials_and_methods]Materials and methods

[bookmark: 2.1_Chemicals]REAGENTS, STANDARDS AND SAMPLES 

	All the solvents were purchased from MilliporeSigma (Over- ijse, Belgium). The MOSH and MOAH internal standards, containing 5-α-cholestane (Cho, 0.6 mg/mL), n-C11 (0.3 mg/mL), n-C13 (0.15 mg/mL), cyclohexyl cyclohexane (CyCy, 0.3 mg/mL), n- pentyl benzene (5B, 0.30 mg/mL), 1-methyl naphthalene (1-MN, 0.30 mg/mL), 2-methylnaphthalene (2-MN, 0.30 mg/mL), tri-tert– butyl benzene (TBB, 0.3 mg/mL) and perylene (Per, 0.6 mg/mL) in toluene, were kindly provided by Restek (Neukirchen-Vlun, Ger- many). As well as the MOSH/MOAH retention time standard, con- taining a standard mixture of n-alkane (C10 , C11 , C13 , C16 , C20 , C24 , C25 , C35 , C40 , and C50 ) 50 mg/L each (Restek, Neukirchen-Vlun, Ger- many). The paraﬃn oil (#18512) was from MilliporeSigma.
All the glassware was carefully washed and rinsed with distilled solvents (acetone and n-hexane) before use.
Four samples of fish feed were provided directly from producers as part of another project. The samples were prepared according to the procedure reported in [30].
Three samples of fats, namely two palm oils and one coconut oil, were provided by a collaborator ready to inject. Briefly, the samples were saponified at 60 °C for 30 min and then epoxidized [31] prior to LC-GC(× GC)-ToFMS/FID injection.

LC-GC x GC-FID/ToFMS ANALYSIS

	All the LC-GC and LC-GC × GC analysis were carried out in a fully integrated platform consisting of:

(1) An Agilent 1260 Infinity II LC equipped with an isocratic pump G7110B and a Variable Wavelength Detector acquiring at 230 nm (Agilent Technologies, Waldbronn, Germany). The pump was modified by Axel-Semrau to assure the minimization of the dead volumes. LC conditions: A 250 mm × 2.1 mm i.d. × 5 μm dp Allure silica column (Restek) was used. Solvent A was hexane and sol- vent B was dichloromethane. The gradient program was as follows: 0 min 100% A; 1.5–6 min 65% A at 0.3 mL/min. At 6.10 min the column was backflushed with 100% B for 9 min at 0.5 mL/min. The flow was then switched in forwarding mode to re-equilibrate the column with 100% hexane 10 min at 0.5 mL/min and 5 min at 0.3 mL/min until the following analysis.

(2) The LC and GC are connected through three rotatory switching valves (VICI AG International, Schenkon, Switzerland), to guide the LC eluent from the LC into the GC. The valves, the carrier gas, and the solvent vapor exit were controlled by CHRONECT LC-GC from Axel Semrau (Sprockhövel, Germany). The LC eluent was transferred into the GC through the on-column inter- face, using a 10 m× 0.53 mm retention gap connected to an early solvent vapor exit (SVE) before the analytical column. The system was equipped with two lines to transfer the MOSH and MOAH fraction simultaneously, one to the FID and the other to the MS. 

Transfer conditions: the MOSH fraction was transferred from the LC column between 2 and 3.5 min and the MOAH between 4.4 and 5.9 min (corresponding to 450 μL each). During the transfer, the inlet pressure was reduced to 90 kPa for MOSH and 110 kPa for MOAH. The SVE was opened 0.5 min prior to transfer and closed 0.3 min after the transfer of the fraction.

(3) the GC and GC × GC system consisted of a Pegasus BT 4D GC × GC ToFMS (LECO, St. Joseph, MI, USA). The system is constituted by an Agilent 7890A gas chromatograph, equipped with a secondary oven and a quad-jet dual-stage thermal modulator, a time-of-flight (ToF) MS and an FID detector. Both lines (to the FID and the MS) were equipped with a Rxi-17Sil MS 15 m × 0.25 mm i.d. × 0.25 μm df connected to a Rxi-1 MS 2 m × 0.15 mm i.d. × 0.15 μm df (both from Restek).
 
1D GC oven temperature program: 60 °C (hold 8 min) to 350 °C (hold 5 min) at 8 °C/min. 2D Oven temperature program: 100 °C (hold 11.67 min) to 135 °C at 7 °C/min and to 350 °C (hold 5.62 min) at 8 °C/min. A 5 °C positive offsetwas applied between the modulator and the secondary oven. The carrier gas, helium, was supplied in constant flow mode: 3.1 mL/min to the FID and 2.5 mL/min to the MS to compensate between the vacuum and the ambient pressure outlet. Modulation was performed every 10 s, applying variable hot and cold pulse durations based on the wide range of volatilities in the sample. The FID was operated as fol- lows: H2 flow: 30 mL/min; airflow: 300.0 mL/min; make up (He): 25.0 mL/min; Temperature: 360 °C. MS parameters: 50–700 m/z; spectra generation frequency (ToFMS and FID): 200 Hz in 2D and 20 Hz in 1D; MS interface and ion source temperatures were 340 °C and 250 °C, respectively. MS ionization mode: electron ionization (EI) at 70 eV .
Data was acquired using the commercially available ChromaToF software (v5.50). elaboration was performed using ChromaToF soft- ware (v5.50) and a prototype ChromaToF software, which will be explained in more detail in Section 3.3 and Supplementary Mate- rial.
[bookmark: 2.2.1_Samples]Results and discussion

[bookmark: 3.1_Optimization_of_extraction_procedure]OPTIMIZATION OF THE LC-GC(xGC) PLATFORM 

	The performance of the novel LC-GC(× GC) platform was systematically controlled by injecting the MOSH/MOAH retention time standard and assuring that the response factor of each component (i.e., C10 to C50 ) against the C20 was within the 0.8–1.2 range as re- quired by the JRC Guidance [21]. No discrimination or modulation problems were observed over the entire carbon range. The ratio of the ISs added to each sample was carefully assessed before quantification. When a discrepancy exists between an expected value and that obtained in the sample, the use of another IS for quantification was evaluated or the analysis repeated. All the analyses were performed both in 1D and 2D. The 2D results were compared with the results obtained in 1D following the integration procedure (mainly referring to the drawing of the baseline) and interpretation (regarding peak subtraction) reported in [20].
The MOSH and MOAH fraction originated from a sample were simultaneously transferred, one toward the FID and one toward the ToFMS detector. Thus, two injections per sample were done to have the MS and FID signal for both fractions. The trigger signal for the GC program was provided by the end of the transfer of the fraction directed towards the MS to minimize the quantity of sol- vent reaching the MS detector. The simultaneous transfer required a compromise in terms of optimization. Indeed, it was necessary to hold the initial oven temperature isothermal for a longer time to guarantee the complete transfer of the MOAH fraction from the LC into the GC. This period of isotherm ruined the 2D structure of the earlier eluted peaks, thus requiring to adjust the secondary GC oven to try to compensate (see Section 2.2). The effect of both the shift caused by the different triggers of the GC and the initial isotherm is more evident on the earlier eluted compounds of the MOSH fraction, causing a slight shift that compromised the perfect overlap of the FID and MS traces. Luckily, such a problem was not observed in the MOAH fraction (the most critical one), allowing the perfect translation of the template generated in the MS trace into the FID, as discussed in [32]. Moreover, the information ac- quired in the MS trace can be used to support the decision process of which peaks need to be removed from the total quantification of the MOSH and MOAH humps. Indeed, using the MS filter feature based on custom-build spectral rules [32], the identification of the peaks that belong to the contamination and the ones that needs to be removed is rapid and straightforward. Fig. 1 shows an expansion of the MOAH region in the MS 2D plot. The colored markers indicate the peaks belonging to the specific chemical class defined within the “Classification” template (e.g. pink markers within the monoaromatic classification indicates the compounds that meet the MS filter rules for monoaromatics). Therefore, intense peaks within the classified region but not marked or eluted outside the area of interest, can be confidentially disregarded in the integration in the 2D (explained in more details in Section 3.3). In the example reported in Fig. 1 the intense peak coeluted in the monoaromatic region, identified as butylated hydroxytoluene (BHT), was subtracted in the 2D quantification since clearly present as a riding peak. If doubts arise on which peaks to remove or not the MS 2D plot can be used for confirmation. Such a decision-making process is manually made at present, but it can possibly be automated in the future.


1D VERSUS 2D QUANTIFICATION

	The hump originated by the MOSH and MOAH contamination has to be integrated over a rather broad carbon range, namely the C10 –C50 range. According to the oven temperature ramp used and the stability of the column (as well as the age of the column), this range can easily overlay with typical column bleed, especially considering that fast oven ramps are usually preferred to increase the sensitivity. This means that, in the 1D integration, particular care must be paid to avoid the incorporation of the column bleed intensity into the resulting quantification. In this work, the signal of the baseline acquired running a system blank was subtracted point-to- point from each sample to remove the contribution of the blank and thus simplifing the identification of the endpoint of the hump when extended over the column bleeding. In the 5.50 software version, the blank subtraction was carried out by exporting the FID trace as CSV, subtracting the baseline generated by a blank run and importing the signal back into the software. When working in 2D GC the bleeding is chromatographically separated from the MOSH and MOAH fraction in the 2D space with the set of columns here used, thus eliminating the related problem of overestimation.
To evaluate the possibility to reliably quantify using the 2D signal, the first step was to compare the results obtained by building a calibration curve in 2D and 1D. A five-point calibration curve in triplicate (1–50 μg/mL range) was constructed by using a standard solution of paraﬃn oil and printing ink. The relative content of MOSH and MOAH of the printing ink was verified at each con- centration (n = 15), obtaining 80 ± 2% of MOSH and 20 ± 2% of MOAH. As the quantification process is the same for the MOSH and the MOAH fraction, here, only the MOSH fraction was considered for the comparison.
The data obtained in 1D were compared with the calibration built using the same mixture of standards in 2D. However, in contrast to 1D data, where the operator integrates a hump of mostly unresolved peaks, the 2D strategy for the integration of such samples is different and specific tools are needed to group-up the peaks and calculate a total area value for a still partially unresoved “cloud” of peaks. In this respect, a software feature called “Classifications” has been used. “Classifications” provides an easy way to group compounds into classes and regions based on specific user- defined requisites. The operator can deliberately draw regions directly into the 2D contour plot and assigns multiple peaks falling within a specific region to a “Class” (e.g. MOSH or MOAH). Finally, the summed area for the peaks within a certain Class is calculated through a simple software iteration.
Furthermore, two different quantification modes can be used for quantification, namely peak-based and signal-based integration mode.
In the 2D peak-based integration mode, the software detects a peak based on the peak finding algorithm and then integrates the area inscribed the detected peak. The user can define the signal-to- noise ratio (S/N) for determining which peak to retain. Moreover, the Classification features of the software can be used to directly obtain the summed area of the peaks within a user-defined Class.
In the 2D signal-based integration mode, the software sums up all the intensity over zero in the same user-defined Class in the 2D plot. The software does not discriminate between noise, signal, and bleeding, making the blank subtraction mandatory.
For the quantification of both the 1D and 2D samples, C11 was used since CyCy eluted over the hump generated by the printing ink, and its quantification was affected by the increased concentration of the printing ink, which presented many sharp peak riding on top of the hump.
The slopes of the six curves (i.e., printing ink and paraﬃn analyzed in 1D and 2D and in the 
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Fig. 1. On top, expansion of the MOAH fraction of sample fish feed 2, with the classification areas manually drawn (ellipsis for monoaromatics, diaromatics, benzothiophenes, etc) and the classes to which every single component belongs is depicted by markers with the corresponding color. On the bottom, the reconstructed 1D chromatogram from the 2D separation, highighting (in the sub-nominal MS spectrum) the identity of the riding peak (i.e., BHT).

latter case integrated using peak- based and signal–based integration modes) were all comparable, except for a slight overestimation using the 2D peak-based integration mode for paraﬃn.
As explained in [20], the well-shaped peaks riding on top of the hump should be subtracted from the quantification. This subtraction can be done in the 1D chromatogram by manually integrating all the peaks and removing them from the overall sum of the signal in the retention time window of interest. In the 2D chromatogram, this is more complicated. To evaluate the performance of the 2D algorithms, a solution with a known amount of paraffin oil, generating a hump, spiked with n-alkanes, to simulate the interfering peaks riding on top, was analysed. An alkanes mixture with an equal-concentration of alkanes all over the C10 –C40 range was prefered over the MOSH/MOAH retention time mixture, de- spite the latter covering up to C50, to have a complete series of n-alkanes to emphasize the trend observed. Nevertheless, as afore-mentioned, no discrimination problem was observed up to C50. To evaluate the performance of the integration algorithm, the area of the alkanes was evaluated. As all at the same concentration, similar areas should be obtained for all the alkanes. While this was the case in the 1D integration, the 2D integration algorithms (both signal-based and peak-based) included the area of the underlying hump in the area of each alkane, thus leading to overestimation of the alkane areas and underestimation of the MOSH hump. As pin- pointed in Fig. 2, where the area of each alkane is reported normalized to the C20, a clear trend was 
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Fig. 2. On top, relative response factor (calculated versus C20 ) for the alkanes added (1 mg/kg each) on a solution of 77 mg/kg paraﬃn of alkanes spiked. On the bottom, the corresponding 2D plot showing the correspondence of the hump with the overestimated alkanes.
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Fig. 3. Example of the integration problem encountered with peak-based integration mode. A) extension of the peak width to the baseline; B) inclusion of modulated peaks coming from the portion of the hump between two consecutive n-alkanes. The area used for the quantification of the selected n-alkane is highlighted in white. The red stencil around the alkane peak indicates the classification defined for the specific n-alkane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
observed reflecting the hump distribution. In fact, the alkanes lying in the middle of the hump had a greater area than those at the extremities, thus resulting in normalized values (versus C20 ) far above 1.
A worse overestimation of each alkane riding on top of the hump was obtained using the peak-based integration mode com- pared to the signal-based one. Indeed, the problem was exacerbated by the mechanism of peak identification. The algorithm considered the peak either until the baseline was reached or another peak was detected. Moreover, sometimes, due to the presence of many unresolved isomers in the MOSH fraction, the soft- ware summed too many sub-peaks for a single alkane, thus including a part of the hump located between two consecutive n-alkanes. Different S/N values were tried to tune the area integrated for the alkanes, but no improvement was observed. These two problems are illustrated in Fig. 3.
Using the signal-based integration mode, the chromatographic area to be considered as an alkane is manually defined by the operator using the above mentioned “Classifications” feature: a single-peak region is drawn in the 2D plot, which includes only the corresponding alkane. This procedure is highly time-consuming and operator-dependent, but significantly reduced the overestimation caused by the two phenomena mentioned above, although, the part of the hump underlying the peak remains included in the alkane area.
The problem of underestimation of the contamination due to the removal of part of the hump with the interference quantification was briefly mentioned also by Biedermann during a seminar held recently online [33]. Moreover, looking back to a previous quantification attempts in GC × GC, such as Purcaro et al. [27], a slight underestimation of the GC × GC results can be observed, most probably due to the same problem, although not discussed in that paper.

A NOVEL APPROACH: “TRIMMING THE RIDING PEAKS”

	A novel algorithm was developed to face the particular problem of MOSH and MOAH integration and eﬃciently remove the peaks riding on top of the hump. A new integration feature was designed for both 1D and 2D data integration and interpretation. The blank subtraction in FID is 
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Fig. 4. Overlay of the original 1D LC-GC(× GC) chromatogram (orange trace) and the trimmed one (green trace) for a paraﬃn solution spiked with a C8 –C40 alkanes mixture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 5. Scheme of the process from the original 2D data, through the 1D reconstruction and the trimming of the riding peaks on top of the 2D hump and back reconstruction of the 2D plot without the interfering peaks for further data elaboration. MOAH fraction from fish feed 2.

now automatically performed in both 1D and 2D by simply indicating the blank sample to use, thus avoiding the tedious manual step of exporting in CSV and reimporting the data after blank subtraction. Moreover, the peaks riding on top of the hump are automatically trimmed. In 1D, the software removes all the narrow peaks while the wide hump is retained. A more detailed explanation of how this process is performed is reported in more detail in Supplementary Information. The outcome of this process allows to draw a new line located at the base of the well-shaped peak riding on top of the hump, thus generating a smooth hump that can be easily quantified. The main parameter to be optimized is the “baseline width”, which is proportional to the width of the peaks to be removed. This parameter can be set differently for each classification zone established before starting (usually corresponding at the C-fractions as required by the JRC Guidance). Variation in the “baseline width” changes the smoothing of the hump, and the operator can visualize the reconstructed one for evaluating the goodness of subtraction (Fig. 4).
For the 2D integration, a rationale similar to the 1D integration was applied. The newly developed software reconstructs the 1D chromatogram at each 2D point (similarly to a projection on the 1D axis) and it eliminates the narrow peaks according to the “baseline width” set by the operator (as for the 1D integration explained above). This means that the signal emerging as peaks riding on the top of the hump is removed automatically while the broad hump is retained. More details are reported in Supplementary Information. The reconstructed signal can be visualized either as a 1D or 2D chromatogram. In 1D, it provides a familiar visualization for scientists in the field and it can easily provide an evaluation of the smoothing procedure with the same logic routinely applied today for 1D chromatogram. The 2D visualization of the reconstructed signal does not lose any relevant information regarding the first and second dimension separation or the profile of the hump/humps, thus allowing for for further elaboration, as, for instance, the C-fraction integration or the classification of mono- and di-aromatics separated from the tri- and more rings MOAH (as shown in Fig. 1 for the untreated plot). The entire trimming of the riding peak and integration process is schematized in Fig. 5. It is important to stress that the original data are retained for any further characterization, such as specific markers identification or characterization of the interferences for better tuning the sample preparation step.

Table 1
Results (mg/kg) obtained from the 1D and 2D analysis of fish feed and fat samples performed by LC-GC × GC-FID. Data integrated as described in ref [20] for the 1D chromatogram and the signal-based mode for the 2D plot using the software version available with the instrument (“v5.50”). Data integrated using the protorype version, as explained in the main text, for the 1D chromatogram and the 2D plot (“Proto” in italic). Data reported for the C-fraction and the total C10–C50 range as requested by the JRC Guidance [32]. Values reported as ≤LOQ were calculated as equal to the LOQ for the sum; values reported as <LOD were considered as 0 in the sum.
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	Integration software
	C10-C16
	C16-C20
	C20-C25
	C25-C35
	C35-C40
	C40-C50
	Total
	
	C10-C16
	C16-C25
	C25-C35
	C35-C50
	Total
	

	Fish feed 1
	1D
	v5.50
	0.8
	3.0
	3.9
	6.7
	2.8
	2.6
	19.8
	
	<LOD
	1.0
	0.9
	0.8
	2.7
	

	
	
	Proto
	1.1
	3.1
	3.4
	6.9
	2.6
	2.4
	19.5
	
	≤LOQ
	1.1
	0.9
	0.9
	2.9
	

	
	2D
	v5.50
	0.6
	2.6
	4.4
	4.1
	2.4
	0.9
	15.0
	
	0.2
	1.1
	<LOD
	0.9
	2.2
	

	
	
	Proto
	0.5
	4.8
	5.3
	6.2
	2.2
	0.8
	19.8
	
	≤LOQ
	0.9
	0.8
	0.8
	2.6
	

	Fish feed 2
	1D
	v5.50
	0.7
	2.4
	3.7
	7.8
	1.9
	1.7
	18.2
	
	<LOD
	2.1
	1.7
	0.9
	4.7
	

	
	
	Proto
	0.6
	2.3
	3.5
	7.9
	1.7
	1.6
	17.6
	
	≤LOQ
	2.3
	1.7
	0.9
	5.0
	

	
	2D
	v5.50
	0.3
	2.0
	2.1
	4.5
	1.9
	0.6
	11.4
	
	0.2
	1.0
	1.3
	0.7
	3.2
	

	
	
	Proto
	0.5
	1.9
	3.3
	7.2
	1.5
	0.8
	15.2
	
	0.2
	2.3
	1.7
	0.7
	4.9
	

	Fish feed 3
	1D
	v5.50
	0.7
	2.4
	2.2
	3.7
	1.2
	1.1
	11.3
	
	<LOD
	0.7
	0.6
	0.6
	1.9
	

	
	
	Proto
	0.7
	2.1
	2.1
	3.8
	1.2
	1.0
	10.9
	
	<LOD
	0.7
	0.7
	0.6
	2.0
	

	
	2D
	v5.50
	0.3
	0.3
	1.8
	0.8
	1.0
	0.5
	4.7
	
	≤LOQ
	0.8
	0.7
	0.6
	2.2
	

	
	
	Proto
	0.6
	2.2
	2.1
	4.5
	1.3
	0.7
	11.4
	
	<LOD
	0.6
	0.6
	0.5
	1.7
	

	Fish feed 4
	1D
	v5.50
	0.5
	1.6
	2.8
	4.8
	1.0
	1.3
	12.0
	
	<LOD
	0.3
	0.4
	0.2
	0.9
	

	
	
	Proto
	0.4
	1.6
	2.9
	4.6
	1.2
	1.3
	12.0
	
	<LOD
	0.3
	0.4
	0.2
	0.9
	

	
	2D
	v5.50
	0.2
	0.7
	3.8
	3.2
	1.0
	0.5
	9.4
	
	≤LOQ
	0.4
	0.4
	0.3
	1.2
	

	
	
	Proto
	0.5
	2.0
	2.9
	4.4
	1.0
	0.7
	11.5
	
	<LOD
	0.4
	0.4
	0.3
	1.1
	

	Palm Oil 1
	1D
	v5.50
	0.2
	0.3
	0.2
	10.4
	8.4
	9.1
	28.6
	
	≤LOQ
	0.1
	1.1
	2.8
	4.1
	

	
	
	Proto
	0.5
	0.8
	0.7
	9.7
	8.5
	8.5
	28.7
	
	≤LOQ
	0.3
	1.0
	2.8
	4.2
	

	
	2D
	v5.50
	0.4
	0.7
	0.6
	8.7
	7.9
	10.1
	28.4
	
	≤LOQ
	0.9
	1.2
	3.4
	5.6
	

	
	
	Proto
	0.3
	0.5
	0.6
	9.5
	9.0
	8.5
	28.4
	
	≤LOQ
	0.4
	1.4
	3.0
	4.9
	

	Palm oil 2
	1D
	v5.50
	0.4
	0.4
	0.5
	7.9
	5.4
	6.1
	20.7
	
	0.2
	0.4
	0.9
	1.7
	3.2
	

	
	
	Proto
	0.5
	0.8
	0.9
	7.1
	5.1
	5.8
	20.2
	
	≤LOQ
	0.7
	1.1
	1.8
	3.7
	

	
	2D
	v5.50
	0.7
	0.8
	0.9
	6.9
	4.8
	7.2
	21.3
	
	0.2
	0.9
	1.0
	2.0
	4.1
	

	
	
	Proto
	0.3
	0.7
	0.9
	7.3
	5.4
	6.0
	20.6
	
	≤LOQ
	0.7
	1.1
	1.8
	3.7
	

	Coconut oil
	1D
	v5.50
	1.5
	7.3
	2.2
	12.9
	8.2
	9.4
	41.5
	
	0.4
	0.7
	2.2
	6.1
	9.4
	

	
	
	Proto
	2.4
	6.7
	1.6
	12.0
	8.0
	8.9
	39.6
	
	≤LOQ
	1.1
	1.8
	6.3
	9.3
	

	
	2D
	v5.50
	1.7
	5.7
	1.9
	9.8
	6.3
	9.9
	35.3
	
	0.4
	1.5
	2.1
	6.7
	10.7
	

	
	
	Proto
	1.6
	6.4
	1.9
	12.0
	8.8
	8.7
	39.4
	
	0.2
	0.9
	1.9
	6.5
	9.5
	



To prove the reliability of the approach, a spiked sample was created ad hoc to test the accuracy of the process in trimming the riding peaks on top of the hump. A solution containing a known amount of paraﬃn oil and an alkane mixture (C8–C40) was analyzed three times. The data were integrated using the new software, both in 1D and 2D. Trueness (reported as the average of the absolute measured bias%) of 3.7% and 2.2% was observed for the Total C10–C50 range in 1D and 2D, respectively. Repeatability (measured as the coeﬃcient of variation, CV%) lower than 3% was obtained both in 1D and 2D (calculated on the value of the total hump, C10–C50).
Due to a lack of certified reference material for MOSH and MOAH method validation, the proposed quantification procedure was further evaluated by comparing the results obtained from different samples (i.e., fats and fish feeds). The 1D quantification, obtained after blank subtraction and the “manual integration” for re- moving each of the riding peaks [20], was considered as the reference value. It is important to highlight that this is an assumption and it is the authors’ opinion that the novel approach, that leaves less space to operator’s interpretation, tends to be more ro- bust. The 2D data was compared with the 1D and with the 2D obtained using the 2D algorithm (available at present) in signal- based mode. Both MOSH and MOAH were quantified. The limit of quantification (LOQ) for the fish samples was as reported in [30], namely 0.1 mg/kg. The LOQ for the fat samples was considered the same as also derived conservatively from the instrumental sensitivity. The authors acknowledge that this is not a validated method and that the LOQ for critical matrices as palm oil and coconut oil is far above this optimistic value. However, since the goal was to compare the integration procedure on the same sample, this LOQ was considered feasible. The results are reported in Table 1.
The data obtained in 2D using the v5.50 in signal-based mode resulted generally underestimated for the MOSH for the reasons discussed above, while for the MOAH the biases were more random, depending on the particular profile of the hump and the interferences.
The quantification data obtained using the two software versions, namely the prototype and the v5.50, both 1D and 2D were compared. 1D and 2D results obtained with the prototype version of the software were in good agreement, and both of them with what was considered the reference value, i.e., the manual 1D integration (reported in Table 1 as v5.50). The bias was generally below 10% for the MOSH fraction, except for the fish feed 2 sample for which the 2D results were slightly lower. The % bias for MOAH was higher due to the lower absolute value. The data showed a maximum absolute difference between the two integrations, namely 1D and 2D, both performed with the prototype soft- ware of 0.7 mg/kg in the total MOAH C10 -C50 range.
The novel approach used by the new algorithm in 2D proved to be reliable for the quantification. This quantification approach can be used in the GC × GC-FID platform, but the exploitation of the entire automated LC-GC × GC-ToFMS/FID platform allowed to easily reach the sensitivity required avoiding additional manipulation (i.e., collection and evaporation) that can lead to losses or cross- contamination. It was previously demonstrated that the 2D information obtained from the GC × GC-ToFMS can be easily transferred to the GC × GC-FID traces supporting, on one side, the identity confirmation of the detected hump, and on the other, the detailed characterization of the remaining interferences to support a better optimization of the sample preparation step.
The proven reliability of the 2D quantification will allow ex- tending the benefits of the GC × GC-FID trace to the 3–7 rings MOAH quantification without additional manipulation, as the one described by Koch et al. [34]. In fact, the “cloud” of MOAH obtained after the 2D reconstruction of the processed signal can be easily subdivided and quantified according to the number of rings, as shown in Fig. 5.

Conclusion

	In the present work, a novel approach for 2D plot quantification devoted to the specific application of MOSH and MOAH was pro- posed and evaluated. For the sake of completeness and purpose of standardizing as much as possible the critical steps of data interpretation and integration, the manually applied procedure of integration used for the 1D trace was automated as well. Due to the lack of standard reference material for MOSH and MOAH validation, the results obtained from a series of real-world samples were compared with the MOSH and MOAH quantification obtained ap- plying the standard integration method. The results were in very good agreement and even more when comparing the results obtained with the new software in 1D and 2D. At present, the opera- tor needs to evaluate the baseline to properly accounting for it and then manually subtract the riding peaks. The new software sub- tracts the blank baseline automatically and then, after optimization of the “baseline width”, trims the riding peaks. Once a wider variety of samples will be evaluated and the software thoroughly tested and trained, a fully automated procedure can be foreseen for the trimming step, reducing at minimum the operator’s variability at this point in the analytical process. Indeed standardization of the procedure in the case of MOSH and MOAH is of paramount importance to reduce the variability due to sample integration and interpretation. Therefore, the approach here presented represents an important step in this direction.
Another important achievement is the agreement between the 1D and 2D results. The importance of the GC × GC-ToFMS/FID results is indisputable [14,32,35]. Nevertheless, the GC × GC analysis was always proposed as an additional confirmatory method with the only purpose to confirm the positive results. The possibility of performing reliable quantification from the GC × GC data opens new perspectives in the field. What we are herein proposing is to simplify the entire flowchart using a fully integrated system, namely LC-GC × GC-ToFMS/FID, to provide simultaneously quantitative and confirmatory results. In this way, the sample throughput will be maximized, avoiding performing the GC × GC analysis as an additional step after the routine LC-GC-FID. Moreover, the characterization of the 3–7 rings MOAH required by the EU can be easily provided without any additional sample preparation.
Finally, it is the authors‘opinion that this fully integrate plat- form along with the possibility to perform quantification in the 2D plot for the UCM obtained, will open new perpective to better tune the previous sample preparation steps, but also the second GC separation can serve as an additional purification step. Indeed, the 2D separation can be exploited to avoid some of the coelution that in 1D analysis would required extra sample preparation steps (e.g. POSH [36]) and at the same time would help to focus on the relevant coeluting interferences within the MOSH and MOAH fractions.
The authors will continue to validate the entire LC-GC × GC-ToFMS/FID and the software prototype proposed in further studies and possibly in comparative with other users.
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