Sub-ambient temperature sampling of fish volatiles using vacuum- assisted headspace solid phase microextraction: Theoretical considerations and proof of concept
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Abstract
    	The extraction of volatiles from perishable food at a sub-ambient temperature using headspace solid- phase microextraction (HS-SPME) has not been considered in the past due to the corresponding loss in sensitivity. We propose HS-SPME sampling under vacuum (VaceHSeSPME) to compensate problems of sensitivity loss and achieve substantial improvement in extraction efficiencies whilst sampling at temperatures as low as 5 ◦C. The approach was applied to fish samples, representing a highly vulnerable perishable food sample. The theoretical considerations explaining the performance of VaceHSeSPME at sub-ambient temperatures are discussed and related to the increase in gas diffusivities when sampling under vacuum. A comparative study between Vac- and regular HS-SPME for the extraction of 18 com- pounds from salmon was carried out at different temperatures (5, 30 and 40 ◦C) and sampling times (10 e60 min). For the majority of the compounds, VaceHSeSPME at 5 ◦C yielded similar or superior extraction efficiencies than regular HS-SPME even when sampling at 40 ◦C. However, four compounds were better extracted at 1 atm presumably due to the intensification of competitive adsorption of analytes on the SPME fiber under vacuum or the partial losses of more volatile analytes during air- evacuation in the presence of the frozen samples. Sub-ambient temperature sampling (5 ◦C) combined with VaceHSeSPME was also applied to monitor the changes in the 18 compounds present in salmon, redfish, and cod refrigerated for up to five days. The results were compared to those obtained with regular HS-SPME at 40 ◦C. Overall, VaceHSeSPME
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sampling at 5 ◦C represents a new and powerful approach for the analysis of volatiles in refrigerated foods, and has a great potential for future studies in quality control and freshness assessment.

Introduction

	Fish represents a valuable diet component and at the same time, a highly vulnerable and perishable food that suffers rapid quality deterioration from harvesting to retailing when not properly handled and stored [1]. Post-mortem decline in sensory quality generally results from different chemical, enzymatic autolytic and microbial processes, and is perceived as the gradual loss of fresh- ness and spoilage development [2e5] at rates that depend on many factors such as kind of fish species, storage time, and temperature [6].
The high demand for fresh fish highlighted the necessity for effective methods to assess its quality and freshness. To this end, several methods have been used to monitor fish quality, including sensory, microbiological, physical, and chemical analysis [7]. Regarding the latter, sample preconcentration followed by gas chromatography (GC) is a widespread approach to analyze low concentrations of fish volatiles [2,3]. Among the different sample preparation methods, dynamic headspace extraction is the preferred technique, offering good sensitivity and efficacy [3]. In an attempt to simplify the sample preparation step, solid-phase microextraction (SPME) was previously proposed for sampling fish volatiles [2,3,7e9]. SPME is extensively used for analyzing flavor volatiles in a variety of food samples [10] and has the inherent advantages of being fast, low-cost, sensitive, selective, and automated [11]. For complex samples, such as fish, the headspace SPME (HS-SPME) sampling mode is adopted where the SPME fiber is placed in the headspace above the sample [10,11]. HS-SPME equilibration times span from a few minutes to several hours, depending on many variables, such as the sample type and properties of the target analytes [12]. Stirring the sample and increasing the temperature are the most exploited strategies to improve analyte volatilization from the sample and accelerate extraction kinetics [11]. However, stirring is not always possible (e.g., in the case of solid samples), and the use of high temperatures may reduce the affinity of analytes for the SPME fiber and, as such, reduce sensitivity [11]. For fish samples, HS-SPME sampling temperatures usually range from mild (e.g., 30 min sampling 40 ◦C [3]) to high temperatures (e.g., 90 min sampling 60 ◦C or 2 h at 50 ◦C [7,13]). However, even at mild sampling temperatures, the volatile profile of the originally refrigerated fish sample may be altered.
An alternative and less explored strategy to improve HS-SPME extraction kinetics is sampling under reduced pressure conditions, in a method termed vacuum-assisted HS-SPME (VaceHSeSPME). The application of vacuum during HS-SPME sampling was first proposed in 2001 by Brunton et al. [14] for the extraction of volatiles from raw turkey meat homogenates. A more systematic investigation of the sampling approach appeared after 2012, when Psillakis et al. formulated the theoretical basis of the technique [12,15,16]. VaceHSeSPME has been successfully applied to various analytes and matrices, including water, solids, and complex food matrices like wine, dairy products, and extra virgin olive oil [12,16]. Translated in practice, VaceHSeSPME was found to accelerate the extraction kinetics and resulted in improved extraction efficiencies even at mild sampling temperatures and/or short sampling times.
The use of HS-SPME sampling from perishable food at a subambient temperature has not been considered due to the substantial loss in sensitivity. The aim of this work was to investigate for the first time the potential of VaceHSeSPME for sampling volatiles at a temperature well below that of room temperature (i.e., 5 ◦C representing refrigerator temperature). The theoretical considerations explaining the superior performance of VaceHSeSPME at sub-ambient temperatures are discussed. To demonstrate the benefits of adopting the vacuum approach, a comparative study between VaceHSeSPME and regular HS-SPME sampling was carried out at different sampling temperatures and times. Raw fish was chosen as a representative case of perishable food. Finally, changes in the volatile profiles from three types of raw refrigerated fish samples were monitored on a daily basis and for up to five days using VaceHSeSPME at 5 ◦C, and the results were compared to
those obtained with regular HS-SPME at 40 ◦C.

Theorical considerations

	Temperature significantly affects analytes' partitioning proper- ties, with partition coefficients and vapor pressures being more sensitive to temperature variations because of the large enthalpy change associated with analyte transfer to the vapor phase [17]. The simplest general correlation for expressing the effect of temperature on equilibrium constants is the integrated van't Hoff correlation [17], which assumes a constant change in enthalpy over the narrow environmental temperature range [18]. The magnitude of the temperature effect will depend on the properties of the com- pounds and phases involved and it is expected to be more significant if a gas phase is involved [18]. It should be noted that the van't Hoff correlation also assumes partitioning between homogenous phases, which is not valid for the partitioning between an SPME fiber and a multi-component sample. Nonetheless, it can be used to estimate the effect [11]. The van't Hoff correlation predicts that setting the HS-SPME sampling temperature at a value below that of room temperature will reduce the partition coefficient between the headspace and the sample. At the same time, the SPME fiber coating/headspace partition coefficient will increase when decreasing the sampling temperature; an effect also recorded during partitioning equilibria between water, air and octanol [19]. However, this increased affinity for the SPME fiber will have a limited impact on extraction efficiencies, given that at sub-ambient sampling temperatures, vapor pressures and, as such, headspace analyte concentrations will decrease according to the Clapeyron equation [17]. It should be noted here that SPME fiber coating/ headspace partition coefficients were also reported to increase during cold-fiber SPME [20], where the sample matrix is heated at an elevated temperature while maintaining the fiber at a cool temperature. Cold-fiber SPME facilitates the release of analytes from the sample into the headspace and at the same time creates a temperature gap between the cold fiber coating and the hot headspace. Since absorption is an exothermic process, this temperature gap significantly increases the partition coefficients of analytes and improves extraction efficiencies [20,21]. Based on the above considerations, the cold-fiber SPME system is different from the one investigated here where there is no temperature gap and the sample, headspace, and fiber are maintained at the same temperature. 
In general, lowering the total pressure can only affect the extraction efficiency of analytes at a pre-equilibrium stage [16]. During HS-SPME and assuming fast equilibration between the headspace/SPME fiber coating, sampling under vacuum will improve mass transfer rates from the sample to the headspace [12]. For liquid samples, the pressure dependence of pre-equilibrium HS-SPME sampling was explained using the classic two-film theory whereby reducing the total pressure reduced the gas-phase resistance due to the corresponding increase in gas-phase diffusion coefficients, Dg [15]. For solid samples, a modified form of Fick's law of diffusion was used to describe the vapor flux assumed to diffuse through a stagnant boundary layer connecting the solid and the air [22]. This relationship showed that the vapor flux of chemicals at the soil surface would increase when lowering the sampling pressure due to the simultaneous increase in Dg. It should be noted that improvements in Dg values will also result in faster transport of analytes in the bulk gas phase; though this does not represent a rate-limiting step [23].
The gas-phase diffusion coefficient of a trace compound A is often given by the Fuller-Schettler-Giddings correlation [15]:



where P, is the total pressure, Mair and MA respectively the molecular weights of air and the analyte, and Vair and VA the molar volumes of air and the analyte. Eq. (1) reveals the temperature and pressure dependencies of Dg and predicts improvements in Dg, and, as such, in the overall HS-SPME extraction kinetics, when increasing the sampling temperature and/or decreasing the total pressure. The combined effects of lowering the sampling temperature and the total pressure have not been considered in the past. To this end, providing calculations on Dg as a function of these two parameters can give some important insights taken that Dg is directly related to the effect of vacuum on HS-SPME regardless of the sample matrix. Accordingly, at any given temperature, reducing the sampling pressure from 1 to 0.04 atm (typical value considered in VaceHSeSPME for water-containing samples [24]) will improve Dg values more than 25 times for any given analyte [24]. This relative improvement in Dg will be the same regardless of the chosen temperature since the effects of other components in Eq. (1) cancel each other out. The effect of vacuum on Dg is significantly larger than that of decreasing the temperature from e.g., 30 ◦C to 5 ◦C at a constant total pressure. In this case, and assuming a small effect of temperature on molar volumes for the temperature range considered [18], Dg values will be reduced by only 14%. The strong effect of total pressure on gas diffusivities is further demonstrated when calculating the combined effects of lowering the total pressure and temperature on Dg values, where changing the extraction conditions from 30 ◦C and 1 atm to 5 ◦C and 0.04 atm yields a 22-fold improvement in Dg. The above calculations imply that sampling under vacuum and at a sub-ambient temperature may improve HS-SPME extraction kinetics, taken that Dg improvements will remain significant. The only limitation to this effect can be the negative effect of temperature on headspace analyte concentrations and partition constants between the headspace and sample. However, the faster mass transfer rates at a reduced total pressure will result in faster replenishment of the headspace concentrations that may lead to faster overall HS-SPME extraction kinetics.
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	Normal alkanes (C7eC30), carboxen/polydimethylsiloxane (Car/ PDMS), PDMS/divinylbenzene (PDMS/DVB) and DVB/Car/PDMS (df 50/30 mm/2 cm length) fibers were kindly provided by MilliporeSigma, the life science business of Merck KGaA (Darmstadt, Germany). Each SPME fiber was conditioned as recommended by the manufacturer. Prior to use, vials and caps were kept at 65 ◦C to remove any contaminants. Fish fillets were purchased from a local supermarket (Gembloux, Belgium) and consisted of salmon fillet (Oncorhynchus sp.), cod (Gadus sp.), and redfish (Sebastes norvegicus (Ascanius, 1772)).

[bookmark: 2.2_Samples_and_sample_preparation]PREPARATION OF FISH SAMPLES

	During preliminary studies and investigations on the effects of sampling temperature and time, a freshly bought salmon fillet was left for 24 h at room temperature to intensify the presence of volatiles. Then the fish was homogenized in a blender (VEO Home, KWG-130B, France), portioned, weighted to 5.0 ± 0.5 g, placed in 20-mL vials (Restek, Bellefonte, USA), capped with metallic screw
caps with a hole and polytetrafluoroethylene (PTFE)/silicone septa (Restek), and stored in a freezer (—18 ◦C) until analysis. The same salmon fillet sample was used for the entire set of these studies.
	For the spoilage assessment, salmon, cod, and redfish were bought fresh early in the morning and directly homogenized and portioned (5.0 ± 0.5 g) in 20-mL vials, capped and stored aerobically at 4 ◦C until analysis.

VAC- AND REGULAR HS-SPME EXTRACTION PROCEDURES

	The specially designed vial closures used for VaceHSeSPME sampling were provided by Prof. Elefteria Psillakis [25]. Each closure was equipped with a cylindrical Thermogreen®LB-1 septum (Supelco) with half-hole (6 mm diameter × 9 mm length) and could provide gastight fit to the 20 mL screw top vials as well as allow automation of the method. The samples were removed from the freezer, the metallic screw caps were replaced by the specially designed vial closures, and the air inside the vial was evacuated for 1 min using a MD 4C diaphragm vacuum pump (7 mbar = 0.007 atm ultimate vacuum without gas ballast, Vacuubrand GmbH & Co. KZ, Wertheim, Germany). The samples were then defrosted for 10 min at room temperature before analysis. For regular HS-SPME, the air- evacuation step was omitted and the metallic screw caps and vials containing the fish sample were used as stored. The capped vials containing the fish sample were placed in the autosampler when the
extraction temperature was set above 30 ◦C. Extractions at 5 ◦C were carried out manually using an iced water bath. In all cases, fish samples were left to equilibrate for 10 min with the headspace at a preset extraction temperature (5, 30 or 40 ◦C) before VaceHSeSPME or regular HS-SPME sampling as discussed in the text. All experiments were run in triplicate.
For the fish spoilage investigations, the changes on the volatile profile of the three studied fish samples during storage in the refrigerator were monitored by analyzing the samples in triplicate
every day and for up to 5 days (d0-d4) using regular HS-SPME at 40 ◦C and VaceHSeSPME at 5 ◦C. The sampling time for this set of studies was 30 min.
GC-MS ANALYSIS

	An Agilent 7890B GC coupled to a 5977 mass spectrometer detector (for this detector the acronym MS is used instead of MSD). Helium was used as carrier gas at 1 mL/min flow rate. Cooling the column below ambient temperature was not possible and to avoid excessive broadening in time of the early eluting compounds, the SPME fiber was desorbed in the GC inlet at 250 ◦C for 2 min with a 1:5 split ratio in order to accelerate the transfer of compounds from the injector into the GC column [26]. Separation was performed on a 30 m × 0.25 mm i.d. × 0.5 mm df SLB-5ms capillary column [(silphenylene polymer, practically equivalent in polarity to poly(5% diphenyl/95% methylsiloxane)] kindly provided from MilliporeSigma (Bellefonte, PA, USA). The GC oven temperature program was as follows: 35 ◦C for 2 min, programmed to 250 ◦C at a rate of 12 ◦C/min and then increased to 300 ◦C at a rate of 25 ◦C/min. The MS was operating in EI at 70 eV, the source and quadrupole temperatures were set at 250 ◦C and 150 ◦C, respectively. The results were recorded in the full scan mode in the 35e500 m/z range. Data were acquired by MassHunter GC/MS Acquisition software B.07.06.2704 (Agilent, USA), converted into AIA by MSD Chem-Station F.001.03.2357 (Agilent) and processed using Shimadzu GCMSolution ver 4.45 (Shimadzu, Japan). Putative identification was based on the combination of a dual filter, namely: (i) the MS similarity with the NIST17 library and the FFNSC library (Shimadzu) (≥80%) and, (ii) the experimental linear retention index (LRI) within a ±10 range compared to the one reported in the FFNSC library for the same column stationary phase and geometry.
The SPME fiber was conditioned for 20 min in the GC injector before starting any analytical sequence. Blanks were run periodically to ensure the absence of carry-over between runs.

Results and discussion

[bookmark: 3.1_Optimization_of_extraction_procedure]PRELIMINARY EXPERIMENTS 

	In a preliminary set of experiments, the entire fish volatile profile of the salmon fillet was investigated at 30 ◦C using three different SPME fibers (namely: PDMS/DVB, Car/PDMS and DVB/Car/
PDMS), and a 30 min sampling with Vac- or regular HS-SPME. From the resulting spectra, 18 compounds were selected and tentatively identified based on the similarity match with commercial data- bases (NIST and FFNSC) and an experimental LRI having ± 10 units compared to the LRI reported in the commercial databases. The selected compounds, shown in Table 1, covered the volatility range of different chemical classes (alkanes, aldehydes, alcohols) and were previously reported as markers for fish [27e33]. One of the selected compounds consisted of butylated hydroxytoluene (BHT), an antioxidant often added to food and animal feed including farmed fish feed [34]. Monitoring BHT was of interest, taken that this compound is subject to regulation, and an acceptable daily intake (ADI) of 0e0.3 mg/kg body-weight was recommended by the World Health Organization [35].
The results on the 18 selected markers obtained with the three tested SPME fibers are given in Fig. S1 in the Supporting Information, together with a detailed discussion (Section S1). In accordance with a past report [3], DVB/Car/PDMS fiber showed the highest extraction yield for most markers under each pressure condition, and for this reason, it was selected for further experiments. Moreover, increased extraction efficiencies were obtained with VaceHSeSPME compared to HS-SPME. The only exceptions were (1) 2-methyl-butanal, (2) 3-methyl-butanal, (6) 2,6-dimethyl-4- heptanol and (8) benzeneacetaldehyde that were better extracted under regular pressure conditions. During the present studies, air evacuation proceeded in the presence of the frozen samples and for a short period of time (1 min). Although these conditions were chosen so as to minimize the aspiration of volatile analytes [36], the partial loss of the more volatiles target analytes (especially (1) 2- methyl-butanal and (2) 3-methyl-butanal) cannot be excluded. Another possible explanation for the low extraction efficiencies of these four analytes when sampling under vacuum, may be competitive adsorption onto the SPME fiber. Indeed, in complex samples, such as the fish samples investigated here, competition for space onto the adsorbent DVB/Car/PDMS fiber can be more intense, as the higher headspace concentrations compared to 1 atm can displace minor components or compounds with less affinity for the adsorbent [11,37].
Overall, VaceHSeSPME sampling resulted in richer GC traces compared to the ones obtained when sampling at 1 atm. The eluting compounds that were not included in Table 1 consisted of secondary metabolites and siloxanes. As reported in the past, the use of a solid sorbent and the presence of high amounts of water- immiscible hydrocarbons in the headspace accelerated swelling of the fiber and increased the presence of siloxanes [26]. During this initial set of investigations, attempts were also made to avoid coelution. However, it was not possible to completely prevent partial coelution of some compounds under any conditions, especially with VaceHSeSPME. For this reason, some rather high relative standard deviations (RSD %) were recorded for some compounds (>20%).


Table 1
List of the 18 selected compounds together with their Chemical Abstracts Service (CAS) number, molecular weight (MW), boiling point (BP), logarithmic values of the octanol- air partition coefficient (logKΟА), linear retention index experimentally calculated (LRI Exp) and reported in the literature (LRI Lib), mass spectra similarity (MS%) and the ion used for area determination (Quantifier).
	n◦
	NAME
	CAS
	MW (g mol—1)
	BP (◦C)
	logKOA
	LRI Exp
	LRI Lib
	MS%
	Quantifier (m/z)

	1
	Butanal, 2-methyl-
	96-17-3
	86.132
	94
	3.417
	658
	662
	98
	44

	2
	Butanal, 3-methyl-
	590-86-3
	86.132
	92
	3.011
	665
	676
	96
	57

	3
	2,4-dimethyl-heptane
	2213-23-2
	128.255
	115
	2.396
	792
	788
	92
	43

	4
	Styrene
	100-42-5
	104.149
	145
	3.899
	891
	891
	90
	104

	5
	Heptanal
	111-71-7
	114.185
	153
	4.247
	901
	906
	87
	70

	6
	2,6-Dimethyl-4-heptanol
	108-82-7
	144.254
	178
	5.358
	949
	950
	85
	43

	7
	Octanal
	124-13-0
	128.212
	171
	4.457
	1003
	1006
	89
	43

	8
	Benzeneacetaldehyde
	122-78-1
	120.148
	195
	5.430
	1048
	1045
	97
	91

	9
	Nonanal
	124-19-6
	142.239
	214
	4.793
	1104
	1107
	93
	57

	10
	Dodecane
	112-40-3
	170.335
	216
	3.573
	1199
	1200
	93
	57

	11
	Decanal
	112-31-2
	156.265
	208
	4.893
	1206
	1208
	88
	57

	12
	Tridecane
	629-50-5
	184.361
	235
	4.659
	1299
	1300
	88
	57

	13
	Tetradecane
	629-59-4
	198.388
	253
	4.625
	1399
	1400
	94
	57

	14
	Pentadecane
	629-62-9
	212.415
	269
	4.998
	1499
	1500
	95
	57

	15
	BHT
	128-37-0
	220.350
	265
	8.874
	1507
	1503
	92
	205

	16
	Hexadecane
	544-76-3
	226.441
	287
	6.914
	1598
	1600
	90
	57

	17
	Heptadecane
	629-78-7
	240.468
	302
	5.493
	1699
	1700
	95
	57

	18
	Octadecane
	593-45-3
	254.494
	317
	5.859
	1798
	1800
	90
	57






EFFECTS OF TEMPERATURE AND SAMPLING TIME 

	The extraction time profiles of the 18 selected compounds were obtained under reduced and atmospheric pressure conditions for sampling times ranging from 10 to 60 min and at three different
sampling temperatures, with 5 ◦C representing the refrigerator temperature, 30 ◦C being close to room temperature and the lowest temperature that could be set at the autosampler, and 40 ◦C representing a common temperature for sampling fish samples [3]. With VaceHSeSPME, richer profiles were obtained and enhanced extraction efficiencies were recorded for the majority of markers even when sampling at a temperature as low as 5 ◦C. To visualize this observation, a comparison between two representative chromatograms obtained at 5 ◦C with Vac- and regular HS-SPME is given in Fig. 1.
Fig. 2 summarizes the results obtained at the different temperatures and times tested under the two pressure conditions. The complete information on average peak area and RSD values obtained from the present studies is given in Supplementary Table S1. As expected, extraction efficiencies increased with increasing sampling temperature and time. Fig. 2 also illustrates the positive effect of vacuum at each sampling time and temperature for the majority of the selected compounds. For reasons discussed earlier, the only compounds that were not efficiently extracted under vacuum compared to atmospheric pressure were compounds (1), (2), (6) and (8).
The variability of the results was then calculated as RSD values and the results are given in Table S2 in the Supporting Information. As seen, the overall median (calculated by considering all selected compounds at all sampling temperatures) was 14.0% for both regular and VaceHSeSPME. A clear decreasing trend (median value dropped from 17.0% to 11.0%) was observed with regular HS-SPME when increasing the extraction temperature. On the contrary, the calculated variability observed with VaceHSeSPME at the different extraction temperatures did not show any particular trend (values ranged between 12.7 and 14.2%).
The VaceHSeSPME/HS-SPME peak area ratios were also calculated for each sampling time and the results are depicted in Fig. S2. Some peak area ratios could not be calculated due to the zero ab- solute signal obtained under atmospheric pressure (complete data set can be found in Table S1 in the Supporting Information). The impact of low pressure conditions on the variability of the extraction compared to regular HS-SPME was evaluated by considering the ratio between the RSD values calculated for VaceHSeSPME over those for HS-SPME for the values reported in Table S1. The median for each extraction temperature and overall median were then calculated (Supplementary Table S2), with values below 1 indicating a lower RSD when sampling under vacuum conditions. An overall slight improvement was generally obtained under vacuum (0.911 overall median value), which reflected the significant improvement observed at 5 ◦C (0.822 median value of the RSD ratio).
The results shown in Fig. S2 were also evaluated by considering that peak area ratios with values > 1 corresponding to improved extraction rates when sampling under vacuum, <1 corresponding to superior performance at 1 atm; and close to 1 indicating that VaceHSeSPME and HS-SPME performed similarly i.e., equilibrium was reached under both pressure conditions [38]. Fig. S2 shows that with the exception of the four compounds (1), (2), (6) and (8), almost all peak area ratios were >1, further demonstrating the positive effect of vacuum on HS-SPME. The largest improvements in extraction efficiencies when sampling under vacuum were obtained for later eluting compounds, corresponding to the least volatile analytes. For these analytes, very high peak area ratios were recorded especially for decreased sampling temperatures and extended sampling times, e.g., at 5 ◦C and 60 min of sampling, the extraction efficiency of heptadecane (17) was close to 80 times larger with VaceHSeSPME compared to regular HS-SPME.
By far, the most important point to note was the exceptional performance of VaceHSeSPME at 5 ◦C with all target compounds being detected even for sampling times as short as 10 min. The
superior performance of VaceHSeSPME merits further discussion, especially when considering that VaceHSeSPME sampling at 5 ◦C generally provided similar or higher extraction efficiencies than regular HS-SPME at 30 ◦C or 40 ◦C. To better visualize the performance of VaceHSeSPME at 5 ◦C, the peak area ratios obtained for VaceHSeSPME at 5 ◦C over regular HS-SPME at 30 ◦C or 40 ◦C were calculated at each time tested, and the results are given in Table 2. As seen, the more volatile compounds (3), (4) and (5) gave more or less comparable results and for the majority of the compounds eluting after compound (7), higher peak area ratios were recorded under vacuum and a cool sampling temperature. The only exceptions were the four compounds (1), (2), (6), (8) discussed earlier, and compound (18). The latter was the least volatile analyte monitored here and it was assumed that for this analyte, temperature remained a critical parameter to control for increasing headspace concentrations.
The present experimental results confirmed our theoretical predictions on regular HS-SPME and an overall negative effect of sub-ambient temperature sampling on extraction efficiencies was recorded. However, sampling at 5 ◦C and under reduced pressure conditions resulted in a significant improvement in analytical signals. Lowering the total pressure increased Dg values and enhanced analytes’ transfer rates from the sample to the headspace. This acceleration in mass transfer, when combined with the increased affinity of analytes towards the fiber at a cool sampling temperature, resulted in extraction efficiencies for most target analytes that were similar or higher than those obtained with regular HS-SPME at 30 or 40 ◦C. The experimental results obtained with VaceHSeSPME demonstrated that diffusivity is an important parameter to control for the successful extraction of volatiles and semi-volatiles at a sub-ambient temperature i.e., headspace concentrations can be replenished at a faster rate, leading to higher amounts of analytes extracted by the SPME fiber despite the un- favorable decrease in headspace/sample partition coefficients.


[image: Image of Fig. 1]
Fig. 1. Comparison of the total ion chromatograms obtained using regular HS-SPME (black, bottom chromatogram) and VaceHSeSPME (fuchsia, upper chromatogram) for sampling the volatile profile of salmon fillet. Coding of compounds as in Table 1. Other experimental parameters: DVB/Car/PDMS fiber, 30 min of sampling at 5 ◦C.



[image: Image of Fig. 2]
Fig. 2. Extraction time profiles (10e60 min of sampling) of the selected compounds in salmon obtained under regular (HS-SPME; blue bars) and reduced total pressure (VaceHSeSPME; orange bars) at different sampling temperatures (5, 30 and 40 ◦C). Coding of compounds as in Table 1. Analytes are grouped based on analytical signals rather than shown in increasing coding numbers. Error bars cannot be reported with this visualization and this information is given in Supplementary Table S1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
CHANGES IN THE PROFILE OF THE TARET COMPOUNDS DURING STORAGE OF DIFFERENT FISH SAMPLES

	In a subsequent set of experiments, the 18 selected compounds were monitored on a daily basis and for up to five days (d0-d4) using three different types of fishes (salmon, redfish, and cod) stored under refrigerated conditions. For comparison reasons, sampling proceeded using VaceHSeSPME at 5 ◦C and regular HS- SPME at 40 ◦C, and the sampling time was set at 30 min. The results obtained for the five-day monitoring of the three fish samples and all information on average peak area values and RSD values are given in Supplementary Tables S3eS5. It is noted that the sample of cod at day 3 (d2) and 40 ◦C was lost due to a technical problem. As expected, not all selected compounds could be detected in all three fish samples. Moreover, in accordance with past results [4], the detected compounds appeared sporadically or fluctuated during storage, while others exhibited a more consistent ascending or descending trend, depending on the type of spoiling bacteria and storage conditions.

Table 2
Changes in extraction efficiencies at each time tested, expressed as peak area ratios of VaceHSeSPME at 5 ◦C over HS-SPME at 30 ◦C or HS-SPME at 40 ◦C. To easily visualize the changes, color scales are applied with shades of red to white for peak area ratios taking values from 0 to 1 and shades of white to blue for peak area ratios from 1 to 10. Coding of compounds as in Table 1. (For color interpretation in this Table, the reader is referred to the web version of this article.)
            	
     #        


It should be reminded at this point that this set of studies consisted of a proof of concept and several limitations existed for directly relating results to fish freshness and quality assessment. First, the analyzed fish samples had no indication of the storage time before purchase. In addition, the 18 compounds as selected for salmon samples were monitored in all three fish samples, and it is 
[image: Image of Fig. 3]
Fig. 3. Variation of the average peak areas of selected compounds in (A) salmon, (B) redfish, and (C) cod during five days of storage in a refrigerator (d0-d5). Results were obtained using VaceHSeSPME at 5 ◦C (orange bars) and regular HS-SPME at 40 ◦C (grey bars) after a 30 min extraction. Coding of compounds as in Table 1. Error bars cannot be reported with this visualization and the full table containing this informa- tion is reported in Tables S3eS5 in the Supporting Information. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
acknowledged that they may not be the ideal choice for freshness and quality assessment of the three different fish species tested here. In general, the volatile profile of fish has been investigated for quality control during shelf-life, and some indicators have been proposed for monitoring studies. However, assigning indicators is a complicated task, with the chemical composition of fish varying greatly among species and from an individual fish to another, depending on age, sex, environment, and season [39]. Moreover, different fish species may be spoiled by different specific spoilage organisms, and even if fish samples are stored under identical conditions (temperature and atmosphere), different metabolites may be produced, including off-odors and off-flavors associated with spoilage [5,40]. At the same time, the comparison between VaceHSeSPME at 5 ◦C and regular HS-SPME at 40 ◦C, should be considered with caution since two different sampling temperatures were applied, and this may have contributed to the recorded deviations in extraction efficiencies and trends over time. In this connection, there were some cases where the targeted analyte exhibited different trends over time and different extraction efficiencies with the two tested HS-SPME sampling methods (e.g., octanal (7)). Next to the different sampling temperatures used, it should always be kept in mind that the headspace composition varied among the fish type tested. Target analytes were therefore expected to be present in varying multi-component mixtures and this may affect analyte uptake by the SPME fiber under the two different sampling conditions examined here [41].
Fig. 3 compares the results on selected compounds obtained with VaceHSeSPME sampling at 5 ◦C and regular HS-SPME at 40 ◦C. Hydrocarbons are usually found at a low concentration level in the headspace of different fish species and are believed to contribute to the fish smell [42]. Here, different alkanes were detected in a relatively low content in all fish samples. Pentadecane (14) was previously proposed to highly correlate with standard indicators of fish quality, and in combination with a small number of carbonyls were previously proposed for assessing fish quality [2,7]. In salmon and redfish samples, pentadecane was more effectively extracted with VaceHSeSPME at 5 ◦C and generally exhibited a decreasing trend with increasing storage time (Fig. 3). This is in accordance with past studies on pentadecane sampled from salmon [7] and yellowfin tuna [2] samples. In cod samples, the signals of pentadecane (14) remained low throughout the storage time tested (Fig. 3). Styrene (4) was also detected in all fish samples under each pressure condition and exhibited a decreasing trend. The origins of styrene are not well understood [7], and in some cases, its presence was assumed to be due to migration from packaging material [43].
In general, aldehydes are correlated to the oxidation of unsaturated fatty acids, such as oleic and linoleic acid [42]. Here, heptanal (5) was detected in redfish samples and exhibited an upward trend for up to four days of storage with regular HS-SPME at 40 ◦C yielding higher analytical signals compared to VaceHSeSPME at 5 ◦C (Fig.  3).  Octanal (7) was detected in salmon with VaceHSeSPME at 5 ◦C and, as seen in the past [7], exhibited a decreasing trend with increasing chill-storage time (Fig. 3). In redfish samples, regular HS-SPME at 40 ◦C gave a stronger signal for octanal (7) compared to VaceHSeSPME and an upward trend over storage time. Nonanal (9) was detected in all three fish types and in salmon and redfish samples, higher extraction efficiencies were recorded when using VaceHSeSPME sampling at 5 ◦C. A descending trend over storage time was recorded in these samples [7] whereas in cod samples, signals fluctuated during storage. 
Compounds 2- and 3-methyl butanal ((1) and (2) respectively) were previously proposed to be products of bacterial activity and have been suggested as potential spoilage indicators [4]. In salmon samples, these two aldehydes showed remarkable evolution after one-day of incubation and trends were comparable under each pressure and temperature tested. On the contrary, in redfish samples, 3-methyl butanal (2) yielded close to similar extraction efficiencies between VaceHSeSPME at 5 ◦C and HS-SPME at 40 ◦C and showed a fluctuating trend.
An important finding here was that BHT (15) was detected in all fish samples when using VaceHSeSPME at 5 ◦C (Fig. 3). Only in the case of salmon, regular HS-SPME sampling at 40 ◦C was successful in detecting this analyte, suggesting that a much higher total amount of this antioxidant was present in this specific fish sample. The above finding depicts the importance of adopting the VaceHSeSPME approach to achieve higher sensitivity for this additive.

Conclusion

	This is the first contribution describing sub-ambient tempera- ture (5 ◦C) extraction of volatile and semi-volatiles from perishable products. HS-SPME sampling under vacuum at a cool temperature proved a viable alternative to heating fish samples at 1 atm. For most selected compounds, VaceHSeSPME at 5 ◦C yielded extrac- tion efficiencies that were comparable or superior to those obtained with regular HS-SPME at 30 or 40 ◦C. The superior performance of VaceHSeSPME at sub-ambient temperatures was related to the combination of the enhanced analyte transfer rates in the headspace next to the increased affinity of analytes towards the fiber. As a proof-of-concept, three different fish samples were investigated over time and VaceHSeSPME sampling at 5 ◦C resulted comparable to HS-SPME sampling at 40 ◦C.
The present results open the way to a wide area of new studies aiming to investigate the possibility of using such a powerful approach for quality assessment and spoilage studies on delicate and perishable samples that are highly vulnerable to temperature changes. VaceHSeSPME sampling at a cool temperature preserves the volatile profile of samples and rules out the initiation of enzymatic or degradation processes triggered by heating. Sub-ambient temperature VaceHSeSPME sampling records a more realistic “snapshot” of the compounds emitted by food samples when refrigerated. This feature may allow future studies to identify additional compounds responsible for the aroma, flavor but also off-flavors and off-odors of refrigerated food samples. Our related current and future investigations focus on the freshness/quality markers to be used for the different fish species, their quantification, as well as expand the approach to other types of perishable food.
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