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The physico-chemical, textural and color parameters and fluorescence spectra of aromatic amino acids and nucleic acids (AAA + NA), tryptophan residues, nicotinamide adenine dinucleotide (NADH), and vitamin A were scanned on sturgeon samples kept at 4 °C up to 12 days. Using the principal component analysis (PCA), the riboflavin and NADH spectra allowed clear differentiation between sturgeon samples according to their storage time. The best result was obtained by applying the common components and specific weights analysis (CCSWA) to the riboflavin and NADH data tables since better differentiation was achieved between the 4 group sturgeon samples aged: 2 days; 5, 6 and 7 days; 8 and 9 days and 12 days. The proposed methodology demonstrates the ability of CCSWA to evaluate sturgeon freshness levels according to their storage time.

Introduction

Sturgeons are among the most world's precious wildlife resources. In 2013, the production of the cultured sturgeon, in the world, reached 75,000 tons [START_REF] Wang | Dietary copper requirement of juvenile Russian sturgeon Acipenser gueldenstaedtii[END_REF]. These northern hemisphere fishes can exist in large river systems, lakes, coastal waters, and inner sea throughout Eurasia and North America. Sturgeons are species of biological and economic importance. Sturgeon is the common name for 27 species of fish belonging to the family Acipenseridae, but 4 species are extinct [START_REF] Birstein | Sturgeons and Paddlefishes: Threatened Fishes in Need of Conservation[END_REF]. The 23 remaining species are grouped into 4 genera with 2 species in Huso, 2 species in Scaphirhynchus, 3 species in Pseudoscaphirhynchus and 16 species in Acipenser [START_REF] Scott | Fisheries Research Board of Canada[END_REF]. Most of the world's sturgeon population has submitted significant decline, especially due to over-fishing, habitat destruction and pollution. At the same time, sturgeon has become a popular species due to its high level of good-quality proteins and the presence of many vitamins and minerals.

Being a perishable product, sturgeon's freshness is an important indicator of its commercial success and commodity. After the death of fish, a series of complicated chemical, biochemical, and microbial processes occurred resulting in a valuable loss of fish quality.

Several classical tools, named biochemical, colorimetric, microbiological, physical methods as well as the assessment of organoleptic properties have been developed to evaluate fish freshness state. Sensory evaluation known as 'Quality Index Method (QIM)' is a complex method since it depends on multiple characteristics of fish tissues. Moreover, trained panels are generally expensive, timeconsuming and not always available along with all the different steps of the fishery chain. Other methods named high-performance liquid chromatography (HPLC), electrochemical and electrophoretic approaches have also been used to evaluate the quality of fish products. Although these techniques have demonstrated their ability to assess fish freshness level, they need relative expensive reagents and skilled operators to perform the experiments. Consequently, to satisfy the need for quality control online and/or at-line in the fish industry and to provide fish with high quality, rapid and non-destructive techniques are needed [START_REF] Karoui | Front-face fluorescence spectroscopy as a rapid and non-destructive tool for differentiating various cereal products: A preliminary investigation[END_REF]Karoui et al., 2006;Karoui, Nicolaï, & De Baedemaeker, 2008). The near infrared (NIR) and mid-infrared (MIR) spectroscopies have been demonstrated their usefulness to quantify seafood composition as well as to assess fish freshness [START_REF] Hernández-Martínez | Application of MIR-FTIR spectroscopy and chemometrics to the rapid prediction of fi sh fi llet quality Aplicación de espectroscopía MIR-FTIR y quimiometría para la rápida predicción de la calidad de fi letes de pescado[END_REF]. Front-face fluorescence spectroscopy (FFFS) has, recently, been used for the: i) differentiation between fresh and frozen/thawed belonging to different fish species [START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF][START_REF] Karoui | Front face fluorescence spectroscopy enables rapid differentiation of fresh and frozen-thawed sea bass (Dicentrarchus labrax) fillets[END_REF][START_REF] Karoui | Utilisation of a rapid technique based on front-face fluorescence spectroscopy for differentiating between fresh and frozen-thawed fish fillets[END_REF]; and ii) monitoring of freshness of different fish species (Merlangius merlangus, Scomber scombrus) [START_REF] Hassoun | Front-face fluorescence spectroscopy coupled with chemometric tools for monitoring fish freshness stored under different refrigerated conditions[END_REF]Karoui & Hassoun, 2017).

The present work aims, for the first time, to explore the potential use of textural, colorimetry, physico-chemical and FFFS data tables for monitoring sturgeon fillets freshness kept at 4 °C up to 12 days. To extract information and to establish the link between the different data tables, a multi-block statistical analysis named common components and specific weight analysis (CCSWA) was applied; this statistical chemometric tool consists in determining a common space of representation for the different data tables. Previous results showed the effectiveness of CCSWA to: i) monitor modification in triglycerides and the protein network during cheese ripening [START_REF] Karoui | Mid-Infrared Spectroscopy Coupled with Chemometrics: A Tool for the Analysis of Intact Food Systems and the Exploration of Their Molecular Structure-Quality Relationships -A Review[END_REF]; and ii) investigate the effect of raw material on the evolution of sea bass fillets quality during storage [START_REF] Karoui | Front face fluorescence spectroscopy enables rapid differentiation of fresh and frozen-thawed sea bass (Dicentrarchus labrax) fillets[END_REF].

Materials and methods

Chemicals and reagents

All of the chemicals used in this study were of analytical grade and obtained from VWR or Merck. Sodium sulfate anhydrous, Celite® 545, hexane, isopropanol, and boric acid were obtained from VWR International, while 2-thiobarbituric acid (99%), trichloroacetic (99.5)% and sodium hydroxide (NaOH, 40%) were procured from Merck, Darmstadt, Germany.

Fish samples preparation

Sturgeon samples, caught in winter, came from Aquatrade sea farm located in Astrakhan, Russia. The 5-year-old sturgeon (Acipenser gueldenstaedtii) has a natural diet composed of wheat flour, wheat, mono-calcium phosphate, sunflower oil, fish oil and a group of vitamins. Within the Aquatrade sea farm, the sturgeon samples were slaughtered by asphyxiation/hypothermia in sea farm and kept on ice (0 to 2°C) in expanded polystyrene boxes during transport. Upon arrival to the French laboratory (48 hours), the fish samples were first beheaded, eviscerated, processed to obtain sturgeon slices, and then packaged one by one in plastic bags and sealed. A total of twenty-one (21) sturgeon samples were kept at 4 °C and randomly analysed on day 2, 5, 6, 7, 8, 9 and 12. All the measurements were determined in triplicate by using different samples.

Physico-chemical analysis

the whole storage period. The protein content was determined by the Kjeldahl method (N × 6.25) using an automatic Kjeldahl system (Kjeldahl TM 8100), while the fat level was measured according to the Association Française de Normalisation AFNOR (1991) using a rotary evaporator (Büchi, Rotavap R-3) at speed 7. The moisture content was determined by drying sturgeon samples in an oven (Air Concept, FIRLABO, Emerainville, France) at 110 °C for 15 hours [START_REF] Eymard | Mise en évidence et suivi de l'oxydation des lipides au cours de la conservation et de la transformation du chinchard (Trachurus trachurus): choix des procédés[END_REF]. The pH value was measured directly on sturgeon slices using a digital pH meter (WTW pH 330i Taschen-pH-Meter, WTW GmbH).

Lipid oxidation was assessed following the determination of the peroxide value (PV) and the thiobarbituric acid reactive substances (TBARS) level. The PV, expressed as milliequivalents of peroxide oxygen per kg of fish (mEq/kg of fish) was determined by iodometric titration using the procedure developed by [START_REF] Egan | Pearson's chemical analysis of foods[END_REF]. The TBARS value, expressed as mg malonaldehyde (MA)/kg of fish, was evaluated according to the procedure of [START_REF] Guizani | Effects of brine concentration on lipid oxidation and fatty acids profile of hot smoked tuna (Thunnus albacares) stored at refrigerated temperature[END_REF]. The absorbance was measured at 532 nm by using a spectrophotometer (spectrophotometer Anthelie data, Anthelie 2 light, Secomam, Toulouse, France).

Total volatile basic nitrogen measurements

The Total volatile basic nitrogen (TVB-N) content, expressed as mg TVB-N/100g of sturgeon flesh, was determined by the official steam distillation method according to the Commission Regulation (EC) 2074/2005 using an automatic Kjeldahl system (Kjeldahl TM 8100).

Instrumental techniques

Color measurements

The color of sturgeon samples was determined using the Minolta Chroma Meter version CR-300 (Konica Minolta Sensing Europe, Roissy Charles De Gaulle, France) according to the method described by [START_REF] Botosoa | Monitoring changes in sponge cakes during aging by front face fluorescence spectroscopy and instrumental techniques[END_REF].

Measurements were performed directly on sturgeon samples following the system of CIE (1976): L* describing lightness (L* = 0 for black, L*=100 for white), a* describing intensity in red (+60 = red, -60 = green), b* describing intensity in yellow (+60 = yellow, -60 = blue). The total color difference (ΔE*) between the 2-day-old sturgeon samples (considered as the reference) and the other samples was calculated as follows:

∆E * = * ² + * ² + * ²

Texture profile analysis measurements

The texture profile analysis (TPA) was used to evaluate the texture based on the compression of the sample with a TA.XTPlus texture analyzer (Micro Stable System, Goldamin, UK) equipped with a cylindrical probe (Ø = 1 cm). The measurement was composed of two consecutive 40% compressions of sturgeon perpendicularly to the muscle fibers' orientation with a crosshead speed of 1 mm/s.

The TPA settings were as follows: pre-test speed: 1mm/s; post-test speed: 10 mm/s; target mode distance: 10 mm; trigger force: 5 g. The delay between the first and the second compression was fixed to 5 s.

The force-time curve was analysed to determine seven texture parameters: gumminess, adhesiveness, cohesiveness, chewiness and springiness. All measurements were performed at room temperature (20 °C).

Fluorescence measurements

Fluorescence spectra were recorded using a Fluoromax-4 spectrofluorometer (Jobin Yvon, Horiba, NJ, USA). Sturgeon samples of 2 cm length, 1 cm width and 0.5 cm thickness were cut from the middle of the sturgeon slices. Sturgeon slices were mounted between two quartz and emission spectra of aromatic amino acids and nucleic acids (AAA + NA), tryptophan residues, nicotinamide adenine dinucleotide (NADH) and riboflavin were acquired at 20 °C with the excitation wavelength set at 250, 290, 340 and 380 nm, respectively. The excitation spectra of vitamin A were scanned with the emission wavelength set at 410 nm.

Statistical analysis

In order to compare the evolution of the sturgeon freshness state throughout storage, Fisher's least significant difference (LSD) method, used as part of the oneway analysis of variance (ANOVA) at a level of 5%, was applied to the physicochemical, textural and color parameters. The correlation between some specific parameters and storage time was determined.

Regarding fluorescence spectra, normalisation was applied to all the spectra by reducing the area under each spectrum to a value of 1 (Karoui, Dufour, & De Baerdemaeker, 2006a). Specifically, the shift of the peak maximum and the peak width changes in the spectra were considered.

In order to obtain the maximum of information contained in each data table, the PCA was applied, separately, to the physico-chemical, colorimetric, TPA, and fluorescence measurements. This statistical multivariate treatment was, earlier, used to observe similarities among samples, reducing the dimension to two PCs, while keeping most of the original information found in the data tables.

In a second step, the CCSWA was applied to the riboflavin and NADH spectra allowing the best discrimination of sturgeon samples as a function of their storage time. The objective of this technique is to describe several data tables observed for the same sample. The CCSWA takes into account the maximum inertia (total variance) of the data tables. It consists of determining a common space of representation for all the data tables. The CCSWA deals with the analysis of inertia that is the total variance in data tables and enables the overall data collected to be described by taking into account the relation between the different data tables (Karoui et al. 2006a). Similarity maps of the samples can be drawn by projection on the planes defined by each couple of the CC1, CC2…, CCn dimensions. Orthogonal spectral patterns related to the CCn dimension can be calculated. The PCA and CCSWA were performed using MATLAB software (Matlab, Version 6.5, Release 12, The MathWorks).

Results and discussion

Proximate analysis

Proximate analysis of fresh sturgeon aged 2 days showed that protein and lipid contents were 14.79% and 12.28%, respectively, in agreement, with the findings of [START_REF] Badiani | Nutritional Composition of Cultured Sturgeon[END_REF] who pointed out levels of protein and lipid in the 17.60 -21.01% and 2.66 -15.31% range, respectively and those of Pyz-Łukasik and Paszkiewicz (2018) who observed for Siberian sturgeon values of 15.69 and 12.57%

for protein and lipid content, respectively.

The water content level of sturgeon samples aged 2 days was 75.75% (±0.28), in agreement, with the findings of [START_REF] Badiani | Nutritional Composition of Cultured Sturgeon[END_REF] who observed water content in the 65.93-77.59% range. The water content value showed a significant decrease (P<0.05) between the second and the eighth days of storage since it passed from 75.75% to 71.54%. This decrease could be explained by the changes in the waterprotein interactions and the reduction of the water-holding capacity of fish muscle since muscle proteins are denatured during storage, in agreement with the investigation of [START_REF] Ayala | Muscle tissue structure and flesh texture in gilthead sea bream, Sparus aurata L., fillets preserved by refrigeration and by vacuum packaging[END_REF].

The mean pH values of sturgeon samples varied from 6.11 to 6.23 during 12

days of storage at 4°C (Fig. 1a), in agreement with the findings of Izquierdo-Pulido, Hatae, & Haard (1992) who observed pH values of struggled sturgeons in the 6.10-6.20 range during 7 days of iced storage. During storage, the pH values increased and then decreased gradually with significant difference (P<0.05) between day 2 and day 12. The increase of pH might be ascribed to the formation of amines and ammonia derived from microbial activity and degradation of proteins and non-protein nitrogenous compounds [START_REF] Chaijan | Changes of pigments and color in sardine (Sardinella gibbosa) and mackerel (Rastrelliger kanagurta) muscle during iced storage[END_REF][START_REF] Hassoun | Front-face fluorescence spectroscopy coupled with chemometric tools for monitoring fish freshness stored under different refrigerated conditions[END_REF]. The ultimate post-mortem pH is dependent on the physiological state and the type of muscle [START_REF] Hassoun | Front-face fluorescence spectroscopy coupled with chemometric tools for monitoring fish freshness stored under different refrigerated conditions[END_REF][START_REF] Izquierdo-Pulido | Nucleotide catabolism and changes in texture indices during ice storage of cultured sturgeon, Acipenser Transmontanus[END_REF]. Additionally, the pH value is a function of the post-mortem evolution of the flesh that is influenced by, diet, seasons, level of activity, and/or stress during the catch [START_REF] Periago | Muscle cellularity and flesh quality of wild and farmed sea bass, Dicentrarchus labrax L[END_REF].

Evolution of peroxide values during storage

In the present study, the PV was employed for determining the primary lipid oxidation products during the storage period of sturgeon samples. Results indicated that the PV of samples increased significantly (P<0.05) during storage and reached a mean value of 2.50 mEq/kg of sturgeon on day 7 (Fig. 1b). These results suggested the formation of hydroperoxides, which are the primary lipid oxidation products in fish, in agreement with the findings of Karoui & Hassoun (2017) who observed the same trend on Atlantic Mackerel (Scomber Scombrus) and [START_REF] Bahram | Effect of whey protein concentrate coating cinamon oil on quality and shelf life of refrigerated beluga sturegeon (Huso huso)[END_REF] who noted similar evolution on Beluga sturgeon. Due to the instability of the hydroperoxide, a sharp decrease in the PV was observed after 7 days of storage, in agreement with our previous findings (Karoui & Hassoun, 2017). Indeed, the breaking of the hydroperoxides into a wide variety of secondary oxidation products such as aldehydes and other decomposition products would be achieved on day 7.

In order to determine the freshness state of sturgeon samples, a conversion of the PV expressed in mEq/kg of sturgeon (Fig. 1b) to mEq/kg of fat was performed. The results showed that the levels of PV of sturgeon samples varied from 4.07 to 20.33 mEq/kg of fat. Taking into account the findings of [START_REF] Huss | Quality and quality changes in fresh fish[END_REF], the PV of fish and fish products should not be above 10-20 mEq/kg of fat to be used for human consumption. Therefore, it could be concluded that sturgeon samples are acceptable up to 6 days of storage at 4°C since PV of 20.33 mEq/kg of fat was observed on day 7.

Evolution of thiobarbituric acid reactive substances during storage

Malondialdehyde is a second breakdown product of lipid oxidation and its level is directly related to off-odours in fish. Once the lipid oxidation reaction started, it becomes self-propagating and difficult to be controlled. The TBARS values increased significantly (P<0.05) during the storage time and reached 1.94 mg malonaldehyde/kg fish on day 6 and thereafter showed a decrease towards the end of the storage period (Fig. 1c). The TBARS values did not exceed the 2 mg malonaldehyde/kg fish during the considered storage period indicating the acceptability of sturgeon samples. The decrease of the level of TBARS after day 6 could be explained by the interaction between: i) malonaldehyde and amines, nucleoside and nucleic acid, proteins, amino acids of phospholipids and other aldehydes that are known as the end-products of lipid oxidation; and/or ii) unstable low molecular compounds as well as its break down with organic acid, alcohols, and so on [START_REF] Maqsood | Synergistic effect of tannic acid and modified atmospheric packaging on the prevention of lipid oxidation and quality losses of refrigerated striped catfish slices[END_REF].

Evolution of total volatile basic nitrogen during storage

Fish decomposition is mainly caused by the action of spoilage bacteria which is responsible for the apparition of off-odours and off-flavours [START_REF] Lyhs | Microbiological quality of maatjes herring stored in air and under modified atmosphere at 4 and 10 °C[END_REF]. A level of 25 mg TVB-N/100 g of fish has been considered as the upper limit above which the seafood product is considered spoiled and unfit for human consumption [START_REF] Luten | Seafood research from fish to dish : quality, safety and processing of wild and farmed fish[END_REF].

After 5 days of storage at 4 °C, sturgeons presented low values of TVB-N (~ 3.50 TVB-N/100 g of sturgeon), indicating that samples were fit for human consumption (Fig. 1d). After this storage time, an increase in the level of TVB-N was observed since it reached on day 9 the level of 41.07 TVB-N/100 g of sturgeon. This increase could be ascribed to the accumulation of protein breakdown products such as ammonia, indole, putrescine, trimethylamine and other off odour compounds, as a result of microbial growth and endogenous enzymes, in agreement with the findings of [START_REF] Song | Effect of sodium alginatebased edible coating containing different anti-oxidants on quality and shelf life of refrigerated bream (Megalobrama amblycephala)[END_REF] and [START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF].

From the obtained results, it could be concluded that PV, TBARS and TVB-N gave different results regarding the acceptability of sturgeon samples for human consumption (6, 12, and 8 days according to the PV, TBARS and TVB-N methods, respectively) and thus at least two of them could not be considered an effective tool to determine the freshness state of sturgeon, in agreement with the finding of [START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF].

Instrumental techniques

Evolution of color parameters during storage of sturgeon samples at 4°C

Color is one of the major attributes that affect the consumer perception quality of a fish product. Appearance is an all-inclusive term involving muscle structure characteristic, pigment concentration, spoilage level [START_REF] Karoui | Front face fluorescence spectroscopy enables rapid differentiation of fresh and frozen-thawed sea bass (Dicentrarchus labrax) fillets[END_REF]. Regarding the L* values, no significant difference (P>0.05) was observed between the investigated sturgeon samples indicating that this parameter was not affected by the considered storage time (Table 1a). The slight changes of L* values according to the storage time could be due to a greater water deposit on the sturgeon surface [START_REF] Hernández | Sensory, physical, chemical and microbiological changes in aquacultured meagre (Argyrosomus regius) fillets during ice storage[END_REF]. Regarding a* values, and according to Table 1a, To get more information regarding the evolution of color parameters during storage, total color difference (∆E) has been determined. The ANOVA did not show a significant difference (P>0.05) between the investigated samples during the whole storage time (Table 1a).

Evolution of texture parameters during storage of sturgeon samples at 4°C

The texture of fish muscle is an important quality attributes that depend on several parameters such as hardness, cohesiveness, springiness, chewiness, resilience, and adhesiveness, as well as the internal cross-linking of connective tissue [START_REF] Cheng | Texture and structure measurements and analyses for evaluation of fish and fillet freshness quality: A review[END_REF]. From Table 1b, textural parameters showed a significant difference (P<0.05) between sturgeon samples aged 2 days from the others, except for the springiness. The hardness is related to the strength of muscle structure, which in turn is dependent on amino acid composition. During the considered storage period, the fish muscle may undergo a series of changes such as hydrolyse of muscle proteins and loss of water holding capacity inducing a decrease in the hardness values, in agreement with the findings of others (Zhao et al., 2012;[START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF][START_REF] Caballero | Post mortem changes produced in the muscle of sea bream (Sparus aurata) during ice storage[END_REF]. The extent of these changes depends on many factors including the level of activity, stress during catching, intra-variability of fish and storage time.

Global analysis of the physico-chemical and instrumental data tables

The process of data gathering from the textural, color, and physico-chemical data tables was applied using multivariate statistical analyses. Fig. 2a showed the PCA similarity map performed jointly on the physico-chemical, color, and textural data tables. The map defined by the PCs 1 and 2 (41.04 and 19.89% of the total variance, respectively) showed the presence of 3 groups of sturgeon: those aged 2 days (group 1); 5, 6 and 7 days (group 2) and 8, 9 and 12 days (group 3). The PC1 separated mainly the sturgeon samples aged 2 days which had positive score values from the others. The PC2 allowed clear differentiation between samples aged 5, 6 and 7 days from those kept during 8 days and more.

To investigate the basis of this discrimination between sturgeon samples according to their storage time, the variables were studied (Fig. 2b). According to the PC1, sturgeon samples aged 2 days were characterised by the highest values of hardness, gumminess and cohesiveness, while the aged ones presented the lowest values. The PC2 indicated that the highest values of TVB-N were observed for samples aged 8, 9 and 12 days, in agreement with the findings of [START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF] who pointed out an increase in the TVB-N values of whiting (Merlangius merlangus) fillets during 15 days of storage at 4 °C.

Evaluation of fluorescence measurements during storage of sturgeon samples at 4°C

An example of the normalised AAA+NA emission spectra recorded between 290 and 400 nm after excitation set at 250 nm on sturgeon samples as a function of storage time is shown in Fig. 3a. The maximum emission was observed ~ 375 nm and the shape of the spectra varied as a function of the storage time. This difference could be explained by the difference in the molecular structure of the proteins. This was confirmed by the tryptophan emission spectra (Fig. 1S) that presented similar trend as AAA+NA since fresh and aged sturgeon samples exhibited different shapes indicating that the tryptophan residues are sensitive to the changes of their molecular environment affecting the protein-protein, protein-lipid and/or protein-water interactions, in agreement with previous findings of [START_REF] Hassoun | Monitoring changes in whiting (Merlangius merlangus) fillets stored under modified atmosphere packaging by front face fluorescence spectroscopy and instrumental techniques[END_REF].

The normalised riboflavin spectra acquired on sturgeon samples (Fig. 3b) allowed better clear differentiation between samples as a function of the storage time.

The spectra exhibited two maxima located ~ 463 and 488 nm and a weak one ~ 636 nm. The observed maxima could be attributed to the dissected perimysial sheets and collagen. In addition, the emission spectra in the 405 -480 nm have been used in several studies to determine the degree of fish (Karoui et al., 2017), cheese (Karoui & Dufour, 2006) and meat [START_REF] Sahar | Monitoring of thermal changes in meat by synchronous fluorescence spectroscopy[END_REF] oxidation. Indeed, it was assumed that the fluorophores at this spectral range arise from different stable fluorescent oxidation products; among them, the products formed by the reaction of unsaturated aldehydes with proteins and/or riboflavin photo breakdown product. In addition, the β-carotene absorbs in the 400-500 nm region and can undergo some photo-degradation [START_REF] Hansen | Light-induced oxidative changes in model dairy spread. Wavelength dependence of quantum yields[END_REF], which may (2017), who found a high fluorescence intensity ~ 468 nm for fresh sea bass samples compared to the frozen-thawed ones. On the contrary, aged sturgeon samples exhibited higher fluorescence intensity ~ 390 nm than the freshest one aged 2 days, which may be ascribed to the Maillard reaction products. The obtained results were in accordance with those of Karoui et al. (2006) who pointed out a higher fluorescence intensity ~ 380 nm for frozen-thawed whiting fillets (Merlangius merlangus) than the fresh ones. The results obtained in the present study strengthen the hypothesis that the NADH fluorescence spectra can be used as a fingerprint for freshness identification of sturgeon samples.

The excitation spectra of the vitamin A scanned on sturgeon samples at different storage times between 252 and 390 nm with emission wavelength set at 410 nm showed some difference as a function of the storage time (Fig. 2S). Indeed, a red shift of the maximum excitation of vitamin A spectra (i.e., from 296 nm for fresh sturgeon samples to 310 for aged ones) was observed. This shift could be ascribed to different: i) physical states of the triglycerides in the fat globules; and/or ii) interactions of the fat globule membrane with protein network and/or lipid-lipid interactions as supported by [START_REF] Karoui | Front face fluorescence spectroscopy coupled with chemometric tools for monitoring the oxidation of semi-hard cheeses throughout ripening[END_REF].

Due to the complexity of the spectra, univariate analysis is not an appropriate tool to analyse the fluorescence spectra. Thus, chemometric tools allowed to extract information related to the environment of the intrinsic probes.

Evaluation of the discriminant ability of fluorescence spectroscopy to discriminate between sturgeon samples according to their freshness

The PCA applied, separately, to each fluorescence data table indicated that the riboflavin and NADH emission spectra enabled the most efficient discrimination between sturgeon samples as a function of their storage time. Indeed, the similarity map of the PCA performed on the riboflavin fluorescence spectra defined by the PCs 1 and 2, accounting for 80.80% of the total variance, allowed clear differentiation of samples according to their storage time (Fig. 4a). According to the PC1, explaining 47.40% of the total variance, sturgeon samples aged 2, 5, 6 and 7 days exhibited negative score values, whereas those aged 8, 9 and 12 days presented positive scores.

The PC2 accounting for 33.40% of the total variance differentiate between samples aged: i) 2 days from those aged 5, 6 and 7 days; and ii) 8 and 9 days from those aged 12 days. Quite mostly similar results were obtained regarding the PCA applied on the NADH fluorescence spectra (Fig. 4b).

As the spectra of NADH and riboflavin showed their ability to discriminate sturgeon samples according to their storage time, a joint analysis of these two data tables was performed by using the CCSWA. The similarity map defined by the CC1 and CC3 allowed clear discrimination between sturgeon samples as a function of their storage time (Fig. 5a). Indeed, samples aged 2 days presented negative score values according to the CC1 and CC3; those aged 5, 6, and 7 days exhibited positive scores according to CC1 and negative values according to CC3; samples aged 8 and 9 days showed mostly positive scores according to CC1 and CC3; finally, samples aged 12 days exhibited negative values according to CC1 and positive ones according to CC3.

The map defined by the first and the third common components gave different weights for the two fluorophores: the CC1 expressed 54.70 and 25.10% of the inertia of the NADH and riboflavin fluorescence, respectively (Fig. 5b). On the contrary, the CC3 expressed 46.50% of the inertia of riboflavin and a tiny part of NADH (4.70%).

From the obtained results, it could be concluded that the information obtained in the similarity map 1 and 3 using the NADH and riboflavin spectra were complementary and that the first and the third common components were related to similar phenomena observed by each fluorophore.

The spectral patterns associated with the common components provide the characteristic wavelengths that might be used to differentiate between spectra recorded on sturgeon samples. The spectral patterns are similar to spectra and may be 

Conclusion

In order to meet customers' demands to have fresh products, physico-chemical, textural, colorimetric and fluorescence measurements were performed on sturgeon samples during storage at 4 °C up to 12 days. The present study demonstrates the potential of CCSWA as an unsupervised technique to give information related to the evolution of sturgeon freshness at the molecular level during storage. The weights and the spectral patterns issued from the CCSWA showed that the information's contained in the NADH and riboflavin are complementary. One of the main conclusions of this study was that the methodology consisting in using FFFS combined to CCSWA, could be used as a useful and rapid untargeted tool to evaluate the freshness state of sturgeon samples since four groups were illustrated: 2 days, 5, 6 and 7 days; 8 and 9 days and 12 days. 

  a significant difference (P<0.05) was observed between samples aged 9 days or less from those aged 12 days. A high correlation (R= 0.83) was obtained between a* and storage time. The obtained results were in line with those of Karoui et al. (2017) who found a similar trend for refrigerated and frozen-thawed sea bass (Dicentrarchus labrax) fillets. A different trend was observed for b* values (Table1a). The intensity of b* values (blue to yellow color) increased progressively during the storage time from 5.20 ± 1.20 to 9.95 ± 0.38, indicating a movement of flesh color toward more yellowish color(Zhao, Li, Wang, & Lv, 2012; Karoui et al., 2017). The alteration of yellowness color could be ascribed to the lipid oxidation as indicated by the PV and TBARS values.

  Fig.3cillustrates an example of the normalised NADH emission spectra recorded between 360 and 600 nm of sturgeon samples. The spectra exhibited three peaks located ~ 390, 470 and 487 nm. It appeared that the shape of NADH emission spectra was correlated with the freshness state of sturgeon samples. Indeed, a decrease (~ 470 and 487 nm) and an increase (~ 390 nm) in the fluorescence intensity were observed. The sharp decrease in the fluorescence intensity ~ 470 and 487 nm, which could be attributed to NADH and flavin adenine dinucleotide (FADH), was ascribed to the cytoplasm oxidation of the cells throughout storage, leading to the transformation of NADH to NAD + , that modify significantly the shape of the NADH fluorescence spectra. The obtained results are in agreement with those ofKaroui et al. 

  used to derive structural information at the molecular level. The spectral patterns of NADH associated with the CC1 and CC3 are presented in Fig. 5c. The spectral pattern 1 associated with the CC1exhibited a strong positive band ~ 390 nm reporting that samples aged 8, 9 and 12 days were more oxidised than the others. The results obtained in the present study confirmed those of Karoui et al. (2017) reporting that the emission spectra of NADH could be used for the evaluation of fish freshness state. Moreover, the spectral pattern 3 exhibited four negative bands ~406, 436, 452 and 537 nm and two other positive bands ~375 and 470 nm indicating that during storage 20 time, some modifications occurred at the molecular level of sturgeon samples inducing changes in the environment of NADH. The spectral patterns of riboflavin associated with the CC1 and CC3 are shown in Fig. 5d. The examination of the spectral pattern 1 associated with the CC1 (Fig. 5d) presented an opposition between peaks located ~ 472 nm and 538 nm. The spectral pattern 3 illustrated an opposition between a positive band ~ 447 nm and a negative one ~493 nm.
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 1 Figure 1S:

Figure 2 :

 2 Figure 2: (a) Similarity map of the principal component analysis (PCA) determined by principal components 1 (PC1) and 2 (PC2) of physico-chemical, color, and textural parameters performed on days 2 (∆), 5 ( ), 6 (◊), 7 (০), 8 ( ), 9 ( ) and 12 (•); and (b) correlation chart of variables.

Figure 3 :

 3 Figure 3: Normalised fluorescence emission spectra of: (a) AAA+NA (excitation: 250 nm, emission 290-400 nm), (b) riboflavin (excitation: 380 nm, emission: 405-650 nm) and (c) NADH (excitation: 340 nm, emission 360-600 nm), recorded on sturgeon samples stored at 4 °C up to 12 days.

Figure 4 :

 4 Figure 4: Similarity map of the principle component analysis (PCA) determined by principal components: (a) 1 (PC1) and 2 (PC2) performed on riboflavin fluorescence spectra and (b) 2 (PC2) and 3 (PC3) performed on NADH fluorescence spectra recorded on sturgeon samples aged 2 (∆), 5 ( ), 6 (◊), 7 (০), 8 ( ), 9 ( ), and 12 (•) days.

Figure 5 :

 5 Figure 5: Common components and specific weights analysis (CCSWA) performed on riboflavin and NADH spectra: Similarity map defined by the common components 1 and 3 of sturgeon samples aged 2 (∆), 5 ( ), 6(◊), 7 (০), 8 ( ), 9 ( ), and 12 (•) days (a), weights for the common components CC1 and CC3 (b), and spectral patterns of NADH (c) and riboflavin (d), associated with the common components 1 (-), and 3 (•••).
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