Modelling alkylpyrazine formation in red jujube matrix under controlled conditions of pH and temperature
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Abstract: Alkylpyrazines presented a pleasant “roasty” aroma and were considered as the key aroma compounds in freeze-dried red jujube. Their formation is significantly affected by temperature, pH and substrates. To understand the formation pathway of alkylpyrazines during the freeze-drying of red jujube, the solid-state models were first established. In these models, 35 mL of buffer solution (pH 5.5 and 7.8) containing glucose (5 g) and amino acids (5 g) was fully absorded by an odorless red jujube matrix (8 g). Furthermore, the variation and correlations of volatile compounds during the heating (85 ℃, 10 h) were detected and analyzed. The content of pyrazines at pH 7.8 was only 11.34% higher than that at pH 5.5 model. At pH 5.5 model, butane-2,3-dione, pentane-2,3-dione, pyruvic acid, isopropyl alcohol, acetone, and 2-hydroxypropionic acid were significantly correlated with 2-ethyl-3,5-dimethylpyrazine (3,5-EDMP). In the red jujube matrix, the dominant formation of 3,5-EDMP involved the generation of 2-aminopentane-3-one produced by the reaction of pentane-2,3-dione with ammonia, then condensed with aminoacetone (from Strecker degradation) to form dihydropyrazine, subsequently oxidized to 3,5-EDMP. A validation experiment was conducted under industrial freeze-dried condition. The content of 3,5-EDMP with a “roasty” aroma was 15.3 times higher than that in the original red jujube when glucose (5 g) and L-lysine (5 g) were added. It was demonstrating that the aroma of red jujube products can be modulated by adding relevant aroma precursors.
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1. Introduction
Jujube (Ziziphus jujuba Mill.) belongs to the family Rhamnaceae, and red jujube can be used not only as a fruit but also as a Chinese folk medicine. Red jujube is rich in rich nutritional and functional ingredients, such as triterpenoid acids, flavonoids, and phenolic acids [1]. Aroma is another reason for the popularity of red jujube, which contains esters with fruity and sweet notes, acids with sour notes, ketones with creamy notes, aldehydes with green notes, and alkylpyrazines with nutty notes. These compounds contribute a unique aroma to red jujube [2]. Moreover, red jujube is abundant in aroma precursors, such as amino acids, fatty acids, and reducing sugars [3], which serve as important substrates for the generation of aroma compounds of processed red jujube products. In addition to being eaten fresh, most red jujube is processed via methods such as steaming, hot air drying, heat pump drying, freeze drying, baking, frying, and so on. Among these, freeze-dried red jujube has become a popular product, with an improved appearance, colour, and aroma. In a practical application, a multi-stage and variable-temperature procedure was applied in industry using a high-temperature heating plate (85~65 °C) in the freeze drying of red jujube [4]. During this process, Maillard reactions are likely to occur, and alkylpyrazines have been identified as the characteristic aroma compounds of freeze-dried red jujube [4].
Pyrazines are a class of six-membered heterocyclic compounds containing two nitrogen atoms at the 1 and 4 positions [5]. They have the characteristics of low vapor pressure, high volatility, and low odor threshold values and are widely found in various natural foods, heat-processed foods, and fermented foods such as coffee, cocoa, and cake [6–8]. Pyrazines can be classified into many different compounds depending on the substituents attached to the four carbon atoms on the aromatic ring. The pyrazines detected in red jujube and its products are mainly alkylpyrazines, including 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, 2-ethyl-6-methylpyrazine, tetramethylpyrazine, and 2-ethyl-3,5-dimethyl-pyrazine. These compounds contribute the nutty or roasty notes to red jujube, baked red jujube, and freeze-dried red jujube and play an important role in their overall aroma profiles [2,4]. Among them, 2-ethyl-3,5-dimethyl-pyrazine has been identified as a key aroma-active compound by molecular sensory science in pilot scale multi-stage and variable-temperature freeze-dried red jujube [2].
Studies have shown that alkylpyrazines are mainly generated from Maillard reaction during food processing, with α-dicarbonyl compounds serving as key precursors, which are degradation products of reducing sugars [9]. They can react with amino acids to form α-aminocarbonyl compounds and Strecker aldehydes. Furthermore, dihydropyrazine formed by two α-aminocarbonyl intermediates condensed and were converted to the corresponding alkylpyrazine via oxidative pathways. Alternatively, deprotonated dihydropyrazines can react with carbonyl compounds to form the corresponding alkylpyrazines [10–14]. The formation of alkylpyrazines is influenced by various factors, including types of substrate, water activity, temperature, time, and pH [15–18]. Notably, most of the existing studies on pyrazine formation have been conducted using liquid model systems at reaction temperatures exceeding 100 °C, such as 2-vinylpyrazine, 2-vinyl-6-methylpyrazine, and 2,5-dimethylpyrazine [17–20].
However, the liquid model system is not suitable for evaluating alkylpyrazines formation during freeze drying process, as red jujubes always remain in solid state. In addition, the heating temperature during freeze drying was not above 85 oC. Furthermore, the natural pH in red jujube is approximately 5.5, which is lower than that the optimal pH (7.8) for alkylpyrazine formation. Considering the differences in temperature, pH, and matrix between the liquid model and actual red jujube processing conditions, a solid-state model based on the red jujube matrix was established for the first time in this study. The effects of amino acids and pH on the contribution of alkypyrazine production in red jujube processing based on solid-state models were further evaluated, and the formation pathway of alkylpyrazines in freeze-dried red jujube was further clarified.
2. Materials and methods
2.1. Materials and chemicals
All red jujube (Zizyphus jujuba cv. Huizao) were purchased from Akesu, the Xinjiang Uyghur Autonomous Region, China. Red jujubes without mechanical damage were stored immediately after harvest in the laboratory at 4 oC until use. The water content of “Huizao” was 25.57%. 
D-Glucose (99%), L-glycine (99%), L-arginine (99%), L-lysine (99%), L-serine (99%), L-proline (99%), butane-2,3-diol (≥ 98%), furfural (≥ 98%), butane-2,3-dione (≥ 98%), pentane-2,3-dione (≥ 98%), 3-hydroxybutan-2-one (≥ 98%), 6-methylhept-5-en-2-one (≥ 98%), acetic acid (≥ 98%), 2-ethyl-5-methylpyrazine (≥ 98%), 2-ethyl-6-methylpyrazine (≥ 98%), trimethylpyrazine (≥ 98%), 2,6-diethylpyrazine (≥ 98%), 2-methylpyrazine (≥ 98%), 2-ethyl-3,5-dimethylpyrazine (3,5-EDMP) (≥ 98%), styrene (≥ 98%), 2-cyclohexene-1-one (≥ 98%) and n-alkane (C5-C40) were purchased from Shanghai Yuanye (Shanghai Yuanye Bio-Technology Co., Ltd, Shanghai, China) and Macklin (Shanghai Macklin Biochemical Co., Ltd, Shanghai, China). 
2.2. Preparation of red jujube odourless matrix
[bookmark: _Hlk173006559]After removing the kernel, red jujube was cut into 5 mm slices. Then, 400 g of red jujube slices were mixed with 4 L of deionized water for ultrasonic treatment at 40 kHz for 1 h. The obtained extract was drained, and the above steps were repeated a total of 6 times to obtain red jujube slices without sugar or organic acid [23]. The aroma compounds of red jujube slices were removed with a mixture of ether and pentane (v:v = 1:1). Subsequently, the samples were dried at 20 oC for 48 h using a freeze dryer (Alpha 1-4 LD plus, Marin Christ, Osterode, Germany) until nothing was detected by GC-MS. 
2.3. Amino acid selection experiment
pH determination: Red jujube samples were ground with deionized water (1:1, w/v) using a Joyoung pulverizer (JYL-CO20, Joyoung Co., Ltd., Shandong, China) to obtain the red jujube pulp, then the pulp was measured by a pH meter to be 5.5 [22].
Through preliminary experiments, L-Ser, L-Gly, L-Pro, L-Arg and L-Lys were significantly related to the formation of alkylpyrazines during the freeze-drying process of red jujube. Effect of amino acids on the production of alkylpyrazine was evaluated, phosphate buffer solution (35 mL) at pH 5.5 containing different amino acid-glucose combinations (glucose (5 g) + L-glycine (5 g), glucose (5 g) + L-arginine (5 g), glucose (5 g) + L-lysine (5 g), glucose (5 g) + L-serine (5 g) and glucose (5 g) + L-proline (5 g)) were prepared and fully absored by 8 g of odourless matrix to obtain the solid-state models. The solid-state models were then heated in an oven at 85 oC for 10 h. The volatile compounds of different solid-state models were analysed by GC-MS.
2.4. Dynamic variations of alkylpyrazine in solid-state model systems at different pH
To clarify the difference in the formation of alkylpyrazine at the favourable pH (7.8) and the original pH in red jujube (5.5), two solid-state model systems were established including of 8 g of odourless matrix, phosphate buffer solutions (35 mL) containing of glucose (5 g) and L-lysine (5 g) at pH 5.5 (Model 1) and pH 7.8 (Model 2). Then, Model 1 and Model 2 were heated for 2, 4, 6, 8 and 10 h at 85 oC, and the dynamic variations of volatile compounds of two models were determined as well.
2.5. Verification experiment on the real system
To validate the formation of alkylpyrazine during freeze drying of red jujube, two validation models (Model 3 and 4) were established. Specifically, phosphate buffer solution at pH 5.5 (35 mL) containing glucose (5 g) and L-lysine (5 g) was absorbed by 8 g of odourless matrix of red jujube and then freeze-dried to obtain Model 3. Accurate 20 ml of water containing glucose (5 g) and L-lysine (5 g) was fully absorbed by 30 g of original red jujube slices and then obtained Model 4 after freeze drying. In addition, to avoid the volatile compounds produced by the odourless matrix during the freeze drying that may affect the results, the odourless matrix will be used as a control sample for the experiment. Similarly, to illustrate the changes of the aroma of freeze-dried red jujube by the real system, the original red jujube slices without added glucose and amino acid served as another control sample. The industrial freeze-drying condition was adopted, which was as follows: the cold trap temperature and vacuum pressure were -30 oC and 60 Pa, respectively; the drying temperature of the heating plate was from room temperature to 85 oC within 45 min and kept for 3 h, then decreased to 70 oC within 30 min and maintained for 5 h, and finally decrease to 65 oC within 30 min and kept for 1 h [4]. 
2.6. Extraction and analysis of volatile compounds
The DVB/CAR/PDMS fibre (65 µm) was applied to extract the volatile compounds according to the method of Gou et al [4]. In the extraction experiment, 2 g of the sample and 0.1 g NaCl in 0.5 mL of distilled water were placed in 20-mL headspace vials. The volatile compounds in the sample were identified by GC-MS using an 8890 GC System (5977B MSD) equipped with a DB-Wax column (60 m × 0.25 mm, 0.25 μm). The oven parameters were as follows: the initial temperature was held at 40 oC for 3 min, heated to 120 oC at 4 oC /min, then rose to 200 oC at 10 oC /min, and held for 5 min. The helium (purity = 99.99%) was used as the carrier gas at 1.0 mL/min. The ionization method was electron impact (EI), and the fragments created by EI were scanned from 35 to 550 m/z.
The volatile compounds were identified by comparing them to the NIST14 library of MS, retention indices (RI) and authentic aroma standards. The RI was calculated on the basis of n-alkanes and compared with that in the literature. The quantitative analysis of volatile compounds using internal standard (2 μL 2-cyclohexene-1-one, 10 mg/L). The results were expressed as μg/kg of 2-cyclohexene-1-one equivalents.
The key aroma-active compound of 2-ethyl-3,5-dimethylpyrazine was quantified using the calibration curve method with the equation of y = 1.467x - 0.014 (R2=0.998, y is the peak area relative to that of the internal standard, 2-cyclohexen-1-one, and x is the concentration (μg kg−1) in the jujube sample relative to that of the internal standard, 2-cyclohexen-1-one (250 μg/kg)).
2.7. Statistical analysis
The software SPSS version 20.0 (Armonk, NY: IBM Corp.) was performed for statistical analysis. Significant differences were presented by Duncan’s test (p < 0.05). Results were performed by mean ± standard deviation. The data were illustrated using Origin 2022 (OriginLab Corporation, Northampton, MA). A clustering correlation heatmap was performed using the OmicStudio tools at https://www.omicstudio.cn.
3. Results and discussion
3.1. Amino acid selection for pyrazine production 
2-Ethyl-3,5-dimethylpyrazine (3,5-EDMP), 2,6-dimethylpyrazine, 2-ethyl-6 methylpyrazine, 2,6-diethylpyrazine and tetramethylpyrazine are important aroma compounds in freeze-dried red jujube, which are formed via the Maillard reaction during the multi-stage, variable-temperature freeze-drying process [4]. In our previous study, L-Ser, L-Gly, L-Pro, L-Arg and L-Lys were identified as the major free amino acids and could react with glucose to generate alkylpyrazines in red jujube [3]. To investigate which amino acids predominantly contribute to alkylpyrazine formation, amino acid selection experiments were conducted by using a solid-state model system at pH 5.5. As shown in Table 1, Pro and Ser produced the lowest total concentrations (18.15 and 42.69 μg/kg, respectively), and the fewest types of pyrazine compounds (1 and 4), whereas lysine and arginine, as basic amino acids, are more likely to undergo the Maillard reaction to produce alkylpyrazines [8]. Although the Arg-glucose model yielded the most diverse species of alkylpyrazines, its total pyrazine content (369 μg/kg) was lower than in the Lys-glucose model (3,050 μg/kg). Besides, 3,5-EDMP was the key aroma-active compound in freeze-dried red jujube [4], which also had the highest content in the Lys-glucose model (361 μg/kg). Therefore, Lys was selected and subjected to subsequent experimental detection.
3.2 Alkylpyrazines analysis during reaction processing at different pH
To illustrate the formation of alkylpyrazines during freeze drying based on the red jujube matrix, a solid-state model system of pH 5.5 (Model 1) was established, and volatile compounds formed during the reaction were detected. Additionally, a comparative model at pH 7.8 (Model 2) was constructed. A total of 51 and 44 volatile compounds were identified in Model 1 and Model 2 using GC-MS. These compounds were alcohols, aldehydes, ketones, acids, esters, furans, furanones, alkylpyrazines, and other heterocyclic compounds. The total content of volatile compounds at pH 5.5 (17,770 µg/kg) was higher than that at pH 7.8 (12,411 µg/kg) at the end of the reaction, while the content of pyrazine was lower at pH 5.5 (3,712 µg/kg) than at pH 7.8 (4,133 µg/kg) (Table 2 and Table 3). However, the total content of pyrazine in the pH 7.8 model was only 11.34% higher than that in the pH 5.5 model. This may be attributed to the basic nature of L-lysine is an alkaline amino acid, suggesting that pH has a limited effect on alkylpyrazine formation [8]. Nevertheless, 2-ethyl-3,5-dimethylpyrazine was more readily formed under alkaline conditions. It was detected after only 2 h of reaction at pH 7.8, whereas at pH 5.5 it was not detected until 4 h into the reaction. Furthermore, the content of 2-ethyl-3,5-dimethylpyrazine was consistently higher in the pH 7.8 environment than in the pH 5.5 environment after 6 h (Figure 1). Both in pH 5.5 and pH 7.8, 2,5-dimethylpyrazine was the most abundant pyrazine, indicating that Strecker degradation produced higher amounts of aminopropanone [23]. Furthermore, furans and furanones showed a higher content of pH 5.5 (160 µg/kg) compared to pH 7.8 (129 µg/kg). These results revealed that lower pH conditions favored the formation of furans and furanones, whereas alkylpyrazines showed an increase at higher pH, which was consistent with reported references [18, 25]. 
[bookmark: _Hlk140672136]As typical intermediate products of the Maillard reaction, butane-2,3-diol, propylene glycol, methylglyoxal, acetone, butane-2,3-dione, pentane-2,3-dione, hydroxyacetone, 3-hydroxybutan-2-one, and pyruvic acid were predominantly detected at the second and fourth hours of the reaction in the pH 5.5 model (Table 2). However, butane-2,3-diol, propylene glycol, methylglyoxal, and butane-2,3-dione were present in higher concentrations between the sixth and tenth hours of the reaction under the pH 7.8 condition model (Table 3). This observation may be attributed to the faster progression of the reaction at pH 7.8, leading to the rapid consumption of these intermediate compounds and a limited availability of L-lysine in the later stages of the reaction, thereby causing the accumulation of certain intermediates.
[bookmark: _Hlk140672148]3.3 Correlation analysis at different pH
[bookmark: _Hlk140505407][bookmark: _Hlk140513267][bookmark: _Hlk140513284]To further investigate the pyrazine formation pathway, the aroma compounds formed during the reaction were subjected to Pearson correlation analysis. From Figure 2(a) and Figure 1(b), butane-2,3-diol, hydroxyacetone and propylene glycol exhibited a highly significant positive correlation with alkylpyrazines (p < 0.01) in both the pH 5.5 and pH 7.8 models. Butane-2,3-diol, as a precursor of alkylpyrazines, is produced by the degradation of glucose, and can be further converted into an important α-dicarbonyl compound, butane-2,3-dione. This intermediate can be transformed into 2-amino-3-butanone through Strecker degradation with amino acids, which subsequently participates in the formation of 2,3-dimethyl-substituted alkylpyrazines [25]. Similarly, propylene glycol, also a glucose degradation product, can further form methylglyoxal and hydroxyacetone, both recognized as key precursors of alkylpyrazines [26–28]. Hydroxyacetone can react with amino acids to form α-amino carbonyl compounds, which further contribute to alkylpyrazine formation [24].
[bookmark: _Hlk140522921]In the pH 7.8 model, in addition to butane-2,3-diol, propylene glycol showed a highly significant correlation with 2-allyl-5-methylpyrazine, 2-ethyl-6-methylpyrazine, 2-methyl-6-(1-propenyl)pyrazine and 3-ethyl-2,5-dimethylpyrazine (p < 0.01); hydroxyacetone was significantly correlated with trimethylpyrazine, while acetone showed a significant correlation with 2,5-dimethylpyrazine (p < 0.05). As an important intermediate of the Maillard reaction, 3-hydroxy-2-butanone showed a significant correlation only with hydroxyacetone and methylglyoxal (p < 0.05) under the pH 7.8 condition (Figure 2(b)). 3-Hydroxy-2-butanone can be dehydrogenated to form butane-2,3-dione, which may subsequently generate hydroxyacetone and methylglyoxal, thereby providing α-dicarbonyl compounds that serve as key precursors for pyrazine formation [27]. 
In contrast to the pH 7.8 model, in addition to butane-2,3-diol, hydroxyacetone and propylene glycol were significantly correlated with alkylpyrazines, and butane-2,3-dione showed a significant correlation with 2-ethyl-5-methylpyrazine, 2-methylpyrazine and 3,5-EDMP (p < 0.05) in the pH 5.5 model (Figure 2(a)). Butane-2,3-dione can undergo thermal degradation to produce acetaldehyde, glyoxal, and methylglyoxal. These intermediates participate in Strecker degradation with amino acids to generate aminoacetone, 2-aminoacetone, and 2-aminobutan-3-one, which can subsequently condense to form alkylpyrazines [11]. Similarly, pentane-2,3-dione was significantly correlated with 2-ethyl-5-methylpyrazine, 2-methylpyrazine and 3,5-EDMP (p < 0.05) in the pH 5.5 model (Figure 2(a)). Pentane-2,3-dione is a precursor of 3,5-EDMP and 2-ethyl-3,6-dimethylpyrazine (3,6-EDMP), which can produce 2-aminopentan-3-one and 3-aminopentan-2-one via Strecker degradation. These compounds can then condense with aminoacetone to form the corresponding alkylpyrazines [27]. Pyruvic acid exhibited a highly significant correlation with 2-ethyl-5-methylpyrazine and 3,5-EDMP (p < 0.01), and significant correlation with pentane-2,3-dione (p < 0.05) in the pH 5.5 model (Figure 2(a)). Pyruvic acid is also an important intermediate in the formation of pyrazine. It can be derived from methylglyoxal and subsequently converted to 2-hydroxypropionic acid and ultimately to 2,3-pentanedione, thereby providing a rich source of precursors for pyrazine synthesis [29, 30]. Additionally, isopropyl alcohol, acetone and 2-hydroxypropionic acid also had a significant correlation with 2-ethyl-5-methylpyrazine, 2-methylpyrazine and 3,5-EDMP (p < 0.05) in the pH 5.5 model (Figure 2(a)). The above-mentioned intermediate products of the Maillard reaction exhibited not only significant correlations with alkylpyrazines but also with each other. For example, 3-hydroxybutan-2-one had a highly significant correlation (p < 0.01) with isopropyl alcohol; acetone had a significant correlation with methylglyoxal (p < 0.05); and butane-2,3-diol had a highly significant correlation with propylene glycol (p < 0.01) at pH 7.8. At pH 5.5, more extensive correlations observed among the intermediate products of the Maillard reaction, including 3-hydroxybutan-2-one, hydroxyacetone, methylglyoxal, butane-2,3-diol, pyruvic acid, isopropyl alcohol, butane-2,3-dione, 2-hydroxypropionic acid, pentane-2,3-dione, and acetone. These correlations could provide ideas for the formation of alkylpyrazines in red jujube.
[bookmark: _Hlk198218829][bookmark: _Hlk140514293]3.4 Freeze drying verification experiment based on a real system of red jujube
[bookmark: _Hlk140621658]The verification experiment was conducted under industrial freeze-dried condition. Modes 3 and 4 were obtained after freeze drying. The odorless matrix and red jujube were also freeze dried as control samples. From Table 4, Model 4 showed the highest content of total aroma compounds (27,123 µg/kg) among all samples after freeze drying. Notably, ketones (11,309 µg/kg) and pyrazines (6,796 µg/kg) were the most abundant compounds in Model 4, and their content was significantly higher than that of Model 3 and red jujube after freeze drying. These results suggested that the aroma profile of processed red jujube products can be modulated by adding relevant aroma precursors, such as amino acids and glucose. Since red jujube are richer in sugars, there is more pyrazine production after the addition of amino acids due to the occurrence of the Maillard reaction.
As typical intermediate products of the Maillard reaction, methylglyoxal, butane-2,3-dione and pentane-2,3-dione were detected only in Model 2, indicating that the Maillard reaction in this model proceeded efficiently and that amino acids were fully utilized. 3-Hydroxybutan-2-one and acetic acid are abundant compounds in red jujube [2]; therefore, they were present at higher contents in freeze-dried red jujube than in freeze-dried Models 3 and 4. Lactones, another major class of compounds in red jujube [2], are formed through fatty acid metabolism [31], however, since only the Maillard reaction occurred in Model 3, lactones were not detected in this model. Although less lactone was detected in Model 4, it may be because the dominance of the Maillard reaction due to the addition of amino acids, which potentially inhibited lactone formation of lactones in Model 4.
[bookmark: _Hlk198219656]The aroma compounds generated in Model 1 under constant-temperature drying (85 °C) were compared with those formed in Model 3 under freeze-drying conditions (Table 2 and 4). The results showed that the total content of aroma compounds in Model 3 (9,950 µg/kg) was lower than that in Model 1 (17,790 µg/kg), with noticeable differences in the composition of pyrazine compounds. However, the total pyrazine content was similar between the two models, with 3,776 µg/kg in Model 3 and 3,712 µg/kg in Model 1. Notably, the content of the key aroma-active compound 2-ethyl-3,5-dimethylpyrazine in Model 1 (130-180 μg/kg) was significantly higher than that in Model 3 (53.45 μg/kg). This difference could be attributed to the different temperature conditions during processing. In general, as temperature increases, the Maillard reaction rate accelerates significantly, promoting the formation of alkylpyrazines. In the freeze-drying process of red jujube, the formation of 2-ethyl-3,5-dimethylpyrazine mainly occurs during the desorption drying stage, where the maximum temperature of red jujube can reach approximately 70 °C, which was lower than the constant drying temperature in Model 1 (85 °C). Hence, less 2-ethyl-3,5-dimethylpyrazine was formed in Model 3 with lower thermal intensity. In both Model 1 and Model 3, 2-methylpentanal was the only detected aldehyde, acetic acid was the predominant acid, 2-hexanone and 2-octanone were the dominant ketones, DDMP (2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one) was the major heterocyclic compound and 2,5-dimethylpyrazine was the main pyrazine. These results suggest that Model 1 effectively simulates the formation of aroma compounds under freeze-drying conditions. Therefore, the pathway of pyrazine formation in red jujube during freeze drying was predicted by integrating the correlation analysis of Model 1 and the aroma compounds generated in Model 4.
3.5 Predicted formation pathway of alkylpyrazines based on red jujube matrix
Red jujube is rich in amino acids, glucose, fructose, and sucrose, which are important substrates for the Maillard reaction [3]. During thermal processing, 3-hydroxybutan-2-one, 2-hydroxypropionic acid, hydroxyacetone, butane-2,3-diol and pyruvic acid can be formed from the degradation of these sugars [25, 27]. Subsequently, some α-dicarbonyl compounds, such as butane-2,3-dione, pentane-2,3-dione, methylglyoxal, acetaldehyde and glyoxal, can be generated from the above-mentioned products. The α-amino acids undergo Strecker degradation induced by α-dicarbonyl compounds, leading to the formation of α-aminocarbonyl compounds, such as aminoethanone (A), aminoacetone (B), 2-aminoacetone (C), 3-amino-butan-2-one (D), 2-aminopentan-3-one (E) and 3-aminopentan-2-one (F) (Figure 3) [11, 27]. Next, dihydropyrazine is formed through the condensation of two α-aminocarbonyl compounds. Furthermore, the formation of alkylpyrazines proceeds via two potential pathways, one involves the spontaneous conversion of dihydropyrazine to alkylpyrazines through oxidation. The other pathway involves deprotonation of dihydropyrazine and reaction with aldehyde compounds followed by an aldol-type reaction with aldehydes [14]. These aldehyde compounds can also be generated either by the Strecker degradation of amino acids or thermal degradation from sugars [13]. 
In all models, 2,5-dimethylpyrazine showed a higher content than 2,6-dimethylpyrazine; since aldehydes are typically more reactive than ketones, the 2,5-configuration is preferred over the 2,6-configuration [13]. As the key aroma compound in freeze-dried red jujube, 3,5-EDMP can be formed via two distinct pathways. The first involves the Strecker degradation of pentane-2,3-dione, which yields 2-aminopentan-3-one (E). This compound can be directly condensed with aminoacetone (B) obtained from Strecker degradation of methylglyoxal to form 3,5-EDMP (Pathway A (B+E), Figure 3). The second pathway involves the condensation of aminoacetone (B) and 2-aminoacetone (C) from Strecker degradation of methylglyoxal to form 2,6-dihydropyrazine. Then 2,6-dihydropyrazine is deprotonated and reacted with acetaldehyde (G) from amino acid Strecker degradation or from sugar degradation to produce 3,5-EDMP (Pathway B (B+C+G), Figure 3). In general, 3,6-EDMP shares a similar pathway with 3,5-EDMP. One pathway involves the condensation from 2-aminoacetone from methylglyoxal and 3-aminopentan-2-one from pentane-2,3-dione (Pathway A (C+F), Figure 3), and another is the condensation of two aminoacetone to form 2,5-dihydropyrazine. Then 2,5-dihydropyrazine is deprotonated and reacted with acetaldehyde to produce 3,6-EDMP (Pathway B (B+B+F), Figure 3). The amination of R-ketoaldehydes occurs favourably at the aldehydic position, so methylglyoxal is more likely to produce aminoacetone (B) than 2-aminoacrtone (C) through Strecker degradation [13]. However, 3,6-EDMP was barely detected in all samples, suggesting that Pathway A is likely the dominant pathway for 3,5-EDMP formation in the red jujube matrix. Moreover, in pathway A, 2,3-pentanedione preferentially generates 2-aminopentan-3-one (E) over 3-aminopentan-2-one (F), resulting in a higher level of 3,5-EDMP than 3,6-EDMP in red jujube matrix. 
Compared to previous studies [13, 14, 22, 32], two formation pathways were observed in the liquid-state model, whereas only one pathway was identified in the solid-state model. The difference in formation pathway may be attributed to the presence of water in liquid-sate model, which allows for better heat transfer and reaction. In a solid-state model, the Maillard reaction is slower and occurs more at the surface of the samples due to the limited availability of moisture. The insufficient molecular mobility and reduced contact between reactants between chemical molecules and the reaction is limited in solid model.
4. Conclusion
In this study, the pathway of alkylpyrazine formation was investigated based on the red jujube matrix. The total content of volatile compounds in the pH 5.5 model was higher than that in the pH 7.8 model, while the content of alkylpyrazines was lower than pH 7.8. The reaction proceeded significantly faster under pH 7.8 conditions. Through correlation analysis, butane-2,3-diol, hydroxyacetone and propylene glycol showed a highly significant correlation with alkylpyrazines in both pH 5.5 and pH 7.8 models. Additionally, butane-2,3-dione, pentane-2,3-dione, pyruvic acid, isopropyl alcohol, acetone and 2-hydroxypropionic acid were significantly correlated with 3,5-EDMP in the pH 5.5 model. These results suggest that the formation of 3,5-EDMP in the red jujube matrix primarily occurs through the direct condensation from aminoacetone and 2-aminopetan-3-one (Pathway A).
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Figure Captions:
Figure 1. Content of 2-ethyl-3,5-dimethylpyrazine (3,5-EDMP) during reaction process in pH 5.5 model and pH 7.8 model (The 3,5-EDMP was quantified using the calibration curve method).
Figure 2. Clustering correlation heatmap of volatile compounds during reaction process in pH 5.5 model (a) and pH 7.8 model (b).
Figure 3. Formation pathway of alkylpyrazines in red jujube.
