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Abstract

:

In order to improve the safety and quality of lactose-free milk (LFM) Maillard reaction products (MRPs), this study used raw cow’s milk as raw material and lactase hydrolysis to prepare LFM, which was heat-treated using pasteurization and then placed in storage temperatures of 4 °C, 25 °C and 37 °C to investigate the changes in the Maillard reaction (MR). The results of the orthogonal test showed that the optimal conditions for the hydrolysis of LFM are as follows: the hydrolysis temperature was 38 °C, the addition of lactase was 0.03%, and the hydrolysis time was 2.5 h. Under these conditions, the lactose hydrolysis rate reached 97.08%, and the lactose residue was only 0.15 g/100 g as determined by high-performance liquid chromatography (HPLC), complying with the standard of LFM in GB 28050–2011. The contents of furoamic acid and 5-hydroxymethylfurfural were determined by high-performance liquid chromatography, the color difference was determined by CR-400 color difference meter, and the internal fluorescence spectrum was determined by F-320 fluorescence spectrophotometer. The test results showed that the variation range of furosine in lactose-free milk after pasteurization was 44.56~136.45 mg/100g protein, the range of 5-hydroxymethylfurfural (HMF) was 12.51~16.83 mg/kg, the color difference ranges from 88.11 to 102.53 in L*, from −0.83 to −0.10 in a*, and from 1.88 to 5.47 in b*. The furosine content of LFM during storage at 4, 25, and 37 °C ranged from 44.56 to 167.85, 44.56 to 287.13, and 44.56 to 283.72 mg/100 g protein, respectively. The average daily increase in protein content was 1.18–3.93, 6.46–18.73, and 15.7–37.66 mg/100 g, respectively. The variation range of HMF was 12.51~17.61, 12.51~23.38, and 12.51~21.1 mg/kg, and the average daily increase content was 0.03~0.07, 0.47~0.68, and 0.51~0.97 mg/kg, respectively. During storage at 4 °C, the color difference of LFM ranged from 86.82 to 103.82, a* ranged from −1.17 to −0.04, and b* ranged from 1.47 to 5.70. At 25 °C, color difference L* ranges from 72.09 to 102.35, a* ranges from −1.60 to −0.03, b* ranges from 1.27 to 6.13, and at 37 °C, color difference L* ranges from 58.84 to 102.35, a* ranges from −2.65 to 1.66, and b* ranges from 0.54 to 5.99. The maximum fluorescence intensity (FI) of LFM varies from 131.13 to 173.97, 59.46 to 173.97, and 29.83 to 173.97 at 4, 25, and 37 °C. In order to reduce the effect of the Maillard reaction on LFM, it is recommended to pasteurize it at 70 °C—15 s and drink it as soon as possible during the shelf life within 4 °C.
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1. Introduction


Cow’s milk is rich in protein, amino acids, fats, lactose, minerals, vitamins, more than 100 kinds of chemical compositions, is called “the closest to the ideal natural food”, and has the physiological functions of promoting the growth and development of infants and young children, anti-cancer properties, and preventing osteoporosis and rickets [1,2,3,4]. Although cow’s milk is rich in nutrients, most infants, adolescents, adults, and the elderly experience gastrointestinal symptoms, such as diarrhea, bloating, cramps, and nausea, about one hour after consuming cow’s milk, which is known as “lactose intolerance” [5]. The prevalence of lactose intolerance is high in Asia and Oceania, with prevalence rates of more than 90% in Korea, Vietnam, Myanmar, and the Solomon Islands [6]. Lactase, also known as β-galactosidase (EC.3.2.1.23), has the function of hydrolyzing lactose, which is found in animals, plants, and microorganisms. The obstacle to the presence of lactose in dairy products can be overcome by hydrolysis of lactose by the addition of lactase to cow’s milk, which is currently the most recognized and safest method [7,8,9,10].



Lactose is hydrolyzed by lactase to produce glucose and galactose, in which the carbonyl group can condense with the amino group in lysine to produce elanoidin, which results in the Maillard reaction (MR), affecting the nutritional value, safety, and quality of cow’s milk [11]. Furosine is a kind of Amadori compound formed by the reaction of reducing sugar with an amino group and then hydrolyzed by acid to form the stabilized product of the primary stage of Maillard, and its content will increase with the enhancement of the heat treatment intensity, so it can indirectly reflect the reaction process of the primary stage of Maillard, and it is one of the main indexes for evaluating the intensity of heat treatment of cow’s milk [12]. 5-Hydroxymethylfurfural (HMF) is one of the representative products of the middle stage of the MR, which is metabolized in the human body to produce derivatives that are carcinogenic, and its production is not only proportional to the degree of browning of cow’s milk but also correlates with the intensity of heat treatment of cow’s milk [13,14,15]. The color of milk can indicate the degree of the MR, and as its reaction process accelerates, the melanoidins generated at the end stage affect the color of the food, which, to a certain extent, influences the sensory value of the food and the consumer’s desire to buy it [16]. Small molecules produced by degradation in the terminal phase of the MR are precursors of brown substances and have fluorescent properties. The fluorescence intensity (FI), which is related to its state of production, consumption, type of reactant, and degree of reaction [17,18].



In 1862, French biologists invented pasteurization technology, which is a method to kill most of the pathogens and spoilage bacteria through a low temperature treatment of raw cow’s milk, which not only maximizes the retention of high-quality proteins and other nutrients in raw cow’s milk, but also effectively kills pathogenic microorganisms in it; thus, the heat sterilization process of pasteurized milk is crucial [19]. The research shows that pasteurization heat treatment can affect the Maillard reaction of milk, Lambros et al. heat-treated raw cow’s milk under pasteurization conditions at 80 °C and 4 s, the furosine content was measured to be 8.9 mg/100 g protein and the β-lactoglobulin content was 2716 mg/L [20]. In addition, different storage temperatures of lactose-hydrolyzed milk can also affect the MR, Zhang et al., compared the HMF and color changes in UHT pure milk and UHT lactose-hydrolyzed milk stored at 20, 30, and 40 °C for 1 year, and the results showed that the HMF content of UHT lactose-hydrolyzed milk increased with the rise of storage temperature and the extension of storage time as compared with that of UHT pure milk; the color of UHT lactose-hydrolyzed milk changed (∆E > 10) after 4 months of storage at 30, 40 °C [21].



Therefore, this study was conducted to determine the MRPs (furosine, HMF) of LFM after pasteurization and storage, and to analyze the color (L*, a*, b*).




2. Results and Discussion


2.1. Single-Factor Experiment on the Preparation of LFM by Lactase Hydrolysis


Figure 1a–c shows the effect of hydrolysis temperature, lactase addition, and hydrolysis time on lactose hydrolysis rate, respectively. As shown in Figure 1a, the lactose hydrolysis rate was the highest at the hydrolysis temperature of 37 °C, which was 78.97%; the lactose hydrolysis rate decreased to 65.17% at 41 °C, which showed that the lactase activity was greatly affected by temperature. The hydrolysis rate increased significantly (p < 0.05) when the hydrolysis temperature was lower than 37 °C. When the hydrolysis temperature exceeded 37 °C, the hydrolysis rate of lactose decreased significantly with the increase in hydrolysis temperature (p < 0.05), which may be due to the gradual inactivation of lactase with the increase in hydrolysis temperature, resulting in the decrease in lactose hydrolysis rate [22]. It can be concluded that 37 °C is the optimum temperature for the hydrolysis of the lactase. Figure 2b shows the effect of lactase addition on lactose hydrolysis rate. The lactose hydrolysis rate increased significantly (p < 0.05) when the lactase addition was less than 0.03%. The lactose hydrolysis rate reached its maximum value of 86.39% when the lactase addition was 0.035%, which may be due to the increased probability of lactase–lactose binding when the lactase addition was increased [23]. It can be seen that increasing the amount of lactase addition favors the hydrolysis of lactose. And the results at 0.035% of lactase addition were not significantly different from the results at 0.03% (86.08%) (p > 0.05); considering the cost of experimental and production of practical applications; thus, it was determined that the amount of lactase added was 0.03%.



Figure 1c shows the effect of hydrolysis time on lactose hydrolysis rate. The lactose hydrolysis rate increased significantly (p < 0.05) at a hydrolysis time of less than 2.5 h. It may be that prolonging the hydrolysis time facilitates the binding of lactase to lactose [24] and, therefore, lactose hydrolysis as well. The hydrolysis rate was only 13.24% when the hydrolysis time was 0.5 h, while the hydrolysis rate reached the maximum value of 96.43% when the hydrolysis time was 3 h. This result was not significantly different from that of 2.5 h (96.21%) (p > 0.05), and the hydrolysis time of 2.5 h was determined, taking into consideration the efficiency of the experiments and the actual time cost of the production. This trend was also confirmed in the study by Sining Li et al. and suggests that cow’s milk at 2.5 h and later meets the needs of lactose intolerant patients [25].




2.2. Orthogonal Test for the Preparation of LFM by Lactase Hydrolysis


Based on the results of single-factor experiments, it was found that all three factors, lactose hydrolysis temperature, lactase addition, and hydrolysis time, had a significant effect on the lactose hydrolysis rate, and Table 1 shows the results of orthogonal experiments on lactase hydrolysis for the preparation of LFM.



The extreme difference value-R can reflect the order of the influence of each factor on the lactose hydrolysis rate as follows: hydrolysis temperature > lactase addition > hydrolysis time; according to the value of k, it can be obtained that the lactose hydrolysis rate increases with the increase in the values of the above three factors; the optimal hydrolysis process was A3B3C3, i.e., the hydrolysis temperature was 38 °C, the addition of lactase was 0.03%, and the hydrolysis time was 2.5 h, and the lactose hydrolysis rate was 97.08%, which was significantly higher than that of the results in Table 1 (92.64%), which proved that the process parameters were reasonable. According to the relevant provisions of the General Principles for Nutrition Labeling of Prepackaged Foods issued by the Ministry of Health of the People’s Republic of China (GB 28050–2011), lactose content of less than 0.5 g/100 g is regarded as LFM. According to the relevant provisions of Appendix A of the General Principles for Nutrition Labeling of Prepackaged Foods issued by the Ministry of Health of the People’s Republic of China (GB 28050–2011), lactose content of less than 0.5 g/100 g is regarded as lactose-free cow’s milk. After the optimization of the orthogonal hydrolysis test, the lactose residue in milk is only 0.15 g/100 g, which meets the requirement of LFM.




2.3. Changes in Furosine Content


2.3.1. Changes in Furosine Content after Pasteurization


The furosine content in LFM was determined by HPLC with a peak time around 6.2 min. Figure 2a shows the changes in furosine content in LFM after low temperature, long time pasteurization (LTLT), and the results were significantly different. At 60 °C and a heat pasteurization time of 20, 25, 30, 35, and 40 min, the furosine content varied in the range of 44.56–106.28 mg/100 g protein, while the furosine content of LFM samples varied in the range of 51.69–136.45 mg/100 g protein when the heat pasteurization time was kept constant, and the temperature reached 65 °C. It was shown that the furosine content gradually increased as the LTLT temperature of LFM was increased. Furosine is an amino acid produced by hydrolysis of Amadori acid at the primary stage of the MR, in which about 20%~52% of the product will form furosine, which is one of the indicators for evaluating the degree of heat exposure, the degree of the MR and the loss of lysine, and its content is related to the pasteurization temperature and time, and the higher the pasteurization temperature and the longer the time, the higher the furosine content [26].



Figure 2b shows the furosine content in LFM after high temperature, short time pasteurization (HTST). At the pasteurization conditions of 70, 75, 80, 85, and 90 °C for 15 s, the furosine content varied from 58.52 to 91.60 mg/100 g protein; when the time reached 30 s and the temperature was constant, the furosine contents of LFM samples were 62.59, 66.3, 77.13, 82.80, and 110.42 mg/ 100 g protein.



In conclusion, the furosine content of LFM after both LTLT and HTST was elevated with the prolongation of the pasteurization time and the increase in the temperature, which was in agreement with the findings of Xinxin Wei [27].




2.3.2. Changes in Furosine Content during Storage at 4 °C


Figure 3a shows the changes in furosine content in LFM after LTLT during the storage (4 °C), which ranged from 44.56 to 167.85 mg/100 g protein. When the pasteurization temperature was 60 °C and the time was 20, 25, 30, 35, and 40 min, the daily average increase in furosine content was 1.16, 2.08, 2.00, 1.79, and 1.64 mg/100 g protein, respectively; furthermore, when the time was constant and the temperature was increased to 65 °C, the content increased by a daily average of 1.18, 1.72, 1.97, 2.06, and 2.09 mg/100 g protein. This indicates that furosine content increased the least daily under the condition of 60 °C−20 min, and the daily increase in its content was the most at 90 °C−30 s.



Figure 3b shows the changes in furosine content in LFM after HTST during the storage (4 °C). The variations ranged from 58.52 to 157.24 mg/100 g protein, and the daily increase in furosine content was 2.05–3.93 mg/100 g protein, which was slightly higher than the results of the samples sterilized at low temperature for a long time. In summary, the furosine content of LFM increased slowly during the storage period at 4 °C after pasteurization, and the initial degree of the MR was mild. This is consistent with the findings of Xinyu Hao et al. [28].




2.3.3. Changes in Furosine Content during Storage at 25 °C


Figure 4a shows the changes in furosine content in LFM after LTLT during the storage (25 °C); under this condition, the content varied from 44.56 to 284.44 mg/100 g protein, with an average daily increase of 6.46–15.58 mg/100 g protein. Figure 4b shows the changes in furosine content in LFM after HTST during the storage (25 °C). The variations ranged from 58.52 to 287.13 mg/100 g protein, with an average daily increase of 11.27–18.73 mg/100 g protein. In conclusion, the furosine content of LFM increased rapidly during the storage (25 °C) after both LTLT and HTST treatments, while the LFM treated with HTST had a higher average daily furosine production and a faster initial degree of MR. This is consistent with the results of Sunds et al., who determined the furosemide content in UHT cow’s milk during storage at 20 °C, which showed an increasing trend with the storage time [29].




2.3.4. Changes in Furosine Content during Storage at 37 °C


Figure 5a shows the changes in furosine content in LFM after LTLT during the storage (37 °C). The furosine content of LFM samples varied from 44.56 to 227.45 mg/100 g protein, with an average daily variation of 15.70–20.83 mg/100 g protein. Figure 5b shows the changes in furosine content in LFM after HTST during the storage (37 °C). The content varied from 58.52 to 283.72 mg/100 g protein, with a daily increase of 17.93–37.66 mg/100 g protein, with the slowest growth rate of furosine content in the samples thermally sterilized at 70 °C—15 s, and the fastest growth in the samples sterilized at 90 °C—30 s. Therefore, the furosine content of LFM after pasteurization increased rapidly during the storage (37 °C), and the initial degree of its MR was drastic. This is close to the results of Troise et al. for commercially available LFM stored at 37 °C, which showed the lowest range of change in furosine content from 0 to 9 d to 208.9 mg/100 g protein [30]. In a previous study [31], the furosine production in UHT milk stored at 4, 25, and 37 °C, it was shown that the slowest production rate was found at 4 °C, the fastest at 25 °C and the fastest at 37 °C, which is consistent with the results of the present study.





2.4. Changes in the Content of HMF


2.4.1. Changes in HMF Content after Pasteurization


The content of HMF in LFM was determined by HPLC, and the peak time was around 3.8 min. As shown in Figure 6a, the HMF content in LFM after LTLT showed different increasing trends. The content of HMF varied in the range of 12.51–14.84 mg/kg at thermal pasteurization of 60 °C for 20, 25, 30, 35, and 40 min, respectively; furthermore, when the pasteurization time remained unchanged and the temperature reached 65 °C, the content ranged from 13.32 to 16.18 mg/kg, and the reason for this phenomenon might be that with the increase in pasteurization intensity, the lysine in the samples participated in the MR and accelerated the reaction process [32]. As shown in Figure 6b, the HMF content in the samples was 13.58, 14.26, 14.48, 14.78, and 16.13 mg/kg at a pasteurization time of 15 s and temperatures of 70, 75, 80, 85, and 90 °C, respectively; and the HMF content was increased to 14.72, 14.8, and 15.84 when the pasteurization time was prolonged to 30 s, the HFM content was increased to 14.72, 14.8, 15.84, 16, and 16.83 mg/kg, respectively.



HMF, as one of the representative furfural organic compounds in the middle stage of the MR, is not usually present in raw cow’s milk, and its content is related to the intensity of heat treatment and storage temperature, which is one of the substances for evaluating the degree of MR [33,34]. The above study showed that the content of HMF in LFM after HTST was slightly higher than the result of LTLT, which was consistent with the findings of Meng Gao et al. [35].




2.4.2. Changes in HMF Content during Storage at 4 °C


Figure 7 shows the changes in HMF in LFM after pasteurization during storage (4 °C). The content of HMF ranged from 12.51 to 16.67 mg/kg after LTLT, with an average daily increase in the range of 0.03–0.07 mg/kg, whereas the content of HMF after HTST was in the range of 13.58–17.61 mg/kg, with an average daily increase in the range of 0.03–0.07 mg/kg. It was found that the HMF content of LFM after HTST was slightly higher than that of LTLT during the storage (4 °C), and the average daily increase was less, which may be related to the stability of LFM and the inter-conversion of the intermediate products of the MR. This result is close to the range of HMF in brown yogurt (9.87–26.67 mg/kg) during storage at 4 °C by Risiu Bi et al. [36].




2.4.3. Changes in HMF Content during Storage at 25 °C


Figure 8 shows the changes in HMF content in LFM after pasteurization during the storage (25 °C), in which the range of HMF content was 12.51–20.83 mg/kg after LTLT, with an average increase of 0.47–0.57 mg/kg per day, and the range of HMF content was 13.58–23.38 mg/kg after HTST, with an average increase of 0.58–0.68 mg/kg per day. Therefore, the content of HMF and its average daily growth were slightly higher in LFM sterilized by HTST compared with LTLT. This finding is consistent with the results reported by Xiaodi Jia et al. for raw cow’s milk heat-treated by pasteurization and ultra-high-temperature pasteurization, who explored the changes in HMF content during storage (25 °C), which gradually accumulated [37].




2.4.4. Changes in HMF Content during Storage at 37 °C


Figure 9 shows the changes in HMF content in LFM after pasteurization during the storage (37 °C). The HMF content varied from 12.51 to 19.67 mg/kg with an average daily increase of 0.51–0.88 mg/kg after LTLT, while it varied from 13.58 to 21.1 mg/kg with an average daily increase of 0.61–0.97 mg/kg after HTST. It can be concluded that the HMF content and its average daily growth content were slightly higher after HTST compared with the results of LTLT under the same storage conditions. Similar studies have been reported [38], in which they used the UHT method to heat treat raw cow’s milk to investigate the generation of HMF during the shelf-life, and the results showed that the HMF content increased rapidly.





2.5. Color Analysis


2.5.1. Changes in Color after Pasteurization


The color change in LFM after pasteurization is shown in Table A1. The accumulation of substances, such as melanoidins produced at the end of the MR, affects the color of the food, and the changes in their color parameters reflect the degree of the MR.



Compared with the control group (LFM without heat treatment), L*, a*, and b* of LFM were significantly decreased (p < 0.05) after pasteurization, indicating that the change in the Maillard color of buttermilk was related to the time and temperature of heat treatment. Among them, L* value varied from 88.11 to 102.35, with an overall decrease of 4.69–17.95% (p < 0.05), and L* value first decreased and then increased after LTLT(60 °C–20 min, 60 °C–25 min, 60 °C–30 min, 60 °C–35 min, and 60 °C–40 min), however, there was no significant change in the rest of the pasteurization conditions. It indicated that the LFM darkens after pasteurization, which might be caused by the accumulation of brown pigments, such as melanoidins produced at the end of the MR [39]. The a* value varied from −0.83 to −0.10 and moved towards negative values, which indicated that there was a tendency for LFM to turn slightly green after pasteurization, which is in agreement with the findings of Yuecheng Meng et al. [40]. The b* values varied from 1.88 to 5.47, with an overall decrease of 36.54–78.19%, indicating that LFM tends to be yellow after pasteurization.




2.5.2. Color Change during Storage at 4 °C


The color changes in LFM after pasteurization during the storage (4 °C) are presented in Table A2. The L* values ranged from 86.82 to 103.82; a* values ranged from −1.17 to −0.04, both negative; and b* values varied in the range of 1.47–5.70. Compared with the control group (unpasteurized cow’s milk), the L* values decreased by 3.32–19.15%, but at a slower rate; the b* values decreased by 33.87–82.95%. This shows that LFM darkens and tends to be green during the storage (4 °C), which is consistent with the findings of Xiaoqian Yang et al. [41].




2.5.3. Color Change during Storage at 25 °C


The color changes in LFM after pasteurization during the storage (25 °C) is shown in Table A3. The L* values varied from 72.09 to 102.35, which decreased from 4.69% to 32.87% compared with the control group, proving that the storage temperature plays a certain role in the color of LFM, and the brown substances such as melanoidins were generated, which promoted the MR; the a* values varied from −1.60 to −0.03, which were all negative and tended to turn green; and the b* values varied from 1.27 to 6.13, all positive values, and the color tends to be yellow. In the study on the effect of storage temperature on the MR of UHT buttermilk, it was stored at 20 °C and above and the color indexes were measured periodically, and the results obtained were consistent with the present study [42], with a decreasing trend in L*, a* being negative and tending to be green, and b* being positive and tending to be yellow.




2.5.4. Color Change during Storage at 37 °C


Table A4 shows the color changes in LFM after pasteurization during the storage (35 °C). L* varied from 58.84 to 102.35, with a decrease of 4.69–45.21% compared with the control group, and the L* of some samples was lower than that of the storage (4 °C and 25 °C), which indicated that the color of LFM was darker during the storage (37 °C), and the compounds of furosine, HMF, and furfural continued to react to produce more brown pigments to accelerate the MR process; moreover, the a* varied from −2.65 to 1.66, with some samples tending to be red, and the b* varied from 0.54 to 5.99, all of which were positive, but b* value of the samples treated with 60–30 stored at 37 °C for 1 d were lower than those of the storage (4 °C and 25 °C), and the reasons for this need to be further investigated.



This result is consistent with the results reported by Ji-En Tan et al. [43] on the change in color difference values of the simulated systems of ovalbumin and glucose MR at 4, 25, and 37 °C, who concluded that L* was the lowest at 37 °C, intermediate at 25 °C, and the largest at 4 °C; a* was negative at both 4 °C and 25 °C; and b* was positive at 4, 25, and 37 °C. In the study by Shengnan Yi et al. [44], raw cow’s milk was subjected to ultra-pasteurization treatment using 120 °C and 15 s. The samples were stored at 4, 25, and 37 °C, and the color changes were determined periodically, and the results showed a significant decrease in L* at 25 and 37 °C, and changes in a* and b*, which are consistent with the results of the present study.





2.6. Endogenous Fluorescence Spectroscopy (EFS) Analysis


2.6.1. EFS after Pasteurization


As shown in Figure 10a, the final stage of the MR can produce a substance with fluorescence, which can react with neighboring proteins or amino acids and is a precursor of brown substances, and its FI can be used to evaluate the degree of the MR and the state of production of small molecules [45,46]. The maximum FI of the control group was 188.16 (at an emission wavelength of 358.4 nm), whereas the samples sterilized under 60 °C–20 min, 60 °C–35 min, and 65 °C–40 min conditions showed a maximum FI of 173.97 (360.8 nm), 167.95 (361 nm), and 164.41 (361.2 nm), respectively. It can be seen that the maximum FI of LFM shifted to the long-wave direction after LTLT, and the FI decreased significantly with the increase in the pasteurization intensity as compared to the control group, which may be due to the fact that the hydrolyzed glucose and galactose combined with partially unhydrolyzed lactose and protein shielded the tryptophan, exposing the tryptophan residues to the hydrophilic environment [47,48], which indicated that some small molecules of fluorescence substances were generated at the end of the MR and that the LTLT facilitated the MR.



As shown in Figure 10b, the maximum FI of LFM reached 165.37 (359 nm), 160.81 (360.8 nm), and 159.97 (359.4 nm) after pasteurization at 70 °C—15 s, 80 °C—30 s, and 90 °C—30 s conditions, respectively. The FI of LFM after HTST was lower than that of the control group, and the FI decreased with the increase in the pasteurization intensity, and the wavelengths of its maximum FI ranged from 359 to 360.8 nm; therefore, the HTST is beneficial to the MR, which is consistent with the results of the LTLT. The above-mentioned results showed that the variation in the maximum FI of LFM after pasteurization ranged from 159.97 to 173.97, which was slightly lower than that of the control group, indicating that pasteurization accelerated the degree of the MR.



This is consistent with the results of studies on the effect of the MR of soybean isolate proteins and fructose under ultra-high-pressure conditions, in which Zihuan Wang et al. concluded that the maximum wavelength of the MR products shifted to the longer wavelengths (redshift) and that the maximum FI decreased [49].




2.6.2. EFS during Storage at 4 °C


Figure 11a–f shows the endogenous fluorescence trends of LFM treated with different pasteurization conditions (60 °C—20 min, 60 °C—35 min, 65 °C—40 min, 70 °C—15 s, 80 °C—30 s, and 90 °C—30 s) during the storage (4 °C). From the figure, it was found that the maximum FI of LFM after pasteurization (60 °C—20 min) ranged from 148.52 to 173.97 (Figure 11a), whereas for the same storage conditions, the maximum FI of LFM pasteurized by 65 °C–40 min ranged from 131.13 to 164.41 (Figure 11c). This indicates that the maximum FI of LFM after different pasteurization treatments ranged from 131.13 to 173.97 during the storage (4 °C), which is a small change so that 4 °C has a small effect on the MR of LFM. The maximum FI decreased with longer storage time, which may be due to the shielding effect on tryptophan with the accumulation of the products of the MR [50].




2.6.3. EFS during Storage at 25 °C


Figure 12a–f shows the endogenous fluorescence trends of LFM treated with different pasteurization conditions (60 °C–20 min, 60 °C–35 min, 65 °C–40 min, 70 °C–15 s, 80 °C–30 s, and 90 °C–30 s) during the storage (25 °C). The maximum FI of LFM after 60–20 pasteurization ranged from 82.93 to 173.97 (Figure 12a), and the maximum FI of LFM after 65–40 pasteurization ranged from 45.12 to 164.41 (Figure 12c). From the FI trends of all the samples during the storage, the maximum FI ranged from 59.46 to 173.97, which was lower than that of the 4 °C, and the intensity varied greatly with the extension of time, which indicated that LFM had a more intense MR during the storage (25 °C), which further contributed to the extent of the MR. Similar results have also been reported [51], Yuanyuan Zhang et al. analyzed the maximum FI of EFS in the simulated systems of sodium caseinate and oat β-glucan meridian reaction and noted that the maximum FI of sodium caseinate and oat β-glucan polymer system was more variable compared to the control.




2.6.4. EFS during Storage at 37 °C


Figure 13a–f shows the endogenous fluorescence trends of LFM treated with different pasteurization conditions (60 °C–20 min, 60 °C–35 min, 65 °C–40 min, 70 °C–15 s, 80 °C–30 s, and 90 °C–30 s) during the storage (37 °C). The maximum FI of LFM after 60–20 pasteurization was in the range of 44.43~173.97, and after 90–30 pasteurization, the maximum FI of LFM increased from 29.83 to 159.97.



Therefore, according to the FI trends of the samples treated with different pasteurization conditions, it can be concluded that the maximum FI range of LFM was 29.83~173.97, and this result was lower than that of the storage period (between 4 °C and 25 °C), and the range of change was the largest with the extension of storage time. It indicates that LFM has the most intense MR and generates the most fluorescent substances at 37 °C, because the spatial structure of proteins changes as the storage temperature increases, resulting in the decrease in tryptophan content and the increase in hydrophilicity, and the fluorescence of the MR in LFM is burst out [52].






3. Materials and Methods


3.1. Materials and Instruments


β-galactosidase (enzyme activity 5000 NLU/mL) was purchased from Royal DSM Group (Royal DSM of the Netherlands, Heerlen, The Netherlands); lactose, potassium ferricyanide, zinc acetate, sodium hydroxide, 1-phenyl−3-methyl−5-pyrazolone, hydrochloric acid, oxalic acid, trichloromethane, ammonium acetic acid, glacial acetic acid, copper sulphate, and potassium sulphate (the above reagents are pure for analysis) were purchased from Kommeo Chemical Reagents Ltd. (Tianjin, China); methanol and acetonitrile (chromatographic purity) were purchased from Komeo Chemical Reagent Co. Ltd. In total, 100 μg/mL furosine standard (chromatographic purity) was supplied by Alta Science and Technology Co. Ltd. HMF standard (purity: 97%), trifluoroacetic acid (chromatographic purity) was supplied by McLean Bio-chemistry and Technology Ltd. (Shanghai, China).




3.2. Experimental Methods


3.2.1. Singe-Factor Experiment on the Preparation of LFM by Lactase Hydrolysis


Raw cow’s milk (500 g) was preheated in a hot water bath (37 °C) for 10 min, and 0.02% lactase was added, and the hydrolysis time was 2 h. During the hydrolysis process, a glass rod was used to stir for 1 min every 10 min to ensure that the lactose was fully hydrolyzed. At the end of hydrolysis, the buttermilk was inactivated in a water bath (70 °C) for 15 s, and then quickly cooled in an ice water bath. During this period, the optimal hydrolysis conditions were determined by calculating the lactose hydrolysis rate by varying the hydrolysis temperature (36, 37, 38, 39, 40, and 41 °C), the amount of lactase added (0.01%, 0.015%, 0.02%, 0.025%, 0.03%, and 0.035%), and the time of hydrolysis (0.5, 1.0, 1.5, 2.0, 2.5, and 3 h), respectively. The optimal hydrolysis conditions were determined by calculating the lactose hydrolysis rate, and all the experiments were measured three times in parallel.




3.2.2. Orthogonal Test for the Preparation of LFM by Lactase Hydrolysis


Based on the singe-factor test, three factors, A (hydrolysis temperature), B (lactase addition), and C (hydrolysis time), were selected to optimize the lactose hydrolysis conditions using the orthogonal test of L9 (34) with the lactose hydrolysis rate as the evaluation index. Table 2 shows the orthogonal factor level table.




3.2.3. Lactose Analysis


Lactose was determined as previously described [53], with some modifications. After hydrolysis and enzyme inactivation (70 °C—30 s), the buttermilk sample (2 g) was mixed with water (10 g), and then 1 mL of potassium ferricyanide solution (106 g/L) and 1 mL of zinc acetate solution (220 g/L) were added after dissolution, and then water was added to the mass of solution of 50 g. The sample was mixed well and allowed to stand for 30 min and then filtered through medium-speed filter paper, and then the filtrate was collected and filtered through 0.45 µm organic filter membrane to obtain the buttermilk sample (stored at 4 °C). The filtrate was collected and filtered through 0.45 µm organic filter membrane to obtain the buttermilk sample (stored at 4 °C).



Pipetted 1 mL of lactose standard solution and 1 mL of cow’s milk samples, added 200 µL of sodium hydroxide solution (0.3 mol/L) and 200 µL of 1-phenyl−3-methyl−5-pyrazolone-methanol solution (0.5 mol/L), after mixing with SI−0246 vortex oscillator (Scientific Industries, Bohemia, NY, USA), the reaction was carried out in SHJ−4CD water bath (Changzhou, China) at 70 °C for 30 min, cooled quickly to room temperature, then add 200 µL of hydrochloric acid (0.3 mol/L) and 2 mL of trichloromethane; vortex mixing for 1 min and let stand for 1 min, pipette the upper solution vortex mixing for 1 min and then let stand for 3 min, repeated three times. In total, 2 mL of trichloromethane; vortex mixing for 1 min and let stand for 1 min, remove the upper layer of the solution vortex mixing for 1 min and let stand for 3 min, repeated three times. The upper aqueous phase solution (sample solution after derivatization reaction) was filtered (0.45 µm) to obtain a clarified sample solution (stored at 4 °C). The chromatographic separation was carried out on an Agilent 1260-C18 reversed-phase column (4.6 mm × 250 mm, 5 μm) at 25 °C, with acetonitrile as follows: ammonium acetate buffer solution used as the mobile phase (the concentration was 100 mmol/L, pH 5.5, 22:78, v/v) at a flow rate of 1 mL/min, and the wavelength of the UV detector was 245 nm; the injection volume was 10 µL. Lactose content and lactose hydrolysis rate were calculated using the following equations.


  L =  C  10   × D  



(1)






  H ( % ) =     m 1  −  m 0       m 0     × 100  



(2)







Formula: L—lactose content, g/100 g; C—lactose concentration, g/100 g; D—dilution factor, 25; H—lactose hydrolysis ratio, %; m0—lactose content in unhydrolyzed samples, g; m1—lactose content in hydrolyzed samples, g.




3.2.4. Pasteurization of LFM


Samples of LFM (hydrolysis temperature of 38 °C, lactase addition of 0.03%, hydrolysis time of 2.5 h) were pasteurized. LTLT: the temperature was 60 and 65 °C, the time was 20, 25, 30, 35, and 40 min; HTST: temperatures of 70, 75, 80, 85, and 90 °C for 15 s and 30 s.




3.2.5. Analysis of Storage Conditions for LFM Samples


Each sample in “Section 3.2.4” was stored in refrigerated (4 °C), simulated room temperature (25 °C) and high temperature environment (37 °C), and the changes in furosine, HMF, color, and endogenous FI were determined periodically to investigate the effects of different pasteurization conditions on the MR of LFM.




3.2.6. Furosine Content Analysis


The content of furosine in LFM was determined according to NY/T 939-2016 “Identification of restored Milk in Pasteurized Milk and UHT sterilized milk”. Agilent 1260 liquid chromatograph with UV detector (Agilent Technology Co., LTD, Santa Clara, CA, USA) was used to determine furosine content in samples. Unpasteurized LFM was used as a control group. In total, 1 mL of furosine standard (100 μg/mL) was pipetted, diluted with hydrochloric acid solution (3 mol/L), fixed to 50 mL, and mixed well to obtain furosine standard working solution (2 mg/L). In total, 6 mL of hydrochloric acid solution (10.6 mol/L) was added to LFM (2 mL), vortexed and mixed, and then hydrolyzed in a constant temperature DHG−9140A blast drying oven (Shanghai Yiheng Technology Co., LTD, Shanghai, China) at 110 °C (23 h), and then cooled to room temperature after the end of the process, and the hydrolysate was filtered (0.22 μm aqueous phase filter membrane). Then Kjeldahl method was used to determine the protein content in the hydrolysate, copper sulfate (0.4 g) and potassium sulfate (6 g) were added to the hydrolysate (2 mL), mixed, and then sulfuric acid (20 mL) was added, and put into the KDN−19C digesting oven (Shanghai, China) (420 °C) and kept for 1 h. At the end of the process, it was cooled down and added with 50 mL of water, and then it was put on the machine to be measured.



The furosine content of the samples was analyzed using an Agilent 1260-C18 reverse chromatography column (4.6 mm × 250 mm, 5 μm). To the hydrolyzed solution (1 mL), 5 mL of ammonium acetate solution (6 g/L) was added, vortexed, mixed, and filtered (0.22 μm). The mobile phase A was methanol and B was a solution containing 0.1% trifluoroacetic acid with gradient elution (Table 3). The wavelength of the UV detector was 280 nm; the column temperature was 32 °C; and the injection volume was 10 µL. The RSD was 1.38%, which showed good precision. The furosine content was calculated using the following formula.


  F =    A t  ×  C std  × D × 100    A std  × m   × 100  



(3)







Formula: F—lactose content in LFM, mg/100 g protein; At—furosine peak area; Cstd—concentration of furosine standard solution, 2 mg/L; D—dilution factor, 6; Astd—furosine standard solution peak area, 75.9; m—protein concentration in hydrolysate, g/L.




3.2.7. HMF Analysis


Refer to NY/T 1332-2007 “Determination of HMF content in milk and dairy products by high-performance liquid chromatography” for determination of HMF content in LFM. Agilent 1260 liquid chromatograph with UV detector (Santa Clara, CA, USA) was used to determine HMF content in samples. Unpasteurized LFM was used as a control group. LFM (10 g) was weighed and added to 5 mL of oxalic acid solution (0.15 mol/L) and heated in a boiling water bath (25 min), at the end of which it was quickly cooled to room temperature in an ice water bath. Then, the solution was made up to 50 mL with methanol (5 mL) (repeated twice), 3 mL of potassium ferricyanide solution (92 g/L) and 3 mL of zinc acetate solution (183 g/L) were added, and the solution was left to stand for 15 min after vigorous shaking, and then filtered through medium-speed filter paper (the first 3 drops of filtrate were discarded), and the filtrate was filtered (0.45 μm). The chromatographic analysis was performed on an Agilent 1260-C18 reversed-phase column (4.6 mm × 250 mm, 5 μm) at 25 °C, with methanol:water (15:85, v/v) as the mobile phase; the flow rate was 1 mL/min; the wavelength of UV detector was 280 nm; and the injection volume was 10 µL. The RSD was 0.39% with good precision. The content of HMF was calculated according to the following formula.


  X =    A i     A s    ×  C s  ×  V m   



(4)







Formula: X—HMF in the sample, mg/kg; Ai—Fpeak area; As—peak area of standard solution, 376.3; Cs—standard solution concentration, 3 ug/mL; V—sample volume, mL; m—sample quality, g.




3.2.8. Color Analysis


Color was determined as previously described [54]. Color measurements were obtained using Konica Minolta CR−400 colorimeter (Konica Minolta Co., LTD, Tokyo, Japan), the color parameters were L* (lightness), the smaller of which indicates that the sample was darker; a* (redness/greenness), a positive value of which indicates that the sample was reddish, while a negative value indicates that the sample was greenish; and b* (yellowness/blueness), a positive value of which indicates that the sample was yellowness, while a negative value indicates that the sample is greenish.




3.2.9. EFS Analysis


EFS was determined as previously described [55], with some modifications. The assay was performed at 25 °C using an F−320 fluorescence spectrophotometer (Tianjin, China). Lactose-free buttermilk (100 μL) was diluted to 20 mL with deionized water, mixed well, and put on the machine for measurement. The excitation wavelength of the fluorescence spectrum was 290 nm (slit 5 nm), and the emission spectrum was collected in the range of 270~460 nm (slit 5 nm), with a scan rate of 1200 nm/min.





3.3. Statistical Analysis


Data were processed and analyzed using SPSS 26.0 and plotted using Origin 2021. All experimental data were averaged over three replicates, and results were expressed as mean ± standard deviation.





4. Conclusions


By adding free lactase (enzyme activity 5000 NLU/mL), the optimal lactose hydrolysis conditions were determined by single-factor and orthogonal tests as follows: The results showed that the hydrolysis temperature was 38 °C, the amount of lactase added was 0.03%, the hydrolysis time was 2.5 h, and the lactose hydrolysis rate was 97.08% under these conditions. The lactose residue after hydrolysis was only 0.15 g/100 g, which was in line with the standard of LFM in GB 28050-2011. During lactose hydrolysis, the hydrolysis rate was most affected by the hydrolysis temperature and least affected by the hydrolysis time. LFM was heat-treated using pasteurization and stored at 4, 25, and 37 °C, while changes in furosine, HMF, color, and endogenous fluorescence were determined periodically. The contents of furosine and HFM tended to increase after pasteurization of LFM, in addition to changes in color and maximum fluorescence intensity of endogenous fluorescence spectra. As the storage temperature increased, not only did it accelerate the rate of furosine and HMF production in LFM, but also the colors (L*, a*, and b*) were altered and the maximum fluorescence intensity of the endogenous fluorescence spectra was reduced. The results showed that both pasteurization and storage temperature had a great influence on the Maillard reaction of LFM. This study could provide theoretical basis and guidance for the screening of pasteurization conditions and the determination of storage temperature for the industrial production of LFM.
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Table A1. The color change in LFM after pasteurization.






Table A1. The color change in LFM after pasteurization.





	Pasteurization

Conditions (°C—min)
	L*
	a*
	b*





	Control
	107.39 ± 0.85 a
	0.21 ± 0.03 a
	8.62 ± 0.83 a



	60–20
	93.86 ± 0.51 hijkl
	−0.44 ± 0.07 gh
	3.44 ± 0.37 fgh



	60–25
	88.11 ± 0.46 n
	−0.10 ± 0.07 bc
	1.88 ± 0.10 i



	60–30
	90.58 ± 0.16 mn
	−0.47 ± 0.01 gh
	3.56 ± 0.09 fgh



	60–35
	95.48 ± 0.34 ghi
	−0.26 ± 0.03 de
	3.84 ± 0.10 efg



	60–40
	101.73 ± 0.61 bck
	−0.69 ± 0.06 k
	5.11 ± 0.10 bc



	65–20
	94.38 ± 0.74 ghij
	−0.52 ± 0.03 hi
	3.55 ± 0.20 fgh



	65–25
	95.41 ± 0.91 ghi
	−0.03 ± 0.05 b
	3.77 ± 0.23 efg



	65–30
	92.72 ± 0.47 jklm
	−0.25 ± 0.02 de
	2.57 ± 0.11 hi



	65–35
	95.95 ± 0.19 fghi
	−0.35 ± 0.01 efg
	3.57 ± 0.07 fg



	65–40
	94.76 ± 1.68 ghijk
	−0.10 ± 0.07 bcj
	4.30 ± 0.53 cdef



	Pasteurization

conditions (°C—s)
	L*
	a*
	b*



	70–15
	99.61 ± 0.22 bcde
	−0.80 ± 0.01 kl
	5.48 ± 0.05 b



	70–30
	91.41 ± 0.35 lm
	−0.38 ± 0.02 efg
	3.76 ± 0.09 efg



	75–15
	98.82 ± 2.90 de
	−0.43 ± 0.09 fgh
	5.29 ± 0.26 b



	75–30
	98.67 ± 0.45 def
	−0.31 ± 0.04 def
	4.84 ± 0.10 bcd



	80–15
	92.36 ± 0.54 klm
	−0.65 ± 0.02 ij
	4.71 ± 0.09 bcde



	80–30
	92.53 ± 0.29 djklm
	−0.29 ± 0.02 de
	2.86 ± 0.06 ghi



	85–15
	96.77 ± 0.41 efg
	−0.68 ± 0.09 jk
	5.47 ± 0.62 b



	85–30
	99.20 ± 0.17 ce
	−0.30 ± 0.02 de
	4.05 ± 0.08 def



	90–15
	102.35 ± 0.70 b
	−0.83 ± 0.03 l
	5.65 ± 0.24 b



	90–30
	95.20 ± 0.76 ghij
	−0.18 ± 0.04 cd
	4.01 ± 0.54 def







L*, lightness; a*, greenness/redness; b*, blueness/yellowness; data represent mean values ± SDs. Different lowercase letters in a column of each stage indicate significant differences (p < 0.05).













 





Table A2. The color change in LFM after pasteurization during storage at 4 °C.






Table A2. The color change in LFM after pasteurization during storage at 4 °C.





	
Pasteurization

Conditions

(°C—min)

	
Storage Time (d)

	
L*

	
a*

	
b*






	
60–20

	
0

	
93.86 ± 0.51 c

	
−0.44 ± 0.07 a

	
3.44 ± 0.37 b




	
3

	
93.07 ± 0.31 c

	
−0.72 ± 0.02 c

	
3.04 ± 0.04 c




	
6

	
98.65 ± 1.51 b

	
−0.68 ± 0.08 c

	
4.35 ± 0.25 a




	
9

	
100.96 ± 1.01 a

	
−0.39 ± 0.02 a

	
4.69 ± 0.15 a




	
12

	
90.63 ± 0.14 d

	
−0.69 ± 0.03 c

	
3.65 ± 0.11 b




	
15

	
91.40 ± 0.27 d

	
−0.53 ± 0.02 b

	
2.41 ± 0.09 d




	
60–25

	
0

	
88.11 ± 0.46 f

	
−0.10 ± 0.07 a

	
1.88 ± 0.10 d




	
3

	
93.41 ± 0.35 c

	
−0.79 ± 0.04 e

	
3.62 ± 0.12 bc




	
6

	
95.17 ± 0.32 b

	
−0.45 ± 0.02 c

	
3.31 ± 0.19 b




	
9

	
92.11 ± 0.28 d

	
−0.26 ± 0.02 b

	
1.55 ± 0.06 d




	
12

	
90.49 ± 0.11 e

	
−0.60 ± 0.03 d

	
2.82 ± 0.64 c




	
15

	
99.14 ± 0.24 a

	
−0.59 ± 0.02 d

	
4.35 ± 0.08 a




	
60–30

	
0

	
90.58 ± 0.16 d

	
−0.47 ± 0.01 a

	
3.56 ± 0.09 bc




	
3

	
95.30 ± 0.20 b

	
−0.91 ± 0.07 d

	
3.91 ± 0.05 a




	
6

	
98.52 ± 0.11 a

	
−0.57 ± 0.02 b

	
2.88 ± 0.07 d




	
9

	
95.27 ± 0.34 b

	
−0.41 ± 0.03 a

	
3.50 ± 0.25 c




	
12

	
97.41 ± 0.30 a

	
−0.70 ± 0.01 c

	
3.45 ± 0.12 c




	
15

	
92.93 ± 1.49 c

	
−0.73 ± 0.06 c

	
3.84 ± 0.27 ab




	
60–35

	
0

	
95.48 ± 0.34 c

	
−0.26 ± 0.03 a

	
3.84 ± 0.10 b




	
3

	
96.38 ± 0.33 b

	
−1.15 ± 0.03 d

	
3.95 ± 0.10 b




	
6

	
98.68 ± 0.21 a

	
−0.76 ± 0.01 c

	
3.23 ± 0.07 c




	
9

	
96.63 ± 0.41 b

	
−0.29 ± 0.03 a

	
4.63 ± 0.07 a




	
12

	
93.47 ± 0.75 d

	
−0.46 ± 0.05 b

	
2.86 ± 0.12 d




	
15

	
94.68 ± 0.51 c

	
−0.73 ± 0.02 c

	
2.53 ± 0.11 e




	
60–40

	
0

	
101.73 ± 0.61 a

	
−0.69 ± 0.06 bc

	
5.11 ± 0.10 a




	
3

	
102.63 ± 0.32 a

	
−1.04 ± 0.05 e

	
4.76 ± 0.38 ab




	
6

	
93.51 ± 0.88 c

	
−0.88 ± 0.01 d

	
4.52 ± 0.18 b




	
9

	
94.97 ± 0.46 b

	
−0.52 ± 0.03 a

	
4.08 ± 0.17 c




	
12

	
93.36 ± 0.48 c

	
−0.62 ± 0.02 b

	
3.12 ± 0.19 d




	
15

	
93.16 ± 0.57 c

	
−0.71 ± 0.02 c

	
3.25 ± 0.10 d




	
65–25

	
0

	
95.41 ± 0.91 c

	
−0.03 ± 0.05 a

	
3.77 ± 0.23 bc




	
3

	
98.96 ± 0.29 b

	
−0.92 ± 0.02 d

	
4.23 ± 0.24 b




	
6

	
102.08 ± 1.09 a

	
−1.00 ± 0.09 d

	
5.57 ± 0.59 a




	
9

	
92.82 ± 1.06 d

	
−0.68 ± 0.04 c

	
3.46 ± 0.34 c




	
12

	
98.57 ± 1.47 b

	
−0.48 ± 0.04 b

	
3.64 ± 0.24 bc




	
15

	
96.12 ± 0.77 c

	
−0.66 ± 0.04 c

	
3.37 ± 0.13 c




	
65–30

	
0

	
92.72 ± 0.47 c

	
−0.25 ± 0.02 a

	
2.57 ± 0.11 d




	
3

	
87.18 ± 1.30 d

	
−0.51 ± 0.04 c

	
1.47 ± 0.29 e




	
6

	
92.46 ± 0.71 c

	
−0.64 ± 0.04 d

	
3.66 ± 0.24 a




	
9

	
97.02 ± 0.42 b

	
−0.68 ± 0.04 d

	
3.59 ± 0.13 ab




	
12

	
96.46 ± 0.71 b

	
−0.80 ± 0.02 e

	
3.28 ± 0.06 bc




	
15

	
98.61 ± 0.22 a

	
−0.41 ± 0.03 b

	
2.99 ± 0.13 c




	
65–35

	
0

	
95.95 ± 0.19 e

	
−0.35 ± 0.01 b

	
3.57 ± 0.07 e




	
3

	
99.91 ± 0.87 c

	
−1.17 ± 0.02 e

	
5.70 ± 0.21 a




	
6

	
102.86 ± 0.35 b

	
−1.13 ± 0.02 de

	
4.87 ± 0.10 c




	
9

	
103.82 ± 0.20 a

	
−1.09 ± 0.04 d

	
5.35 ± 0.18 b




	
12

	
98.67 ± 0.12 d

	
−0.68 ± 0.02 c

	
3.83 ± 0.06 d




	
15

	
94.29 ± 0.58 f

	
−0.24 ± 0.04 a

	
2.61 ± 0.16 f




	
65–40

	
0

	
94.76 ± 1.68 c

	
−0.10 ± 0.07 a

	
4.30 ± 0.53 ab




	
3

	
95.66 ± 0.90 bc

	
−0.44 ± 0.03 b

	
3.53 ± 0.25 cd




	
6

	
93.72 ± 1.05 c

	
−0.63 ± 0.03 c

	
3.27 ± 0.24 d




	
9

	
98.66 ± 2.04 a

	
−0.66 ± 0.05 cd

	
4.40 ± 0.20 a




	
12

	
98.26 ± 0.27 a

	
−0.65 ± 0.04 cd

	
3.15 ± 0.15 d




	
15

	
97.18 ± 0.30 ab

	
−0.72 ± 0.02 d

	
3.85 ± 0.07 bc




	
Pasteurization

conditions

(°C—s)

	
Storage

time (d)

	
L*

	
a*

	
b*




	
70–15

	
0

	
99.61 ± 0.22 a

	
−0.80 ± 0.01 b

	
5.48 ± 0.05 a




	
3

	
95.55 ± 0.25 b

	
−0.84 ± 0.03 b

	
4.59 ± 0.09 b




	
6

	
92.76 ± 2.20 cd

	
−0.84 ± 0.05 b

	
3.48 ± 0.47 cd




	
9

	
94.46 ± 0.88 bc

	
−0.95 ± 0.06 c

	
5.12 ± 0.56 ab




	
12

	
91.37 ± 1.13 d

	
−0.51 ± 0.07 a

	
2.84 ± 0.53 d




	
15

	
96.34 ± 0.06 b

	
−0.43 ± 0.01 a

	
3.88 ± 0.03 c




	
70–30

	
0

	
91.41 ± 0.35 e

	
−0.38 ± 0.02 b

	
3.76 ± 0.09 b




	
3

	
95.81 ± 0.62 c

	
−1.05 ± 0.03 f

	
3.75 ± 0.13 b




	
6

	
93.71 ± 0.75 d

	
−0.65 ± 0.04 c

	
2.12 ± 0.29 c




	
9

	
96.64 ± 0.03 b

	
−0.70 ± 0.02 d

	
3.64 ± 0.07 b




	
12

	
99.12 ± 0.25 a

	
−0.96 ± 0.01 e

	
4.56 ± 0.07 a




	
15

	
86.82 ± 0.08 f

	
−0.27 ± 0.02 a

	
1.49 ± 0.07 d




	
75–15

	
0

	
98.82 ± 2.90 ab

	
−0.43 ± 0.09 b

	
5.29 ± 0.26 a




	
3

	
91.12 ± 0.06 cd

	
−0.77 ± 0.01 c

	
2.97 ± 0.02 d




	
6

	
100.43 ± 1.78 a

	
−0.75 ± 0.08 c

	
4.59 ± 0.19 b




	
9

	
88.64 ± 0.50 d

	
−0.53 ± 0.03 b

	
2.90 ± 0.30 d




	
12

	
92.64 ± 0.39 c

	
−0.14 ± 0.05 a

	
2.34 ± 0.55 e




	
15

	
96.17 ± 2.09 b

	
−0.44 ± 0.08 b

	
3.65 ± 0.17 c




	
75–30

	
0

	
98.67 ± 0.45 c

	
−0.31 ± 0.04 a

	
4.84 ± 0.10 b




	
3

	
102.87 ± 0.06 a

	
−1.13 ± 0.04 e

	
5.35 ± 0.12 a




	
6

	
96.53 ± 0.78 e

	
−0.78 ± 0.03 c

	
3.37 ± 0.21 e




	
9

	
97.59 ± 0.18 d

	
−0.81 ± 0.03 c

	
3.72 ± 0.14 d




	
12

	
101.67 ± 0.46 b

	
−1.00 ± 0.02 d

	
4.48 ± 0.19 c




	
15

	
91.80 ± 0.39 f

	
−0.42 ± 0.03 b

	
3.79 ± 0.12 d




	
80–15

	
0

	
92.36 ± 0.54 c

	
−0.65 ± 0.02 b

	
4.71 ± 0.09 ab




	
3

	
94.90 ± 0.26 b

	
−0.93 ± 0.02 d

	
4.42 ± 0.06 b




	
6

	
94.93 ± 0.19 b

	
−0.74 ± 0.04 c

	
4.61 ± 0.02 ab




	
9

	
96.99 ± 0.58 a

	
−0.66 ± 0.06 b

	
4.88 ± 0.43 a




	
12

	
94.40 ± 0.55 b

	
−0.95 ± 0.01 d

	
3.59 ± 0.13 c




	
15

	
89.35 ± 0.47 d

	
−0.35 ± 0.04 a

	
1.68 ± 0.19 d




	
80–30

	
0

	
92.53 ± 0.29 c

	
−0.29 ± 0.02 a

	
2.86 ± 0.06 bc




	
3

	
91.37 ± 0.27 de

	
−0.54 ± 0.01 bc

	
2.18 ± 0.10 d




	
6

	
97.05 ± 0.37 a

	
−0.79 ± 0.06 e

	
3.49 ± 0.21 a




	
9

	
92.24 ± 0.19 cd

	
−0.69 ± 0.03 d

	
3.26 ± 0.14 ab




	
12

	
90.48 ± 1.41 e

	
−0.46 ± 0.08 b

	
2.11 ± 0.52 d




	
15

	
95.77 ± 0.05 b

	
−0.57 ± 0.03 c

	
2.56 ± 0.04 cd




	
85–15

	
0

	
96.77 ± 0.41 b

	
−0.68 ± 0.09 c

	
5.47 ± 0.62 a




	
3

	
100.76 ± 0.51 a

	
−0.87 ± 0.01 d

	
5.08 ± 0.36 a




	
6

	
92.63 ± 1.22 d

	
−0.91 ± 0.04 d

	
3.77 ± 0.14 b




	
9

	
90.81 ± 0.55 e

	
−0.32 ± 0.02 a

	
3.35 ± 0.15 b




	
12

	
94.04 ± 0.56 c

	
−0.29 ± 0.01 a

	
2.67 ± 0.13 c




	
15

	
94.40 ± 0.06 c

	
−0.54 ± 0.01 b

	
2.67 ± 0.03 c




	
85–30

	
0

	
99.20 ± 0.17 bc

	
−0.30 ± 0.02 a

	
4.05 ± 0.08 b




	
3

	
98.28 ± 0.41 c

	
−1.05 ± 0.04 f

	
4.16 ± 0.15 b




	
6

	
89.09 ± 0.68 d

	
−0.56 ± 0.02 c

	
2.78 ± 0.14 c




	
9

	
99.70 ± 0.18 b

	
−0.70 ± 0.03 d

	
3.92 ± 0.29 b




	
12

	
102.41 ± 0.20 a

	
−0.91 ± 0.02 e

	
4.70 ± 0.05 a




	
15

	
101.97 ± 1.65 a

	
−0.49 ± 0.05 b

	
3.99 ± 0.14 b




	
90–15

	
0

	
102.35 ± 0.70 b

	
−0.83 ± 0.03 d

	
5.65 ± 0.24 a




	
3

	
99.34 ± 0.60 c

	
−0.68 ± 0.02 c

	
4.99 ± 0.04 b




	
6

	
95.28 ± 0.21 d

	
−0.56 ± 0.04 b

	
4.47 ± 0.09 c




	
9

	
93.48 ± 0.38 e

	
−0.48 ± 0.13 b

	
2.92 ± 0.04 d




	
12

	
103.60 ± 0.04 a

	
−0.89 ± 0.05 d

	
4.30 ± 0.01 c




	
15

	
88.41 ± 0.84 f

	
−0.04 ± 0.04 a

	
1.86 ± 0.42 e




	
90–30

	
0

	
95.20 ± 0.76 c

	
−0.18 ± 0.04 a

	
4.01 ± 0.54 a




	
3

	
98.03 ± 0.17 b

	
−0.73 ± 0.02 d

	
3.30 ± 0.02 b




	
6

	
95.08 ± 0.29 c

	
−0.77 ± 0.08 d

	
3.70 ± 0.44 ab




	
9

	
90.00 ± 0.62 e

	
−0.64 ± 0.03 c

	
2.43 ± 0.15 c




	
12

	
99.24 ± 0.20 a

	
−0.79 ± 0.03 d

	
3.84 ± 0.20 ab




	
15

	
92.42 ± 0.12 d

	
−0.55 ± 0.02 b

	
1.86 ± 0.07 d








L*, lightness; a*, greenness/redness; b*, blueness/yellowness; data represent mean values ± SDs. Different lowercase letters in a column of each stage indicate significant differences (p < 0.05).













 





Table A3. The color change in LFM after pasteurization during storage at 25 °C.






Table A3. The color change in LFM after pasteurization during storage at 25 °C.





	
Pasteurization Conditions

(°C—min)

	
Storage Time (d)

	
L*

	
a*

	
b*






	
60–20

	
0

	
93.86 ± 0.51 a

	
−0.44 ± 0.07 a

	
3.44 ± 0.37 b




	
2

	
82.47 ± 0.89 d

	
−0.73 ± 0.02 b

	
2.24 ± 0.16 cd




	
4

	
88.48 ± 1.00 b

	
−1.11 ± 0.10 c

	
2.51 ± 0.53 c




	
6

	
79.38 ± 0.35 e

	
−0.47 ± 0.05 a

	
1.83 ± 0.14 d




	
8

	
80.30 ± 1.64 de

	
−1.31 ± 0.06 d

	
4.41 ± 0.32 a




	
10

	
84.95 ± 2.29 c

	
−1.14 ± 0.05 c

	
3.59 ± 0.40 b




	
60–25

	
0

	
88.11 ± 0.46 bc

	
−0.10 ± 0.07 a

	
1.88 ± 0.10 d




	
2

	
95.28 ± 2.27 a

	
−0.44 ± 0.09 b

	
3.87 ± 0.60 b




	
4

	
89.11 ± 2.31 b

	
−0.17 ± 0.07 a

	
2.99 ± 0.49 c




	
6

	
87.83 ± 0.37 bc

	
−0.63 ± 0.02 c

	
4.84 ± 0.14 a




	
8

	
85.96 ± 0.22 cd

	
−0.62 ± 0.04 c

	
4.02 ± 0.13 b




	
10

	
84.18 ± 1.30 d

	
−0.80 ± 0.03 d

	
3.50 ± 0.27 bc




	
60–30

	
0

	
90.58 ± 0.16 a

	
−0.47 ± 0.01 a

	
3.56 ± 0.09 ab




	
2

	
82.51 ± 0.33 c

	
−0.50 ± 0.04 a

	
1.67 ± 0.02 d




	
4

	
84.43 ± 0.79 b

	
−0.90 ± 0.03 b

	
2.40 ± 0.10 c




	
6

	
80.90 ± 0.48 d

	
−1.13 ± 0.03 c

	
3.74 ± 0.13 a




	
8

	
82.64 ± 0.67 c

	
−0.96 ± 0.05 b

	
2.59 ± 0.14 c




	
10

	
74.82 ± 1.22 e

	
−1.13 ± 0.04 c

	
3.25 ± 0.51 b




	
60–35

	
0

	
95.48 ± 0.34 a

	
−0.26 ± 0.03 a

	
3.84 ± 0.10 bc




	
2

	
94.62 ± 0.28 ab

	
−0.27 ± 0.07 a

	
4.04 ± 0.28 b




	
4

	
92.24 ± 0.19 c

	
−0.30 ± 0.01 a

	
3.99 ± 0.04 b




	
6

	
89.18 ± 0.39 d

	
−0.41 ± 0.03 b

	
3.55 ± 0.17 c




	
8

	
94.31 ± 0.36 b

	
−0.43 ± 0.03 b

	
3.78 ± 0.08 bc




	
10

	
95.10 ± 0.84 ab

	
−1.01 ± 0.07 c

	
6.13 ± 0.27 a




	
60–40

	
0

	
101.73 ± 0.61 a

	
−0.69 ± 0.06 c

	
5.11 ± 0.10 a




	
2

	
78.01 ± 0.32 cd

	
−0.16 ± 0.02 a

	
2.01 ± 0.06 d




	
4

	
80.66 ± 1.45 bc

	
−0.70 ± 0.03 c

	
2.19 ± 0.26 cd




	
6

	
83.43 ± 1.65 b

	
−0.69 ± 0.06 c

	
2.58 ± 0.36 c




	
8

	
77.02 ± 2.86 d

	
−0.52 ± 0.12 b

	
1.44 ± 0.52 e




	
10

	
83.32 ± 1.34 b

	
−1.09 ± 0.04 d

	
3.18 ± 0.26 b




	
65–20

	
0

	
94.38 ± 0.74 b

	
−0.52 ± 0.03 a

	
3.55 ± 0.20 c




	
2

	
99.11 ± 1.06 a

	
−0.74 ± 0.03 c

	
5.12 ± 0.28 a




	
4

	
87.25 ± 0.24 c

	
−0.53 ± 0.06 a

	
3.90 ± 0.12 b




	
6

	
93.89 ± 1.35 b

	
−0.64 ± 0.03 b

	
5.21 ± 0.36 a




	
8

	
82.70 ± 0.16 d

	
−0.52 ± 0.04 a

	
3.16 ± 0.13 c




	
10

	
83.32 ± 1.15 d

	
−0.51 ± 0.05 a

	
3.13 ± 0.22 c




	
65–25

	
0

	
95.41 ± 0.91 a

	
−0.03 ± 0.05 a

	
3.77 ± 0.23 c




	
2

	
92.68 ± 0.19 b

	
−0.40 ± 0.01 c

	
4.06 ± 0.06 b




	
4

	
90.43 ± 0.09 c

	
−0.44 ± 0.01 cd

	
3.34 ± 0.02 d




	
6

	
91.03 ± 0.29 c

	
−0.46 ± 0.02 d

	
4.05 ± 0.02 b




	
8

	
80.57 ± 0.35 e

	
−0.24 ± 0.02 b

	
1.27 ± 0.07 e




	
10

	
89.49 ± 0.23 d

	
−0.58 ± 0.01 e

	
4.95 ± 0.15 a




	
65–30

	
0

	
92.72 ± 0.47 a

	
−0.25 ± 0.02 b

	
2.57 ± 0.11 d




	
2

	
85.40 ± 0.64 c

	
−0.08 ± 0.05 a

	
3.33 ± 0.26 c




	
4

	
92.81 ± 0.87 a

	
−0.80 ± 0.02 d

	
5.68 ± 0.20 a




	
6

	
85.80 ± 0.4 c

	
−0.47 ± 0.02 c

	
3.22 ± 0.05 c




	
8

	
87.78 ± 0.36 b

	
−0.90 ± 0.03 e

	
4.39 ± 0.07 b




	
10

	
72.09 ± 0.63 d

	
−0.82 ± 0.02 d

	
2.77 ± 0.17 d




	
65–35

	
0

	
95.95 ± 0.19 c

	
−0.35 ± 0.01 a

	
3.57 ± 0.07 c




	
2

	
99.12 ± 0.36 a

	
−0.61 ± 0.02 b

	
4.34 ± 0.16 b




	
4

	
98.04 ± 0.18 b

	
−0.56 ± 0.01 b

	
3.43 ± 0.04 c




	
6

	
95.88 ± 0.50 c

	
−0.88 ± 0.01 c

	
4.77 ± 0.28 b




	
8

	
82.17 ± 0.07 e

	
−0.54 ± 0.04 b

	
2.87 ± 0.23 d




	
10

	
84.78 ± 1.24 d

	
−1.60 ± 0.09 d

	
5.33 ± 0.54 a




	
65–40

	
0

	
94.76 ± 1.68 a

	
−0.10 ± 0.07 a

	
4.30 ± 0.53 b




	
2

	
85.84 ± 0.32 b

	
−0.55 ± 0.03 b

	
3.85 ± 0.04 bc




	
4

	
84.19 ± 0.26 b

	
−0.71 ± 0.01 c

	
2.98 ± 0.06 d




	
6

	
80.10 ± 3.13 c

	
−0.73 ± 0.04 c

	
3.42 ± 0.30 cd




	
8

	
83.93 ± 0.93 b

	
−0.91 ± 0.11 d

	
4.92 ± 0.27 a




	
10

	
85.54 ± 1.27 b

	
−1.06 ± 0.06 e

	
4.25 ± 0.25 b




	
Pasteurization

conditions

(°C—s)

	
Storage

time (d)

	
L*

	
a*

	
b*




	
70–15

	
0

	
99.61 ± 0.22 a

	
−0.80 ± 0.01 a

	
5.48 ± 0.05 a




	
2

	
91.17 ± 1.13 b

	
−1.05 ± 0.05 b

	
4.67 ± 0.29 bc




	
4

	
87.78 ± 0.97 c

	
−0.67 ± 0.06 a

	
4.20 ± 0.27 cd




	
6

	
82.26 ± 2.94 d

	
−1.21 ± 0.11 c

	
4.87 ± 0.57 b




	
8

	
84.76 ± 0.74 d

	
−0.98 ± 0.06 b

	
4.43 ± 0.07 bcd




	
10

	
76.65 ± 1.99 e

	
−0.80 ± 0.13 a

	
4.00 ± 0.20 d




	
70–30

	
0

	
91.41 ± 0.35 b

	
−0.38 ± 0.02 b

	
3.76 ± 0.09 b




	
2

	
97.15 ± 0.24 a

	
−0.30 ± 0.01 a

	
5.28 ± 0.19 a




	
4

	
83.82 ± 0.53 e

	
−0.31 ± 0.03 a

	
2.83 ± 0.15 b




	
6

	
86.65 ± 0.17 d

	
−0.79 ± 0.03 c

	
3.42 ± 0.15 b




	
8

	
89.77 ± 0.77 c

	
−1.24 ± 0.03 e

	
5.53 ± 0.19 a




	
10

	
81.55 ± 1.28 f

	
−0.92 ± 0.06 d

	
4.78 ± 1.36 a




	
75–15

	
0

	
98.82 ± 2.90 a

	
−0.43 ± 0.09 b

	
5.29 ± 0.26 b




	
2

	
94.06 ± 1.45 b

	
−0.54 ± 0.04 c

	
5.78 ± 0.26 a




	
4

	
94.08 ± 0.27 b

	
−0.48 ± 0.03 bc

	
3.88 ± 0.06 c




	
6

	
89.83 ± 0.64 c

	
−0.05 ± 0.02 a

	
3.52 ± 0.27 cd




	
8

	
91.60 ± 1.23 bc

	
−0.54 ± 0.06 c

	
3.23 ± 0.31 d




	
10

	
78.44 ± 0.25 d

	
−0.57 ± 0.01 c

	
1.53 ± 0.07 e




	
75–30

	
0

	
98.67 ± 0.45 a

	
−0.31 ± 0.04 a

	
4.84 ± 0.10 a




	
2

	
96.31 ± 0.07 b

	
−0.43 ± 0.02 c

	
3.70 ± 0.01 b




	
4

	
94.52 ± 0.15 c

	
−0.62 ± 0.01 d

	
4.93 ± 0.08 a




	
6

	
92.10 ± 0.54 d

	
−0.35 ± 0.03 b

	
2.62 ± 0.16 d




	
8

	
89.39 ± 0.06 e

	
−0.72 ± 0.03 e

	
3.75 ± 0.04 b




	
10

	
88.40 ± 0.28 f

	
−0.83 ± 0.02 f

	
3.32 ± 0.12 c




	
80–15

	
0

	
92.36 ± 0.54 a

	
−0.65 ± 0.02 c

	
4.71 ± 0.09 a




	
2

	
89.12 ± 0.61 b

	
−0.43 ± 0.02 a

	
3.70 ± 0.01 b




	
4

	
87.00 ± 2.54 b

	
−0.81 ± 0.07 d

	
3.43 ± 0.50 b




	
6

	
79.62 ± 0.87 c

	
−0.48 ± 0.02 ab

	
2.72 ± 0.27 c




	
8

	
80.47 ± 0.62 c

	
−0.54 ± 0.05 b

	
2.36 ± 0.13 c




	
10

	
82.47 ± 2.46 c

	
−0.81 ± 0.08 d

	
3.67 ± 0.58 b




	
80–30

	
0

	
92.53 ± 0.29 a

	
−0.29 ± 0.02 b

	
2.86 ± 0.06 b




	
2

	
79.19 ± 0.98 cd

	
−0.48 ± 0.02 d

	
2.31 ± 0.22 bc




	
4

	
82.33 ± 0.28 b

	
−0.38 ± 0.01 c

	
2.65 ± 0.06 bc




	
6

	
75.25 ± 1.72 e

	
−0.15 ± 0.03 a

	
1.43 ± 0.34 d




	
8

	
78.46 ± 0.23 d

	
−0.73 ± 0.03 f

	
2.21 ± 0.45 c




	
10

	
80.31 ± 0.90 c

	
−0.69 ± 0.02 e

	
3.70 ± 0.46 a




	
85–15

	
0

	
96.77 ± 0.41 a

	
−0.68 ± 0.09 c

	
5.47 ± 0.62 a




	
2

	
85.05 ± 0.27 c

	
−0.52 ± 0.02 b

	
3.35 ± 0.06 c




	
4

	
95.92 ± 1.53 a

	
−0.92 ± 0.02 e

	
4.91 ± 0.41 ab




	
6

	
83.07 ± 0.27 d

	
−0.38 ± 0.02 a

	
2.91 ± 0.10 c




	
8

	
84.81 ± 0.26 c

	
−0.82 ± 0.02 d

	
4.77 ± 0.10 b




	
10

	
86.93 ± 0.45 b

	
−0.91 ± 0.02 e

	
5.07 ± 0.09 ab




	
85–30

	
0

	
99.20 ± 0.17 a

	
−0.30 ± 0.02 ab

	
4.05 ± 0.08 b




	
2

	
90.75 ± 0.36 b

	
−0.48 ± 0.01 c

	
3.92 ± 0.15 bc




	
4

	
84.98 ± 0.71 d

	
−0.38 ± 0.04 b

	
3.58 ± 0.17 c




	
6

	
73.54 ± 0.73 e

	
−0.23 ± 0.02 a

	
1.96 ± 0.13 d




	
8

	
88.03 ± 0.56 c

	
−0.96 ± 0.06 e

	
5.17 ± 0.31 a




	
10

	
87.34 ± 2.20 c

	
−0.79 ± 0.11 d

	
4.34 ± 0.44 b




	
90–15

	
0

	
102.35 ± 0.70 a

	
−0.83 ± 0.03 c

	
5.65 ± 0.24 a




	
2

	
87.90 ± 0.39 b

	
−0.65 ± 0.03 b

	
4.61 ± 0.06 b




	
4

	
84.24 ± 1.13 c

	
−0.55 ± 0.02 a

	
2.92 ± 0.30 c




	
6

	
82.61 ± 1.13 d

	
−0.86 ± 0.07 c

	
4.24 ± 0.47 b




	
8

	
81.26 ± 0.12 de

	
−1.26 ± 0.07 d

	
4.64 ± 0.03 b




	
10

	
80.59 ± 0.71 e

	
−0.88 ± 0.02 c

	
4.67 ± 0.07 b




	
90–30

	
0

	
95.20 ± 0.76 a

	
−0.18 ± 0.04 a

	
4.01 ± 0.54 b




	
2

	
87.28 ± 0.71 b

	
−0.66 ± 0.02 d

	
4.17 ± 0.20 b




	
4

	
80.00 ± 0.84 d

	
−0.55 ± 0.01 c

	
3.42 ± 0.16 c




	
6

	
82.89 ± 2.05 c

	
−0.64 ± 0.06 d

	
4.92 ± 0.08 a




	
8

	
78.61 ± 1.88 d

	
−1.04 ± 0.02 e

	
3.79 ± 0.37 bc




	
10

	
79.28 ± 0.95 d

	
−0.44 ± 0.02 b

	
2.52 ± 0.16 d








L*, lightness; a*, greenness/redness; b*, blueness/yellowness; data represent mean values ± SDs. Different lowercase letters in a column of each stage indicate significant differences (p < 0.05).













 





Table A4. The color change in LFM after pasteurization during storage at 37 °C.






Table A4. The color change in LFM after pasteurization during storage at 37 °C.





	
Pasteurization Conditions

(°C—min)

	
Storage Time (d)

	
L*

	
a*

	
b*






	
60–20

	
0

	
93.86 ± 0.51 a

	
−0.44 ± 0.07 b

	
3.44 ± 0.37 c




	
1

	
68.81 ± 1.07 bc

	
−1.91 ± 0.02 c

	
1.65 ± 0.08 e




	
2

	
67.03 ± 1.46 cd

	
0.36 ± 0.50 a

	
4.87 ± 0.11 a




	
3

	
68.23 ± 1.05 bc

	
−1.88 ± 0.10 c

	
2.38 ± 0.25 d




	
4

	
69.87 ± 1.77 b

	
−2.35 ± 0.35 cd

	
4.17 ± 0.32 b




	
5

	
65.62 ± 1.39 d

	
−2.46 ± 0.24 d

	
5.20 ± 0.46 a




	
60–25

	
0

	
88.11 ± 0.46 a

	
−0.10 ± 0.07 a

	
1.88 ± 0.10 d




	
1

	
72.26 ± 0.49 c

	
−2.35 ± 0.17 c

	
2.92 ± 0.17 c




	
2

	
63.75 ± 1.02 e

	
−0.09 ± 0.09 a

	
5.02 ± 0.23 a




	
3

	
73.29 ± 1.59 bc

	
−2.65 ± 0.06 d

	
4.24 ± 0.37 b




	
4

	
74.12 ± 0.41 b

	
−2.55 ± 0.05 d

	
3.27 ± 0.12 c




	
5

	
66.04 ± 0.66 d

	
−1.65 ± 0.06 b

	
1.20 ± 0.24 e




	
60–30

	
0

	
90.58 ± 0.16 a

	
−0.47 ± 0.01 a

	
3.56 ± 0.09 b




	
1

	
64.01 ± 0.34 d

	
−1.73 ± 0.23 b

	
0.54 ± 0.09 e




	
2

	
67.38 ± 0.71 c

	
−0.32 ± 0.10 a

	
4.93 ± 0.14 a




	
3

	
70.01 ± 1.48 b

	
−2.18 ± 0.11 c

	
2.08 ± 0.30 c




	
4

	
70.54 ± 2.04 b

	
−2.01 ± 0.17 c

	
1.67 ± 0.08 d




	
5

	
61.30 ± 0.90 e

	
−2.10 ± 0.04 c

	
2.34 ± 0.24 c




	
60–35

	
0

	
95.48 ± 0.34 a

	
−0.26 ± 0.03 b

	
3.84 ± 0.10 b




	
1

	
72.30 ± 0.50 b

	
−2.20 ± 0.13 d

	
2.46 ± 0.08 c




	
2

	
65.43 ± 0.45 d

	
0.15 ± 0.15 a

	
4.37 ± 0.21 a




	
3

	
72.66 ± 0.59 b

	
−2.28 ± 0.10 d

	
2.07 ± 0.09 d




	
4

	
67.40 ± 1.08 c

	
−2.02 ± 0.27 cd

	
2.25 ± 0.34 cd




	
5

	
68.18 ± 0.97 c

	
−1.81 ± 0.19 c

	
2.54 ± 0.04 c




	
60–40

	
0

	
101.73 ± 0.61 a

	
−0.69 ± 0.06 b

	
5.11 ± 0.10 b




	
1

	
67.70 ± 0.61 bc

	
−1.64 ± 0.08 c

	
1.55 ± 0.08 c




	
2

	
66.00 ± 1.41 c

	
−0.06 ± 0.03 a

	
5.82 ± 0.71 a




	
3

	
66.96 ± 1.56 bc

	
−2.00 ± 0.10 d

	
1.71 ± 0.19 c




	
4

	
68.53 ± 0.56 b

	
−2.08 ± 0.10 d

	
1.60 ± 0.04 c




	
5

	
63.54 ± 0.40 d

	
−1.65 ± 0.03 c

	
1.13 ± 0.09 c




	
65–20

	
0

	
94.38 ± 0.74 a

	
−0.52 ± 0.03 b

	
3.55 ± 0.20 b




	
1

	
64.25 ± 1.51 d

	
−2.39 ± 0.46 de

	
1.62 ± 0.07 e




	
2

	
67.10 ± 0.79 c

	
0.65 ± 0.25 a

	
5.24 ± 0.22 a




	
3

	
74.37 ± 1.04 b

	
−2.59 ± 0.27 e

	
2.42 ± 0.17 c




	
4

	
65.18 ± 0.90 d

	
−2.01 ± 0.13 cd

	
1.67 ± 0.09 e




	
5

	
68.51 ± 0.78 c

	
−1.91 ± 0.04 c

	
2.02 ± 0.07 d




	
65–25

	
0

	
95.41 ± 0.91 a

	
−0.03 ± 0.05 a

	
3.77 ± 0.23 a




	
1

	
67.39 ± 3.95 bc

	
−2.19 ± 0.17 c

	
2.48 ± 0.27 b




	
2

	
64.94 ± 0.89 bc

	
−0.21 ± 0.03 a

	
3.78 ± 0.28 a




	
3

	
68.29 ± 1.14 b

	
−2.60 ± 0.36 d

	
2.20 ± 0.23 b




	
4

	
64.25 ± 1.22 c

	
−1.75 ± 0.10 b

	
1.25 ± 0.15 c




	
5

	
66.67 ± 0.69 bc

	
−1.96 ± 0.05 bc

	
2.18 ± 0.18 b




	
65–30

	
0

	
92.72 ± 0.47 a

	
−0.25 ± 0.02 a

	
2.57 ± 0.11 b




	
1

	
66.67 ± 2.50 c

	
−2.04 ± 0.11 d

	
1.28 ± 0.13 e




	
2

	
64.79 ± 0.76 c

	
−0.07 ± 0.03 a

	
3.59 ± 0.04 a




	
3

	
71.51 ± 0.51 b

	
−2.32 ± 0.26 e

	
2.75 ± 0.16 b




	
4

	
64.88 ± 1.78 c

	
−1.80 ± 0.14 c

	
1.53 ± 0.08 d




	
5

	
64.70 ± 0.62 c

	
−0.90 ± 0.03 b

	
2.34 ± 0.11 c




	
65–35

	
0

	
95.95 ± 0.19 a

	
−0.35 ± 0.01 a

	
3.57 ± 0.07 b




	
1

	
64.40 ± 1.61 d

	
−2.24 ± 025 b

	
1.27 ± 0.06 f




	
2

	
59.47 ± 1.47 e

	
−0.24 ± 0.09 a

	
5.11 ± 0.45 a




	
3

	
70.82 ± 1.25 b

	
−2.24 ± 0.07 b

	
1.87 ± 0.12 e




	
4

	
67.27 ± 1.56 c

	
−2.31 ± 0.22 b

	
2.72 ± 0.27 c




	
5

	
66.54 ± 1.16 cd

	
−2.17 ± 0.20 b

	
2.30 ± 0.04 d




	
65–40

	
0

	
94.76 ± 1.68 a

	
−0.10 ± 0.07 b

	
4.30 ± 0.53 b




	
1

	
66.85 ± 2.24 bc

	
−1.72 ± 0.05 d

	
1.12 ± 0.03 d




	
2

	
64.36 ± 1.03 c

	
0.87 ± 0.08 a

	
4.89 ± 0.26 a




	
3

	
64.71 ± 1.17 c

	
−1.85 ± 0.10 e

	
0.96 ± 0.28 d




	
4

	
64.37 ± 1.01 c

	
−1.55 ± 0.08 c

	
1.67 ± 0.04 c




	
5

	
68.39 ± 0.78 b

	
−1.91 ± 0.04 e

	
1.90 ± 0.03 c




	
Pasteurization

conditions

(°C—s)

	
Storage

time (d)

	
L*

	
a*

	
b*




	
70–15

	
0

	
99.61 ± 0.22 a

	
−0.80 ± 0.01 b

	
5.48 ± 0.05 a




	
1

	
71.01 ± 1.27 b

	
−2.16 ± 0.07 d

	
1.83 ± 0.12 d




	
2

	
65.66 ± 0.59 d

	
0.19 ± 0.35 a

	
2.68 ± 0.09 c




	
3

	
72.49 ± 1.47 b

	
−2.47 ± 0.07 d

	
2.65 ± 0.05 c




	
4

	
63.32 ± 1.36 e

	
−1.73 ± 0.09 c

	
1.24 ± 0.11 e




	
5

	
68.91 ± 1.23 c

	
−2.39 ± 0.46 d

	
3.15 ± 0.08 b




	
70–30

	
0

	
91.41 ± 0.35 a

	
−0.38 ± 0.02 b

	
3.76 ± 0.09 a




	
1

	
72.35 ± 1.10 b

	
−2.24 ± 0.07 de

	
2.39 ± 0.03 b




	
2

	
67.56 ± 0.76 d

	
0.87 ± 0.08 a

	
3.53 ± 0.26 a




	
3

	
69.65 ± 1.27 c

	
−1.97 ± 0.15 c

	
1.27 ± 0.22 d




	
4

	
69.36 ± 0.29 c

	
−2.37 ± 0.21 e

	
1.91 ± 0.13 c




	
5

	
65.22 ± 1.15 e

	
−2.06 ± 0.07 cd

	
1.91 ± 0.04 c




	
75–15

	
0

	
98.82 ± 2.90 a

	
−0.43 ± 0.09 a

	
5.29 ± 0.26 a




	
1

	
69.77 ± 0.66 b

	
−2.32 ± 0.28 c

	
2.18 ± 0.09 c




	
2

	
60.68 ± 1.52 d

	
−0.24 ± 0.07 a

	
2.12 ± 0.10 c




	
3

	
68.62 ± 0.83 b

	
−2.15 ± 0.08 c

	
1.99 ± 0.07 c




	
4

	
69.52 ± 0.96 b

	
−2.28 ± 0.08 c

	
2.98 ± 0.11 b




	
5

	
64.51 ± 0.42 c

	
−1.60 ± 0.01 b

	
1.35 ± 0.07 d




	
75–30

	
0

	
98.67 ± 0.45 a

	
−0.31 ± 0.04 b

	
4.84 ± 0.10 b




	
1

	
69.57 ± 0.32 b

	
−2.26 ± 0.05 e

	
2.65 ± 0.08 c




	
2

	
60.60 ± 2.10 d

	
−0.06 ± 0.02 a

	
5.82 ± 0.28 a




	
3

	
63.63 ± 0.75 c

	
−1.88 ± 0.10 d

	
0.73 ± 0.14 f




	
4

	
68.17 ± 1.17 b

	
−2.15 ± 0.07 e

	
2.33 ± 0.16 d




	
5

	
65.32 ± 1.01 c

	
−1.60 ± 0.07 c

	
1.82 ± 0.03 e




	
80–15

	
0

	
92.36 ± 0.54 a

	
−0.65 ± 0.02 b

	
4.71 ± 0.09 b




	
1

	
72.42 ± 0.79 b

	
−2.10 ± 0.06 cd

	
1.53 ± 0.05 d




	
2

	
61.03 ± 1.95 d

	
−0.06 ± 0.02 a

	
5.82 ± 0.28 a




	
3

	
74.01 ± 1.76 b

	
−2.28 ± 0.27 d

	
2.29 ± 0.10 c




	
4

	
69.45 ± 1.27 c

	
−2.17 ± 0.16 d

	
2.46 ± 0.11 c




	
5

	
61.08 ± 0.17 d

	
−1.90 ± 0.03 c

	
2.40 ± 0.03 c




	
80–30

	
0

	
92.53 ± 0.29 a

	
−0.29 ± 0.02 a

	
2.86 ± 0.06 b




	
1

	
71.77 ± 0.52 b

	
−2.36 ± 0.14 d

	
2.15 ± 0.08 c




	
2

	
61.33 ± 1.00 d

	
−0.38 ± 0.47 a

	
4.83 ± 0.64 a




	
3

	
64.69 ± 0.64 c

	
−1.83 ± 0.12 bc

	
1.16 ± 0.09 d




	
4

	
65.97 ± 0.88 c

	
−2.14 ± 0.14 cd

	
1.69 ± 0.10 c




	
5

	
65.71 ± 1.25 c

	
−1.69 ± 0.19 b

	
1.74 ± 0.08 c




	
85–15

	
0

	
96.77 ± 0.41 a

	
−0.68 ± 0.09 b

	
5.47 ± 0.62 a




	
1

	
68.35 ± 0.93 b

	
−2.34 ± 0.13 d

	
1.46 ± 0.10 d




	
2

	
66.05 ± 0.76 c

	
0.49 ± 0.07 a

	
3.54 ± 0.47 b




	
3

	
66.43 ± 0.84 c

	
−2.15 ± 0.28 d

	
1.49 ± 0.04 d




	
4

	
67.94 ± 0.58 b

	
−2.32 ± 0.27 d

	
2.24 ± 0.07 c




	
5

	
62.47 ± 0.52 d

	
−1.90 ± 0.03 c

	
2.43 ± 0.07 c




	
85–30

	
0

	
99.20 ± 0.17 a

	
−0.30 ± 0.02 a

	
4.05 ± 0.08 b




	
1

	
74.19 ± 1.08 b

	
−2.58 ± 0.08 d

	
4.07 ± 0.39 b




	
2

	
62.84 ± 2.42 e

	
−0.47 ± 0.12 a

	
4.95 ± 0.62 a




	
3

	
68.79 ± 0.96 c

	
−2.06 ± 0.28 bc

	
1.90 ± 0.05 c




	
4

	
66.24 ± 1.07 d

	
−2.18 ± 0.05 c

	
2.04 ± 0.14 c




	
5

	
65.07 ± 0.13 d

	
−1.90 ± 0.03 b

	
2.43 ± 0.07 c




	
90–15

	
0

	
102.35 ± 0.70 a

	
−0.83 ± 0.03 b

	
5.65 ± 0.24 a




	
1

	
62.68 ± 2.08 c

	
−1.84 ± 0.08 c

	
1.02 ± 0.20 e




	
2

	
58.84 ± 1.49 d

	
−0.29 ± 0.02 a

	
3.33 ± 0.15 b




	
3

	
66.80 ± 1.64 b

	
−2.34 ± 0.29 d

	
2.20 ± 0.15 c




	
4

	
61.17 ± 2.26 cd

	
−1.86 ± 0.06 c

	
1.48 ± 0.07 d




	
5

	
68.01 ± 1.59 b

	
−1.72 ± 0.02 c

	
1.62 ± 0.03 d




	
90–30

	
0

	
95.20 ± 0.76 a

	
−0.18 ± 0.04 b

	
4.01 ± 0.54 b




	
1

	
75.78 ± 0.37 b

	
−2.61 ± 0.04 f

	
3.42 ± 0.48 b




	
2

	
68.96 ± 0.44 c

	
−0.32 ± 0.04 c

	
5.99 ± 0.82 a




	
3

	
69.54 ± 0.71 c

	
−2.32 ± 0.08 e

	
2.21 ± 0.22 c




	
4

	
59.10 ± 2.46 d

	
−1.82 ± 0.09 d

	
1.02 ± 0.09 d




	
5

	
59.99 ± 3.97 d

	
1.66 ± 0.12 a

	
2.05 ± 0.11 c








L*, lightness; a*, greenness/redness; b*, blueness/yellowness; data represent mean values ± SDs. Different lowercase letters in a column of each stage indicate significant differences (p < 0.05).
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Figure 1. Effect of different factors on the rate of lactose hydrolysis. (a) Effect of hydrolysis temperature on the hydrolysis rate of lactose. (b) Effect of lactase addition on the rate of lactose hydrolysis. (c) Effect of hydrolysis time on the rate of lactose hydrolysis. Note: different lowercase letters indicate significant differences (p < 0.05). 
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Figure 2. Changes in furosine content of LFM after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. Different lowercase letters indicate significant differences (p < 0.05). 
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Figure 3. Changes in furosine content in LFM during storage at 4 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 4. Changes in furosine content in LFM during storage at 25 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 






Figure 4. Changes in furosine content in LFM during storage at 25 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization.



[image: Molecules 28 07105 g004]







[image: Molecules 28 07105 g005] 





Figure 5. Changes in furosine content in LFM during storage at 37 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 6. Changes in HMF content after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. Different lowercase letters indicate significant differences (p < 0.05). 
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Figure 7. Changes in HMF content in LFM during storage at 4 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 8. Changes in HMF content in LFM during storage at 25 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 9. Changes in HMF content in LFM during storage at 37 °C after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 10. Trends in endogenous fluorescence spectra of LFM after pasteurization. (a) Low temperature, long time pasteurization. (b) High temperature, short time pasteurization. 
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Figure 11. Trends of EFS of LFM during storage at 4 °C after pasteurization. (a) 60 °C–20 min. (b) 60 °C–35 min. (c) 65 °C–40 min. (d) 70 °C–15 s. (e) 80 °C–30 s. (f) 90 °C–30 s. 
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Figure 12. Trends of EFS of LFM during storage at 25 °C after pasteurization. (a) 60 °C–20 min. (b) 60 °C–35 min. (c) 65 °C–40 min. (d) 70 °C–15 s. (e) 80 °C–30 s. (f) 90 °C–30 s. 
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Figure 13. Trends of EFS of LFM during storage at 37 °C after pasteurization. (a) 60 °C–20 min. (b) 60 °C–35 min. (c) 65 °C–40 min. (d) 70 °C–15 s. (e) 80 °C–30 s. (f) 90 °C–30 s. 
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Table 1. Results of orthogonal tests for the preparation of LFM by lactase hydrolysis.
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Number

	
A: Hydrolysis

Temperature (°C)

	
B: Lactase

Addition (%)

	
C: Hydrolysis Time (h)

	
Lactose Hydrolysis Rate (%)






	
1

	
1

	
1

	
1

	
59.96




	
2

	
2

	
1

	
2

	
80.14




	
3

	
3

	
1

	
3

	
79.78




	
4

	
1

	
2

	
2

	
79.74




	
5

	
2

	
2

	
3

	
91.28




	
6

	
3

	
2

	
1

	
91.25




	
7

	
1

	
3

	
3

	
92.38




	
8

	
2

	
3

	
1

	
92.58




	
9

	
3

	
3

	
2

	
92.64




	
K1

	
219.88

	
232.08

	
243.79

	




	
K2

	
262.27

	
264

	
252.52

	
∑759.76




	
K3

	
277.6

	
263.67

	
263.44




	
k1

	
73.29

	
77.36

	
81.26




	
k2

	
87.42

	
88

	
84.17




	
k3

	
92.53

	
87.89

	
87.81




	
R

	
19.24

	
10.64

	
6.55











 





Table 2. Table of orthogonal factor levels.






Table 2. Table of orthogonal factor levels.





	
Level

	

	
Considerations

	




	
A: Hydrolysis

Temperature (°C)

	
B: Lactase Addition

(%)

	
C: Hydrolysis Time (h)






	
1

	
36

	
0.02

	
1.5




	
2

	
37

	
0.025

	
2




	
3

	
38

	
0.03

	
2.5











 





Table 3. Furosine gradient elution table.






Table 3. Furosine gradient elution table.





	Number
	Time (min)
	Mobile Phase A (%)
	Mobile Phase B (%)
	Flow Rates (mL/min)





	1
	0
	100
	0
	1



	2
	16
	86.8
	13.2
	1



	3
	16.5
	0
	100
	1



	4
	25
	100
	0
	1



	5
	30
	100
	0
	1
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