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Abstract

:

This paper compared the effects of air and nitrogen on the freezing characteristics, color, and cell structures of chestnut kernels at different rates of heat transfer and adopted liquid nitrogen spray quick-freezing (NF−40 °C/−60 °C/−80 °C/−100 °C) and still air freezing (AF−20 °C/−40 °C) as the freezing methods. The ratio of heat transfer coefficients in N2 groups was two times as high as those in air groups, and NF−100 °C and NF−80 °C showed better freezing characteristics, good protection for cytoskeletons, and the color was similar to those of the fresh group. Taking both Multivariate Analysis of Variance (Principal Components Analysis and Cluster Analysis) and economic factors, NF−80 °C can be used as a suitable method for chestnut kernel freezing. When the ambient freezing temperature was lower than Tg, both NF and AF treatment groups presented poor quality. The rate and medium of heat transfer jointly influenced the freezing characteristics and quality. The former had a greater effect than the latter, however.
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1. Introduction


Chestnut (Castanea mollissima Blume), belonging to the dicotyledon of Castanea of Fagaceae, is a kind of nut with rich nutrition, high medicinal value, and unique taste. It is praised as the “King of Nuts”, winning the love of consumers at home and abroad [1]. With a vast market, large quantity, and high yield, diseases, pests, water loss, and germination of the chestnuts easily occur in the storage and transportation of chestnuts. The current freshness-keeping technology of chestnuts mainly includes coating, heat, irradiation treatment, preservatives, etc. However, the storage period is still short, severely affecting the added value and reducing the economic benefits of the industry. How to prolong the storage period of chestnuts remains a major issue in the sustainable development of this industry.



Freezing is an effective method of food preservation and storage. The freezing method significantly impacts food freezing characteristics and further affects food microstructures. This impact can be reflected in the color, taste, and nutritional components [2,3]. The conventional freezing method has drawbacks, such as a low freezing rate and heat transfer coefficient, which lowers the quality of frozen products [4]. The heat transfer medium and ambient freezing temperature can be changed to enhance the heat transfer rate. Liquid nitrogen spray quick-freezing (NF), with N2 as the heat transfer medium, has advantages, such as a high freezing rate, more latent heat of vaporization [5], shorter time of passing through the maximum ice crystal generation zone, and uniform distribution of small ice crystals. This can maximize the retention of the original food taste of the frozen products [6,7]. According to research on blueberry freezing performed by Cheng et al. [8], NF is significantly better than the conventional freezing method in terms of freezing speed and nutrition characteristics. Additionally, NF is also the best freezing method to achieve the glass transition temperature (Tg) of food [9], which plays an important role in keeping the original food quality [10]. In recent years, NF has been more widely adopted in the industrial food field. With its advanced equipment and lower cost, NF technology has begun to be widely used in fruits and vegetables [11,12,13], in addition to aquatic products with high economic benefits. There remains no related report on the application of NF in freezing fresh chestnut kernels. By adopting NF and conventional still air freezing at different ambient temperatures, this research compared the impact of the two heat transfer media (i.e., N2 and air) and the heat rate transfer on the freezing characteristics, color, and cellular structures of the chestnut kernels. It aimed to describe how the freezing characteristics affect the microstructure and further influence the appearance, quality, and components. The research results will enrich freezing theory and provide a technical reference for chestnut freezing and even the whole fruit and vegetable freezing business.




2. Materials and Methods


2.1. Sample Preparation


Chestnut kernels (Luotian “June Exposure” variety) were purchased from Luotian, Hubei Province, and transported in a cold chain to the laboratory. Chestnut kernels were selected with uniform size and shape, similar color, vacuum-packed in sealed bags (13 cm × 18 cm) with 6 kernels per bag, and then pre-cooled at 4 °C for 12 h in cold storage for later use.



Samples frozen by liquid nitrogen spraying freezing (NF) in a liquid nitrogen freezer (QF60-, Dejieli Refrigeration Technology Ltd., Shenzhen, China) or still air rapid freezing (AF) in a super air cooling machine blast freezer (HR05-SD2, Foshan Huaer Refrigeration Equipment Co., Ltd., Foshan, China) were denoted as NF−40 °C, NF−60 °C, NF−80 °C, NF−100 °C, AF−20 °C, and AF−40 °C groups, respectively.



In order to illustrate the quality change caused by freezing, the frozen chestnut kernels were thawed at 4 °C for physical and chemical index analysis.




2.2. Regents


1,1-diphenyl-2-trinitrophenylhydrazine (DPPH), water-soluble vitamin C, water-soluble vitamin E (Trolox), phenol, methanol, anhydrous ethanol, folin phenol, concentrated hydrochloric acid, concentrated sulfuric acid, sodium dihydrogen phosphate, disodium hydrogen phosphate, sodium carbonate, and other reagents were purchased from Fuchen (Tianjin) Chemical Reagent Co., Ltd. and were all analysis grade.




2.3. Freezing Characterization


The total freezing time was determined by a thermocouple temperature collector (T type thermocouple, TC-08 collector, Omega Engineering Inc., Connecticut, CT, USA) to record the time required from the initial temperature (10 °C) to the final freezing temperature (−20 °C).



The freezing rate (r) and the time of maximum ice crystal formation zone (Ti) can be calculated as [14]:


  r =  (   T 0  −  T f   )  / T  



(1)






   T i  =  T c  −  T  i f    



(2)




where T0 is the initial temperature of chestnut kernels 4 °C; Tif is the initial crystallization temperature, Tf is the freezing end temperature −20 °C; Tc and Tif are the freezing time for the core temperature of the chestnut kernels to reach the maximum ice crystal zone inflection point temperature and the initial freezing point, respectively.




2.4. Heat Transfer Characteristics


During the freezing process, in order to simplify the calculation, this paper assumed that the temperature difference between the surface of the chestnut kernels and the heat transfer medium in the freezer was constant, and the natural convection in a limited space, only the convective heat transfer coefficient (h) between the chestnut kernels and the heat transfer medium was calculated, and the formula is as follows:


  h = N u  λ l   



(3)






  N u = 0.061 ×    (  G r × Pr  )    1 / 3    



(4)






  G r =   g a Δ t  l 3     v 2     



(5)






  P r =   μ  C p   k   



(6)




where l is the characteristic size of the chestnut; λ is the thermal conductivity of the chestnut; Cp is the specific heat capacity of the heat transfer medium; μ is the aerodynamic viscosity of the heat transfer; a is the coefficient of volume change (inverse of the absolute temperature); g is the acceleration of gravity; Δt is the temperature difference (difference between the initial temperature of 4 °C and the treatment temperature).



According to the above formula, the ratio of the heat transfer coefficient between the treatments can be calculated as follows:


  d =      (  a Δ t μ  C p   )   i       (  a Δ t μ  C p   )   j     



(7)




where i and j represent the treatments; i: AF−20 °C; j: AF−40 °C, NF−40~−100 °C.



The Cp, μ of air, and nitrogen at different temperatures were checked from gas substance properties tables. The d value is shown in Table 1.




2.5. Weight Loss (WL) and Distribution of Water States


The masses of the chestnut kernels before (m1) and after (m2) thawing were recorded for WL determination. WL was calculated as follow:


  W L % =    m 1  −  m 2     m 1    × 100 %  



(8)







The distribution of water states in the chestnut kernels was determined according to the method described by our previous study [8] using an LF-NMR (NMI-20, Shanghai Niumag Electronic Technology Co., Ltd., Shanghai, China).




2.6. Color Analysis


Color parameters (∆E) were obtained according to the method demonstrated by Tian et al. [11], using a colorimeter (Ultra Scan VIS model, Hunter Lab Inc., Reston, VA, USA).




2.7. Hardness Quality


Hardness was determined by the method described by Cheng et al. [8], using a texture analyzer (TA XT Plus, Stable Micro System, Ltd., Surrey, UK).




2.8. Nutritional Ingredient


Vitamin C: The determination of Vc was consistent with the method reported in our previous study [8] with a fluorescence spectrophotometer (Cary Eclipse, Varian Inc., Palo Alto, CA, USA).



Soluble sugar: Change in soluble sugar was extracted with the method of hot water extraction and tested with the method of phenol-sulfuric acid, reported by Yang et al. [15]. The final results were expressed in terms of glucose standard tune conversion equivalents.



Polyphenol: Change in polyphenol content was determined by the description of Yu et al. [16], using an ultraviolet spectrophotometer (UV 1800, Shimadzu, Kyoto, Japan). Calculation results were expressed in gallic acid equivalents.



DPPH radical scavenging rate: DPPH was determined using an enzymatic assay with specific reference to the method of Sokol-Letowska et al. [17], and was expressed as Trolox equivalents (mg/g). DPPH scavenging rate was calculated according to Equation (9).


   DPPH / %  =    (   A 1  −  A 0   )  −  (   A i  −  A j   )     (   A 1  −  A 0   )    × 100  



(9)








2.9. Polyphenol Oxidase (PPO) Activity and Peroxidase (POD) Activity


PPO and POD activities of fresh and thawed chestnut kernel were determined at wavelengths of 410 and 470 nm, respectively, according to the method reported by Martynenko and Chen [18]. The calculation results were expressed as the relative residual enzyme activity of PPO/POD.




2.10. Microscopic Observations


The microstructure changes in chestnut kernels were evaluated by a previous study [8], using a SU8020 scanning electron microscope (Hitachi, Japan). The integrity and collapse of the cellular skeleton were analyzed comparatively.




2.11. Statistical Analysis


All experiments were repeated in parallel at least three times, taken under the same conditions, and the results were expressed as mean ± standard deviation (mean ± std). The experimental data were analyzed statistically by SPSS software (SPSS Version 24.0, SPSS Inc., Chicago, IL, USA) and plotted by origin 2018. A significant difference in each treatment was expressed as p < 0.05.





3. Results


3.1. Thermal Transition of Fresh Chestnut Kernels Containing Freezable Water


The differential scanning calorimetry (DSC) diagram of fresh chestnut kernels without annealing is shown in Figure 1, which belongs to the typical flow rate curve of the sample containing freezable water, including glass transition, and devitrification peak. The glass transition was the step phase of the curve and is enlarged in Figure 1. It is widely known that the glass transition temperature (Tg) plays a crucial role in freezing food and maintaining its stability. Tg depends primarily on the amount of water, as well as the composition and molecular weight of the solutes in the food [10]. The initial (Tgi), mid (Tg, −41.02 °C), and end-points (Tge) of the glass transitions of chestnut are shown in Figure 1. The onset of ice melting was found at Tm’ (−36 °C), which was also the end point of freezing, indicating all possible freezable water formed ice during cooling. The enthalpy of ice melting for chestnut containing freezable water (0.43 g water/g sample) was ∆H = −90.2 J/g. Furthermore, as rapid cooling led to partial freezing of the solution, the fluidity of the water molecules led to the recrystallization of the water in the amorphous matrix during the heating process. The devitrification temperature (Td) was observed at Td (−39.82 °C). These thermal transition characteristics of the chestnut kernels are similar to those of other fresh fruits, such as mango [19] and date syrup [20].



Table 1 shows the ratios of the heat transfer coefficient between the chestnut kernel surface and heat transfer media in different freezing treatment groups. The ratios of NF treatment groups with nitrogen as a medium were 1 to 2.4 times as high as those of AF treatment groups with air as a medium. In the same medium, the lower freezing temperature led to a higher heat transfer coefficient, which reflected the higher heat transfer rate. To simplify the calculation, the heat transfer between the still heat transfer medium and the material surface was considered. In the actual situation, the wind speed of liquid nitrogen spray quick-freezing was 1000 r/min, and the movement speed and heat transfer efficiency of the heat transfer medium in the case of NF were higher than those in the case of AF. NF and AF were both convective heat transfer, and their heat transfer rates mainly depended on the heat transfer coefficient, surface area, and temperature difference. Different treatment groups presented different temperature differences.




3.2. Freezing Characteristics


Figure 2 shows the freezing curves of chestnut kernels under various freezing methods, similar to that of polar solution. This is mainly because food contains a large number of non-water matters [21]. The freezing process of chestnut kernels consisted of pre-cooling (rapid cooling), phase transition, and quenching. At the pre-cooling stage, rapid cooling occurred with a relatively steep freezing curve. At the phase transition stage, which refers to the maximum ice crystal generation zone, the free water was converted into ice with more heat to remove. At this stage, the temperature changed within only several degrees with a gentle slope of the curve, and it was also a relatively gentle section in the curve. In the AF−20 °C treatment group, the curve at the phase transition stage was the gentlest and longest, while in the NF−100 °C treatment group, the curve was the shortest. The reason is that the heat transfer coefficient of NF (100 W/m2K) was far larger than that of AF (5 W/m2K) [22]. The initial freezing point of chestnut kernels decreased with the decrease in freezing ambient temperature, which was mainly affected by the freezing rate and the initial characteristics of materials. During the freezing process, with the release of latent heat, the freezing point declined slowly, indicating that the freezing concentration effect occurred. The differences between NF and AF appeared mainly at the phase transition and quenching stages. It revealed that the differences in the quality change in frozen chestnut kernels were mainly caused by the differences in freezing rate and heat transfer temperature as well as the mechanical pressure suffered by ice crystals.



As is shown in Table 1, based on the total time of freezing (T) and the time of passing through the maximum ice crystal generation zone (Ti), groups were ranked as follows: AF−20 °C >> AF−40 °C >> NF−40 °C > NF−60 °C > NF−80 °C > NF−100 °C. Ti values in NF treatment groups were even lower than those in AF treatment groups. In the NF−40 °C and AF−40 °C treatment groups with the same ambient temperature, the Ti values of the former were 38% lower than those of the latter. This further suggests that the heat transfer performance of NF was significantly better than that of AF. When the temperature ranged from −40 °C to −100 °C, the lower ambient temperature for liquid nitrogen spray quick-freezing means lower T and Ti values. This is consistent with the research conducted by Cheng et al. [8] on the liquid nitrogen spray quick-freezing of blueberries. In general, Ti directly affected the size and distribution of ice crystals as well as the microstructures of cell tissues. A lower Ti value needed a higher r value. The Ti in NF−100 °C was only about 270 s, equivalent to 1/8 of the Ti value in the AF−20 °C treatment group. This was consistent with the relationship between the two treatment groups in terms of average freezing rates. r values in the case of NF−100 °C were the highest. The r value in the NF−100 °C group was about seven times as high as that in the AF−20 °C group. A similar trend existed in the research performed by Tian et al. [11] on the liquid nitrogen quick-freezing of cordyceps sinensis. In terms of the r value, NF was divided into two major categories: NF−80 °C~−100 °C (r ≈ 1) and NF−40 °C~−60 °C (r << 1). Higher r values meant a greater nucleation rate. The ice crystals were small and uniformly distributed in the food tissues, especially when the nucleation rate was higher than the growth rate of ice crystals. Their microstructures kept the initial state to a maximum extent after unfreezing. Therefore, from the perspective of heat transfer and freezing properties, the chestnut kernels treated with NF−100 °C presented the best microstructure quality, followed by the NF−80 °C treatment group with a freezing rate close to 1 °C/min.




3.3. Weight Loss and the Distribution of Water States


A higher heat transfer rate leads to a higher freezing rate and shorter freezing time, contributing to a lower juice loss rate after unfreezing [23]. As is shown in Figure 3a, the juice loss rate of the chestnut kernels in the NF−40 °C group dropped by 30.81% compared with the AF−40 °C group, and there was no remarkable difference in juice loss rate between the AF−40 °C group and AF−20 °C group. Moreover, NF−40 °C was the crucial temperature to reduce the time of freezing chestnut kernels, and NF−100 °C freezing was the critical temperature to protect the kernel quality. The juice loss rate decreased by 51.37% in NF−100 °C compared with NF−80 °C. This indicates that liquid nitrogen quick-freezing is better than fridge freezing in terms of heat transfer and quality maintenance. According to the research performed by Lopkulkiaert et al. [24] on the quick-freezing of South American white shrimps, liquid nitrogen quick-freezing is significantly better than air-cooled and rack-contact freezing in terms of freezing rate and water holding capacity. WL was relatively low on the whole (0.12–0.52%). Because there was mainly non-flowing water in chestnut kernels with little free water, T2, the relaxation time of low-field NMR can indirectly reflect the freedom degree of water, the proportion of each peak area to the total area, and the content of different forms of water. T21, T22, and T23 indicated water changes in the plant tissue systems. T21 represents the bound water within the cell walls; T22 represents the low-mobility water in the intercellular space and cytoplasm; T23 represents free-flowing water with the greatest mobility in vacuoles [25]. According to Figure 3b, the proportion of free water in frozen–thawed chestnut kernels decreased (by 1.4–6.7%) remarkably, while the proportions of low-mobility water (by 3.14–6.2%) and bound water (by 0.06–0.46%) increased dramatically. There is a low content (roughly 43%) of water in fresh chestnut kernels. The ice crystals produced in the freezing process imposed mechanical and heat pressures, which altered the integrity of cellular tissues and the permeability of cell membranes, resulting in a loss of free water. The free water flowed to intercellular space and cytoplasm with only a little flowing to cell walls. The proportion of bound water slightly increased, mainly caused by a reduction in the total water content and a decrease in the proportion of free water. Overall, there was a smaller change in water content in NF treatment groups than that in AF treatment groups. The smallest water loss was in the NF−100 °C group, followed by the NF−80 °C group, and the AF−20 °C group suffered the largest water loss. This was consistent with the changing trend in the juice loss rate. After freezing treatment in different conditions, the trends and differences in the changes in water content and distribution were the same as those of rates of heat transfer and freezing rates. It further reveals that heat transfer medium and rate are crucial factors for determining the juice loss of frozen–thawed products. In the freezing process, smaller ice crystals in the cells produced lower mechanical and heat transfer pressures, contributing to better maintenance of the integrity and permeability of cellular structures and greater protection from water.




3.4. Change in Color-Related Factors


As is shown in Figure 4a, after the freezing treatment with different heat transfer methods, the color of chestnut kernels darkened to different degrees. The color of chestnut kernels in the NF−100 °C treatment group was closest to that of fresh chestnut kernels, and the color can be best protected. This was perhaps because different freezing methods formed different sizes and forms of ice crystals and contributed to the mechanical damage to chestnut kernels, the irreversible damage of cell walls, and the activation of oxidases, including polyphenol oxidase [8]. The activated enzymes had an enzyme-catalyzed reaction with phenolic compounds in the fruits. These oxidation products were converted into browned substances through an oxidative polymerization reaction [6]. The concentrations of oxygen and enzymes increased due to the relationship between phenols and aldehydes. This was also the key cause of the browning of fresh chestnut kernels after freezing.



According to Figure 4b, the residual enzyme activity of polyphenol oxidases (PPO) and peroxidases (POD) increased dramatically to different degrees. As the heat transfer and freezing rates rose, the enzymatic activation gradually decreased. Based on the residual enzyme activity, different treatment groups were ranked as follows: AF−20 °C > AF−40 °C > NF−40 °C > NF−60 °C > NF−80 °C > NF−100 °C. It is noteworthy that in these treatment groups, enzymes were activated best in the AF−20 °C treatment group. NF−40 °C was the first crucial temperature for reducing the residual enzyme activity. The residual enzyme activities of PPO and POD in this group decreased by 65% and 60%, respectively, compared with those in the AF−20 °C group. There was a significant difference between the NF−80 °C group and the NF−40 °C group in terms of residual enzyme activities of PPO and POD. Specifically, the residual enzyme activities of PPO and POD in the NF−80 °C treatment group declined by 80% and 32%, respectively, indicating that −80 °C was the second crucial temperature in liquid nitrogen freezing. The residual enzyme activities of PPO and POD in the NF−100 °C treatment group dropped by 19% and 22%, compared with those in the NF−80 treatment group. Therefore, according to the results mentioned above, the degree of enzymatic activation in the treatment groups with N2 as the heat transfer medium was significantly lower than that in the treatment groups with air as the heat transfer medium. For the same heat transfer medium, the higher the heat transfer rate, the lower the degree of enzymatic activation. This may be because the higher freezing rate led to smaller ice crystals and less damage to the cells. This caused the enzymes to locate within the initial cellular zones and avoid contact with substrates. It also better protected the high-order structures of enzymes, had less influence on the activity center of enzymes, and resulted in the activity being closer to the initial state. In addition, when the cellular structures of the kernels suffered greater damage, the bound enzymes were released and shifted into free enzymes. Overall, this improved the activity of the enzymes and catalyzed the enzymatic reaction of phenolic substances [26]. These factors darkened the color of the kernels. After freezing at −25 °C, the PPO in Agaricus Bosporus still had high activity [27]. Cano et al. [28] found that after freezing treatment at −18 °C for 7 days, the PPO activity in papain extract increased four times. Figure 3c shows the change in polyphenol content in the chestnut kernels after the freezing–thawing treatment. The different treatment groups presented similar change trends in polyphenol content and color on the whole. The decreased activation of enzymes meant a weaker enzymatic browning reaction, and the color of the kernels was better protected accordingly.




3.5. Vc and Soluble Sugar Changes


Vc and soluble sugar, both soluble, are important functional nutritional components in chestnut kernels, which were closely associated with juice loss after freezing–thawing treatment. After NF and AF treatment with different heat transfer methods, the polysaccharides and Vc contents in chestnut kernels decreased. As is shown in Figure 5, according to the retaining rates of functional components, groups were ranked as follows: NF−100 °C ≥ NF−80 °C > NF−60 °C > NF−40 °C > AF−40 °C > AF−20 °C. This changing trend was generally similar to that of the juice loss rate, and the retaining rate in the case of NF−40 °C was 4% higher than that in the case of AF−40 °C. The above result indicated that nitrogen is a better medium for heat transfer than air. Based on further analysis, the retaining rate of Vc in the NF−60 °C treatment group was 10% higher than that in the NF−40 °C treatment group, and the retaining rate of Vc in the NF−80 °C treatment group was 11% higher than that in the NF−60 °C treatment group. After further reducing the temperature, the retaining rate of Vc in the NF−100 °C treatment group was only 3% higher than that in the NF−80 °C treatment group. In terms of the protection for polysaccharides, the retaining rates of soluble sugar in the NF−60 °C, NF−80 °C, and NF−100 °C treatment groups were about 3%, 5%, and 7% higher, respectively, than the rates in the NF−40 °C treatment group. The NF−100 °C treatment group consumed more nitrogen than the NF−80 °C treatment group. Considering the economic cost, NF−80 °C treatment is considered a more suitable freezing method to protect the nutritional components in chestnut kernels. Moreover, the Vc content showed a greater decrease in all treatment groups than in polysaccharides. This is mainly due to the instability of Vc, which was decomposed in the freezing–thawing process.




3.6. Hardness and Microstructure Changes


The change trends of hardness (Figure 3a) of chestnut kernels in different treatment groups were similar to those of juice loss rate. However, the degree of hardness change (down by 41–80%) was far larger than that of the juice loss rate (down by 0.12–0.52%). This indicated that the hardness change is mainly determined by cytoskeleton change. The cellular microstructure is an important indicator to reveal the freezing effect. Freezing brought about inevitable and complex cell damage to some extent, and it may break the cell walls and cytomembranes and change the cell osmotic pressure. Because the freezing method and rate have a significant impact on the cellular structures [2], it is necessary to find a suitable freezing method to maintain the initial cellular structures best.



The tissue structures of sections of fresh chestnut kernels were plump and the cells were closely arranged, as is shown in Figure 6. There were obvious differences in cellular structures and arrangement between the quick-freezing groups and the slow-freezing groups after different treatment methods. The former can better maintain the cellular structures than the latter. According to the analysis of the Confocal Laser Scanning images of mangoes conducted by Charoenrein and Owcharoen [29], after quick-freezing treatment, the cell walls remained round and were similar to those of fresh mangoes, while the slow-freezing treatment led to significant changes in cellular structures with lower uniformness. In the AF−20 °C treatment group with the lowest r value, the cells showed an obvious collapse with damaged structures in the cell walls and blurred cell boundaries. When the freezing temperature was lowered, long linear gaps appeared between holes in the AF−40 °C treatment group. This was because the r value remained low, which indicated slow freezing and caused the water within cells to flow to intercellular space, forming large intercellular ice crystals [30] and increasing the intercellular space. NF−40 °C showed narrower gaps between holes and a smaller collapse compared with AF−40 °C. When the treatment temperature dropped further, the cells at NF−60 °C showed slight shrinkage and smaller intercellular space. The tissue images for the NF−80 °C and NF−100 °C groups showed an obvious improvement. This may be because a higher freezing rate reduced the time of passing through the maximum ice crystal generation zone. The small ice crystals uniformly distributed in the tissues protected the tissue structures. Therefore, the ambient temperature of −80 °C may be a key point for the liquid nitrogen spray quick-freezing treatment of chestnut kernels. In the NF−100 °C group, the holes were denser, the tissue structures were plumper, and they were the most similar to fresh tissues. This was consistent with the change trends in related freezing characteristics and quality. This is similar to the results of the Ultrasound-Assisted Freezing research on potatoes conducted by Tian et al. [31]. In the treatment groups with the shortest time of passing through the maximum ice crystal generation zone, the SEM image showed denser cellular arrangement, while in the treatment groups with the longest time of passing through the maximum ice crystal generation zone, there existed cell collapse and shrinkage and poor quality of the frozen products. The microstructure changes in chestnut kernels were consistent with the heat transfer and freezing rates trends. It comprehensively proved that NF−100 °C was the best treatment method to protect the microstructures of chestnut kernels, followed by NF−80 °C, which was acceptable for frozen product quality.




3.7. Multivariate Data Analysis


Principal Component Analysis (PCA) is an unsupervised pattern recognition method that can show high-dimensional separation [32]. As is shown in the variable load diagram in Figure 7a, WL, ∆E, and PPO/POD were the principal components of PC1 that affected the quality change in chestnut kernels, and the contribution rate accounted for 92.2%. According to the PCA principle, groups with great similarity were clustered in the score plot. As is shown in Figure 7b, the untreated and treated groups were divided into four groups. NF−100 °C and NF−80 °C were within one group, and their quality indicators were closest to that of the fresh group. It should be noted that NF−40 °C, AF −40 °C, and AF−20 °C showed positive scores in PC1. It indicates that the values of WL, ∆E, and PPO/POD in the three groups were high, and the quality of chestnut kernels was greatly damaged, which was consistent with the actual experimental data. This was mainly due to these three groups’ relatively low freezing rates, with freezing temperatures lower than Tg. The other groups, including the fresh group, obtained negative scores, indicating the high content of VC, polyphenols, and polysaccharides and a high hardness value in the chestnut kernels. Therefore, according to PCA scores, NF−100 °C and NF−80 °C are suitable treatment methods for freezing chestnut kernels.



To further verify the PCA results, Cluster Analysis was adopted. Regardless of sample categories, treatment groups with the most similar quality were clustered [33]. As is shown in Figure 7c, there were four major clusters, which was consistent with the PCA results. According to the above illustration, nitrogen is a more suitable heat transfer medium for freezing chestnut kernels than air. However, the ambient temperature of freezing had a more significant impact. That is, can the quality of frozen products be improved only when the freezing rate reaches a certain value.





4. Conclusions


The current study compared the influence of different heat transfer media (N2 vs. Air) and rates on freezing characteristics, color, and cytoskeletons of chestnut kernels. NF−40 °C, AF−40 °C, and AF−20 °C treatment groups, whose ambient temperatures were lower than Tg, showed lower freezing rates, leading to great change in color and great collapse of cytoskeletons of chestnut kernels. Nitrogen is, therefore, a more suitable heat transfer medium than air in terms of freezing chestnut kernels. Parameter changes in freezing characteristics significantly affected the color and cytoskeleton integrity. NF−100 °C and NF−80 °C showed higher heat transfer and freezing rates, which can better protect the quality of chestnut kernels. Taking the economic cost into consideration, it is recommended that NF−80 °C should be a suitable method to freeze chestnut kernels. Meanwhile, this research further revealed that the heat transfer medium and rate are the crucial factors of freezing characteristics. They further affect the quality at the micro-level, nutrients, and appearance. This paper further illustrated the great potential of NF in preserving perishable foods and broadening its industrial application.







Author Contributions


Conceptualization, L.C. and J.W.; methodology, J.L. and W.W.; software, X.L.; formal analysis, L.C. and J.P.; investigation, W.W. and J.L.; data curation, W.W. and J.L.; writing—original draft preparation, L.C.; writing—review and editing, G.X. and J.Z.; supervision, J.W.; project administration, Y.Y.; funding acquisition, J.W. and G.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key R&D Program Projects (2019YFD1002300), Guangdong Basic and Applied Foundation Fund (2019A151511059), Young Talent Support Project of the Guangzhou Association for Science and Technology (QT20220101055), Guangdong Academy of Agricultural Sciences excellent talent introduction (R2020YJ-YB2001), Guangdong Academy of Agricultural Sciences youth mentor (R2020QD-031), Research Group Construction Project of the Guangdong Academy of Agricultural Sciences (202109TD), and Innovative Research Team Construction Project for Modern Agricultural Industry Common Key Technologies of Guangdong Province (No. 2023KJ117).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this research are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, Q.; Shi, X.; Zhao, Q.; Cui, Y.; Ouyang, J.; Xu, F. Effect of cooking methods on nutritional quality and volatile compounds of Chinese chestnut (Castanea mollissima Blume). Food Chem. 2016, 201, 80–86. [Google Scholar] [CrossRef]

	



Li, D.; Zhu, Z.; Sun, D.-W. Effects of freezing on cell structure of fresh cellular food materials: A review. Trends Food Sci. Technol. 2018, 75, 46–55. [Google Scholar] [CrossRef]

	



Zhu, Z.; Zhou, Q.; Sun, D.-W. Measuring and controlling ice crystallization in frozen foods: A review of recent developments. Trends Food Sci. Technol. 2019, 90, 13–25. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhu, Z.; Sun, D.-W. Using power ultrasound to accelerate food freezing processes: Effects on freezing efficiency and food microstructure. Crit. Rev. Food Sci. Nutr. 2018, 58, 2842–2853. [Google Scholar] [CrossRef] [PubMed]

	



Lim, C.L.; Adam, N.M.; Ahmad, K.A. Cryogenic pipe flow simulation for liquid nitrogen with vacuum insulated pipe (VIP) and Polyurethane (PU) foam insulation under steady-state conditions. Therm. Sci. Eng. Prog. 2018, 7, 302–310. [Google Scholar] [CrossRef]

	



Zhu, Z.; Luo, W.; Sun, D.-W. Effects of liquid nitrogen quick freezing on polyphenol oxidase and peroxide activities, cell water states and epidermal microstructure of wolfberry. LWT 2020, 120, 108923. [Google Scholar] [CrossRef]

	



Kono, S.; Kon, M.; Araki, T.; Sagara, Y. Effects of relationships among freezing rate, ice crystal size and color on surface color of frozen salmon fillet. J. Food Eng. 2017, 214, 158–165. [Google Scholar] [CrossRef]

	



Cheng, L.; Wu, W.; An, K.; Xu, Y.; Yu, Y.; Wen, J.; Wu, J.; Zou, Y.; Liu, H.; Zhu, J. Advantages of Liquid Nitrogen Quick Freezing Combine Gradient Slow Thawing for Quality Preserving of Blueberry. Crystals 2020, 10, 368. [Google Scholar] [CrossRef]

	



Jensen, K.N.; Jørgensen, B.M.; Nielsen, J. Low-temperature transitions in cod and tuna determined by differential scanning calorimetry. LWT Food Sci. Technol. 2003, 36, 369–374. [Google Scholar] [CrossRef]

	



Mahato, S.; Zhu, Z.; Sun, D.-W. Glass transitions as affected by food compositions and by conventional and novel freezing technologies: A review. Trends Food Sci. Technol. 2019, 94, 1–11. [Google Scholar] [CrossRef]

	



Tian, Y.; Li, D.; Luo, W.; Zhu, Z.; Li, W.; Qian, Z.; Li, G.; Sun, D.-W. Rapid freezing using atomized liquid nitrogen spray followed by frozen storage below glass transition temperature for Cordyceps sinensis preservation: Quality attributes and storage stability. LWT 2020, 123, 109066. [Google Scholar] [CrossRef]

	



Pascual-Pineda, L.A.; Rascón, M.P.; Quintanilla-Carvajal, M.X.; Castillo-Morales, M.; Marín, U.R.; Flores-Andrade, E. Effect of porous structure and spreading pressure on the storage stability of red onion microcapsules produced by spray freezing into liquid cryogenic and spray drying. J. Food Eng. 2019, 245, 65–72. [Google Scholar] [CrossRef]

	



Vallespir, F.; Rodríguez, Ó.; Eim, V.S.; Rosselló, C.; Simal, S. Effects of freezing treatments before convective drying on quality parameters: Vegetables with different microstructures. J. Food Eng. 2019, 249, 15–24. [Google Scholar] [CrossRef]

	



Espinoza Rodezno, L.A.; Sundararajan, S.; Solval, K.M.; Chotiko, A.; Li, J.; Zhang, J.; Alfaro, L.; Bankston, J.D.; Sathivel, S. Cryogenic and air blast freezing techniques and their effect on the quality of catfish fillets. LWT Food Sci. Technol. 2013, 54, 377–382. [Google Scholar] [CrossRef]

	



Yang, B.; Prasad, K.N.; Jiang, Y. Structure identification of a polysaccharide purified from litchi (Litchi chinensis Sonn.) pulp. Carbohydr. Polym. 2016, 137, 570–575. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Jin, T.Z.; Fan, X.; Wu, J. Biochemical degradation and physical migration of polyphenolic compounds in osmotic dehydrated blueberries with pulsed electric field and thermal pretreatments. Food Chem. 2018, 239, 1219–1225. [Google Scholar] [CrossRef]

	



Sokół-Łętowska, A.; Kucharska, A.Z.; Wińska, K.; Szumny, A.; Nawirska-Olszańska, A.; Mizgier, P.; Wyspiańska, D. Composition and antioxidant activity of red fruit liqueurs. Food Chem. 2014, 157, 533–539. [Google Scholar] [CrossRef]

	



Martynenko, A.; Chen, Y. Degradation kinetics of total anthocyanins and formation of polymeric color in blueberry hydrothermodynamic (HTD) processing. J. Food Eng. 2016, 171, 44–51. [Google Scholar] [CrossRef]

	



Zhao, J.-H.; Liu, F.; Wen, X.; Xiao, H.-W.; Ni, Y.-Y. State diagram for freeze-dried mango: Freezing curve, glass transition line and maximal-freeze-concentration condition. J. Food Eng. 2015, 157, 49–56. [Google Scholar] [CrossRef]

	



Al-Farsi, K.A.; Al-Habsi, N.A.; Rahman, M.S. State Diagram of Crystallized Date-Syrup: Freezing Curve, Glass Transition, Crystals-Melting and Maximal-Freeze-Concentration Condition. Thermochim. Acta 2018, 666, 166–173. [Google Scholar] [CrossRef]

	



Sun, D.-W. Handbook of Frozen Food Processing and Packaging, 2nd ed.; CRC Press: Boca Raton, FL, USA; Taylor & Francis: Abingdon, UK, 2011; p. 880. [Google Scholar]

	



George, R.M. Freezing proceseses used in the food industry. Trends Food Sci. Technol. 1993, 4, 134–138. [Google Scholar] [CrossRef]

	



Cheng, L.; Sun, D.W.; Zhu, Z.; Zhang, Z. Emerging techniques for assisting and accelerating food freezing processes: A review of recent research progresses. Crit. Rev. Food Sci. Nutr. 2017, 57, 769–781. [Google Scholar] [CrossRef] [PubMed]

	



Lopkulkiaert, W.; Prapatsornwattana, K.; Rungsardthong, V. Effects of sodium bicarbonate containing traces of citric acid in combination with sodium chloride on yield and some properties of white shrimp (Penaeus vannamei) frozen by shelf freezing, air-blast and cryogenic freezing. LWT Food Sci. Technol. 2009, 42, 768–776. [Google Scholar] [CrossRef]

	



Qiao, S.; Tian, Y.; Song, P.; He, K.; Song, S. Analysis and detection of decayed blueberry by low field nuclear magnetic resonance and imaging. Postharvest Biol. Technol. 2019, 156, 110951. [Google Scholar] [CrossRef]

	



Holzwarth, M.; Korhummel, S.; Carle, R.; Kammerer, D.R. Evaluation of the effects of different freezing and thawing methods on color, polyphenol and ascorbic acid retention in strawberries (Fragaria×ananassa Duch.). Food Res. Int. 2012, 48, 241–248. [Google Scholar] [CrossRef]

	



Bernaś, E.; Jaworska, G. Use of onion extract to prevent enzymatic browning of frozen Agaricus bisporus mushrooms. Int. J. Refrig. 2015, 57, 257–264. [Google Scholar] [CrossRef]

	



Cano, M.P.; de Ancos, B.A.; Lobo, G. Peroxidase and Polyphenoloxidase Activities in Papaya During Postharvest Ripening and After Freezing/Thawing. J. Food Sci. 1995, 60, 815–817. [Google Scholar] [CrossRef]

	



Charoenrein, S.; Owcharoen, K. Effect of freezing rates and freeze-thaw cycles on the texture, microstructure and pectic substances of mango. Int. Food Res. J. 2016, 23, 613. [Google Scholar]

	



Kaale, L.D.; Eikevik, T.M.; Bardal, T.; Kjorsvik, E.; Nordtvedt, T.S. The effect of cooling rates on the ice crystal growth in air-packed salmon fillets during superchilling and superchilled storage. Int. J. Refrig. 2013, 36, 110–119. [Google Scholar] [CrossRef]

	



Tian, Y.; Zhang, P.; Zhu, Z.; Sun, D.-W. Development of a single/dual-frequency orthogonal ultrasound-assisted rapid freezing technique and its effects on quality attributes of frozen potatoes. J. Food Eng. 2020, 286, 110112. [Google Scholar] [CrossRef]

	



Wang, Z.; Yan, Y.; Nisar, T.; Zou, L.; Yang, X.; Niu, P.; Sun, L.; Guo, Y. Comparison and multivariate statistical analysis of anthocyanin composition in Lycium ruthenicum Murray from different regions to trace geographical origins: The case of China. Food Chem. 2018, 246, 233–241. [Google Scholar] [CrossRef] [PubMed]

	



Tian, Y.; Gou, X.; Niu, P.; Sun, L.; Guo, Y. Multivariate Data Analysis of the Physicochemical and Phenolic Properties of Not from Concentrate Apple Juices to Explore the Alternative Cultivars in Juice Production. Food Anal. Methods 2018, 11, 1735–1747. [Google Scholar] [CrossRef]








[image: Foods 12 01409 g001 550] 





Figure 1. DSC thermogram of chestnut kernels containing freezable water (0.43 g water/g wet basis). 
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Figure 2. Freezing curve of chestnut kernels treated with different freezing methods. 
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Figure 3. Effects of different freezing treatments on the (a) water loss and hardness; (b) water distribution of chestnut kernels. Note: In each figure, different letters mean significant differences (p < 0.05). 
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Figure 4. Effects of different freezing treatments on the (a) color and polyphenol content; (b) PPO and POD residual activity of chestnut kernels. Note: In each figure, different letters mean significant differences (p < 0.05). 
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Figure 5. Effects of different freezing treatments on the Vc and soluble sugar of chestnut kernels. Note: In each column, different letters mean significant differences (p < 0.05). 
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Figure 6. Microstructure of chestnut kernels treated by different freezing methods. a: collapse and puncture, b: cell gap, c: collapse, d: shrinkage. The SEM observation was carried out at a magnification of 200 times. 
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Figure 7. Loading scatter plot (a) and Score plot (b) of principal component analysis, and heatmap combined with the dendrogram of cluster analysis (c) were obtained based on the determined quality attributes. [image: Foods 12 01409 i001] Fresh, [image: Foods 12 01409 i002] AF−20 °C, [image: Foods 12 01409 i003] AF−40 °C, [image: Foods 12 01409 i004] NF−40 °C, [image: Foods 12 01409 i005] NF−60 °C, [image: Foods 12 01409 i006] NF−80 °C, [image: Foods 12 01409 i007] NF−100 °C. 
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Table 1. Technical index relating to heat transfer and freezing efficiency of chestnut kernels freezing.
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Heat Transfer Medium

	
Freezing Temperature (°C)

	
Cp

(kJ/kg K)

	
μ

(10−5 pa∙s)

	
d

	
T (s)

	
Ti (s)

	
r (°C/min)






	
Air

	
−20

	
1.0058

	
1.62383

	
1

	
11208 ± 113 f

	
2182 ± 34 f

	
0.165 ± 0.002 f




	
−40

	
1.0059

	
1.51872

	
1.60531

	
6531 ± 105 e

	
1429 ± 30 e

	
0.275 ± 0.004 e




	
N2

	
−40

	
1.0421

	
1.46511

	
1.60437

	
4689 ± 110 d

	
1063 ± 19 d

	
0.385 ± 0.008 d




	
−60

	
1.0428

	
1.3613

	
2.03949

	
2457 ± 70 c

	
642 ± 15 c

	
0.72 ± 0.016 c




	
−80

	
1.0438

	
1.25383

	
2.328104

	
1740 ± 46 b

	
403 ± 9 b

	
0.993 ± 0.019 b




	
−100

	
1.0454

	
1.14238

	
2.48925

	
1480 ± 53 a

	
270 ± 12 a

	
1.159 ± 0.027 a








Note: t, total freezing time; T, transit time of maximum ice crystal formation zone; r, freezing rate. In each column, different letters mean significant differences (p < 0.05).
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