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Abstract. 
Compared to other cultivar lychees, volume density of Feizixiao lychee was higher due to serious shrinkage during freeze-drying (FD). Guiwei lychee and Nuomici lychee were used for comparison in order to illuminate the reason of the aforementioned phenomenon. Lower prefreezing temperature could not improve the volume density of Feizixiao lychee. Microstructure results show that pulp cell of Feizixiao lychee (tail) was smaller and more compact than Guiwei and Nuomici lychee pulp cell. In addition, there is a membrane around the surface of Feizixiao lychee pulp. And the microstructure of Feizixiao lychee tip pulp cell is different from tail pulp cell. Membrane and tip pulp cell are both smaller and more compact than tail pulp cell. These structure differences hinder the moisture removing of Feizixiao lychee during FD. Removing the membrane and tip pulp could not improve the volume density of Feizixiao lychee. Ultrasound treatment for 30 min could significantly enhance the volume density of Feizixiao lychee.



1. Introduction
Lychee (Litchi chinensis Sonn.), one of the major fruits in South China, is liked for its characteristic sweet acidic taste, excellent aroma, high nutrient value, and the attractive deep bright red color of the pericarp [1, 2]. Shenzhen Nanshan lychees, including Feizixiao, Guiwei, and Nuomici, were recognized as product of geographical indication in 2006. Lychees are a seasonal fruit. At present, lychees are commonly precooled first and then put together with ice bag during transport in order to keep the original quality of lychees. In addition, fresh-keeping agent coating and soaking are also common methods for lychee preservation [3–5]. So far, the storage life of fresh lychees barely exceeds one month even using the best preservation method according to previous studies. Therefore, the processing and preservation of lychees are very imperative.
Now, dried lychees account for 80% of all lychee processing products [6], where air dried lychees are the major. Air dried lychee pulp is brown with serious shrinkage, which limit the application of air dried lychees. Moreover, most air dried lychees are whole lychees and they need to be peeled and have their stones removed before using. Lychee pulp after air drying is tightly bound to kernel and the pulp is sticky due to high sugar content and 25–30% moisture content, which make the kernel removing difficult. In recent years, microwave was applied to dry lychees, including microwave air drying and microwave vacuum drying [1]. Microwave using could decrease the energy consumption and increase the quality of product [7]. However, these drying methods with microwave were not applied widely due to nonuniformity of microwave and other equipment problems. It is well known that freeze-drying (FD) can maintain the maximum original quality of materials [8, 9]. It is found that Feizixiao lychee showed serious shrinkage during FD but Guiwei and Nuomici lychee could be freeze dried well. This was an interesting phenomenon and deserved further research.
A successful FD process retains the volume of the material. There are many reasons which affect the volume of samples during FD, like prefreezing temperature, heating plate, sugar content of materials, and so forth. Drying temperatures below the temperature of glass transition during heating allow removal of ice within the solid. But temperatures above ice melting temperature can result in collapse [10]. The structure of materials containing sugars may collapse during dehydration if the temperature of ice within the material is higher than the collapse temperature [11]. Lychee pulp contains high sugars including sucrose, fructose, and glucose [12, 13] and the sugar content is different with lychee cultivar. There is a close relationship among these influence factors. Sugar content decides the prefreezing temperature and prefreezing and heating plate temperature affect the drying temperature of materials during FD. Differential scanning calorimetry (DSC) can be used to measure eutectic point temperature () of materials [14]. Prefreezing temperature should be confirmed according to .
Microstructure of food could reflect the macroscopic quality of food [15]. Macroscopic shrinkage of materials essentially resulted from breaking and collapse of cell structure [16–18]. Huang et al. reported that lychee pericarp consisted of three parts: outer layer with cuticle, interlayer, and inner layer. Inner layer cells are small and intact, which hinder the moisture removing during drying. It shows that cell structure of materials could significantly affect the drying process. Although peel lychee was used during FD, there may be significant differences about cell structure of lychee pulp among different cultivars. In fact, there is a film around the surface of Feizixiao lychee pulp but not Guiwei and Nuomici lychee. Moreover, there is residue in mouth after eating Feizixiao lychee pulp, especially tip pulp. But Guiwei and Nuomici lychees have no residue. These macroscopic differences may result from microstructure differences of lychee pulp with different cultivar. Therefore, it is necessary to analyze and compare the microstructure of three cultivar lychees’ pulp.
In this research, authors not only clarify the difficulty of Feizixiao during FD, but also find out the effective method to resolve the problem. Ultrasound is usually used in food process to improve the quality of food, such as ultrasound-assisted freezing and ultrasound pretreatment. Ultrasound can enhance nucleation rate and crystal growth rate and improve the physicochemical properties of freezing red radish [19]. Ultrasound pretreatment can enhance the glass transition temperature of pear during FD [20]. The more the ultrasonic power application, the higher the glass transition temperature. It indicated that ultrasound pretreatment prior to freeze-drying can improve the efficiency of FD and the stability during storage of FD pear. Ultrasound pretreatment did reduce drying time by 13–17%, increased the lightness, decreased the brown pulp, and improved the rehydration properties of dried apple [21].
The objectives of this work were to analyze the difficulty of Feizixiao during FD compared with Guiwei and Nuomici lychee, to improve the FD Feizixiao lychee quality by ultrasound pretreatment.
2. Materials and Methods
2.1. Samples
Fresh lychee fruits (Litchi chinensis Sonn.) cv. Feizixiao, Nuomici, and Guiwei at commercially mature stage were picked from Xili orchard, Shenzhen, China (east longitude: 113°56′01.16′′, north latitude: 22°36′15.26′′). Mature lychee fruits that were free from visible blemish or disease were selected. Every lychee fruit weight was about 25 g. The average sizes (horizontal × vertical) of Feizixiao, Nuomici, and Guiwei lychees were 37.48 mm × 38.20 mm, 38.00 mm × 35.77 mm, and 36.91 mm × 35.64 mm. The picture of three fresh lychees was shown in Supplementary Materials. Lychees were washed, peeled, and pitted and then every lychee pulp was divided into two parts before prefreezing.
2.2. Equipment and Drying Experiment
The lab-scale vacuum freeze dryer was made by Alpha 1–4 LSC freezer (Marin Christ Company, Osterode, Germany). The minimum absolute pressure of freeze dryer is 1 Pa and the lowest temperature of cold trap is −55°C. The temperature of heating plate during the second stage was 60°C. Lychees were dried by FD until the final moisture content was less than 10% (wet basis).
Two pieces of freezing equipment were used for prefreezing in this study. One was freezer with the −30°C (Kelen business equipment Co. Ltd., Shenzhen, China) and another was −80°C ultra-low temperature freezer (EXF32086V, Thermo Co. Ltd., Waltham, MA, America).
2.3. Ultrasound Treatment
An ultrasound-microwave synergistic extraction apparatus (CW-2000, Shanghai Xintuo Analytical Instrument Co. Ltd., Shanghai, China) was applied for lychee pulp. Only ultrasound with 40 kHz and 50 W was used during experiment. The ratio of lychee pulp to water was 1 : 4 and the experiment temperature was 30°C. Different treatment time (10 min, 20 min, and 30 min) was studied. Lychees that were washed, peeled, and pitted with every lychee pulp divided into two parts were control group. For some special samples, membrane was moved by hand after being peeled and tip pulp was cut by knife after being pitted. The schematic diagram of different part in Feizixiao lychee was shown in Figure 1. The experiment was replicated three times.




	
	
		
			
		
		
		
	


Figure 1: The schematic diagram of different part in Feizixiao lychee.


2.4. Microstructure
Structures of lychee pulp were studied using light microscopy (LM). The paraffin method was used [22]. Small cubes (pulp: about 4 mm3, pericarp: about 2 mm2) were removed from the internal zone of the samples for microscopic examination. The sample cubes were fixed in formol-aceto-alcohol (FAA, formaldehyde 5%, glacial acetic acid 5%, and 70% ethanol 90%) fixative solution for 24 hours. The ratio of fixative solution to samples was about 30 : 1. Dehydration was performed with 70%, 85%, and 95% ethanol concentrations for 2 h, respectively, and 100% ethanol concentration for 50 min. Then samples were cleared in mixed solution (ethanol : xylene = 1 : 1) and pure xylene solution for 2 h, respectively. Samples with xylene solution were put in China cups and melted paraffin was added in the cups (1 : 1). The cups were put in incubator at 40°C for 24 h. Next the cups were put in incubator at 60°C and paraffin was dumped after melting. Paraffin was added again in cups for one-hour interval and then dumped for three times. Last samples were embedded in paraffin (melting points 55°C to 57°C).
Sectioning was done with a rotary microtome (RM 2126, Shanghai Leica Instruments Ltd., China) at 10 μm thickness. Sections were stuck on microslides with gelatin adhesive. After removing the paraffin from samples with xylene for 10 min, the sections were rehydrated with a series of decreasing ethanol steps (100%, 95%, 85%, and 70%) for 10 min, respectively, and then the Heidenhain’s iron-alum hematoxylin method was employed for staining. Finally, the samples were examined under a light microscope (Eclipse 50i, Shanghai Nikon Instruments Inc., China) equipped with a digital camera (DS-Fi1, Shanghai Nikon Instruments Inc., China). The histological procedures were performed in duplicate.
2.5. Pectin
Pectin was measured by carbazole spectrophotometric determination method (NY/T82.11-1988). Results of pectin were expressed as galacturonic acid (GlaA) g/100 g of initial fresh sample.
2.6. Eutectic Point
The eutectic point temperature of lychee was conducted with a differential scanning calorimeter (DSC, Q2000, TA Instruments, New Castle, DE) by Syamaladevi et al. [23] Lychee pulp was broken and then centrifuged with 8000 rpm/min at 4°C. Lychee pulp juice was used to test eutectic point temperature. Following equilibration, 15–20 mg lychee juice was sealed in aluminum pans (2 mm × 5 mm × 7 mm, 10–12 mg) and cooled from room temperature to −90°C at 5°C/min and equilibrated for 10 min. Lychee juice was scanned from −90°C to 50°C at a rate of 5°C/min (). Annealing procedure was subjected to annealing at a temperature  for 30 min during decreasing temperature process. Then samples were cooled from  to −90°C at 5°C/min and equilibrated for 10 min. And samples were scanned from −90°C to 50°C at a rate of 5°C/min.
2.7. Bulk Density
Spiked millet substitution method was used to detect the volume of dried mixed chips. The granularity of spiked millet is between 0.9 and 1.1 mm [24]. The experiment was replicated three times. The bulk density ρ of the dried material is defined as where  is the mass of dry chips and  is total volume of dried mixed chips.
2.8. Statistical Analysis
The experimental data was analyzed using the statistical software SPSS 18 (SPSS Inc. Chicago, IL, USA) and analyses of variance were conducted by ANOVA procedure. All the measurements were carried out in triplicate. Mean values were considered significantly different when . 
3. Results and Discussion
3.1. Effect of Prefreezing Temperature on FD Feizixiao Lychee
Volume density values of three FD lychees were shown in Table 1. It can be seen that the volume density of Feizixiao was high due to serious shrinkage. The picture of FD Feizixiao lychees was shown in Supplementary Materials. Effect of prefreezing temperature on FD process is very important. The temperature of materials should be under eutectic point temperature during prefreezing process, which will result in freeze completely. From Table 1, it can be observed that there were significant differences about eutectic point temperature among three cultivar lychees (Figure 2). And eutectic point temperature of Feizixiao lychee was lower than that of Guiwei and Nuomici lychees. Sugar content, sugar composition, and each ratio of three lychee juice could explain this phenomenon.
Table 1: Results of three indexes for three cultivar lychees’ pulp.
	

	Cultivar	Volume density (g/cm3)	Eutectic point (°C)	Pectin content (g/kg)
	

	Feizixiao			
	Guiwei			
	Nuomici			
	


Values in the same column not sharing the same superscript are significantly different ().
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(c)
Figure 2: DSC curve for pulp clear juice of three lychees. (a) Feizixiao lychee. (b) Nuomici lychee. (c) Guiwei lychee.


The results of sugar content and sugar composition of three lychees were shown in Figure 3. It can be seen that the total sugar content of Feizixiao was the highest. The higher the sugar content, the lower the eutectic point temperature of materials [25]. Moreover, lychee pulp contains three sugars: glucose, fructose, and sucrose. And each sugar ratio was different among three lychees. Sucrose content was lower and glucose and fructose content was higher in Feizixiao lychee juice. It is well known that eutectic point of Invertose is lower than sucrose [26]. Therefore, higher total sugar content and high Invertose content were the main reason for low eutectic point temperature of Feizixiao juice.




	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
		
		
			
			
			
		
	


Figure 3: Sugar compositions in three cultivar lychees. ((a), (b), (c)) Values in the same column not sharing the same superscript are significantly different ().


In general, freezing temperature is 5°C–10°C below eutectic point temperature at least [27, 28]. However, the prefreezing temperature of three cultivar lychees was −30°C before this study. Guiwei and Nuomici lychees can freeze completely at this temperature. But for Feizixiao lychee, this temperature did not meet the freeze complete demand. So, the prefreezing temperature of Feizixiao should be decreased. The prefreezing temperature was −50°C in order to analyze other factors during follow-up tests.
3.2. Effect of Microstructure on FD Feizixiao Lychee
The volume density of Feizixiao lychee was also high with serious shrinkage even after −50°C prefreezing temperature. In fact, the microstructure plays an important role in determining the quality of materials [17, 18]. So, microstructure of Feizixiao lychee was tested for analysis. The micrographs of three lychee pulps were shown in Figure 4. It can be observed that the cell size of Guiwei and Nuomici lychee pulp was very close. But the cell size of Feizixiao lychee pulp was much smaller than the other two lychees. In general, lychee pulp was composed of long tubular structure including many single polygon cells. The moisture of lychee pulp is removed out by cell pore. The smaller the cell size, the higher the removing resistance of moisture [22]. This should be another reason for difficulty during freeze-drying Feizixiao lychees.




	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
	


Figure 4: The light micrographs for lychee pulp of three cultivars.


There is a translucent coating around the surface of Feizixiao lychee pulp but Guiwei and Nuomici lychees have not. Moreover, the color and taste of tip pulp are different from that of tail pulp. Tip pulp has slight red color and residue feeling after taste, which means that there is significant difference between tip and tail pulp of Feizixiao lychee. The micrographs of coating and tip pulp in Feizixiao lychee were shown in Figure 5. It can be seen that the cell structure of coating was small and intact, which increases the removing resistance of moisture in pulp. The tip cell was smaller and more compact than tail pulp cell. In addition, random arrangement with more folding not long tubular structure arrangement appears in tip pulp, which results in more difficult moisture removing from tip pulp. In a word, microstructure of Feizixiao pulp impedes the moisture removing during FD.




	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 5: The light micrographs for Feizixiao lychee pulp membrane and tip.


It is reported that the cell wall of potato was more resistant and stable after soaking with CaCl2 [29]. It can be explained that pectin was combined with Ca2+ and the thickness of cell wall was increased accordingly. In this study, Feizixiao lychee pulp was soaked with 0.5% and 1% CaCl2 solution. However, shrinkage of Feizixiao lychee was not improved like expected. The results of pectin content in three lychees were shown in Table 1. It can be seen that the pectin content in Feizixiao lychee was the highest. Eutectic point temperature of lychee juice will decrease with soluble pectin content increasing [25]. This was another reason for low eutectic point temperature of Feizixiao lychee juice except for sugar.
3.3. Effect of Ultrasound on FD Feizixiao Lychee
As known above, microstructure of Feizixiao lychee pulp affects the volume density of FD pulp. Ultrasound treatment can decrease the drying time and increase the quality of dried samples [21, 30, 31]. So, ultrasound was applied to treat Feizixiao lychee pulp in order to improve the appearance of FD pulp. The volume density results of Feizixiao lychees are treated by ultrasound in Figure 6. And the volume density results of Guiwei and Nuomici lychees are treated by ultrasound in Figure 7. Figure 6 shows that ultrasound could significant decrease the volume density of Feizixiao pulp. And the appearance of samples without membrane and tip pulp was much better than control group. Photos of Feizixiao lychee sample treated by ultrasound were shown in Supplementary Materials. It may be because the suitable ultrasound treatment could improve the permeability of cell wall, which results in more easy moisture removing. There was no significant difference about volume density between 20 min and 30 min treatment. This can be explained by the fact that there was similar permeability increase induced by two ultrasound treatments with different time. If the treatment time was prolonged continuously, the permeability of pulp cell wall will be improved further or decreased instead (Figure 7). However, even if the permeability of cell wall is increasing with treatment time, too much soluble solid loss resulting therefrom will appear. Therefore, the optimal ultrasound treatment time was 20 min.




	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
			
			
		
		
			
	


Figure 6: Effect of ultrasound on volume density of FD Feizixiao lychee. ((a), (b), (c)) Values in the same column not sharing the same superscript are significantly different ().








	
	
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
			
			
			
		
		
			
	


Figure 7: Effect of ultrasound on volume density of FD Guiwei and Nuomici lychee. ((a), (b), (c)) Values in the same column not sharing the same superscript are significantly different ().


The appearance of Guiwei and Nuomici lychee was improved further by ultrasound treatment. The optimal treatment time was also 20 min. It is worth noting that the volume density of Guiwei lychee pulp increased after 30 min ultrasound treatment. It may be because ultrasound treatment that is too long aggravates the breakage of cell wall. Then fragment appearing and folding impede the moisture removing of lychee pulp. Photos of Nuomici and Guiwei samples treated by ultrasound for 30 min were also shown in Supplementary Materials.
4. Conclusions
Although Feizixiao lychee is one of the major lychee cultivars in Nanshan, Shenzhen, its drying characteristic is different from the other two major cultivars: Nuomici and Guiwei. It needs lower prefreezing temperature for Feizixiao lychees during freeze-drying due to higher sugar content and more Invertose content. Prefreezing temperature of Feizixiao lychee pulp should be below −32°C at least. For lychee pulp microstructure, the cell of Feizixiao lychee pulp is smaller and tighter than Guiwei and Nuomici lychees. In addition, the structure of Feizixiao lychee pulp is more complex than Guiwei and Nuomici lychee pulp. A translucent membrane is around the surface of Feizixiao pulp. And the microstructure of tip pulp is different from the tail pulp for Feizixiao lychees. The cell of tip pulp is smaller than that of tail pulp. The membrane and smaller cell of pulp are both factors for difficulty during FD Feizixiao lychees due to hard moisture removing.
Ultrasound treatment can improve the appearance of FD Feizixiao lychee pulp, especially for samples without membrane and tip pulp. Very long treatment time could decrease the appearance of FD Feizixiao lychee pulp. Therefore, a suitable treatment time is very important. Moreover, removing the membrane and tip pulp not only is very trouble work, but also wastes materials. Therefore, new treatment methods will be quested in the future for high quality FD Feizixiao whole pulp with membrane and tip pulp.
Additional Points
Practical Applications. At present, air dried (AD) lychees are popular as traditional food in South China. The yield of AD lychees is higher than freeze-drying (FD) lychees. AD lychee has deep brown pulp with much shrinkage and poor flavour. However, the application of FD lychees increases constantly due to white color, crisp taste, and little shrinkage. For example, FD lychee powder could be added in cookies or desserts. Feizixiao lychee is one of the major lychee cultivars in China. This research could resolve the shrinkage of Feizixiao lychee during FD, which will improve the processing property and application of Feizixiao lychee.
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Supplementary Materials
The FD lychee photos of three cultivars were shown. It can be seen that FD Feizixiao lychees have significant shrinkage. Feizixiao lychees with ultrasound treatment for 30 min have better appearance. Feizixiao lychees with no membrane and tip have much better appearance. The samples with best appearance were Feizixiao lychees with no membrane and tip and ultrasound treatment for 30 min. Shenzhen Nanshan lychees, including Feizixiao, Guiwei, and Nuomici, were recognized as product of geographical indication in 2006. Three cultivar lychees are all main cultivars in Guangdong province. They are different from each other in appearance including color, shape, and surface structure. (Supplementary Materials)
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