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A b s t r a c t. Frozen fruit and vegetables are types of natural 
foods without any additives, they are becoming more and more 
popular because of the seasonal supply of fresh fruit and vegetables, 
rich nutrition content, convenient consumption, sanitary condition, 
and favourable preservation performance which only requires 
simple technology. They are also a type of processed primary agri-
cultural product with a good market share. However, the quality 
maintenance of frozen fruit and vegetables is a major problem with 
their preservation. Moreover, a significant number of researchers 
have been exploring many advanced technologies to maintain their 
qualities during the preservation process. In this article, the research 
status of drip loss control technology during the thawing of frozen 
fruit and vegetables is summarized in three respects: surface pre-
dehydration pretreatment, optimal freezing processes and thawing 
modes, and also its development trend is briefly explored.

K e y w o r d s: fruit and vegetables, drip loss, dehydration, freez-
ing, thawing

INTRODUCTION

With the continuous improvement of living stand-
ards, people are paying more attention to the nutritional 
content and freshness of vegetables and fruit. It is quite 

fitting therefore that the optimization of food process-
ing technology has always been the research direction of 
agricultural product processing and the focus of the food 
industry (Yousuf et al., 2018). Only by continuously 
exploring new food preservation technologies can a domi-
nant position in the market be attained while meeting the 
needs of consumers.

Fruit and vegetables can provide the human body with 
vitamins, antioxidants and dietary fibre, which are beneficial 
to many aspects of health. Also, fruit and vegetables could 
help to prevent non-communicable diseases (Turner et al., 
2021). However, fruit and vegetables are perishable, and their 
storage period is very short. Therefore, the industry often 
post-processes fruit and vegetables to prolong their shelf lives 
and realize the seasonal supply and distribution area of   fruit 
and vegetables (Liu et al., 2020). Tahir et al. (2019) discussed 
the application of chewing gum to serve as an edible coating 
for the preservation of food (Tahir et al., 2019). Panahirad 
studied the application of active edible coatings based on car-
bohydrate methyl cellulose and pectin in the food preservation 
field (Panahirad et al., 2021). In addition to film preservation 
technology, people also freeze foods to realize a longer shelf 
life. This method can inhibit the activity of microorganisms 
as well as enzymes in fruit and vegetables, thereby extending 
their shelf lives and greatly enhancing the maintenance of the 
original quality attributes of food (Chassagne-Berces et al., 
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2010). Therefore, fruit and vegetables can be frozen to main-
tain good food quality when they are transported, and then 
thawed before consumption (Suutarinen et al., 2000).

When the frozen food is thawed, the water produced by 
the melting of ice crystals can’t be completely absorbed by 
the tissues and returns to its original state before freezing. 
Some of this water leaks from the inside of the food and 
becomes a lost fluid. This phenomenon is called drip loss. 
The drip loss value is usually expressed as a percentage of 
the initial weight of the product. Drip loss or the release 
of water during thawing involves the loss of nutrients in 
frozen foods, which is an important deterioration phenom-
enon commonly found in such foods (Kaale et al., 2014). 
Different varieties of fruit and vegetables have different cell 
structures (cell size, cell shape, pore size, and cell wall thick-
ness) (Joardder et al., 2014; Zdunek et al., 2008). The cell 
structure of defrosted fruit and vegetables may be different 
than before freezing due to drip loss. During freezing, due to 
the formation of ice crystals, changes in the internal osmotic 
pressure of the tissues promote changes in the microstruc-
ture of plant cells, including the folding of the cell wall, the 
division of the middle layer, the expansion of the intercel-
lular space and the contraction of the tissue, which in turn 
causes freezing damage (Li et al., 2018). Using an inappro-
priate freezing method will seriously damage the integrity 
of the cell tissue structure, leading to unnecessary physical 
and chemical changes, which in turn leads to irreversible 
quality loss and the structural destruction of fruit and vegeta-
bles (Van Buggenhout et al., 2006). Moreover, it can easily 
cause the thawing plant cell structure to collapse as well as 
decreasing the water storage capacity of the cell. In the actual 
freezing and thawing process of foods, due to improper pro-
cessing or different operating techniques, the degree of drip 
loss from fruit and vegetables is different, which seriously 
affects their quality and application in subsequent process-
ing. Drip loss is affected by many factors, such as the size of 
the defrosting food product as well as the distribution of ice 
crystals and the thawing rate (Van Buggenhout et al., 2006). 
Reducing drip loss is conducive to maintaining the original 
quality of the frozen food to the greatest extent possible, and 
ensuring that the food has a better appearance, flavour, aroma 
and texture after thawing (Cano et al., 1990). Therefore, it is 
particularly significant to control the drip loss of foods. Tu et 
al. (2015) pointed out that ultrasound freezing can increase 
the freezing rate and hardness, and reduce drip loss to an 
extent which is obvious (Tu et al., 2015). Tang et al. (2020b) 
found that the lowest drip loss for cherries under a perma-
nent magnetic field and an alternating magnetic field were 
4.79% and 4.64% (Tang et al., 2020b). Otero et al. (2000) 
found that high-pressure-translocation freezing can prevent 
cell mass loss due to icing or the presence of a large number 
of ice crystals (Otero et al., 2000). Liu et al. (2021) proposed 
that a combined treatment consisting of the application of 
a pulsed electric field and vacuum drying can significantly 
speed up the freezing and thawing process (Liu et al., 2021). 

Redmond et al. (2004) found that freeze-chilling as well as 
freezing make no difference to the texture of cooked green 
beans (p > 0.05) but instead it resulted in a significantly high-
er drip loss than chilling (p < 0.001) (Redmond et al., 2004).

For the most part this article discusses the three pro-
cesses of surface pre-dehydration, freezing and thawing of 
frozen fruit and vegetables. The research progress achieved 
to date in the field of drip loss control technology during 
the thawing of frozen fruit and vegetables is introduced. It 
also anticipates the development of the frozen food indus-
try. This approach provides a certain reference basis for the 
preservation and processing of fruit and vegetables.

OSMOTIC DEHYDRATION

Osmotic dehydration (OD) is usually used as a dehy-
dration pretreatment method before fruit and vegetables 
are frozen. Because it mainly depends on cell membrane 
permeability as well as cell structure, OD is a slow counter-
current mass transfer process (Rizzolo et al., 2014). During 
the process of osmotic dehydration, it has been found that 
the plant cell wall shrinks and thickens, loses its original 
shape, and the cell gap as well as the free water in the cell 
gradually decreases. Excessive outer diffusion of moisture 
can cause the degradation of cell wall structure, increase 
the membrane rupture rate, reduce cell volume and cause 
the collapse of the plasmodesmata channel (Bialik et al., 
2020; Fernandes et al., 2008; Wang et al., 2019). For the 
most part the osmotic dehydration generation system may 
be described by three elements: the osmotic solution, the 
cell membrane and cell tissue. The driving force for the OD 
process is the difference in the chemical potential of the 
semipermeable membrane between the cell material and the 
osmotic solution. Due to the existence of this pressure dif-
ference, the semi-permeability of the cell membrane of plant 
tissues as well as the fact that water molecules are relatively 
small, the water in the cells transfers to the hypertonic solu-
tion. The mass transfer process is shown in Figure 1. Water 
is mainly removed through diffusion and capillary flow, 
while the absorption of solutes only takes place through the 
diffusion process (Dash et al., 2019). Since the cell mem-
brane of plant tissues is not completely selective, penetrants 
with a smaller molecular volume can easily penetrate into 
the cells. Intracellular solutes such as minerals, vitamins, 
sugars or organic acids may also flow into the high-pressure 
osmotic solution. This transfer is insignificant in quantity, 
but is crucial to product quality. Therefore, the compatibility 
between dissolved substances and food ingredients must be 
an important criterion (Dash et al., 2019).

The osmotic dehydration process has been applied to 
many foods, such as apples, apricots, bananas, carrots, orang-
es, grapes, guava, papaya, mango, potatoes, etc. (see Table 
1 – specific applications). Osmotic dehydration can help to 
inhibit enzymatic browning. In addition, during this process, 
the cells can absorb the dissolving agent and extract the food 
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components, this results in changes to the original product 
components, thereby improving the nutrition, function and 
organic properties of fruit and vegetables (Kulczyński et al., 
2021). If sugar or syrup is used as a penetrant, the flavour 
retention is also more pronounced (Chandra and Kumari, 
2015). In addition, water loss results in an increase in solute 
concentration and a decrease in the water activity of the prod-
uct. Moreover, most of its biological activities are inhibited, 
and the product is more stable during storage. Cvetković et 
al. (2019) studied the osmotic dehydration of cabbage in beet 
molasses and found that compared with fresh cabbage, the 
content of iron and potassium, sorbitol, catechin, p-cumene, 
caffeic acid and gallic acid in the beet molasses experimen-
tal group treated by osmotic dehydration increased with no 
increase in sodium content. Dermesonlouoglou et al. (2007) 
reported that high-DE maltodextrin and an oligofructose/
trehalose mixture in the osmotic solution provides the most 
ideal sensory characteristics after OD treatment. The frozen 

tomatoes that had undergone osmotic dehydration pretreat-
ment had a harder texture after thawing compared to the 
untreated group. They also had a strong red colour and 
retained vitamin C to a greater extent during the freezing and 
storage process (Dermesonlouoglou et al., 2007).

Since the semi-permeable cell membranes in plant tissue 
are resistant to the mass transfer process, the mass transfer 
rate as well as the transfer speed during the dehydration 
process are limited. Therefore, enhancing the permeability 
of cell membranes to achieve rapid dehydration has become 
the development trend of OD. The mass transfer mecha-
nism in the OD process is affected by various rate control 
parameters. Many researchers have found that the osmotic 
solute (composition and concentration), food traits (physi-
cal and chemical properties) as well as processing conditions 
(time, stirring or temperature) all affect the mass transfer rate 
(Cheng et al., 2014). Temperature is the primary parameter 
which is controlled by food industries in order to shorten the 
running time of the OD process. Increasing the temperature 
will improve the cell membrane permeability and acceler-
ate mass transfer during the OD process. However, high 
temperatures will have a negative impact on food quality. 
Dehydrated products which are dried using the traditional 
hot air method always suffer from flavour loss, colour deg-
radation, tissue damage as well as nutrient loss (Khin et al., 
2005). In recent times, much research effort has been focused 
on developing a non-thermal pretreatment to change the per-
meability of cell membranes, such as ultrasound, a pulsed 
electric field, vacuum, high pressure and so on. A large num-
ber of cells are transformed and dehydrated quickly, thereby 
shortening the dehydration time and ameliorating the quality 
of their frozen state (Amami et al., 2005; Islam et al., 2014; 
Rastogi et al., 2007; Xin et al., 2014b).

Power ultrasound promotes the alternating compression 
and expansion of the material (the so-called "sponge effect"), 
which causes the natural cell structure of the material to 
rupture locally and form microchannels. These channels 

Table 1. Some research concerning osmotic dehydration pretreatment prior to freezing

Food Condition Conclusion Reference
Broccoli Samples are immersed in a concentrated 

solution containing 40% trehalose and 
3% sodium chloride, and the ratio of the 
sample to water is set as 1:4. 

Compared with the samples without osmotic dehydra-
tion before freezing, the drip loss, colour, hardness and 
L-ascorbic acid content of broccoli were significantly 
improved. 

Xin et al., 2014a

Pineapple Osmotic dehydration is performed using 
sucrose high-pressure solution 60°Brix 
at 40°C, and osmotic dehydration detec-
tion is performed at 45°C.

In the 1-hour osmotic dehydration pineapple sample, 
the drip loss is greater than in the sample that has not 
been exposed to the high-pressure solution. 
Afterwards, the value of drip loss decreased with the 
progress of the dehydration of vegetable tissues. 

Ramallo and 
Mascheroni, 2010

Tomato In 55% (w/w) maltodextrin solution, 
osmotic dehydration was carried out at 
35°C for 24 h 

Drip loss and nutritional quality loss after thawing was 
significantly reduced.

Li et al., 2017

Pears, kiwi-
fruit, 
strawberries 
and apples

Osmotic dehydration with different sol-
utes (Sucrose, Glucose, Fructose, HMW 
sugars) for different periods of time and 
after freezing in a conventional air-blast 
tunnel at –40℃ 

Osmotic dehydration prior to freezing proved to limit 
drip loss, reduce colour change and improve texture.

Marani et al., 2007

Fig. 1. The mass transfer process during the osmotic dehy-
dration of fruit and vegetables (Qiu et al., 2019).
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have a low resistance to water diffusion therefore the rate 
of osmotic dehydration increases. Microscopic channels are 
formed by the elongation and flattening of cells in certain 
areas of the sample. During this process, no sign of the loss of 
cell wall strength and cell breakdown was observed. (Alvino 
Granados and Kawai, 2021; Duan et al., 2008; Fernandes 
et al., 2008; Xu et al., 2014a; Zhang et al., 2020a). There 
have been many studies which have reported the ultrasound 
osmotic dehydration OD process. Fan et al. (2020) found 
that the sponge effect of the micro-channels generated by 
ultrasound helps to increase the large-scale transformation 
of osmotically dehydrated kiwifruit, and the drip loss of the 
ultrasound-assisted osmotic dehydration group is 8%, while 
the drip loss of the osmotic dehydration treatment group is 
13%. In addition, with regard to the texture of the ultrasound 
OD treatment group, the treatment helped to retain the hard-
ness, reduce the sourness, and retain the other flavours of 
kiwifruit (Fan et al., 2020). Ultrasonic OD before freezing 
has a good influence on reducing its freezing time as well 
as drip loss, maintaining the anti-acid content and firmness, 
and also maintaining flavour. Kowalski et al. (2014) pointed 
out that both the efficiency and durability of cherry dehydra-
tion have been improved by the use of ultrasonic-assisted 
osmotic dehydration pretreatment, while maintaining the 
soft pulp as well as the aroma of the fruit, and greatly 
reducing the loss of anthocyanin content (Kowalski and 
Szadzińska, 2014).

High hydrostatic pressure (HHP) osmotic dehydration as 
a non-thermal processing technique increases the permeabil-
ity of cells and increases the mass transfer rate by increasing 
the pressure to rapidly diffuse the water in the raw material 
and destroy the cell wall structure of the raw material (Zhang 
et al., 2020a). At the same time, this high-pressure technol-
ogy can also kill bacteria effectively (Rastogi et al., 2007). 
Luo et al. (2019) found that HHP pretreatment can effec-
tively improve mass transfer during the OD process of plum 
fruit (Luo et al., 2019). The pressure range of HHP osmotic 
dehydration pretreatment is generally in the scope of 100-
800 MPa (Rastogi et al., 2000). In addition, because it may 
improve food quality and maintain the organic characteris-
tics of processed foods, HHP treatment is becoming more 
and more common in food processing (Nunez-Mancilla et 
al., 2011). Zhang et al. (2020b) performed HHP pretreatment 
on strawberry slices and found that HHP can destroy the 
microstructure and tissue structure of strawberries, as well as 
leading to the disintegration of cell wall components, thereby 
improving the water fluidity and drying efficiency of straw-
berry slices to a significant extent. At the same time, it also 
caused the release of anthocyanins into the interstitial space 
and increased the content of anthocyanins, which enhanced 
the bright red colour of the strawberry slices pretreated 
with HHP. Since anthocyanins are water-soluble molecules, 
increased water mobility makes the distribution of anthocya-
nins in tissues more even (Zhang et al., 2020b).

Pulse vacuum osmotic dehydration (PVOD) is another 
technology commonly used to lower the water content as 
well as the water activity of biological products. It presents 
a hydrodynamic mechanism that can introduce an osmotic 
solution into the pores of food (Awad et al., 2012; Sahin 
and Ozturk, 2016). Therefore, the mobility of the material 
under vacuum conditions is higher than that under normal 
pressure. Applying a vacuum in the first few minutes of OD 
can increase the mass transfer rate. The decreasing pressure 
resulted in a swell of gas in the pores of fruit and vegeta-
bles, this is expelled through a hydrodynamic mechanism 
which is strengthened by the pressure difference, thereby 
adding to the available contact area for large-scale migra-
tion (de Jesus Junqueira et al., 2017; Sahin and Ozturk, 
2016). Moreno et al. (2016) proposed that processing at 
40°C PVOD/OH and subsequently under drying conditions 
of 60°C, in a 65° Brix sucrose solution at 13 V cm–1, is bet-
ter for dehydrating blueberries, because it results in higher 
mass transfer, a lower loss of phenolic components as well 
as a shorter dehydration time (Moreno et al., 2016).

Pulsed electric field (PEF) treatment is designed to 
induce cell membranes to form stomata through high-voltage 
amplitude electric waves. These pores may be short-lived 
(recoverable) or permanent (irreversible cell destruction). 
The extent to which transient/permanent porosity occurs is 
a function of the treated matrix and the applied PEF pro-
tocol. Liu et al. (2021) showed that in general, an electric 
field strength of between 0.5 and 3 kV with a frequency of 
1-100 Hz and short pulses (pulse width 1+100 μs) can cause 
irreversible damage to plant tissues (Liu et al., 2021). The 
appearance of cell membrane pores facilitates the diffusion 
of water and solutes, thereby accelerating the mass flow 
and dehydration process. Dermesonlouogloua et al. (2018) 
explored the influences of pulsed electric field assisted OD 
on the quality as well as the shelf life of kiwifruit before 
freezing. They found that the pulsed electric field improves 
the mass transfer rate of OD as well as reducing the hard-
ness of osmotically dehydrated fruit. The brightness of the 
PEF osmotic dehydration group increased, the yellow col-
our was also enhanced along with the pleasant flavour and 
taste. Pulsed electric field assisted OD can be used for pre-
paring high-quality and durable frozen sections of kiwifruit 
(Dermesonlouogloua et al., 2018). In the research of Yu et 
al. (2017), fresh blueberries had 2kV cm–1 PEF applied to 
them at first, and then osmotic dehydration was performed 
in 70% sucrose syrup. Compared with the blueberry sam-
ples without PEF pretreatment, the PEF pretreatment group 
shortened the osmotic dehydration time of blueberries from 
120h to 48h to reach the target moisture content. PEF pre-
treatment improved the microbial quality of the dried fruit, 
but did not affect the nutritional quality of the blueberries. 
The antioxidant activity of the blueberries and the content 
of total phenolics, anthocyanins, main phenolic acids and 
flavonols were all reduced (Yu et al., 2017).
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Osmotic dehydration combined with microwave drying 
technology has been extensively studied (Zhang et al., 2006). 
Microwaves cause the volumetric heating of wet solids, 
which results in a water vapour pressure gradient between 
the surface and the interior of products, this accelerates the 
transfer of moisture (Roknul et al., 2014). Microwave ener-
gy can be used in combination with osmotic dehydration to 
provide more rapid and uniform heating, thereby shorten-
ing the dehydration time (Ekezie et al., 2017). Han et al. 
(2018) found that among all of the pretreatment techniques 
examined, the microwave treatment resulted in the highest 
degree of dehydration for 60 s (37.71 g 100 g–1 fresh fruit). 
Compared with other pretreatment methods, microwave 
pretreatment has better dehydration performance in the 
osmotic dehydration process (Han et al., 2018). Sharif et 
al. (2018) declared that microwave pretreatment improved 
the dehydration of blueberries. Moreover, in the dehydrated 
samples, the retention rate of antioxidants such as phenol, 
flavonoids and anthocyanins obviously increased (Sharif 
et al., 2018). The influence of microwave dehydration on 
the texture, microstructure as well as on the moisture char-
acteristics of apples was studied by Prothon et al. (2001). 
They concluded that the firmness of microwave dehydra-
tion pretreatment samples at 50°C was equal to that of the 
untreated ones and that the cell wall of the rehydrated sam-
ples did not rupture to a significant extent after microwave 
drying at 70°C (Prothon et al., 2001).

Control of the freezing process
Freezing is one of the most effective means for the long-

term preservation of seasonal vegetables and fruit. Water is 
the most abundant component in fresh food cells, and most 
fruit and vegetables are more than 90% water. The main 
physical changes in fruit and vegetables during freezing and 
storage are water migration, ice crystal formation as well 

as recrystallization. Although it can inhibit the activity of 
microorganisms and enzymes, improper freezing will result 
in the formation of large ice crystals, irreversibly destroy-
ing the cell wall structure thereby producing a deterioration 
in food quality (Cong et al., 2019). Fresh vegetables and 
fruit with a high water content are more likely to form large 
ice crystals because of a decreased water retention capacity 
as well as the leakage of cell components during freezing, 
which results in some degree of cell structure destruction 
as well as to changes in texture and colour. The nutrition 
and quality of the frozen product also declines to a sig-
nificant extent as a result. In addition, the recrystallization 
process during the period of frozen storage may also have 
a negative impact on the texture of the cell tissue, resulting 
in the nutrient loss and quality deterioration after thawing. 
To date, researchers have conducted extensive research to 
improve the ice crystal growth process and minimize the 
incidence of recrystallization (Liu et al., 2020).

Control of the freezing rate
The freezing rate which affects the nucleation and growth 

of ice crystals indirectly determines the shape, size as well as 
the distribution of ice crystals formed (Kiani and Sun, 2011). 
Figure 2 shows a typical freezing and water migration process, 
which visually shows the effect of freezing methods on plant 
cell structure. Freezing lowers the temperature of the external 
environment of the cell first, and gradually causes the forma-
tion of ice crystals outside the cell and releases latent heat, 
leading to an osmotic pressure difference between the interior 
and exterior of the cell. The water inside the cell slowly moves 
out of the cell, and water molecules gradually gather and form 
a growing structure on the foundation of a formation of extra-
cellular ice crystals. Fast freezing is a process whereby the 
food is frozen to a low temperature (–18°C or lower) rapidly 
so that the frozen food may quickly pass through the largest 

Fig. 2. Typical freezing and water migration process.
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ice crystal formation zone within 30 min, and then form fine 
ice crystals. Slow freezing involves freezing food to a low 
temperature, slowly passing through the largest ice crystal 
formation zone to form larger ice crystals. After the cells are 
frozen, the cell membrane becomes deformed and damaged, 
the adhesion between the cells is weakened, the intercellular 
space is enlarged, the cell wall is deformed, consequently the 
cell wall of the cell membrane separates. Fast freezing usu-
ally includes the formation of intracellular ice crystals and 
produces a large amount of heat as well as mass transfer rates 
with minimal water migration, resulting in small uniform ice 
crystals which reduces freezing damage. It was found that 
the cells observed after rapid freezing were similar to those 
from fresh tissues. After thawing, the drip loss of fruit and 
vegetables will be reduced, so the original fresh flavour of 
the food can be maintained to a greater extent. On the other 
hand, slow freezing results in a decrease in cell uniformity 
and major changes in cell structure. Slow freezing allows the 
cells to form extracellular ice crystals, large ice crystals are 
easily formed which may pierce the cell membrane and cause 
the loss of cells due to mechanical damage (Li et al., 2018). 
After thawing, drip loss is serious, the food has a deformed 
appearance, and nutrients as well as flavour molecules are 
lost. A study by Redmond et al. (2002) explored the effects 
of different freezing conditions on potato freezing, and found 
that rapid freezing can reduce drip loss as well as making 
the product softer, but at the same time VC is retained to 
a greater extent with little difference in taste compared to 
the fresh samples (Redmond et al., 2002). Rayman Ergün et 
al. (2021) reported that the higher freezing rate offers better 
prospects for the preservation of the tissue structure and cell 
wall, the antioxidant activity of the strawberries is retained to 
a greater extent after rapid freezing, and the brightness and 

redness of the fruit is better preserved during storage in the 
fast-frozen samples. (Rayman Ergün et al., 2021). Xu et al. 
(2014) discovered that drip loss from high-pressure carbon 
infusion (HPCI), liquid nitrogen and ultra-low temperature 
freezing (ULTF) as methods used to preserve frozen carrot 
slices were 8.29, 12.36 and 12.45%, respectively. What is 
more, the samples frozen in −80°C ULTF conditions showed 
the largest degree of pore and structural collapse, while HPCI 
freezing caused modest damage to the tissue due to the small 
ice crystals formed by rapid freezing. HPCI freezing leaves 
the sample with the highest α- and β-carotene content, the 
highest ascorbic acid retention rate, and just a minor decrease 
in hardness (Xu et al., 2014b).

The traditional freezing methods are cryogenic freez-
ing, fluidized bed freezing and immersion freezing, and 
also combinations of these technologies. In recent times, 
new innovative freezing technologies have been rapidly 
developed, such as ultrasonic-assisted freezing, electric 
field freezing, high-pressure freezing, magnetic resonance 
freezing as well as microwave-assisted freezing. The new 
methods are mainly used to control the crystallization pro-
cess to ameliorate the nucleation as well as the growth of ice 
crystals, increase the permeability of the cell wall, improve 
the freezing rate and mass transfer rate, reduce the freezing 
time, and retain the fresh quality of frozen vegetables and 
fruit (Wu et al., 2017). However, the specific freezing pro-
cess parameters of these high-tech methods have not been 
unified so they cannot be commonly used as yet. Therefore, 
in the food processing industry, innovative technology 
research concerning the freezing process of food will con-
tinue to be a trend in the future growth of food freezing. 
The synergy of various innovative combinations with exist-
ing technologies in the freezing process requires a series 

Table 2. Different auxiliary freezing technologies applied combining with freezing process

Auxiliary technology Principle Effect Reference

High pressure assisted 
freezing

Control and influence the phase transformation process. 
External high pressure acts on the food material, increasing 
the degree of supercooling and the number of nucleation, 
instantly forming uniform ice core in the food material.

The size of ice crystal was 
small, and the quality of 
frozen food was improved 

Cheng et al., 
2021

Ultrasonic assisted 
freezing 

Forming bubbles in liquid water, which has a perturbation 
effect, helpful to heat transfer and improve the freezing rate. 
The rupture of bubbles can stimulate nucleation, induce the 
formation of ice crystals in cells or increase the nucleation 
rate of ice crystals outside cells.

The cavitation, thermal and 
mechanical effects of ultra-
sound produced evenly 
distributed smaller size ice 
crystals

Cheng et al., 
2014

Electromagnetic wave 
(RF, microwave) assisted 
freezing  

Split large ice crystal, induce secondary crystallization; 
Decreases the degree of supercooling; produces smaller ice 
crystals.

Reduce ice crystal size Sadot et al., 
2017

Electric field assisted 
freezing (static / alternat-
ing electric field) 

Induce nucleation, reduce supercooling and increase phase 
transformation time. 

Small ice crystals Wang et al., 
2021a

Magnetic field assisted 
freezing 

Make the nuclear and electronic spins of water molecules 
consistent with the direction of the magnetic field, to prevent 
aggregation and maintain in supercooled conditions.

 Inhibit ice crystal growth Tang et al., 
2020a
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of in-depth investigations to be made (Ayala-Aponte and 
Cadena-G, 2014). Several common principles of innova-
tive technology are shown in Table 2.

Ultrasonic waves generate cavitation bubbles in the 
transmission medium. The movement of cavitation bub-
bles will produce a microbeam effect, which can improve 
the efficiency of heat as well as mass transfer. At the same 
time, large ice crystals will be broken due to the microbeam 
effect, resulting in a further reduction in the size of the ice 
crystals, with the result that they become more uniform in 
size. In addition, cavitation bubbles can be used as a nucle-
ating agent to increase the number of nucleation points 
and accelerate the nucleation process (Zhu et al., 2020). 
Therefore, ultrasonic-assisted freezing can increase freez-
ing efficiency, improve the microscopic characteristics of 
frozen food, increase the heat as well as the mass transfer 
rate, and shorten the initiation time of crystallization (Tian 
et al., 2020). Moreover, Zhu et al. (2020) explored the 
impact of multi-frequency ultrasound-assisted freezing on 
potato quality. Compared with immersion freezing, ultra-
sonic treatment can reduce the drip loss during the thawing 
of potato samples to an obvious extent, its drip loss is lower 
at 5.24%. Multi-frequency ultrasound can raise the freezing 
rate to an obvious extent, and the ice crystals formed are 
small in size and evenly distributed. The hardness, calcium 
content, L-antiquoric acid content as well as the whole phe-
nol content of the potato are conserved well, and the drip 
loss after the thawing process is reduced. Multi-frequency 
ultrasound freezing can be used to better retain the quality of 
the frozen samples (Zhu et al., 2020). Xu et al. (2015) found 
that the carrot cell tissue showed better cell structure (less 
cell separation and interruption) under the intensification of 
ultrasonic power (UAF) of 0.17 to 0.26 W cm–1, and a better 
retainment of the hardness of the fresh samples. The applica-
tion of ultrasound increased the freezing rate to an obvious 
extent, and UAF products significantly (p < 0.05) decreased 
the drip loss for carrots as well as the loss of phytonutrients 
(anthocyanins, vitamin C and phenols). The effect on the 
volatile compounds of red radish was profound. In addition, 
freezing destroys the cell structure of Brassica vegetables, 
which leads to the degradation of glucosinolates and the for-
mation of several decomposition products (Xu et al., 2015).

The magnetic field can interact with water and induce 
the water molecules to reorientate as well as readjust. These 
changes will restrain the molecules or stimulate the freez-
ing of ice crystals. By making the nucleus and electron spin 
of the water molecule consistent with the direction of the 
magnetic field in order to prevent aggregation and keep it in 
a supercooled state, the freezing rate is accelerated and small 
ice crystals are formed without damaging the cell membrane 
(Maninder and Mahesh, 2020). Tang et al. (2020) found that 
the traditional freezing method severely damaged the struc-
ture of cherry cells with high drip loss (10.39%). When the 
permanent magnetic field strength is 10 mT, the minimum 
drip loss is 4.79%, and when the alternating magnetic field 

strength is 1.26 mT, the minimum drip loss is 4.64%. The 
application of a magnetic field can reduce cell damage in 
the freezing process to a certain extent (Tang et al., 2020c). 
Maninder et al. (2020) pointed out that a magnetic field 
applied during the freezing process can cause food to have 
a higher degree of supercooling and also reduce the freezing 
time and temperature gradient, thereby reducing costs. With 
the application of a magnetic field, the ice crystals of food are 
fine and uniform, without poor mass transfer or cracks, and 
also the cell structure of the food is intact and the thawing loss 
is small. In addition, in terms of quality and appearance, the 
food retains flavour and freshness without acquiring a pecu-
liar smell (Maninder and Mahesh, 2020). Kang's study found 
that the application of an oscillating magnetic field (OMF) 
during the freezing process inhibits the formation of ice cores. 
Mango slices treated with OMF50 are stored at −5°C in an 
ultra-cold state, and can be stored for up to 7 days. Ultra-cold 
preservation may prolong the shelf life of fresh-cut mangoes 
and maintain their original quality (Kang et al., 2021).

Low-energy microwave-assisted freezing causes the 
formation of fine ice crystals, and can lead to the retention 
of better food quality attributes, this is conducive to the 
freezing of more sensitive cellular food substrates. Jha et al. 
(2020) applied constant microwave power (167 W kg–1) and 
pulsed MW power (500 and 667 W kg–1, with a 10 s pulse 
width as well as a 20 s pulse interval, with an average power 
of 167 and 222 W kg–1) to apples and potatoes. It was found 
that, compared to the control sample, under the conditions 
of constant radiation microwave freezing and under pulse 
radiation microwave freezing conditions, the drip loss value 
was reduced by about 3 and 42%, respectively. The texture 
and colour of the apples and potatoes under different treat-
ments did not change significantly (Jha et al., 2020).

Control of storage temperature
During frozen storage, temperature stability has an 

influence over the adjustment as well as the redistribution 
of ice crystals. A slight increase in temperature will cause 
the small ice crystals to thaw first, and, as the tempera-
ture drops again, the thawing ice crystals are redeposited 
on large ice crystals, forming larger ice crystals, which 
will further damage the cell structure. In order to prevent 
temperature fluctuations from causing secondary damage 
to cell structure and food quality, food is often stored in 
a glassy state (generally below –18°C) in the industry. EU 
Directive (89/108) recommends that during a storage peri-
od of 6 to 24 months, the storage temperature must remain 
steady and be kept below −18°C (Gonçalves et al., 2011).

For glassy state foods, the molecular free volume is 
relatively small, the molecular flow resistance is high, the 
diffusion rate is low, and the molecular flow rate is signifi-
cantly reduced (Alvino Granados and Kawai, 2021; Mahato 
et al., 2019). Therefore, with the lower migration speed of 
water molecules in the glassy state, it would be difficult 
for the melted water molecules to gather on the large ice 
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crystals due to temperature fluctuations. Glass transition 
has an important influence on the texture of food, microbial 
activity, enzyme activity, and other chemical and physical 
changes (Noel et al., 1990). In the glassy state, all diffusion 
control reactions that cause changes in food quality become 
very slow, or even stop entirely (Cruz-Tirado et al., 2021). 
At this time, it may be considered that the storage of fruit 
and vegetables with a high water content in a long-term 
high-viscosity glassy state is the most stable arrangement, 
it is very beneficial for the storage of food and the mainte-
nance of freshness and other desirable qualities. Atomized 
liquid nitrogen spray rapid freezing is used to achieve the 
glass transition temperature of food. It can be used to effec-
tively maintain frozen food quality. This technology requires 
the sample storage temperature to be lower than the glass 
transition temperature (Tg). The lower the freezing tempera-
ture of the liquid nitrogen, the higher the freezing rate and 
the corresponding decrease in drip loss (Tian et al., 2020). 
Compared with freeze-concentration and rubber-like frozen 
storage, fruit and vegetables frozen below the glass transi-
tion temperature have a lower drip loss and are more stable 
under long-term freezing conditions (Zhang et al., 2017). In 
contrast, when the temperature is higher than Tg (glass state) 
and Tm (partially frozen concentrated state), the mobility of 
the water molecules in the system increases, and partially 
bound water becomes free water, thereby increasing the fro-
zen water content, also the size of the ice crystals are also 
significantly increased, which easily damages the integrity of 
the cell tissues, leading to more drip loss. Zhang et al. (2017) 
found that frozen samples which are stored in a glassy state 
have better hardness (raised by 30.4-112.6%), less drip loss 
(16.4-35.4% reduction), better colour retention (31.6-54.0% 
reduction in the total colour difference), and a higher level of 
ascorbic acid (9.8-60.3% increase) (Zhang et al., 2017). Xu 
et al. (2020) explored the effect of temperature fluctuations 
on the state, ice crystal morphology, cell structure as well as 
the food quality of celery. The water storage value of drip 
loss in the glassy state is 6.8%, and the drip loss value in 
the viscous flow state is 8.2% (Xu et al., 2020; Zhao et al., 
2016). Zhang et al. (2017) studied the relationship between 
the vitamin C content in mangoes during cryopreservation 
and the water state as well as the extent ice crystal formation 
under different phase transitions (temperature fluctuations). 
The results showed that compared with other conditions (the 
rubber state and partially frozen concentrated state), the free 
water and frozen water content in the glassy frozen mango 
system is lower, the ice crystal size is smaller, and the degree 
of destruction to the mango tissue is also lower, therefore the 
vitamin C content is higher (Zhang et al., 2017).

DEFROSTING METHOD

Thawing is the last as well as the most important proce-
dure to maximize the quality of frozen food, and the main 
goal of thawing is to reduce the thawing time in order to 

minimize the damage to food quality (Koizumi et al., 2006). 
The process melts the ice crystals inside the frozen food into 
water and restores the quality of the food to the same state 
as it was in before freezing. Thawing is usually a slower 
process than freezing. The size as well as the shape of the 
thawing material, thermal conductivity, initial and final 
temperature, thermal characteristics and temperature of the 
thawing medium, humidity (when thawing in the air), as well 
as the speed of the thawing medium will all have an effect 
on the thawing time (Zhu et al., 2004). Improper thawing 
conditions can cause drip loss, protein structure changes, 
microbial growth and texture changes, which may adversely 
affect many quality attributes of food, which in turn may 
profoundly affect the nutritional value and quality of the 
food. According to the classification of thawing rate, there 
are two thawing methods: slow thawing and rapid thawing. 
Slow thawing usually includes room temperature thawing, 
vacuum thawing as well as solution immersion thawing 
(Cai et al., 2019). Rapid thawing includes microwave thaw-
ing, ultrasonic thawing, ultra-high-pressure thawing, high 
voltage electrostatic thawing, medium electrolysis, elec-
tric heating thawing and other new rapid thawing methods. 
Rapid thawing will cause a serious loss of nutrients and 
a diminished taste, while thawing for too long will also most 
likely cause microbial contamination and serious drip loss 
(Cai et al., 2019). Therefore, the optimal thawing procedure 
should attract the attention of food technologists. Defrosting 
rapidly at low temperatures to prevent a significant tempera-
ture rise and excessive dehydration is an ideal way to retain 
the original food quality (Li and Sun, 2002b).

The traditional defrosting methods use air as well 
as water for thawing. In the traditional process, thaw-
ing involves heat conduction inside the product, and heat 
is diverted from the surface to the centre through a high-
temperature medium (such as air or water). After the food 
surface has been thawed, the frozen part is surrounded by 
a low thermal conductivity layer, which slows down the 
defrosting process, and this inevitably causes the quality 
of the food to decrease, such as the likelihood of it becom-
ing contaminated with microorganisms, and excessive 
water loss caused by dripping or evaporation (Liu et al., 
2019). To date, certain effective defrosting methods have 
been reported, such as far-infrared radiation thawing, high 
hydrostatic pressure thawing, ultra-high-pressure thawing, 
vacuum thawing, high-voltage pulsed electric field thawing, 
ultrasonic thawing as well as microwave thawing. Although 
many new defrosting methods have been discovered, there 
are as yet very few research programmes and applications 
concerning the control of the thawing mechanism and thaw-
ing parameters of fruit and vegetables, more research is 
being conducted into the thawing of meat products (LeBail 
et al., 2002). Table 3 describes the principles of common 
physics-assisted thawing technology.
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Microwaves are high-frequency electromagnetic waves 
which can rapidly penetrate fruit and vegetables. This causes 
polar molecules in fruit and vegetables to rub against each 
other to generate heat when they are thawed through the appli-
cation of microwaves, so as to achieve the effect of internal 
and external heating. Microwave thawing is based on the die-
lectric properties of the material. The unique characteristics 
of microwave penetration and heat generation in food materi-
als accelerates their thawing process and reduces cell damage 
and drip loss (Li and Sun, 2002a). The thawing rate achieved 
for frozen samples through microwave thawing depends on 
the characteristics and dimensions of the sample as well as 
on the intensity and frequency of the electromagnetic radia-
tion. Factors such as temperature changes, irregular shapes 
and food heterogeneity will affect the thawing process (Cai 
et al., 2020). However, the non-uniformity of the heating 
process limits the application of microwave thawing in food 
processing. Because of the great differences between the 
dielectric properties (DPs) of the solid and liquid phases of 
water in food, microwave heating leads to local overheating. 
In turn, this occurrence causes an excessive water shortage 
and also a thermochemical deterioration of the food (Llave 
et al., 2020). The microblog thawing heat treatment mecha-
nism is shown in Fig. 3. Therefore, it is necessary to improve 
the heating uniformity during microwave thawing. Pupan 
et al. (2018) pointed out that after thawing in the refrigera-
tor, the drip loss of samples stored at –18°C for 3 months 
was 2.51%, while the drip loss due to microwave thawing 
was 2.31%. However, microwave thawing may introduce an 

unpleasant volatile compound to the food, resulting in poor 
overall aroma and flavour attributes (Pupan et al., 2018). 
Holzwarth et al. (2012) observed an increased drip loss for 
samples thawed at 37°C for 2 h and also for those thawed 
for 10 min in a microwave oven, these increases had val-
ues of 17.4 and 16.8%, respectively. When strawberries are 
thawed in a microwave oven, the retention of anthocyanins 
is optimal, 10 min of thawing is beneficial for the maximum 
retention of ascorbic acid (Holzwarth et al., 2012).

Ultrasonic thawing relates to the attenuation of ultrason-
ic waves in food in order to generate the heat necessary to 
achieve the effect of thawing. Ultrasonic thawing cannot be 
widely used owing to the shortcomings of local heating, poor 
permeability and high-power requirements. Many factors 
affect the thawing process, such as ultrasonic frequency, ultra-
sonic intensity, sample orientation as well as the composition 

Table 3. Physical field assisted thawing technologies applied to frozen foods

Unfreezing method Principle Advantage Limitation Reference
High voltage electro-
static thawing 

Electrostatic force promotes the acti-
vation of water molecules, thus 
increasing the friction and collision 
between water molecules, accelerating 
the vibration, making ice in the form 
of small ice crystals.

No damage to tissue cells, 
oxidation resistance, uni-
form and fast thawing, and 
inhibition of bacterial pro-
liferation, reduced water 
drip loss. 

High cost, protein dena-
turation, color change, 
need a lot of equipment 
space, safety. 

Jia et al., 
2017

Ultrasonic thawing Absorption of ultrasonic wave by the 
frozen material and produce heat to 
carry out the defrosting. 

Shorten the thawing time 
and reduce the food 
damage. 

Poor penetration, high 
power requirements, 
overheating caused by 
local heating.

Yuan et al., 
2020

High voltage pulse 
electric field thawing 

Electric field energy makes the micro-
scopic molecules, atoms and ions of 
the matter in the field reach to the state 
of high energy, thus accelerating the 
collapse process of hydrogen bond. 

Fast thawing speed, uni-
form distribution of food 
temperature after thawing, 
less drip loss.

Expensive equipment. Wu et al., 
2017

RF thawing Frozen food move in alternating elec-
tric field, and the friction between 
molecules generates heat, which accel-
erates the thawing process.

Quick thawing speed, even 
heating, less impact on the 
quality of food.

Poor heating uniform-
ity, easy to overheat at 
the edge of food.

Bedane et 
al., 2018

Microwave defrost-
ing/thawing

Microwave can penetrate into the inte-
rior, so as to achieve the effect of 
internal and external heating at the 
same time, the internal ice crystal dis-
solves rapidly in the original position 
of the organelle, which makes the 
sample tissue quickly rehydrate.

Shortens the defrosting 
time, reduces the drip loss 
rate, reduces the 
microbial contamination.

Heating uneven, and the 
temperature difficult to 
control. 

Llave et al., 
2020

Fig. 3. The microwave thawing heat treatment mechanism (Khan 
et al., 2018).
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of the thawed product. Ultrasonic frequency is a major factor 
during ultrasonic thawing (Qiu et al., 2020). Inappropriate 
ultrasonic conditions will destroy the quality of the food. 
Therefore, select a reasonable set of ultrasonic parameters 
for various frozen samples to speed up the thawing process, 
prevent surface overheating and ameliorate ultrasonic pen-
etration induced by cavitation, they should also maintain the 
original quality of the thawed products to the greatest pos-
sible extent. Multi-frequency ultrasonic thawing equipment 
may be observed in Fig. 4. Liu et al. (2019) declared that the 
thawing time is shortened with the raising of ultrasonic inten-
sity. In addition, the ultrasonic thawing treatment had almost 
no influence over the colour of the mango pulp. The texture 
as well as the aroma of the mango pulp thawed under low 
ultrasonic power is comparable to that of samples thawed 
in water. The higher the ultrasonic intensity, the greater the 
thawing efficiency as well as the increased quantity of phe-
nolic acid released. However, when the ultrasonic intensity 
exceeds a certain range, the sensory quality of the mangoes 
deteriorates (Liu et al., 2019).

Ultra-high pressure assisted thawing is achieved by 
applying high pressure to thaw frozen samples at a relatively 
low temperature. We may observe a food-processing system 
under high hydrostatic pressure in Fig. 5. When the pressure 
increases gradually, the phase transition temperature of the 
water gradually declines. At the same time, the temperature 
differences between the frozen materials and the thawed 
materials have increased to a significant extent. According 
to the Planck equation, the thawing time is inversely propor-
tional to the temperature difference. Therefore, high-pressure 
thawing can significantly increase the thawing speed as well 
as reducing the thawing time. In addition, the specific heat 
capacity and enthalpy of the heated ice-containing solution 
are reduced, and the thermal conductivity of the ice under 
high pressure is increased, which helps to increase the rate 
of high-pressure thawing. Defrosting can improve food qual-
ity by adjusting the temperature, time, and pressure (Jia et 
al., 2020). To date, few researchers have reported the use of 
high pressure in the thawing process of frozen foods, and the 
research concerning high pressure auxiliary technology main-
ly involves the thawing of meat (Farag et al., 2009). Zhang 
et al. (2021) found that HHP treatment showed a greater 
likelihood in maintaining the colour of blueberry puree, and 
pressure treatment also played an auxiliary role in extract-
ing anthocyanins. Under a pressure of 300 MPa, the content 
of blueberry anthocyanins was obviously increased. At the 
same time, such pressures can also improve PPO as well 
as β-glucosidase activity (Zhang et al., 2021). Ferrari et al. 
(2011) declared that appropriate temperature and high-pres-
sure thawing can be used to maintain the natural quality of 
strawberry mousse as well as pomegranate juice, increase the 
extraction rate of polyphenols in the mousse, and have little 
influence on the content of polyphenols (Ferrari et al., 2011).

Fig. 5. Food system under high hydrostatic pressure (Khan et al., 
2018).

Fig. 4. Multi-frequency ultrasonic thawing equipment (Wang et al., 2021b).
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Pulsed electric field (PEF) is an emerging non-thermal 
technology that can be used to preserve better food quality 
as well as energy efficiency (Niu et al., 2020).The pulsed 
electric field thawing process may be observed in Fig. 6. 
When the frozen vegetables and fruit reach the interme-
diate stage, the corona discharge on the electrode surface 
ionizes the air, accelerates the momentum of the ions and 
transfers kinetic energy to the food (Li et al., 2020). At the 
same time, the ions attached to the surface also increase the 
convective heat as well as mass transfer. A pulsed electric 
field can change the arrangement of native cells in plant 
tissues, leading to different electric waves of cells, which 
in turn promotes the thawing process. Wiktor et al. (2015) 
found that the texture of frozen and thawed products could 
be modified by PEF. PEF treatment greatly shortened 
the thawing time and changed the colour of the sample 
(ΔE = 5.74-19.58). Compared with untreated samples at 
3 kV cm–1, the sample quality loss of 10 pulse treatments 
was lower (1.6%). In addition, the sample became softer 
and less rigid with PEF pretreatment (Wiktor et al., 2015).

CONCLUSION AND FUTURE PROSPECTS

This article comprehensively describes various meth-
ods that can be used to control the drip loss in fruit and 
vegetables. For fresh fruit and vegetables, the cell micro-
structure is changed after dehydration and freezing, the cell 
membrane and cell wall are deformed and separated, the 
tissue is shrunk, thus controlling drip loss mainly serves 
the function of preventing damage to the cell wall structure 
and the integrity of the cell. With the general rise in living 
standards and the emphasis on the nutritional value of fruit 
and vegetables, as well as the ongoing in-depth research 
on food freezing and cold storage processing methods, drip 
loss after thawing has become one of the pivotal param-
eters influencing the quality of frozen foods. Controlling 
the freezing pretreatment (such as pre-dehydration), opti-
mizing the freezing process, as well as the freezing storage 
temperature and thawing method can lessen the drip loss 
of frozen fruit and vegetables. In the process of freezing 
and thawing, various methods have been adopted. Among 

them are methods that are combined with physical auxil-
iary technology and can generally be applied to all stages 
of freezing and thawing of fruit and vegetables, they exert 
favourable influences concerning the maintenance of the 
original character of fruit and vegetables as well as keep-
ing cell microstructure intact, decreasing drip loss as well 
as preserving fruit and vegetables. All of the techniques 
discussed will improve the organoleptic quality of fruit 
and vegetables. Cell hardness will maintain the hardness 
of the fresh fruit and vegetables to a greater extent, and 
their colour will be more intense. Compounds such as poly-
phenols, ascorbic acid and anthocyanins have the highest 
retention value. The flavour and taste of the processed fruit 
and vegetables may be different from those of fresh fruit 
and vegetables, but they are still acceptable and pleasant. 
The recent additions to thawing technology optimize the 
freezing and thawing process of food, and further improves 
the quality of food on the basis of traditional technology. 
However, the application of physically assisted freeze-thaw 
technology to control the drip loss of quick-frozen fruit and 
vegetables is still in the preliminary research stage and has 
as yet not been widely used in actual production. In terms 
of the control of drip loss, more research has been conduct-
ed to date on meat products as compared to the amount of 
research conducted on the cell structure of fruit and vegeta-
bles products which are more sensitive than meat products.

In terms of dehydration pretreatment and freezing tech-
nology, researchers are currently analysing the water in fruit 
and vegetable cells both theoretically and experimentally 
and linking processing parameters with crystal size, distri-
bution and location as well as morphology to improve the 
freezing process and achieve the efficient freezing of fruit 
and vegetables. Of particular interest are new technologies 
such as ultrasound-assisted freezing, high-pressure freez-
ing, magnetic resonance freezing and microwave-assisted 
freezing which have a positive effect on the nucleation or 
crystal growth steps of ice crystals, and are beneficial with 
regard to controlling crystallization. The combination or 
innovation of new technologies will be the development 
trend of dehydration and freezing food. The ultimate goal 

Fig. 6. Pulsed electric field thawing process (Li et al., 2020).
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is to create large amounts of fine crystals to ensure better 
quality frozen food and biological materials. With regard 
to the thawing process, in recent years, researchers have 
rarely studied its mechanism in frozen fruit and vegetables. 
Therefore, research involving frozen fruit and vegetables 
will become a growing trend in the future, especially with 
regard to the development of effective thawing technology.
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