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Abstract
Voids, filled with air, in plant tissues, can attenuate ultrasound, resulting in weakening the effectiveness of ultrasound during
immersion freezing. The effect of voids on ultrasound-assisted immersion freezing (UF) in selected plant tissues, apple, radish,
and potato was investigated in the present study. The freezing time and quality attributes of firmness, drip loss, total calcium
content, and total phenolic content were investigated in apple, radish, and potato samples treated by normal immersion freezing
(IF) and UF. The results showed that the more the percentage voids in the plant tissues, the lower the effectiveness of the
ultrasound treatment. The total freezing time reduction (%) due to UF was a power function of the volume of voids (%): y =
0.018x−1.057 (R2 = 0.994). Ultrasound at 0.62 W/cm2 (28 kHz) resulted in the best firmness and lowest drip loss in potato, while
no significant (p > 0.05) differences in quality attributes were observed between IF and UF in apple samples. These findings
indicated that UF was more effective in freezing fruit or vegetables with a highly dense structure.
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Introduction

Like drying (Sun and Woods 1994a, b and c; Sun and Woods
1993; Sun 1999; Yang et al. 2017; Pu and Sun 2016; Qu et al.
2017a; Ma et al. 2017; Pu and Sun 2017) and cooling (Wang
and Sun 2001; McDonald et al. 2001; McDonald and Sun
2001; Hu and Sun 2000; Sun and Eames 1996; Desmond et
al. 2000), freezing is an effective method for long-term preser-
vation of perishable food products (Kiani et al. 2012; Ma et al.
2015; Xie et al. 2015; Cheng et al. 2016; Pu et al. 2015; Cheng
et al. 2017; Xie et al. 2016; Qu et al. 2017b; Cheng et al. 2018).

However, traditional freezing technologies, including air blast
freezing, plate contact freezing, fluidized-bed freezing, immer-
sion freezing, and cryogenic freezing (Islam et al. 2017), are
based on temperature difference as the driving force to achieve
the heat transfer between food products and the freezing medi-
um. Generally, the thermal conductivity of foods is approxi-
mately 0.5–1.5 W m−1 K−1 (Sun and Li 2003), which limits
the freezing rate. Owing to a high water content in fresh fruits
and vegetables, normally large ice crystals are formed in food
products during slow freezing processes, and these large ice
crystals are mainly located in the extracellular region (Zheng
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and Sun 2006; Góral and Kluza 2009), which could rupture the
cellular structure irreversibly, causing poor sensory properties
and the loss of nutrients (Alvarez et al. 2005; Koushki et al.
2013). It is generally accepted that rapid freezing generates
smaller ice crystals, resulting in less mechanical damage to
the cell structure, while slow freezing forms large ice crystals,
causing serious mechanical damage to materials (Sanz et al.
1999; Li and Sun 2002). However, some researches indicated
that calcium in plants helps to maintain the structure and integ-
rity of cell wall, thus reducing the damage caused by ice crys-
tals (Burns and Pressey 1987; Galetto et al. 2010). In order to
reduce the loss of sensory, texture, and cellular fluid during
freezing, studies on enhancing the freezing rate and reducing
the sizes of ice crystals have been extensive.

As a novel freezing technology, ultrasound-assisted immer-
sion freezing (UF) has attracted considerable interest in recent
years. Recently, the effects of ultrasound on food quality (Xin
et al. 2014; Xu et al. 2015), ice crystal (Islam et al. 2015), and
freezing parameters (Kiani and Sun 2011; Delgado et al. 2008)
have been investigated. Several studies have reported that apply-
ing power ultrasound during immersion freezing was useful for
inducing primary and secondary nucleation (Li and Sun 2002;
Sun and Li 2003; Chow et al. 2003, 2005; Kiani and Sun 2011).
This is mainly ascribed to acoustic cavitation, which can be
divided into three stages: the formation, growth, and violent col-
lapse of cavitation bubbles (Simal et al. 1998). Cavitation bub-
bles can act as ice nuclei to induce the primary nucleation: the
collapse of cavitation bubbles can break pre-existing ice crystals
into smaller ones, which then act as ice nuclei to promote sec-
ondary nucleation. Furthermore, power ultrasound can improve
the convective heat transfer coefficient (Zheng and Sun 2006;
Legay et al. 2011), because the implosion of cavitation bubbles
near the solid-fluid interface disrupts the thermal and velocity
boundary layers, resulting in the reduction of thermal resistance
and the creation of microturbulence (Legay et al. 2011).
Therefore, UF can effectively increase the freezing rate and min-
imize the size of ice crystals, thus maintaining the integrity of cell
structures and improving the quality of frozen foods. However,
ultrasound irradiation could result in some negative effects on
plant tissue. Large amounts of hydroxyl radicals can be produced
by ultrasonic cavitation during ultrasonic process, causing
sonochemical oxidation of phenol (Serpone et al. 1992). Xu
et al. (2015) indicated that samples treated with UF showed a
significantly (p < 0.05) decrease in freezing time and a better
preserved quality towards IF, as well as a less destructed
microstructure. Similar results have been reported by Sun and
Li (2003) for potato samples. Besides, several studies have also
examined the effect of UF on various food materials, such as
potato, red radish, apple, and strawberry (Islam et al. 2017).
These studies have indicated that the application of power ultra-
sound during immersion freezing is extremely effective for re-
ducing the freezing time and protecting the microstructure of
tissues. Compared with normal immersion freezing (IF), the

freezing times using UF decreased by approximately 21.48%
for strawberry (Cheng et al. 2014), 16.84% for radish (Xu et al.
2015), 14.29% for potato (Li and Sun 2002), and 8% for apple
(Delgado et al. 2008).

However, the mechanisms causing the differences in freezing
efficiencies are still unknown and have not been thoroughly ex-
plored. Being a mechanical wave, the energy of ultrasound con-
tinuously attenuates during the transmission process, and the ul-
trasonic attenuation coefficient differs in different media (Feng
et al. 1999): in particular, severe ultrasonic attenuation occurs in
air (Delgado and Sun 2011). The presence of voids in plant
tissues, for example the air content of apples is about 20–25%
(Khan and Vincent 1993; McClements and Gunasekaran 1997)
and that of potato about 2% (Mizrach et al. 1989), causes scatter-
ing and absorption attenuation when ultrasound propagates in
these tissues. It has also been reported that the ultrasonic attenu-
ation coefficient increases as the void volumes of plant tissues
increase (Liu et al. 2004; Ma and Liu 2012). Tamura et al. (2014)
have also reported that ultrasonic transmissionwas hindered if the
air content in the tissues was too high. Based on these studies, the
void volume or air content within the plant tissues should have a
remarkable influence on the effectiveness of UF.

Therefore, themainobjectiveof the current studywas to inves-
tigate the influence of voids in plant tissues on the effectiveness of
UF. Apple, radish, and potato were chosen as foodmaterials. The
selection of these three plant samples (apple, radish, and potato)
wereduetotheirsimilarplantcellstructurebutwithdifferent levels
of voids (high, medium, and low level of voids, respectively).
Sampleswill be frozen usingUF and IF, so that the effect of voids
on the freezing time, firmness, drip loss, total calciumcontent, and
total phenolic content of the samples can be evaluated.

Materials and Methods

Materials

The freshapples (redFuji), radishes (NanPanZhou), andpotatoes
(Yueyin 85–38) used in the current study were purchased from a
local supermarket in Guangzhou, China. They were first washed
with tap water then cut into cylinders, 1.7 cm in diameter and
2.0 cm high, using a regular steel mold. These samples were then
placed in plastic bags andkept in a refrigerator at 4 °C to achieve a
uniform initial temperature until the freezing treatmentswere con-
ducted. All the rawmaterials were usedwithin 24 h of purchase.

Freezing Equipment

A laboratory scale UF system was set up for this study by the
authors. Figure 1 shows the schematic diagram of the system.
The freezing system consisted of the following three main parts:
(1) an ultrasound bath, which was designed and manufactured
Ningbo Scientz Biotechnology Co. Ltd. (Ningbo, China). The
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ultrasound bath consisted of an ultrasonic generator, eight ultra-
sonic transducers and a freezing tank; (2) a cooling system,
which contained a refrigeration unit (Model LS-20 kW, Beijing
BKP Technology Ltd., China) and a coolant circulator. Ethylene
glycol solution (33%, v/v) was used as the coolant in the cooling
system and three pumps kept the coolant circulating in the whole
UF system; and (3) a temperature acquisition system, which
included eight thermocouples (type-T, Omega Engineering Inc.,
Norwalk, CT, USA) 0.5 mm in diameter with an accuracy of ±
0.1 °C. These thermocouples were connected to a PCwith a data
logger (Model TC-08, OMEGA Engineering, Inc.) to acquire
sample temperatures during freezing.

Experimental Procedure

The experimental procedure is shown in Fig. 2. The freezing
treatments were IF and UF. During the freezing processes, the
freezing tank was filled with 8.5-L coolant, which was main-
tained at a temperature of − 18 ± 0.5 °C. When the coolant
temperature was reduced to − 18 °C, the cylindrical samples
were removed from the refrigerator and immediately placed
into the coolant. A type-T thermocouple was inserted into the
geometric center of each sample to monitor the sample tem-
perature. To minimize the effect of ultrasonic field fluctuation,
all samples were placed at the same fixed locations in the
freezing tank. The labels for the different freezing treatments
of all samples were as follows: AIF (IF of apple), AUF (UF of
apple), RIF (IF of radish), RUF (UF of radish), PIF (IF of
potato), and PUF (UF of potato). For UF treatments, ultra-
sound waves (28 kHz, 0.62 W cm−2) were applied when the
sample center temperature reached − 0.5 °C. To minimize the
thermal effect of the ultrasound, the ultrasound was irradiated

intermittently at a cycle of 30 s on followed by 30 s off, with
an accumulated exposure time of 2 min. The freezing process
was completed when the sample center temperature reached −
18 °C. After freezing, each sample was put into a polyethylene
plastic bag and immediately transferred into a freezer at −
18 °C for storage.

Analytical Methods

Measurement of Ultrasound Intensity

The power ultrasound was generated by the ultrasonic trans-
ducers and dissipated to the samples from the bottom of the
freezing tank at a frequency of 28 kHz. During generation and
transmission, due to attenuation, the actual power transmitted
into the samples was lower than the power output. Therefore,
it was necessary to determine the actual ultrasound intensity,
which was measured using the calorimetric method (Raso
et al. 1999). In this method, the temperature increase of water
in a 2-mL centrifuge tube during the application of power
ultrasound was recorded by a type-T thermocouple for
120 s. The dissipation power (P) was then calculated using
the following equation:

P ¼ MCp
dT
dt

ð1Þ

where P is the dissipation power (W), M is the mass of water
(kg), Cp is the specific heat capacity of water (kJ kg−1 K−1),
and dT/dt is the rate of temperature increase during ultrasound
exposure (K s−1). The actual dissipation power was calculated
as 0.39 W when the ultrasonic generator operated at 70% of
amplitude.

Fig. 1 Schematic diagram of the ultrasound-assisted freezing equipment
(a low pressure gauge, b compressor, c high pressure gauge, d condenser,
e filter, f expansion valve, g evaporator, h coolant tank, i pump, j

ultrasonic transducer, k ultrasonic generator, l freezing tank, m
thermocouple, n data logger, o computer)
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The ultrasound intensity (I) was then determined using:

I ¼ P
A

ð2Þ

where A is the cross-sectional area of the centrifuge tube
(cm2). The ultrasound intensity was calculated as
0.62 W cm−2 when the ultrasonic generator worked at 70%
amplitude.

Measurement of Young’s Modulus

Young’s modulus measures the stiffness of a solid material,
which was determined using a universal testing machine
(Instron 5967, Instron Ltd., Norwood, MA, USA) in compres-
sion mode. In the test, samples were cut into cylinders (1.7 cm
in diameter × 2.5 cm in height), and the speed of the 100-mm
flat probe was 5 mm/s. A force of 30 kN was used to cause a
40% compression. The force/compression curves were then
recorded by a computer and the ratio of tensile stress to tensile
strain was calculated as the Young’s modulus. Four repetitions
(n = 4) were carried out for each test and their average was
reported.

Analysis of Microstructure

A confocal laser scanning microscopy (CLSM) (TCS-SPE,
Leica Microsystems GmbH, Wetzlar, Germany) was used to
observe the microstructure of samples (Cen et al. 2013). In the
present study, two-dimensional (2-D) images were obtained at
a selected confocal plane and the Leica Application Suite X
Analysis software associated with the CLSM was used to
analyze the images. For scanning, the tissue specimens (1.0
long × 1.0 wide × 0.1 cm thick) of fresh samples taken from
about 1 cm beneath the surface were cut in the radial direction
using a double-sided blade. The tissue specimens were then
immediately immersed in a 0.1% Congo red solution (Tianjin
Damao Chemical Reagent Factory, Tianjin, China) for 10min.
The specimens were then washed three times with distilled
water before the CLSM with an excitation wavelength of
488 nm was used for microscopic imaging of the specimens.

Measurement of Firmness

The firmness of fresh samples and thawed samples was eval-
uated as described in Fernández-León et al. (2013). A TA-
XT2i texture analyzer (Stable Micro Systems Ltd.,
Godalming, UK) with a cylindrical probe (2 mm in diameter)
was used to measure the firmness of the supported samples
with dimensions of 1.7 cm in diameter × 2.5 cm in height.
Before measurement, the texture analyzer was calibrated with
a 1-kg weight. The compression mode was selected and the
testing parameters of pre-speed, test-speed, post-speed, trigger

force, and deformation were set at 2.00 mm s−1, 1.00 mm s−1,
5.00 mm s−1, 5.00 g, and 60%, respectively. The force-
deformation curves were recorded using the software
Texture Exponent 32 (Stable Micro Systems Ltd.) and the
maximum compression force (N) was taken as firmness. Six
replications (n = 6) were carried out for each test and the av-
eraged values were reported.

Measurement of Water Content

During the test, samples were placed in an electrothermal dry-
ing box (DHG-9240A, Shanghai Yiheng Technology Co.
Ltd., Shanghai, China) at 100 °C for 1 h. After natural cooling,
the samples were weighed on a piece of aluminum foil placed
on a pre-tared electronic balance. The water content (W) of the
samples was calculated as follows:

W ¼ m1−m2

m1−m3
� 100% ð3Þ

where m1 (g) and m2 (g) are the masses of the samples with
aluminum foil before and after drying, respectively. m3 (g) is
the mass of the aluminum foil. Three parallel experiments
were conducted and six replicates (n = 6) were carried out
and the average was reported.

Measurement of Void Volume

The volume of the voids of sample was measured using
methods based on Archimedes’ principle (Dražeta et al.
2004). In the first step, the volume of a cylindrical sample
was measured, and the sample volume (V) was determined
by the following equation:

V ¼ πr2h ð4Þ
where r (cm) is the radius of the sample, and h (cm) is the
height of the sample.

In the second step, the mass of the sample was measured in
a water container resting on the pre-tared electronic balance.
During the experiment, the sample masses before,W1 (g), and
after, W2 (g), vacuum degassing under water were measured.
The increase in sample mass was calculated based on the
volume of air removed (W =W2 −W1). Then the percentage
voids of the sample were expressed as:

O ¼ W�
V � 100% ð5Þ

where V (cm3) is the volume of the sample, and O is the
percentage voids of samples (g cm−3). Three repetitions (n =
3) were carried out for each test and the averaged values were
reported.
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Measurement of Drip Loss

After the freezing treatments, the frozen samples were placed
in a refrigerator and thawed at 4 °C for 12 h. The masses
before and after thawing were measured, and the drip loss
(DL) was calculated by the equation below:

DL %ð Þ ¼ m0−m1

m0
� 100 ð6Þ

wherem0 (g) is the mass of the sample before thawing, andm1

(g) is the sample mass after thawing. Six parallel experiments
were conducted and each test was repeated three times (n = 3)
and their average was reported.

Measurement of Total Calcium Content

The total calcium content of sample was determined using
the atomic absorption spectrophotometry (AAS) method
described by Kawashima and Soares (2003) with slight
modification. Fresh or thawed samples (5 g) were digested
with 10 mL of 65% HNO3 solution for 1 h, then put into a
muffle furnace (SX-8-10, Taisite Instrument Co. Ltd.,
Tianjin, China) at 550 °C for 3.5 h. The residues were then
transferred to a 100-mL volumetric flask and diluted with
distilled water. At the same time, lanthanum nitrate and

nitric acid were added to final concentration of 0.5%
(v v−1) and 1% (v v−1), respectively. An atomic absorption
spectrometer (Z-2000, Hitachi Ltd., Tokyo, Japan) was used
to determine the calcium content in the solution. Standard
solution was prepared using CaCO3 and the final concen-
tration of lanthanum was kept at 0.5% (v v−1). Three repli-
cations (n = 3) were carried out for each test.

Measurement of Total Phenolic Content

The total phenolic content was measured using the Folin-
Ciocalteu (FC) method (Cheok et al. 2013) after extraction
with aqueous ethanol. About 5 g samples and 50 mL of 15%
ethanol solution were mixed together in a beaker then homog-
enized at 16,000 rpm for 2 min with a homogenizer. The
mixture was extracted in a 30 °C water bath for 1 h. The
mixture was then centrifuged at 10,013 ×g for 20 min at
4 °C using a refrigerated centrifuge (H2050, Xiangyi
Centrifuge Equipment Ltd., Hunan, China), the supernatant
was decanted into a beaker, and the precipitate was extracted
again. Finally, the supernatants were mixed and stored at −
18 °C for the following determination. The extract was diluted
by a factor of 4 before the test. Then, 2.00-mL diluted extrac-
tionwas transferred into a test tube and mixed thoroughly with
1.00 mL of 0.2 mol/L FC reagent (2 N, Sigma-Aldrich, St.
Louis, MO, USA). After shaking for 3 min, 2.00 mL of
NaCO3 solution (15%, w/v) was added and finally made up

Raw materials

(apple, radish, potato)

Water content, microstructure,

firmness, Young's modulus

Washing, cutting into cylinders

(1.7 cm diameter × 2.0 cm height)

Storage at 4°C

IF: -18 oC UF: 28 kHz, 0.62 W/cm2, -18 oC Freezing time/rate

Frozen samples

Storage at -18°C

Thawing at a 4 oC refrigerator for 12 h

Thawed samples
Firmness, total Ga2+ content,

drip loss, total phenolic content

Fig. 2 Flow chart of experimental
design. IF: normal immersion
freezing; UF: ultrasound-assisted
immersion freezing
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to 10mLwith distilled water. Themixture was kept in the dark
for 30 min before measuring its absorbance in a UV-visible
spectrophotometer (L5S, Inesa Analytical Instrument Co.
Ltd., Shanghai, China) at 765 nm. The total phenolic content
was expressed in mg of gallic acid equivalents (GAE) per
100 g fresh weight. A calibration curve (y = 0.035x − a0.006,
R2 = 0.996) was established for standard gallic acid. Three
replications (n = 3) were carried out for each test.

Statistical Analysis

Data were analyzed using SPSS software (Version 20, 2011,
IBM SPSS Statistics for Windows, Armonk, NY, USA), and
significant differences between sample means were evaluated
using one-way variance analysis (ANOVA, Tukey’s test pro-
cedure, 95% significance level).

Results and Discussion

Ultrasonic Attenuation

Density (ρ), sound velocity (c), and attenuation coefficient (α)
are normally used for describing the acoustic characteristics of
homogeneous materials, which are affected by the specific
acoustic impedance (Z), depicted below (Feng et al. 1999):

Z ¼ ρ� c ð7Þ

The specific acoustic impedance and the attenuation coef-
ficient can then be used to characterize the acoustic property
of a material.

The velocity of the ultrasonic longitudinal wave, c, in an
infinite medium can be expressed as:

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E 1−σð Þ
ρ 1þ σð Þ 1−2σð Þ

s
ð8Þ

where E is the Young’s modulus and σ is the Poisson’s ratio.
Therefore, the specific acoustic impedance can be calculat-

ed as:

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Eρ 1−σð Þ
1þ σð Þ 1−2σð Þ

s
ð9Þ

The Young’s modulus for the apple, radish, and potato sam-
ples listed in Table 1 shows that that for apple was the lowest.
The density of the potatoes, radishes, and apples were 0.99,
0.90, and 0.78 g cm−3, respectively. As Poisson’s ratio is a
constant, the specific acoustic impedance of apple was thus

the lowest. Figure 3 shows the confocal laser scanning micro-
scopic (CLSM) images of the flesh tissue specimens. After
analyzing the CLSM images using Leica Application Suite X
Analysis software, the volume percentage of voids in the dif-
ferent samples, shown in Table 1, revealed significant differ-
ences in voids between the three different samples (p < 0.05). It
has been reported that the attenuation coefficients of ultrasound
(1 MHz) were 0.002 dB/cm in 0.9% physiological saline,
while 12.0 dB/cm in air (Feng et al. 1999). Therefore, higher
percentage volume voids would result in a higher air content,
hence a greater degree of ultrasonic attenuation.

Freezing Curves

During IF and UF experiments, temperatures in the geometric
center of the samples were recorded, and Fig. 4 shows the
freezing curves. To help with comparison in the current study,
a total freezing time for the temperature at the sample center
was defined as spanning from 4 to − 15 °C and a phase tran-
sition time spanning from 0 to − 5 °C when most crystalliza-
tion took place. It was noted that the total freezing time for the
radish and potato samples was significantly different
(p < 0.05) when ultrasound was applied (Fig. 4b). Compared
with IF, the total freezing time for apple, radish, and potato in
UF decreased by 5.40, 17.75, and 26.32%, respectively. The
freezing rate was thus greatly improved by the application of
ultrasound, ascribed to the improvement of heat transfer effi-
ciency and the promotion of nucleation (Li and Sun 2002;
Sigfusson et al. 2004).

Recently, the capacity of ultrasound to promote nucleation
in liquid (deionized water and sucrose solution) (Kiani et al.
2011), solid model foods (agar gel) (Kiani et al. 2012), and
vegetable foods (potato and strawberry) (Comandini et al.
2013; Cheng et al. 2014) have been studied, indicating that
ultrasound was capable of promoting nucleation. Three theo-
ries have been commonly cited to illustrate the mechanism of
accelerating freezing by ultrasound. Firstly, the high pressure
(5 GPa) generated by the cavitation bubbles leads to a higher
degree of supercooling (Hickling 1965) as the driving force of
nucleation (Inada et al. 2001). Secondly, the effect of
microstreaming can reduce the heat transfer resistance near
the solid-liquid interface thus enhancing heat transfer (Li and
Sun 2002; Legay et al. 2011; Zheng and Sun 2006). Thirdly,
cavitation bubbles can act as ice nuclei to induce the primary
nucleation (Chow et al. 2003). Furthermore, pre-existing den-
dritic ice clusters can be broken into small crystal fragments,
which act as new ice nuclei to promote secondary nucleation
(Chow et al. 2005). The phase transition times of the three
different samples are also shown in Fig. 4b. Compared with
IF, the phase transition times in UF decreased by 6.36, 20.09,
and 28.55% for apple, radish, and potato samples,
respectively. Therefore, UF shortened the duration of phase
transition mainly by promoting the formation of ice nuclei,
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thus improving the freezing efficiency. Similar results have
been reported by Li and Sun (2002) for potato samples.

However, the total freezing time and phase transition time
were not significantly (p > 0.05) reduced in apple samples,
which might be due to the more and larger voids within apple
tissue (Fig. 3), resulting in severe ultrasonic attenuation.
Figure 4c shows the relationship between the volume percent-
age of voids and the percentage total freezing time reduction
due to UF for the three kinds of samples. This data could be
fitted to a power function as y = 0.018x−1.057 (R2 = 0.994),
where y is the total freezing time reduction (%) due to UF
and x is the volume of voids (%).

Firmness of Thawed Samples

The firmness, an index of the texture, of the thawed samples
treated by IF and UF and that in fresh samples is compared in
Fig. 5a. This showed that the firmness of the thawed samples
decreased significantly (p < 0.05), which could be attributed to
the crystallization of ice in tissues causing mechanical damage
to the natural cellular structure (Sanz et al. 1999; Fernández
et al. 2006). The difference of intracellular and extracellular
fluid concentration (Fennema 1973), as well as the partial
vapor pressure difference between water and ice crystals

(Sahagian and Goff 1996), both promoted the growth of ex-
tracellular ice crystals. Fresh plant tissues having a higher
moisture content are more likely to form large ice crystals
during the freezing process (Xin et al. 2014). It has been re-
ported that the texture of frozen food after thawing is greatly
affected by the size and distribution of ice crystals, which are
closely related to the freezing rate (Petzold and Aguilera
2009). However, some research showed that calcium treat-
ment could also help improve the firmness of frozen samples
(Cosgrove 2005; Xu et al. 2015).

It has been reported that the cell walls were not be damaged
by applying power ultrasound (Sun and Li 2003; Fernandes
et al. 2009), whereas the growth of ice crystals would lead to
their rupture (Chevalier et al. 2000). Hu et al. (2013) and Islam
et al. (2014) have reported that the application of UF produced
many small ice crystals in food materials. As can be seen from
Fig. 5a, compared with IF, the loss of firmness of thawed
apple, radish, and potato after UF process was improved by
5.58, 6.16, and 12.50%, respectively. These improvements
could probably be attributed to the increase in freezing rate
during the UF process (Fig. 4a, b), which resulted in the for-
mation of evenly distributed small ice crystals, thus minimiz-
ing the possibility of mechanical damage. Especially, firmness
in potato after IF decreased by approximately 41.39%

Fig. 3 Confocal laser scanning microscopic images of flesh tissue specimens 1 cm beneath the skin in the radial direction for three different plants. A, R,
and P represent apple, radish, and potato, respectively, “X” represent void

Table 1 Basic parameters
determined for the three different
plant samples

Sample Voids (%) Young’s modulus (MPa) Water content (%) Firmness (N)

Apple (A) 25.68 ± 0.011c 3.28 ± 0.229a 84.25 ± 0.001b 7.74 ± 0.429a

Radish (R) 11.39 ± 0.004b 4.42 ± 0.084b 95.51 ± 0.001c 11.67 ± 0.235b

Potato (P) 7.81 ± 0.008a 3.98 ± 0.137ab 76.09 ± 0.005a 16.84 ± 0.852c

Mean values within columns with different superscript letters are significantly different (p < 0.05). All values are
mean ± standard deviation
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compared to fresh samples, while only 14.96% after UF pro-
cess, which could be attributed to the fact that potatoes have
the lowest voids (Table 1) among the three samples, thus a
lower ultrasound attenuation.

Drip Loss

Drip loss is one of the most crucial indices to evaluate the
quality of frozen samples. The drip loss for the three different
samples with IF and UF treatments is shown in Fig. 5b, indi-
cating that UF significantly limited the decrease in the drip
loss of radish and potato samples compared with IF (p < 0.05),
while the differences for drip loss of apple samples were not
significant. Noticeably, the variation of drip losses in IF and
UFwere not significantly different for all the plant tissues, and
were highly consistent with the freezing rate (Fig. 4b) and

firmness (Fig. 5a). Therefore, it could be concluded that the
decreases in drip loss during thawing were mainly due to the
formation of smaller ice crystals during the freezing process,
because the dense structure of potato and radishwas beneficial
for ultrasound transmission. In addition, the maintenance of
calcium (Fig. 5c) might also play an important role in main-
taining the integrity of the cell wall, contributing to the reduc-
tion in drip loss. However, the apples used in the current study
contained 25.68% voids (Table 1), and air in these intercellular
spaces could have caused serious attenuation of ultrasound
and thus lowering the effectiveness of ultrasonic cavitation.
Therefore, the cell wall could not be better protected during
thawing, causing serious drip loss from the plant tissue, so no
obvious decrease in drip loss for the apple samples was ob-
served. Besides, the water content of apples reached 84.25%
as indicated in Table 1. The drip loss of the apple samples was

Fig. 4 Effects of voids in plant tissues on freezing efficiency during UF. a
Freezing curves of three kinds of materials in two different freezing
methods. b Total freezing time and phase transition time (s) for
different freezing methods. c Relationship between the percentage of
total freezing time reduction (%) and the volume of voids (%). AIF,
AUF, RIF, RUF, PIF, and PUF represent normal immersion freezing of

apple, ultrasound-assisted immersion freezing of apple, normal
immersion freezing of radish, ultrasound-assisted immersion freezing of
radish, normal immersion freezing of potato, and ultrasound-assisted
immersion freezing of potato, respectively. Mean values for columns of
the same treatment with different letters (uppercase or lowercase) are
significantly different (p < 0.05). Error bars show ± standard deviation
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the highest of the three different samples, mainly due to the
high water content and percentage voids in apple tissue.

Total Calcium Content

Due to the fact that calcium bound in the cell wall plays a major
role in protecting its integrity, calcium pre-treatments are al-
ways applied to retard the softening of harvested vegetables
and fruits (Galetto et al. 2010; Xin et al. 2014). Additionally,
the differences in calcium content of plant tissues after thawing
can reflect the degree of tissue damage to some extent (Alonso
et al. 1995). As can been from Fig. 5c, the total calcium content
in thawed samples was lower than that of fresh samples. This
was because the generation of ice crystals could result in pos-
sible mechanical damage to the cells, causing the release of
bound calcium as free calcium (Alonso et al. 1995) that would
be eventually be lost with the drip. Similar results have been

reported byGaletto et al. (2010) for strawberry, Xin et al. (2014)
for broccoli, and Xu et al. (2015) for red radish.

The experimental data showed that the total calcium
content in fresh radish was the highest (25.19 mg/100 g),
while those in fresh potato and apple were 4.24 and
3.25 mg/100 g, respectively (Fig. 5c). Compared with
fresh samples, the total calcium content was significantly
(p < 0.05) decreased by 41.01% for radish after IF and
23.78% after UF, while no significant differences
(p > 0.05) were observed in the thawed potato and apple
samples, which were due to low contents of calcium in
fresh potato and apple. In general, UF samples showed
significantly (p < 0.05) higher ratio of total calcium con-
tents than IF samples, which indicated that the applica-
tion of UF could maintain the calcium content to a cer-
tain degree, especially evident in plant tissues with high
calcium content, possibly due to the shorter freezing time

Fig. 5 Effects of voids in plant tissues on the quality attributes of frozen
products during UF. a firmness. b Drip loss. c Total calcium content. d
Total phenolic content. A, R, and P represent apple, radish, and potato,
respectively. C, IF, and UF represent fresh sample, normal immersion

freezing, and ultrasound-assisted immersion freezing, respectively.
Mean values for columns of the same tissue sample with different
letters are significantly different (p < 0.05). Error bars show ± standard
deviation

Food Bioprocess Technol (2018) 11:1615–1626 1623



(Fig. 4a) and the formation of smaller ice crystals in UF
treatment.

Total Phenolic Content

The total phenolic contents of fresh and thawed samples are
shown in Fig. 5d. Obviously, compared with the fresh sam-
ples, the total phenolic contents of the three different samples
were significantly (p < 0.05) reduced after freezing and
thawing. This might have been caused for two reasons: (1)
plenty of hydroxyl radicals (OH−) were generated due to the
ultrasonic cavitation, and the OH− had strongly oxidized part
of the phenolic contents (Kidak and Ince 2006; Serpone et al.
1992) and (2) ice crystals formed during the freezing process
might have damaged the cell structure (Fernández et al. 2006;
Sanz et al. 1999), thus part of the phenolic content was lost
during thawing.

Compared with fresh samples, IF samples lost 59.20%
of total phenolic contents in apple, 54.66% in reddish,
and 43.81% in potato, compared with 66.92, 54.41, and
31.69%, respectively, in UF samples. This indicated that
UF could significantly (p < 0.05) limit the decrease of the
total phenolic content in potato, due to a lower voids
volume in potato tissue (Table 1), which could effective-
ly reduce the ultrasonic attenuation, thus limiting the drip
loss. The amount of total phenolic loss by decreasing
drip loss was much greater than that lost due to OH−

oxidation, which might account for the reason why no
significant difference existed in radish between IF and
UF. In contrast, high percentage volume of voids in ap-
ple led to the most of the drip loss, as well as the ther-
mal effect of ultrasound and the oxidation caused by
hydroxyl radicals (Kidak and Ince 2006), causing a sig-
nificant decrease in total phenol content in apple tissue
under UF treatment.

Conclusions

The effect of voids on the freezing efficiency of apple, rad-
ish, and potato samples frozen by UF has been investigated
in terms of the freezing time, firmness, drip loss, total cal-
cium, and total phenolic content of samples. The results
showed that the volume of voids had a great impact on
ultrasound transmission. The application of ultrasound dur-
ing immersion freezing mainly promoted the generation of
ice nuclei, leading to the shortening of the phase transition
time and the improvement of the freezing rate. Therefore,
ultrasound irradiation should be applied during the phase
transition stage. Additionally, the firmness, total calcium,
and total phenolic content of the frozen samples were better
preserved and the drip loss was reduced under low void
volume conditions. These results have shown that the fewer

the voids in plant tissues, the higher the effectiveness of
ultrasound, which could possibly enhance the quality of
the frozen product. However, compared with apple and rad-
ish, a shorter freezing time was needed and a better cell
structure was preserved in potato tissues by applying ultra-
sound. The percentage of total freezing time reduction was a
power function of the volume percentage of voids within the
samples. Different void volumes and Young’s modulus of
the apple, radish, and potato tissues resulted in different
specific acoustic impedances and ultrasonic attenuation co-
efficients. This seriously affected the effectiveness of ultra-
sound irradiation during the immersion freezing process.
These findings suggest that UF should be applied to food
materials with have a highly dense structure.
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