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Abstract

The phase change of water occurs in biological samples during freezing and introduces significant changes to the
processed materials. The phase change phenomenon includes complex processes at the macro and micro levels. At
molecular levels, water undergoes a rate-limiting nucleation stage to form templates for the next step called crystal
growth. The rate and interaction of these two stages play an essential role in the characteristics of the process and the
products. Technically, crystal size distribution and its control through processing parameters are linked to the properties
of products. Thus, understanding the interactions between water phase change steps, evaluating the effects of crystal-
lization and ice crystals features, and employing novel techniques to control and monitor nucleation and crystal growth
stages is essential for improved frozen products quality. Finding the moisture behavior information with direct and
indirect measurements can describe crystals in multi-perspectives, providing practical knowledge on the mechanisms
of the freezing process. Moreover, innovative novel freezing technologies improve the crystallization process during
the freezing of foods. This review focuses on an overview of the water phase change and crystallization process. Specific
emphasis was placed on modeling approaches, the measuring methods, and novel accelerating and suppression of
nucleation and ice crystals growth.
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List of symbols

AG Overall excess free energy, J

AG, Critical free energy for nucleation, J

AG, ey Nucleation energy of heterogeneous nucleation, J

AG, Surface excess free energy, J

AG, Volume excess free energy, J

AG, Free energy change of the transformation per unit volume, J m~
AT, Supercooling, °C

A Surface area, m?

A, Preexponential term of nucleation rate equation, s™' m™3

Afor The volumetric surface of foreign particles, m* m™3

B Rate of nucleation, nuclei per unit volume per unit time
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Bhet Rate of heterogeneous nucleation, nuclei per unit volume per unit time
Bhom Rate of homogeneous nucleation, nuclei per unit volume per unit time

B, Rate of surface nucleation, nuclei per unit area of crystal surface per unit time
C Actual concentration, mol L™’

Co The concentration of nucleation sites, m™3

G Constant

G Constant

Cug Concentration on the surface, mol kg™

Cc The molar density of the solid, m®> mol™

Dag Diffusivity, m?s™"

Molecular diameter, m

The surface-diffusion coefficient of units moving on the foreign surface, m? s~
dm/dt  Crystal growth rate, kg s™

dg/dt  Rate of heat transfer, J 5™

1

f Natural frequency, s™

g Constant

G Rate of crystal growth, kg s™

h Film heat transfer coefficient, W m=2°C™’

He, 4 Adsorption constant

k Boltzmann constant

K, Thermal conductivity, W m™' °C™!

Kg Overall crystal growth coefficients

n Constant

Ny Concentration of monomers in the supersaturated solution
N, Avogadro’s number (N, =6.023 x 10?2 mol™)
ne Number of stable nuclei

r Particle radius, m

re Critical nucleus radius, m

s Initial freezing front position, m

S Supersaturation ratio

S;net, s Relative supersaturation

T Melting point, °C

T Temperature, °C

t Time, s

T Initial freezing temperature, °C

T; Interfacial temperature, °C

Vi, Volume of a unit, m?

w Work, J

W, Work required to form a surface, J

W, Work required to form the bulk of a particle, J
z Zeldovich or Imbalance factor

X Length, m

B Constant

o] Surface energy of the particle per unit area, J m?
v The number of molecules or ions

0 The wetting or contact angle, deg

YeL The surface tension, N m™'
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1 Introduction

Freezing is among the most critical and influential unit operations [1] for the preservation of perishable foods to
prevent microbial growth and reduce biochemical reactions [2], besides preserving organoleptic properties [3]. The
freezing process of food materials includes three stages: precooling, phase change, and tempering [4]. Crystallization
is defined as a critical phenomenon which is occurred in the second stage of freezing, consisting of the formation
of ice crystals and subsequent crystal growth [2]. In the freezing of food materials, the creation of large ice crystals
causes some problems, such as weakening the physical structure in porcine longissimus muscles [5]. In contrast,
the generation of small and homogeneously distributed ice crystals in the intracellular region causes to bring about
high-quality foods [1] and leads to fewer damages to the food structure. Thus, understanding the crystallization
phenomenon, control of nucleation and ice crystal growth during the freezing process and in frozen foods, and
assessing methods to evaluate crystallization is crucial.

Crystallization is known as the diverse phenomenon that leads to the creation of crystalline lattice structures,
comprising two integrated steps, including nucleation and ice crystal growth [2]. Supercooling and supersaturating
are the most important driving forces to crystallization. High supercooling degrees make small ice crystals, which
cause fewer deterioration effects to the food structures [6]. The ice crystal size is mostly dependent upon nucleation
temperature (the temperature that the first ice nucleus will appear). The efficiency of the freezing process is directly
related to the size, morphology and distribution of ice crystals [7]. Theoretical modelling and experimental evalu-
ation can be employed to better understand water crystallization, leading to handling and improving the freezing
process. Some theoretical modelings, including thermodynamic, heat transfer, and mass transfer principles, describe
the complicated process of nucleation and ice crystal growth [4]. Furthermore, there are many types of experimen-
tal analyzing methods to visualize the crystallization phenomenon and its effects on frozen foods, including light
microscopy, Cryo-microscopy, scanning electron microscopy (SEM), environmental scanning electron microscopy
(ESEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), magnetic resonance imaging (MRI),
and nuclear magnetic resonance (NMR) have been employed [2].

Traditional freezing methods (slow freezing methods), including air blast freezing, immersion freezing, cryogenic
freezing, direct-contact freezing [8, 9] have some defects such as heterogonous distribution, size variation, also mor-
phological diversity of ice crystals, in which cause drip loss in plant tissue, squeezing effect in meat tissue, and other
drawbacks in food materials. Therefore, employing novel freezing techniques (rapid freezing methods) for reducing
damages of freezing is essential [8]. Controlling of ice crystals nucleation and subsequent ice crystals growth has been
evaluated by ultrasound-assisted freezing (UAF) [10], electrically disturbed freezing (EF) [11], magnetically disturbed
freezing (MF) [12], microwave-assisted freezing (MAF) [13], radiofrequency freezing (RF) [14], high-pressure freez-
ing (HPF) [15], osmo-dehydro-freezing (ODF) [16], ice nucleating proteins (INPs) [17], antifreeze proteins (AFPs) and
antifreeze glycoproteins (AFGPs) [18]. Compared with conventional freezing methods, several benefits are reported
by employing novel freezing approaches, including maintaining nutritional value [5, 12], better flavor and taste [19],
retarding the browning index [20], enzymes inactivations [21], reducing the drip loss [13, 22, 23], keeping water
holding capacity [24, 25], retaining better texture [13, 26], more stable colour parameters [13, 15, 22], etc.

In this review, we first summarized the ice crystallization phenomenon and its importance. Modeling approaches
are then introduced. Finally, evaluation methods of ice crystals are discussed, followed by an overview of novel freez-
ing methods to trigger and suppress ice crystallization.

2 Ice crystallization phenomenon

The freezing process has three stages [4], including the precooling or chilling stage (removing sensible heat), phase
change stage (the removal of latent heat), and tempering stage (cooling to the storage temperature of food prod-
ucts, and finally cessation of growth). Due to the supercooling (reducing the temperature of food samples below
their freezing point without solidification) [19] and supersaturation (surpassing the concentration of a solute from
its specified equilibrium solubility), the substances can be precipitated, which is called crystallization. Crystalliza-
tion occurs in the second step of the freezing process. As stated before, the crystallization phenomenon includes
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two main steps, i.e., nucleation and ice crystal growth. The crystal characteristics, including size, morphology, and
distribution, are determined by the interaction between nucleation and crystal growth [2, 4].

During nucleation, thermo-dynamically stable aggregates are produced by associating a large amount of molecules,
called parent or critical nuclei. Nucleation is a stochastic process divided into primary nucleation (the formation of ice
crystals in the free-crystals solutions) and secondary nucleation (creating ice crystals in the solutions with pre-created
ice crystals). There are two kinds of primary nucleation: homogenous (without foreign particles) and heterogeneous (if
foreign particles are presented). A huge supercooling degree is desired to produce homogenous ice crystals in the pri-
mary nucleation step. In real food samples, due to the lower supercooling degrees, heterogeneous nucleation is easier
than homogenous nucleation [27]. Secondary nucleation is occurred by the fracture of parent ice crystals [2, 4, 27].

The second step of crystallization is ice crystal growth, which is either immediately followed by nucleation or can be
occurred at the same time. Nuclei, which are produced in the nucleation step, serve as platforms for ice crystal growth.
The diffusion of particles to the surface of the parent nuclei causes to the growth of ice crystals [2, 4, 27, 28]. Both mass
transfer and heat transfer are the main influential factors for ice crystal growth [2]. The ice crystal growth step can affect
the size and distribution of ice crystals [7]. Nucleation and subsequent ice crystal growth are multi-parameter phenomena
affected by chemical parameters like small molecules impurities, crosslinkers, pH, etc., physical parameters such as tem-
perature, pressure, viscosity, time, nucleation, dielectric properties, as well as biological factors like purity, homogeneity,
aggregation, inhibitors, proteolysis [27, 29, 30].

3 Modeling approaches

The crystallization process consists of two stages, namely nucleation and crystal growth. The nucleation stage is defined
as the formation of new crystals, taking place in two forms of primary nucleation and secondary nucleation. In primary
nucleation, new crystals are formed in a crystal-free solution, but in secondary nucleation, the new crystals are formed
in the presence of formerly created crystals. If the nuclei are formed in a solution free of foreign particles and crystals, it
will be called homogeneous primary nucleation, but if they are formed in the presence of foreign particles, then it will
be defined as heterogeneous primary nucleation [4].

There have been various mathematical models for describing the crystallization phenomena. Therefore, in this section,
the mathematical modeling of the crystallization will be discussed in detail.

3.1 Primary nucleation
The work needed for the formation of the nucleus is the sum of the work required for the creation of the surface of the
crystal, W,, and the work needed for the creation of the volume of the nucleus, W.,.

W=W+W, M

The surface term is an endothermic process. Therefore, a positive quantity that permits the molecular aggregate to
consume some of the nucleation energy or to dissolve into the continuous medium. The volumetric term is an exo-
thermic and therefore a negative quantity, which reduces Gibbs free energy [31]. In fact, the surface term is against the
nucleation, but the volumetric term is in favor of the nucleation [32]. According to these explanations, the Eq. 1 can be
rewritten based on Gibbs free energy [33]:

AG = AG, + AGy 2)

In the case of a spherical particle:

AG = 4rr’c + %‘MAGV 3)

where AG is the excess free energy difference between the solute in a small solid particle and solute in the solution, AG,,
is the excess free energy of the volume, AG, is the excess free energy of the surface, AG, which is a negative quantity is
the changes in free energy of the transformation per unit volume, o is the surface energy of the particle per unit area.
The AG has a maximum value in a specific value for r, which is called the critical nucleus radius (r.). The corresponding
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AG s called the critical free energy of the nucleation (AG,). For a cluster with a radius lower than the r,, there is a need of
energy for the attaching molecule to reach AG_. But, if the cluster has a radius higher than ther,, the AG of the attaching
molecule will be lower than the AG.. In this case, this crystal is stable and will grow.

In the crystallization system, the nuclei with radii larger than the r_ have the opportunity to develop at the macroscopic
level. Therefore, the term nucleation rate (B) is defined as the number of the created nucleus per unit time per unit volume
or area [34]. The proposed model by Volmer and Weber [35], which was modified based on thermodynamic considera-
tions and Gibbs free energy [33, 34] is the most used formula for describing the nucleation rate (B):

—AG,
e

where, the term A, is:
A =77C, (5

where T is the temperature, k is the Boltzmann constant, f'is the frequency of monomer attachment to the nucleus, C,
is the concentration of nucleation sites and z is the Zeldovich or imbalance factor. The factors that influence the f* are
the temperature, surface area of particles, concentration and the diffusion coefficient of the molecules. The Zeldovich
factor relates the number of critical nuclei in the equilibrium distribution to the number in the steady-state distribution.
It is a function of surface area, surface tension, concentration, temperature and Avogadro number.

For any nucleation process, Eq. 4 can be used with modifications [33, 34, 36-38]. Based on the thermodynamic properties
of the system and estimating the main terms of the equation, the Eq. 4 can be rewritten for homogeneous and hetero-
geneous systems as Eqgs. 6 and 7, respectively [36]:

2
3 ! fra 1 16 (re\( _1 1
B, = =D, z(CN, )31/ - (& —
hom ™ 9 an(CN4) kT CCNAGXP[ 3 ”( kT) <CCNA> (vlnS)Z] (©)

1 r fre (sin)D g,y : ! 16\ _7c 1
B, = Eafmdeead(CNA) 3 k_LVm<r—cHeadd,f,(CNA) S +3xD4p(1 — cosH) |exp —f(;)ﬂk—;rf onS)
)

where, D, is the diffusivity, N, is the Avogadro number, y is the surface tension, Cis the actual concentration, C is the
molar density of the solid, v is the number of ions or molecules, fis the geometric correction factor for homogeneous
nucleation, S is the supersaturation ratio, 8 is the wetting or contact angle, d,, is the molecular diameter, a, is the volu-
metric surface of foreign particles, V., is the volume of a unit, He_q is the adsorption constant, D, is the surface-diffusion
coefficient of units moving on the foreign surface.

The nucleation of ice can also be described in a similar way as Eq. 4 based on the degree of super-cooling in the system

[39, 401:
—Cﬂ}z
B =C,T —_——
1lexp TPAT, (8)

T is the temperature of the system, C; and C, are the coefficients, which is dependent on the type of the product, T is
the initial freezing temperature and AT, is the super-cooling.

As seen from the presented equations, the rate of nucleation for both the homogeneous and heterogeneous system is
dependent on the super-cooling or supersaturation, temperature, diffusivity, the actual concentration and the equilibrium
concentration, and molar density. Therefore, the driving force of the nucleation is super-cooling or supersaturation, which
is a function of temperature or concentration. The rate of nucleation in the case of heterogeneous systems is much higher
than that of homogeneous systems. Therefore, its rate is also dependent on the additional parameters such as the volumetric
surface (ag,,) of the foreign particles in the nucleation system, the contact angle (0), the adsorption constant (He,,), and the
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surface diffusion coefficient (D). The volumetric surface of the foreign particles is more important than their number, and
it is considered a critical parameter for heterogeneous nucleation.

3.2 Secondary nucleation

As stated earlier, secondary nucleation takes place in a system containing already created crystals; therefore, the present
crystals act as a catalyzer for the nucleation process. In this case, the nucleation rate is much higher than the primary nuclea-
tion and can occur at a lower supersaturation degree.

Secondary nucleation can take place similar to the primary nucleation as follow [36, 41, 42]:

D 7 dn,
B, = #exp 7[+ (9)
d, (KT)*vIn S,

where, B, is the rate of the surface nucleation, AG is the

relative supersaturation.

is the nucleation energy, D,z is the diffusivity, and S

max, s met, s

3.3 Crystal growth

For the crystallization phenomenon in which the main driving force is temperature reduction, the most important factor
is the rate of heat transfer from the crystal surface to the surrounding medium [33]. When the molecules of the melt are
deposited on the surface of the crystal, due to the liberation of the latent heat of phase change, the surface of the crystal will
have a higher temperature than the surrounding medium. Therefore, a temperature gradient is created between the surface
of the crystal and the super-cooled melt. In this case, the Newton law of cooling is used to describe the heat transfer [33]:

dg

= hA(T; - T) (10)

In the frozen part of the material undergoing the freezing process, the dominant mechanism of heat transfer is conduction
heat transfer which is described by Fourier's first law of conduction; therefore, the rate of heat conduction in the x-direction is:

ar

=-KA=
qx 1 dx (1 1)
The rate of crystal growth, dm/dt (mass per unit time) is:
dm
= = KA(T =T)°
I GA( ) (12)

where A is the surface area of the growing crystal, h is the convective heat transfer coefficient, T, is the interfacial tem-
perature, T is the temperature of the super-cooled material, m is the mass of solute deposited on the surface of the crystal
in time, T" is the melting point, K, is the thermal conductivity, K, is the overall crystal growth coefficients, x is length
(m) and T is temperature. The g is a value between 1.5 - 2.5, which is referred to the order of the overall crystal growth.

Similar mathematical models can also be used for describing the rate of crystal growth in the freezing process of foodstuff.
There are experimental models for calculating the rate of water crystallization. Following is an experimental equation similar
to that of Eq. 12 for calculating the rate of water crystallization [39]:

G = B(AT,)" (13)

where  and n are constants obtained from experimental data and AT, is super-cooling.

4 Methods for evaluation of crystallization
The size, distribution and morphology of ice crystals have important effects on the quality of the frozen product [2]. The

freezing rate is the most important frozen condition which influences these properties. The formation of large ice crystals
and their uneven distribution may rupture the cellular structure and therefore cause the loss of texture and nutrients
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giving poor sensory properties to the final product. Ice crystals with finer size and even distribution are generated at a
high freezing rate, while at lower freezing rates, large and uneven ice crystals are formed in the food tissue [43]. In Table 1,
the advantages and drawbacks of various methods for measuring ice crystallization have been presented.

In this regard, several methods have been developed to analyze the size, morphology and distribution of ice crystals.
In this section, these methods will be described.

4.1 Microscopy

There are three types of microscopic techniques that can be applied to study the effect of ice crystal formation on the
quality of frozen products: destructive methods, direct methods and indirect methods. The first two methods are carried
out by optical microscopy and the third one is carried out by electronic microscopy [49].

4.1.1 Optical microscopy

Optical microscopy is one of the most common methods for characterizing frozen foods. It gives information about the
characteristics and size distribution of ice crystals as well as structural changes of the crystals during the storage of frozen
foods. Compared to other methods, this technique is inexpensive and does not have a complicated sample preparation.
As stated earlier, this technique is classified into destructive and direct methods. In destructive optical microscopy, the
sample is mixed with a specific medium to disperse the ice crystals and dissolve other phases [50]. The advantages of this
technique are the short time of the experiment and easy collection of data about the ice crystals distribution. However,
due to the sample destruction, one cannot obtain data regarding the relative position of ice crystals and their volume
fraction. In a study conducted by Donhowe et al. [50], the morphology and size distribution of ice crystals in the frozen
dessert was analyzed by optical microscopy. In the preparation stage, they placed an ice cream sample on the slide and
a drop of ethyl acetate was added to the sample to destroy the air cells present in the sample in order to increase the
clarity and precision of ice crystal image analysis. Then, the obtained micrographs of ice crystals were analyzed for their
morphology and size distribution.

In direct optical microscopy, the original texture of the sample is preserved. Photonic microscopy with episcopic
coaxial lighting is used for this purpose. The principle of this method is based on the reflected light from the surface of
the material [51]. This method was first developed by Arnaud et al. [50] for studying the polar ices, and its first applica-
tion in food science was carried out by Faydi et al. [51] who studied the structure of the ice crystals the ice creams. In
a recent application, Fiol et al. (2017) investigated the distribution and microstructure of the ice crystal in ice cream. A
micrograph obtained by episcopic coaxial lighting from an ice cream sample can be seen in Fig. 1. The retention of the
product’s original texture, easy handling and low running costs are the main advantages of the optical microscopy with
the episcopic coaxial lighting method. The main limitation of the coaxial episcopy is the small observation area.

In some cases, an optical microscope is equipped with a cryogenic system that comprises a cooling chamber contain-
ing a cooling stage for placing the specimen. A cryogenic material such as liquid nitrogen is coupled with the cooling
chamber. This method is usually applied to monitor the sample’s nucleation and ice crystal formation. Takako et al. [52]
developed a special cry-microscope to monitor the intracellular ice crystal formation in the epidermal tissues of straw-
berry geranium. They used an inverted microscope equipped with a cryogenic system and a high speed camera (Fig. 2).
Cheng Dai et al. (2016) used a cryo-microscopic technology for studying the ultrasound-assisted nucleation in the freeze
drying process of carrot [53].

4.1.2 Electron microscopy

The principle of imaging by electron microscopy (EM) is similar to optical microscopy. The difference lies in the source of
illumination, which is a beam of accelerated electrons in the case of EM. Due to the fact that the wavelength of electrons
is much shorter than the visible light photons, the EM poses a higher resolution capacity than that of optical microscopy.
Therefore, it can be used for imaging of smaller objects. The resolution of light microscopy is about 200 nm, while for
electron microscopy, this value is 5 nm [2]. This technique has been widely used to analyze the microstructure of food
products. There are two types of EM: scanning electron microscopy (SEM) and transmission electron microscopy (TEM).

4.1.2.1 SEM SEM system has three main parts: an imaging system, an electron beam system and a vacuum system. Due
to its high magnification ranging from 10 to 300,000 times, SEM can provide more detailed information than optical
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microscopy [2]. In this system, a beam of energetic electrons interacts with the surface of the specimen and then they
are reflected and produce a 3D image from the surface of the sample [54]. Therefore, there is no need for a strict sample
preparation to reach a desired thickness. Operation under vacuum prevents the scattering of the incident electron beam
or produced electrons [55]. In the conventional high vacuum SEM, in order to obtain a more realistic image, the surface
of the sample is usually coated with a conductive material such as gold [55]. This conductive layer prevents thermal dam-
age or charging of the sample by the electron beam [56]. In the low vacuum SEM, the observation of non-conductive
material can be supported, but it has not been used for the analysis of frozen foods yet.

In addition to the conventional SEM system, two SEM techniques are cryo-SEM and environmental scanning electron
microscopy (ESEM) for observing the ice crystals. The conventional SEM is not suitable for studying material with high
water content because SEM operates under vacuum and dehydration of sample may occur under this operating condi-
tion. In contrast to conventional SEM, ESEM allows non-conductive samples with high water content to be imaged in
their native state without sample preparation [57]. However, the disadvantage of this technique is its low resolution [55].
Cryo-SEM has a higher resolution than the ESEM and therefore, more details are obtained from the sample. However, it is
more expensive and time-consuming and therefore, for the large number of samples, ESEM is more suitable [2]. Due to the
possession of a chilling system, cryo-SEM can be used for direct imaging of frozen samples. Moreover, unfrozen samples
can be placed in the microscope and the freezing process can take place during the imaging. Jha et al. (2020) studied
the effect of microwave-assisted freezing on the apple and potato quality properties. The SEM graphs of apple sample
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are seen in Fig. 3. In this image, the bright regions are solidified solutes of the cell sap, cell walls and the cytoplasmic
membrane. The dark spaces are ice crystals and some of the dark regions are related to the air space between the cells.

4.1.2.2 TEM In this electron microscopic technique, a beam of electrons is transmitted into the specimen. The scattered
and un-scattered electrons passed through the specimen are collected and magnified producing a two-dimensional
(2D) image of the sample’s microstructure is obtained [54]. TEM is usually used for investigating the effect of ice crystals
on the structure of frozen food matrices instead of the ice crystals themselves. Sample preparation in TEM is more com-
plicated than in SEM. In most cases, the sample is cut into a very thin layer in the range of 40-100 nm and is stained prior
to analysis. Since the electron beam is easily scattered, therefore, the thinness of the sample in TEM analysis is an impor-
tant criterion. Lili et al., (2013) used TEM for investigating the effects of freezing on the microstructure of soybean [58]. By
this technique, they found that the freezing process induces the coalescence of oil bodies and protein storage vacuoles
in soybean seeds. In a study conducted by Phothiset and Charoenrein (2014), the microstructure of papaya subjected
to freeze-thaw cycles was analyzed [59]. They observed that due to the freeze-thaw cycle, the cell wall materials in the
middle lamella are lost as indicated by a decrease in the stain of the center zone of the cell wall.

4.1.2.3 Atomic force microscopy (AFM) AFM is a microscopic technique with atomic resolution and has been used widely
in many fields of study. In 1986, a new type of microscopic technique was introduced, which analysis the surface of the
sample using mechanical scanning without using any lens or photons. Since this microscopy operates using atomic
forces, it is frequently called atomic force microscopy [60]. In fact, AFM provides information from images by “feeling” not
from “looking” [61]. AFM can produce both 2D and 3D surface images simultaneously, while in the SEM technique, a 2D
image is first obtained, and the 3D model is generated by its reconstruction. Moreover, there is no need for sample coat-
ing in the TEM technique and it can operate in both atmospheric and liquid environments [2]. Its main disadvantages are
the limited imaging range and imaging speed [60]. Zhao et al. (2013) investigated the effect of the freeze-thaw process
on the glutenin branch network by AFM. They found that ice crystal agitation resulted in the breakage of disulfide bonds,
which weakened the glutenin network [45].

4.2 Electromagnetic spectroscopic technique

Techniques such as X-ray, near-infrared spectroscopy (NIR), nuclear magnetic resonance (NMR), Raman spectroscopy,
and magnetic resonance imaging (MRI) do not cause sample damage, which is usually the case in other methods in the
preparation step [2].

4.2.1 X-ray computed tomography (X-ray CT)

This technique is a non-destructive testing (NDT) technology which is employed to detect many hidden problems and
even the entire information without sample separation and preparation [62]. This technology was invented by Godfrey
N. Hounsfield and Allan M. Cormack in 1972, which is made by combining computer technology with X-ray technology.

Fig.3 Cryo-SEM image of fro-
zen apple by the microwave-
assisted freezing process.
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This equipment comprises three parts: the scanning part (consists of the X-ray source, detector and gantry), computer
system, and image system [62].

X-ray micro-computed tomography (X-ray uCT or micro-CT) is a non-invasive technique forimaging product structure
with a minimum sample preparation [63]. Its principle is based on the contrast of the X-ray images generated by differ-
ences in X-ray attenuation arising principally from differences in density within the specimen. The obtained image is a
projection of a volume in a two-dimensional plane. By 180° rotating of the specimen, a large number of radiographs are
generated and a 3D model is obtained. Mousavi et al. [64] used this technology to evaluate freeze-dried frozen foods’
structure.

4.2.2 Near infrared spectroscopy (NIR) spectroscopy

Near infrared light is referred to light with a wavelength of 800 to 2500 nm. This region is the first non-visible region in
the absorption spectrum [65]. This technology is usually used for quality control of various materials especially cereal
industry due to its advantages such as being rapid, chemical-free, non-destructive and easy to use method compared to
other chemicals (for example, Kjeldahl and Soxhlet) and analytical (such as gas and high performance chromatography)
methods. The spectra in the NIR region are generated due to energy absorption by organic molecules. These spectra
contain the overtones and combinations of overtones, which are originated from the fundamental bond vibrations
(stretching or bending) that occur in the mid-infrared (MIR) region of the spectrum [65]. The NIR spectroscopy only gives
an average spectrum (average measurement) of the sample and does not count the scanned area of the sample. Since
the collected spectra are averaged, giving a single spectrum, no information is obtained regarding the spatial distribution
of the constituents within the sample. Therefore, the NIR hyperspectral imaging was developed to obtain both spatial
(localization) and spectral (identification) information by combining the NIR spectroscopy with digital imaging. In a
study conducted by the Cheng et al. (2018), the relationship between the size of ice crystals and the degree of structural
deformation of frozen foods was obtained by NIR spectroscopy [66]. This relationship was obtained based on the effect
of sample size, affected by the ice crystal size, on the absorption spectra.

The demand for fresh meat is higher than that for frozen meats and therefore, fresh meat has a higher price compared
to frozen one. This attribute may cause some retailers to thaw the frozen meat and sell it as a chilled fresh product [67].
Due to the high similarity in the appearance of fresh and frozen-thawed meats, identifying fraudulent retailers can be
quite a difficult task. The NIR hyperspectral imaging can detect the possible freeze-thaw process occurring during
the storage of products specially meat. In a study, the thawing behavior of frozen chicken was investigated by the NIR
spectroscopy. It was revealed that the melting of the ice crystal, protein proteolysis and the relaxation of lipids can be
successfully identified by the variation in the spectral intensity of wavelength associated with O-H, N-H and C-H groups,
respectively [68]. Sometimes by combining visible unit and NIR unit, forming a Vis-NIR hyperspectral imaging, the quality
of frozen product at frozen state [69] and the effect of frozen/thawed on the quality [47] can be evaluated.

4.2.3 Raman spectroscopy

The physical principle of Raman spectroscopy is based on the inelastic scattering of light when it is impinged on the
surface of a sample followed by measuring the frequency shift of reflected photons. By Collecting distinct Raman shifts
due to light scattering, the chemical identity/structure of species are probed in a process as a molecular fingerprinting
tool [70]. When a monochromatic light is radiated to a sample, a small proportion of the radiation is scattered depending
on its physical and chemical properties. The interactions between the molecular vibrations and the laser light, a shift in
energy between the incident and the scattered light are generated [71].

Raman microscopy is a combination of optical microscopy and Raman spectroscopy. Huen et al. (2014) investigated
the microstructure of frozen bread dough using a confocal Raman microscopy [72]. Their results revealed that ice crystals
in the frozen dough were in the form of a continuous phase rather than individual crystals. Wang et al., (2020) studied
the effect of the freeze—thaw process on the properties of egg yolk during storage [73]. Raman spectroscopy analysis
showed that the freeze-thaw process caused changes in secondary structures of egg yolk proteins. Chen et al., (2020)
employed Raman spectroscopy to quantify the textural properties of beef affected by the freeze-thaw cycles [74]. Their
results revealed that Raman spectroscopy could predict the changes in the tenderness, firmness, chewiness and hardness
of beef caused by the freeze-thawing process. These studies showed that Raman spectroscopy can be applied success-
fully in the quality inspection of frozen food products.
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4.2.4 Nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI)

NMR spectroscopy is one of the most powerful analytical techniques that has received a high interest in food science.
Initial applications of NMR that were applied in food science were limited to the low resolution NMR analysis of moisture.
But later, at the end of the twentieth century, it was developed to high-resolution studies of liquid and solid food matrices
for various purposes [75]. These included quality control, authentication and classification, structural and compositional
analysis, understanding molecular mechanisms and interactions of food components, and the investigation of nutritional
approaches to health. In NMR, 2D spectrum, in terms of different peaks in longitudinal and transverse relaxation time,
the content and classes of water, including free water, bound water, and immobilized water can be reflected, providing
information on content, distribution and fluidity of moisture in frozen foods. However, spatial images cannot be obtained
by NMR; therefore, MRI which is a more advanced NMR equipment, is used for both relaxometry information and spatial
spectroscopy [2].

During recent years, low-field nuclear magnetic resonance (LF-NMR) and MRI have been employed as powerful tools
to characterize the water dynamic of food during processing and storage due to their non-invasiveness, fast analysis
speed, sensitivity and low cost [76]. Many researchers have used these techniques to analyze the effect of freeze—-thaw
cycles on the quality of frozen products. Ali et al., (2015) reported that increasing the number of freeze-thaw cycles in
the chicken breast resulted in a decrease in the transverse relaxation time of immobilized water [77]. Zhang et al., (2017)
reported that after five freeze-thaw cycles of muscle, the three protons spin-spin relaxation time (T,) times were pro-
longed significantly than that of control samples [44]. This observation revealed that a portion of bound water in the
cells changed into free water, and freeze-thaw cycles resulted in an increase in the mobility of free water, which could
be related to the denaturation of proteins and redistribution of water caused by repeated freeze—thaw of ice crystals. Ice
crystallization can significantly reduce the relaxation time (T,) and by this principle, unfrozen water of samples can be
detected by the NMR SPRITE technique which is another method of obtaining water information [78]. In addition, MRI
can be used for determining the glass transition temperature and ice formation (crystallization) in the freezing system
[79]. In summary, NMR/MRI technology can be employed for rapid and dynamic monitoring of water conditions in order
to improve the stability of frozen foods by optimizing process conditions [2].

Although conventional indirect assessment methods with high magnification are developed enough, sample pretreat-
ment required in these techniques is damaging and slow. Therefore novel approaches must be explored to overcome
these limitations. Combined technology can help monitor frozen food products’ quality better and does not need exces-
sive sample preparation. As a result, nondestructive and online assessment is a predictable trend in the future.

4.2.5 Novel freezing techniques

Novel freezing approaches (Table 2) have been applied to refine the limits of the traditional freezing method. Emerging
freezing techniques generate finer and homogenously distributed ice crystals, enhance freezing rates, and suppress
nucleation. Thus, understanding the mechanisms and impacts of innovative freezing is significant. Table 2 shows the
novel freezing methods aimed at controlling ice nucleation and subsequent ice crystal growth during freezing.

4.3 Ultrasound-assisted freezing

Ultrasound power is a novel, green, and non-polluting process in both the analysis and preservation of food in the field of
the freezing process. Propagating ultrasound waves within fluids medium causes cavitation, resulting in acoustic bubbles
produced. Collapse and motion of cavitation bubbles make microstremeanig effect [81, 101, 102], leading to increase
convective heat transfer rate [5, 103] and mass transfer rate [4]. The cavitation and microstreaming effect [80] enhances
nucleation probability in supercooled water and induces nucleation at higher temperatures during the freezing process
[89]. Cavitation bubbles that are produced by power ultrasound can serve as ice nuclei in the primary ice nucleation
step [1], and improve secondary nucleation by the breakage of parent ice crystals [82]. Therefore, Ultrasound-assisted
freezing triggers the freezing process and produces uniform ice crystals, reducing structural damages of frozen food
materials [7, 104].

Ultrasound-assisted freezing is divided into three types of full immersion, half immersion, and non-immersion
(direct contact) (Fig. 4) [1]. Zhang, Xia [5] evaluated the effects of full immersion freezing by ultrasound on the porcine
longissimus muscles. They indicated that ultrasound freezing at 180 W and 30 kHz makes smooth, small, and evenly
distributed ice crystals during freezing and the frozen storage of meat. Also, the time of the process was decreased
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by 12.6%. The crystals’ size has been less increased by the time compared to other freezing methods (air freezing
and immersion freezing). Zhang, Li [82] compared the ultrasound full immersion freezing (different power levels,
and 20 kHz frequency with an interval of 5 s ultrasound and 5 s off-time) with the traditional immersion freezing in
the dough. They found that the ultrasound freezing is shorter (577 s). Besides, the sulfhydryl content of gluten was
increased (12/06%), and the surface hydrophobicity of gluten was higher (19/67%) by the use of ultrasound treat-
ment. Results were indicated that the maximum ice crystals generation zone (0 °C to — 5 °C) was significantly affected
by ultrasound waves resulting in power ultrasound was enhanced the formation of nuclei and accelerating crystal
growth. Moreover, FTIR results showed that the secondary structure of gluten, glutenin, and gliadin was changed
and more ordered compared to control samples, and samples were treated by immersion freezing.

To our knowledge, only a few studies have been applied direct contact ultrasound, while most studies having
been widely employed ultrasound whole and half immersion. Direct ultrasound freezing is a method without a liquid
medium. Due to the improbably produced cavitation bubbles, direct cavitation causes fewer destructive damages,
such as decreasing lipid oxidation on foods [10]. Astrdin-Redin, Abad [10] evaluated non-immersion ultrasound freez-
ing of chicken breasts (40 kHz and 50). They reported that intermittent acoustic treatment with a net sonication time
of 37% decreased approximately 11% of elapsed time. Also, the samples’ freezing curves indicate that the initial time
of precooling for removing sensible heat and the time of the second stage of freezing, including the phase change
stage to the removal of latent heat, are reduced (Fig. 5). Furthermore, there are no differences between treated meats
and untreated ones regarding water holding capacity (WHO) and in vitro protein digestibility. In another study, Islam,
Zhang [105] also used direct contact ultrasound freezing (300 W and 20 kHz) and reported that ultrasound treated
frozen mushrooms have smaller (0-80 microns, while control samples were 50-180 microns) ice crystals resulting in
improving in samples quality.

Power ultrasound-assisted freezing has also been examined in several types of food comprising apple [106], Red
bell pepper [107], strawberry [19], broccoli [108], Wrapped Red Radish [23], common carp [109], and potato [104,
110, 111] as a promising method for improving the parameters of the freezing process and enhancing the quality
of the foods. Furthermore, ultrasound-assisted freezing has been demonstrated its ability to initiate the formation
of nuclei in supercooled solid and liquid model foods, including water [112], deionized water, and sucrose solution
[113], as well as agar gel samples [7, 114].
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Fig.4 Three types of ultrasound apparatus, A: full immersion, B: half immersion, and C: non-immersion (direct contact) [1]
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4.4 High hydrostatic pressure freezing

The use of high hydrostatic pressure as non-thermal technology has been enhanced in food processing, also in the field
of food freezing. High pressure treatment inactivates endogenous enzymes and spoilage microorganisms, retaining
the quality of foods [115, 116]. From 100 Mpa up to higher pressure levels, microbial growth is inhibited under high
pressure [117].

The freezing point of water is changed under the high amount of hydrostatic pressure (Fig. 6), so that the freezing point
is decreased with the increase of pressure while reducing the pressure has a reverse effect on phase change tempera-
ture. For instance, the freezing point of water can be reduced with hydrostatic pressure from 0 °C at 0.1 MPa to — 21 °C
at 210 MPa (water liquid zone below 0 °C under high hydrostatic pressure) [4, 84, 118].

As shown in Fig. 6, ice crystals may have different types (I-VI), ice | is formed in the atmospheric pressure, and its
density is lower than liquid water, resulting in a volume increase by ice | cause damage to the tissues of food materials.
Under high pressure, several types of ice crystals (lI-VI) are formed, with a higher density than that of water, leading to
less damage during freezing by high hydrostatic pressure [84, 119, 120].

Based on the different crystallization paths and ice crystal types, high-pressure freezing (HPF) is divided into three
main categories, high-pressure assisted freezing (PAF), high-pressure induced freezing (PIF), and high-pressure shift
freezing (PSF), in which due to the smaller phase change time and a larger amount of supercooling degree achieved after
expansion, also lacking the thermal gradient, PSF has been more employed than that other types of pressure freezing
[2,8,121,122]

As presented in Fig. 6, the PAF process includes decreasing the temperature (to — 20 °C) of foods under constant pres-
sure (200 MPa) to their phase change point, while PSF briefly consists of increasing the pressure upper the initial freezing
point of samples and suddenly releasing the pressure, leading to induce nucleation [84, 118]. In PIF, the phase change
begins with increased pressure, and the process remains at a constant pressure. Overall, PIF needs higher pressure than
that in both PSF and PAF, leading to less applicability. Furthermore, PIF is not easy to operate [123].

It has been well documented that high pressure freezing can enhance the quality of different food materials, such as
carrot, mango, peach, turbot, potato, sea bass, Norway lobster, etc. Due to the high supercooling reached on pressure
release, resulting in the promotion of nucleation and instantaneous formation of homogenously distributed ice crystals
[10, 104, 124-127]. Choi, Min [128] evaluated the effect of PSF on the quality of pork and found that PSF at 50 MPa had

Fig.6 Phase diagram of 20
water: (ABCD: high pressure ’
assisted freezing, ABEFG:
high pressure shift freez-
ing, ABEFHI: high pressure
induced freezing) [118]
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no positive impact on the quality of pork as compared to atmospheric (0.1 MPa) freezing, while PSF treatment at higher
pressure than 150 MPa showed quality deterioration including drip loss and discoloration. On the other hand, PSF at
100 MPa was the best treatment due to the similar quality with unfrozen control samples.

High pressure treatment causes some damages in the foods [129, 130], as Hsu, Hwang [131] reported that the high
hydrostatic pressure upper at 100 MPa promoted the aggregation and disruption of actomyosin of tilapia due to the
formation of hydrogen bonds. Furthermore, Volkert, Puaud [85] found that HPF (300 MPa, — 16 °C) caused a minor dena-
turation (3%) in the milk protein. Cheng, Sun [123] evaluated the effect of PAF and PSF as compared to immersion freezing
on the denaturation of actomyosin extracted from prawn, showing that PSF at 200 Mpa and — 20 °C/30 min reduced the
denaturation of actomyosin, also 300 MPa was introduced as a critical value of HPF process that was promoted denatura-
tion. Results showed that HPF did not affect on the primary structure of actomyosin, whereas the secondary and tertiary
structure of actomyosin was changed by HPF treatment.

4.5 Electrically disturbed freezing

The electric field is divided into two types, including the oscillating electric field (OEF) and the static electric field (SEF)
[132]. OEF is commonly used for dielectric heating because of the rotation of water dipole molecules in the electric field,
while high voltage SEF can be used as a freezing assistant. In the freezing process, owing to the redistribution of water
molecules, resulting in the increasing supercooling degree in the presence of a static electric field, OEF serves as a sup-
pression method [87, 89]. Under the presence of the electric field, the dipole structure of water molecules is redirected
along the electric field, which the amount of the redirected water molecules is called polarizability. Water has known as
a high polarizable liquid [133, 134]. The polarization and reorientation of water molecules in the presence of the static
electric field (under direct current (DC) electric) causes hydrogen bonds to be stronger, resulting in the structure of water
clusters being changed, and a more ordered cluster structure is formed [88, 89, 135]. Consequently, the gibs free energy
of the whole system is decreased [2].

SEF can initiate ice nucleation [10, 88, 136, 137], increasing the temperature of ice nucleation [90, 138], decreasing the
undercooling degree [139], reducing the mean size of ice crystals [11, 22], as well as increasing phase transition period
(crystallization time) [24, 901, while OEF inhibits or postpones the formation of ice nuclei [2]. The magnitude of the used
SEF is directly related to the supercooling degree and ice crystal size [11, 24, 139]. The shape and material of electrodes
can affect the induction of nucleation by SEF. The aluminum electrode [140], and flat end surface electrode [141], showed
the lowest supercooling degree among other shapes and materials.

SEF under alternating electric (AC) field has been less investigated than in DC. SEF under DC electric field may delay
nucleation initiation and increase subcooling temperature [136].

4.6 Magnetically disturbed freezing

Differences in voltage produce an electric field, while the magnetic field is formed when electric current flows. Like the
electric field, the magnetic field is also divided into two types, comprising the oscillating magnetic field (OMF) and static
magnetic field (SMF) [132]. OMF is also commercially known as CAS (Cells Alive System) freezer. OMF is produced by
permanent magnets, while SMF is generated by magnetic coils [142].

Materials with magnetocaloric properties are suitable for freezing under the magnetic field [92]. Due to the lack of
intrinsic magnetic dipole moment (diamagnetic property), in the presence of a magnetic field, hydrogen bonds of water
will be stronger, well-distributed, and stable, leading to an increase in melting temperature and heat transfer rate [89,
143], as well as affect on freezing behavior [144]. The optimization and employing proper strength of the magnetic field
is controversial. Otero, Rodriguez [145] indicated that a 0.8-mT OMF did not affect the supercooling degree and freezing
kinetics of pure water and 0.9% NaCl solution. Moreover, under the weak (107-359 mT) SMF, no significant effects were
reported by Otero, Rodriguez [146]. Similar deductions were drawn for the low-strength OMF [147-149]. Nevertheless,
some researchers reported that weak OMF affected the freezing process. For instance, Zhan, Zhu [93] demonstrated
that the supercooling degree of 9 g/L sodium chloride solution was reduced in the presence of a 10 mT OMF. Tang,
Shao [94] evaluated the effects of OMF and SMF on the freezing of blueberry. Results showed that the SMF decreased
the nucleation temperature and average ice crystal size, while OMF just increased phase change time and had no sig-
nificant effect on the other freezing parameters. Tang, Zhang [12] reported that 10 mT and 1.26 mT were the optimum
strength of the magnetic field for SMF and OMF, respectively. They found that the phase change time was decreased
under SMF, while it was increased with OMF. Moreover, smaller and uniformly intracellular ice crystals were observed
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with both OMF and SMF. Results have shown that the magnetic field may not affect all food systems in the same way,
and more investigation will be required.

4.7 Microwave-assisted freezing

Due to the water dipole moments, microwaves can affect the freezing process [89]. MAF decreased supercooling tem-
perature and the mean size of ice crystals in the frozen pork samples compared to the conventional freezing process [26].
Jha, Chevallier [13] found that MAF did not affect the freezing parameters (freezing rates, and the overall freezing time)
of apple and potato samples. In contrast, the quality parameters (texture, drip loss) were improved in both apple and
potato under the MAF. Sadot, Curet [150] reported an up to 25% reduction in the size of ice crystals under both pulsed
and constant MAF in methylcellulose gels.

4.8 Radiofrequency freezing

MAF and RF are two types of electromagnetic assisted freezing. In the presence of radiofrequency waves, water dipole
rotation can affect the crystallization behavior of ice crystals [89]. Anese, Manzocco [96] demonstrated that RF frozen
pork meat samples had smaller and intracellular ice crystals, due to applying RF decreased the freezing point results in
more nucleation sites. Results showed that the microstructure of treated meat by RF had better cellular integrity than
that in air and cryogenic frozen meat. Hafezparast-Moadab, Hamdami [14] investigated the effects of RF on the freezing
process and quality attributes (drip loss, colour, texture, and microstructure) of rainbow trout fish as compared to the air
blast freezing technique, showing that the RF-frozen fish had smaller drip loss and ice crystals (up to 75% smaller), also
ice crystals were uniformly distributed under RF treatment. Moreover, there was no significant difference between RF
samples and unfrozen samples in colour, as well as textural properties including hardness, gumminess, and chewiness.

4.9 Osmo-dehydro-freezing

A large amount of water in the fruits and vegetables can inhibit and postpone the freezing process. In order to remove
a large amount of water, air drying [151], pulsed electric fields, vacuum drying [152], vacuum-microwave drying [153],
and osmotic dehydration have been investigated as drying pretreatment prior to freezing. Osmotic dehydration is a
proper way to decrease moisture content, leading to easier freezing. Osmo-dehydro-freezing is an integrated process,
consisting of two separate stages, including osmotic dehydration and subsequently freezing [8, 154]. Compared with
air drying (as a pretreatment for freezing), osmotic dehydration need less energy [84].

Sucrose (the most utilized carbohydrate) [155], glucose [156], sorbitol [157], maltose [158], NaCl [159] have been
employed as common hypertonic solutes in osmotic dehydration. Temperature, process time, composition, and con-
centration of the hypertonic solutes are the main useful parameters in osmo-dehydro-freezing [154]. As stated in [160],
sucrose showed higher firmness in both 3 and 60 days of storage time than maltitol and trehalose. However, all the
osmotic solutions had the same values in water loss and solid gain. In another study, the comparison of sorbitol, maltitol,
and sucrose was investigated by [161]. They reported that vitamin c was better preserved by maltose, also compared with
sucrose and maltitol, the color stability effect of maltose was higher. However, the pre-treated apricots with 65% sorbitol
had a higher water loss and solid gain than those samples that were pretreated with maltose and sucrose solutions.

Osmotic dehydration prior to freezing decreases the freezing time, the initial freezing point, as well as the number of
ice crystals may be reduced under dehydration pretreatment [98]. In order to enhance the efficiency of osmotic dehydra-
tion pretreatment [98], the combination of osmotic dehydration with other novel technologies like pulsed electric fields
[162], blanching [163], vacuum treatments [98], and ultrasound have been investigated. Fan, Zhang [16] indicated that
the combination of the osmotic dehydration by the ultrasonic process (20 kHz, 0-300 W) before freezing increased water
loss and solid gain. Also, the structure of kiwifruits was better maintained, compared to the osmotic dehydration alone.

4.10 Proteins
Biological proteins have shown a contrasting behavior in the freezing process, including antifreeze and nucleating
agents. The most important difference between ice nucleating proteins and antifreeze proteins may be their molecular

sizes [17]. Due to the extremely low temperature in antarctic and arctic regions, antifreeze proteins have been employed
by the organisms as a self-protection survival strategy [164]. Antifreeze proteins have been introduced in some diverse
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sources, such as bony fish (the earliest research was in 1969) [165], insecta (alaskan insects) [166], plantae (hippophae
rhamnoides) [167], fungi (snow molds) [168], nematode (panagrolaimus davidi) [169], amphibian (rana sylvatica) [170],
bacteria (pseudomonas putida) [171], and sea ice diatoms [172].

AFPs are defined as biological antifreeze agents, which irreversibly pin to the surface of ice crystals, leading to hinder
the growth and modify the formation of ice crystals [173]. The difference between the freezing point and the melting
point is defined as thermal hysteresis [174]. AFPs are categorized based on thermal hysteresis value to demonstrate their
level of antifreeze activity. Plants and Fish have moderate (low thermal hysteresis values, 0.2-0.6 °C and 1-2 °C) AFPs, while
AFPs are derived from insects and bacteria are hyperactive (higher thermal hysteresis values, 5-10 °C) [99, 173,176, 1771.

The Fish derived AFPs are the most applied antifreeze proteins [173], which are classified as type | (alanine-rich pro-
teins) [178], type Il (cysteine-rich globular proteins) [179], type lll (globular proteins) [180], type IV, and antifreeze glyco-
proteins (AFGPs) (repeat-tripeptide, besides a disaccharide on every third amino acid) [181]. Due to easier production
through recombinant genes, the majority of applied AFPs are type 11l [173].

It is widely documented that AFPs could enhance the quality and improve the sensory evaluation of frozen foods,
even with low-concentration [2, 173]. Soaking (before freezing) the bovine muscle in AFPs derived from the Antarctic
cod decreased freeze damage to the muscle. Ice intracellular crystals in the treated muscles were smaller than those in
untreated muscles. AFPs did not affect the chilled meat [182]. Compared with conventional cryoprotectants (sucrose-
sorbitol mixture), type Ill AFPs significantly retained the activity of Ca?* ATPase of frozen and chilled actomyosin, resulting
in a better gel-forming property. Moreover, the effect of AFPs depended upon the concentration of AFPs [183]. Chen
and Wang [184] reported the freeze avoidance effect of antifreeze glycopeptide analogs on Streptococcus thermophilus
in yogurt. The viability of Streptococcus thermophiles increased up to 92.56% in the presence of antifreeze agents (5 mg/
mL). AFPs not only decreased drip loss but also preserved the color, total anthocyanin, and antioxidant content of frozen
cherries [185]. AFPs have also been investigated during freezing food samples, including gluten proteins [186], dough
[187, 188], starch solution, milk, and orange juice [189], ice cream [190, 191], pasta sauces [192], and carrot [193].

Some biological proteins served as nucleators in the crystallization, promoting ice nucleation by increasing the freez-
ing point [2] and changing the ice formation patterns [194]. The size, quality, and quantity of the INAs affect the ice
nucleation temperature of ice nucleating agents (INAs) [195]. INAs were detected in bacteria, insects, plants, intertidal
invertebrates, and lichen [4]; besides, Agl and Pbl, are defined as ice nucleating agents [2]. It has been found that INAs
can be useful for plants to survive at sub-zero temperatures [195].

It has been reported that the addition of INAs to foods bring numerous benefits, including increasing ice nucleation
temperature, decreasing the freezing period, elevating freezing rate, thereby enhancing the quality of frozen foods, and
reducing the cost of the freezing process [4, 196, 197]. By the addition of bacterial INPs, the flavor, color, and texture of
some liquid foods were improved [198]; also, the freezing efficiency of a liquid model food was enhanced [199], as well as
the mean size of ice crystals was reduced from 25.7 pm to 15 um in the solid model food [196]. Jin, Yurkow [200] showed
that the use of ice nucleating proteins isolated from Erwinia herbicola subsp. Ananas enhanced the efficiency of freeze
drying of a 10% sucrose solution (liquid food model) due to an increased primary drying rate. Also, total energy saving
was increased up to 28.5% by using INPs.

As the freezing assisted by physical fields is still not well recognized, much study is essential to improve process
parameters and discover the possible applications of these technologies to foodstuff. Experimental reproducibility is
always a problem because of the instability of electromagnetic fields, and the available results are even contradictory.
As a result, great efforts should be made to confirm their practicability and interpret results to apply these novel tech-
nologies to control ice crystallization.

5 Conclusion

In this review, the principles of water crystallization were introduced, modeling of ice nucleation and subsequent ice
crystal growth was revealed, evaluation methods to visualize and monitor the crystallization phenomena were pre-
sented. Finally, the novel freezing methods and their effects on crystallization and food samples were revealed. Various
studies have demonstrated that new freezing technologies, including ultrasound, high pressure, microwave, antifreeze
proteins, etc., can control the ice nucleation and ice crystal growth to form well distributed, intracellular and small ice
crystals. Homogenous and small ice crystals are desired in most frozen foods, leading to minor damage to the structure
of frozen food materials. These promising results have encouraged researchers to incorporate in the investigation of
more studies about water crystallization. On the other hand, most of these technologies are in trial steps. Much work is
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needed to investigate the mechanism and optimize technological parameters to translate laboratory results to industrial
applications. For acquiring more comprehensive and accurate sample information, the emergence of online techniques
makes in-situ detection a reality. We hope that the information documented herein will broaden the understanding of
crystallization and its importance in food materials.
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