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Abstract: Freezing is an effective technology with which to maintain food quality. However, the
formation of ice crystals during this process can cause damage to the cellular structure, leading to food
deterioration. A good understanding of the relationship between food microstructure and ice mor-
phology, as well as the ability to effectively measure and control ice crystals, is very useful to achieve
high-quality frozen foods. Hence, a brief discussion is presented on the fundamentals/principles of
optical microscopic techniques (light microscopy), electronic microscopic techniques (transmission
electron microscopy (TEM) and scanning electron microscopy (SEM)), as well as other non-invasive
techniques (X-rays, spectroscopy, and magnetic resonance) and their application to measuring ice
formation rates and characterizing ice crystals, providing insight into the freezing mechanisms as
well as direct monitoring of the entire process. And, in addition, this review compares (the negative
and positive aspects of) the use of simple and cheap but destructive technologies (optical microscopy)
with detailed microscopic technologies at the micro/nanometer scale but with pretreatments that alter
the original sample (SEM and TEM), and non-destructive technologies that do not require sample
preparation but which have high acquisition and operational costs. Also included are images and
examples which demonstrate how useful an analysis using these techniques can be.

Keywords: microscopy; microstructure; morphology; ice crystal; freezing

1. Introduction

The study of food microstructure has become increasingly important for researchers,
since it can have a clear influence on different nutritional values, rheological behaviors,
textural characteristics, and sensorial qualities, as well providing information about precise
use conditions in the application of traditional processes or modern innovative technolo-
gies [1]. In particular, the freezing process, a traditional food technology, has habitually
been associated with the storage and preservation of foods, since water’s activity can be
reduced by maintaining a low-temperature environment; thus, chemical and enzymatic
reaction rates are decreased, preventing the growth of unwanted microorganisms and, in
turn, allowing the extension of the shelf life of foods and an increase in the conservation of
valuable nutritional and organoleptic attributes [2-5].
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Specifically, the crystallization of water during freezing is the most important step
of the freezing process, since ice nucleation occurs and initial crystals begin to grow in
a dispersed dendritic form in the supercooled water, ending the freezing process, with
the growth of concentric rings of solid ice at 0 °C and the final cooling of the solid ice [6].
Thus, once the freezing process has finished, if the ice crystals are large, they cause damage
to the food microstructure during the thawing process, resulting in the modification of
food characteristics, such as nutrients, color, flavor, aroma, and texture, due to the high
degree of tissue softening, increased drip losses, and reduced water-retention capacity
and tenderness, and the darkening of tissues, among other characteristics [7]. Therefore,
understanding the relationship between ice morphology and the frozen-matrix architecture,
as well as changes in the components of the microstructure during the freezing process, are
very useful to achieve high efficiency in the freezing process, leading to an improvement in
the quality of frozen products (Figure 1) [8-10].
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Figure 1. Most important parameters during the freezing process of foods.

In practical terms, ice morphology (circularity, size distribution, clast roundness,
fractal dimension, among others) is a relevant parameter during the freezing process of
solutions and/or liquid foods [8], since it is closely related to the growth and formation
of ice crystals (cooling temperature and heat transfer area), the crystal growth rate that
affects ice nucleation and, later, ice crystals’ generation and the temperature and presence
of solutes [11].

In this context, ice morphology plays a key role in the quality of frozen foods along
the cold chain: (1) A rapid freezing rate is very important because it determines the ice
morphology (size and shape of ice crystals) within a food product. In tissue foods, a
slow rate of freezing causes an ice morphology with large ice crystals in extracellular
locations, resulting in poor frozen food quality. In contrast, a quick freezing rate produces
an ice morphology with small crystals at locations inside and outside of the cells, and, as
a consequence, high-quality frozen foods. (2) The freezing temperature should be kept
constant, because any fluctuations in the storage freezing temperature tend to reduce the
quality of frozen foods; for example, drip losses after thawing, which are mainly due to ice
morphology changes as a result of recrystallization [8].

Thus, techniques for the direct visualization of ice morphology have been developed
through qualitative and quantitative measurements [12,13], contributing to our understand-
ing of the structures of food materials [14]. As result, micro-X-ray-computed tomography
(uCT), which has a minimal intervention in the samples, dynamic in situ microscopy, and
a high appreciation of image analysis are increasingly used to obtain information from
the microscopic images of frozen foods or samples undergoing the freezing process [15].
Thereby, some microscopy technologies have been successfully used for the observation
of ice crystals in foods, such as optical microscopy (LM) [16], transmission electron mi-
croscopy (TEM) [17], scanning electron microscopy (SEM) [18], and confocal laser scanning
microscopy (CLSM) [19]. Moreover, indirect or nondestructive electromagnetic spectro-
scopic techniques, such as nuclear magnetic resonance (NMR) and magnetic resonance
imaging (MRI), can be used to analyze image-based ice crystals, taking into account the
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behavior of water [20]. Hence, the development and application of novel microscopic
techniques for the visualization of ice crystals in food samples have been reported, for
example, by Kono et al. [21], who presented some advances in ice crystal measurements
through a microscope using fluorescence on the surface color of a model food. Later, the
results were related to the freezing rate, ice crystal size, and color of the whitening of a
salmon fillet surface during freezing, while Pu et al. [22] analyzed the microstructure of
cake using X-rays, and Zhuang et al. [23] detected ice crystals in frozen pork using fluores-
cence hyperspectral imaging. Similarly, there are also excellent reviews of the material and
structure of foods subject to low-temperature processes, and the application of microscopy
techniques to visualize ice crystals that have provided a valuable introduction in relation to
freezing technologies [24-26].

Based on the key role of ice morphology for the quality of frozen food products, it
is necessary to have updated and easily accessible scientific information for researchers
related to the different techniques available for the observation and measurement of ice
morphology in different experimental conditions, the temperature and freezing technique
applied, as well as different food matrices. Therefore, the aim of this review is to discuss
the use of microscopy in the study of the ice morphology and microstructure of frozen
foods, highlighting the effects of the different low-temperature processes on the food
quality properties. A brief discussion of the fundamentals and principles of the different
microscopic techniques (optical and electronic), as well as other non-invasive or destructive
techniques (X-rays, spectroscopy, and magnetic resonance) is carried out. Additionally,
examples of their application to the study of the changes in frozen foods’ structure are
shown, as well as their effectiveness in measuring the ice formation rate and characterizing
the crystals” morphology, providing information on the freezing mechanisms and allowing
for the constant monitoring of the process.

2. Methodology

Our review was carried out using the keywords (microscopy, microstructure, mor-
phology, ice crystal, and freezing) in the Scopus and ScienceDirect databases from 2008
to 2023.

Based on the >500 articles chosen from the Scopus and ScienceDirect databases, the
paper selection was restricted to articles related to the different microscopic techniques
used in ice crystal visualization such as optical microscopy (also called light microscopy, a
microscopy technique that uses visible light with a lens system to generate images at differ-
ent magnifications of small objects) [16], electron microscopy (using a beam of electrons as
the source of illuminating radiation, with different electron microscope techniques, such as
TEM, where a high energy electron beam is transmitted through an extremely thin sample,
and SEM, where it produces images of a sample by scanning the surface with a focused
beam of electrons) [17,18], and non-destructive and non-invasive microscopy techniques,
i.e., without the need to cut the specimens (for example, X-ray CT, where it characterizes
structures three-dimensionally, and thus the sample can be evaluated microstructurally
at nanoscale resolutions; AFM, where the image is obtained by “touching” the surface of
the sample; and Raman spectroscopy, where it provides a structural fingerprint through
vibrational modes of molecules) [22].

Additionally, among all the articles, only 109 were related with microscopy techniques
to analyze ice crystals in food matrices.

3. Optical Microscopy Applied to Frozen Foods
3.1. Light Microscopy (LM) and Cryo-Light Microscopy (Cryo-LM)

LM is commonly used to provide microscale evidence on the structure of different
foods, since this direct observation technique has advantages that facilitate its use such as
a modest start-up capital, low maintenance costs and convenience, full color information
with high resolution in the images obtained (aiding both interpretation and visualization of
food microstructure), and the samples can be totally wet and these can be analyzed under
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ambient conditions, but the LM technique presents disadvantages such as a limited depth
of focus, difficulty removing the presence of dirt or foreign bodies that prevent the visual-
ization of samples, magnification lenses are fixed (limiting the resolution in the images),
some samples need to be treated with staining to produce specific coloration of particular
substances, and in turn, some samples can only be observed with the implementation of a
cryogenic device (Cryo-LM) [27]. Thereby, the study of the structure of frozen foods with
LM equipment can be completed at low temperatures when the sample is frozen using
a cold chamber or by using a cryogenic microscope [9]. Specifically, a Cryo-LM consists
of a temperature control system or a heat transfer stage installed in the LM equipment.
Thereby, the microscope can be equipped with a camera, and thus, the freezing process
can be controlled to determine aspects such as the ice nucleation temperature, size of ice
crystals, shape and location of ice crystals, mechanical effects of ice crystals on cells and
tissues, and volumetric and morphological changes of cells [28]. However, the only real
Cryo-LM limitation corresponds to a lower spatial resolution of visible light optically, but
Cryo-LM is much faster than the LM technique, since the sample preparation stage is
eliminated [29].

In particular, LM can be distinguished under two major classes (Figure 2), stereomi-
croscopes (Figure 2a) and compound microscopes (Figure 2b), where stereomicroscopes
(an inspection microscope) present low to intermediate magnifications (between 5x and
200x), and the objectives can be changed to vary magnifications/resolving power through
a turret/nosepiece, and thus, the images are obtained by two lights inclined at a small
angle, while compound microscopes allow one to multiply the magnification of the ob-
jective by one or several additional lenses, including the eyepiece lens. This microscope
achieves magnifications between 10x and 1000x. Its main advantage corresponds to a
higher resolution performance, as working distances are reduced (one to two hundred
micrometers) [27].
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Figure 2. Diagram of optical microscopes: (a) Stereomicroscope; (b) Compound microscope [27]
(with permission).

3.2. Application of LM and Cryo-LM to Visualizate Ice Crystals in Frozen Foods

Thus, these microscopy techniques (LM and Cryo-LM) allow the observation of
changes in ice crystals during the freeze-thaw process, presenting the advantage that
the sample preparation is not complicated, and thus, LM and Cryo-LM provide microscale
data on frozen food structures and lyophilized and thawed samples [11]. Hence, LM
and Cryo-LM have been used to study the microstructure of different food products. For
example, Moreno et al. [30] studied an emerging nonthermal technology called freeze
concentration in coffee extract in terms of volatile compounds, sensory quality, and ice
morphology, and the results showed that the ice crystal sizes were lower for the falling-film
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freeze concentration (from 0.008 to 0.020 mm? and 0.065 to 0.100 mm, for area and diam-
eter, respectively) than block freeze concentration (from 0.008 to 0.080 mm? and 0.064 to
0.196 mm, for area and diameter, respectively), but in all cases, the ice crystals presented
a shape of solid prisms or plate ice morphologies [31]. Likewise, Wang et al. [32] focused
on the quality changes with the ice crystals” formation during frozen storage in the dorsal
ordinary muscle of horse mackerel (Trachurus japonicus). The histological structure results
indicated damage by numerous intracellular and extracellular ice crystals (between 50 to
100 um) in muscle cells of frozen muscle specimens and small interstices between cells
of freeze-thawed muscle specimens, i.e., there is no presence of ice crystals after thawing
process. Moreover, Du et al. [33] studied the cryoprotective effect of ice structuring protein
(ISP) in mirror carp during various freeze-thaw processes, where the ice crystals (observed
by LM technique) showed an average diameter of 220 um without ISP after five freeze-thaw
processes, while with ISP, the average diameter of ice crystals was reduced by 13.6% after
the same freeze-thaw processes, and actually, Li et al. [34] studied the effect of inhibition of
cellulose nanocrystals at different concentrations on ice recrystallization in sucrose solu-
tion, and the results obtained by a polarized light microscopy showed that high cellulose
nanocrystals concentration inhibited the ice recrystallization, relating with the accretion of
nearby ice crystals and large ice crystals’ formation with irregular morphology and high
aspect ratios, with values between 38 to 42 pm, 65 to 85 um, and 50 to 70 um, at 3.0%, 25.0%,
and 40.0% of sucrose solution, respectively.

Thus, Table 1 summarizes the application of LM and Cryo-LM techniques for the
observation and measurement of ice crystals in various frozen food samples.

Table 1. Optical microscopy applied to visualize ice crystals in different frozen food products.

Food Product

Microscopic

Technique Objectives Reference

Large yellow croaker
(Pseudosciaena crocea)

Effects of ice crystals obtained through refrigerator (—20
LM °C), spiral freezer, and liquid nitrogen freezer, on water [35]
properties and protein stability
Effects of immersion freezing (—20, —30, and —40 °C) on

Snakehead LM ice crystal formation and protein properties in comparison [36]
(Channa argus) . . . °
to conventional air freezing (—20 °C)

Obtention of equivalent diameter data of ice crystals to

Tilapia LM develop models for the prediction of ice crystal growth [37]
during recrystallization in frozen samples

Effect of direct current and alternating current magnetic

Carrot LM field on the biological phase transformation and ice [38]
crystal formation
Effects of salting and subsequent freezing on the
Tuna meat LM physicochemical and histological properties (diameter [39]
and area ratio of ice crystals)
Effects of different freezing methods on ice crystals,

Grass carp LM distribution of water, and freshness properties during [40]

Coffee extract

Common carp
(Cyprinus carpio)

Microalgae Cells

frozen storage
Effects of the application of annealing on the ice

LM morphology, and the solute yield on block freeze [41]
concentrations
LM Observation of ice crystals after ultrasound-assisted [42]

immersion freezing application
Determine the most important parameters for the safety of
cells in the process of cryopreservation: temperature
Cryo-LM parameters of phase transitions, the presence of extra- and [43]
intracellular ice, its structure, crystal size, and their
growth rate
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Table 1. Cont.
Food Product M1cros'cop1c Objectives Reference
Technique

Fruits and vegetables (apple,
peach, cucumber and
Indian jujube)

Mushroom
(Agaricus bisporus)

Mango Sorbet

Honeydew melon

Gel model food

Effects of static magnetic field (intensities between 0 to
Cryo-LM 45 mT) on micro and macroscales, comparing ice crystal [44]
size, time through —1 °C to —5 °C, drip loss and texture
Observe the ice crystal morphology after the application
Cryo-LM of contact ultrasound (300 W, 20 kHz) during freezing and [45]
frozen storage
Effect of ultrasound-assisted immersion freezing with
respect to traditional freezing technologies
Observe the microstructure of samples exposed to CO,
pre-injection at different pressures combined with
ultrasound-assistance (0.15 W/cm? at 20 kHz) for
quick freezing
Effects of freezing process assisted by electrostatic field, by
static magnetic field, and by electrostatic field combined
with static magnetic field on nucleation temperature of
ice crystals

Cryo-LM [46]

Cryo-LM [47]

Cryo-LM [48]

4. Electron Microscopy Applied to Frozen Foods

In the last 40 years, electron microscopes have emerged as a powerful tool for the
characterization of a wide range of materials, since these microscopes present a high
versatility and extremely high spatial resolution, and thus, electron microscopy is a valuable
tool for many applications, including food areas, where the understanding of structure in
various foods has improved greatly, and thus, new foods have been developed [49]. In
particular, electron microscopes are based on the imaging principle in a similar way to
optical microscopy, with the difference that, in this case, the illumination source is a beam
of electrons, and this is the motif that the electron microscope resolution is almost 5 nm,
while in the optical microscope, the resolution is only 200 nm [50].

Specifically, electron microscopy corresponds to different techniques, and each tech-
nique has been used with great success for freezing-related evaluations, including trans-
mission electron microscopy (TEM), scanning electron microscopy (SEM), cryo-SEM, and
environmental scanning electron microscopy (ESEM).

4.1. TEM

In TEM, it is possible to obtain refined internal information from the sample as they are
penetrated by short wavelength electron beams and form a highly magnified and detailed
image in a vacuum environment. Hence, it provides powerful magnification and valuable
information on surface, shape, size, and structure features [50].

Thereby, TEM is used to analyze the effects of ice crystals on the internal structure of
frozen foods instead of trying to observe them directly; for example, Zhang et al. [51] inves-
tigated the effects of multiple freeze-thaw (F-T) cycles on water mobility, microstructure
damage, and protein structure changes in porcine longissimus muscle. Repetitive F-T cycles
led to changes in the secondary and tertiary structures of the myofibrillar protein, and in
turn, the formation of large ice crystals in various F-T cycles had a significant change in the
myofibrils, since the myofibrils presented a significant shrinkage, leading to a remarkable
separation between myofibrils.

In another TEM observation, Meziani et al. [52] studied the effect of freezing treatments
(=20 °C, —30 °C, —40 °C, and liquid nitrogen) on fresh and thawed sweet doughs. The
results indicated an excellent network integrity depend on the freezing rate, since the
different temperatures control the size and location of the ice crystals. Specifically, small ice
crystals were unstable, and thus, the crystals could recrystallize into large crystals during
thawing, causing significant damage to the cells inside the sweet doughs (Figure 3).
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Figure 3. TEM observation of dough under different freezing treatments: (A) Unfrozen dough;
(B) freezing at —20 °C; (C) freezing at —30 °C; (D) freezing at —40 °C; (E) freezing in liquid nitro-
gen [52] (with permission).

However, this technique had some limitations, since the observed sample must be very
thin (generally less than 150 nm) because the electron beam can be easily scattered, and in
addition, the sample preparation is quite a complex and tedious procedure. Furthermore,
the samples are limited to those that are electron transparent, capable of tolerating the
vacuum chamber, and small enough to fit in the chamber [11].

4.2. SEM

SEM obtains images through electron high-energy beam scanning, magnifying by
using electrons, allowing a wide range of magnifications, and it can achieve a depth of field
approximately 500 times greater with the object magnification from 10 to 300,000 times.
Thereby, SEM has been a very attractive and powerful electron microscope for food scien-
tists, since it allows the study of the internal and surface characteristics of food materials.
Thus, some advantages include a simple sample preparation, a wide magnification range, a
large depth of field, and the images are a representation of electronic data, and hence, it
allows a better analysis and quantification of images. In addition, it combines the character-
istics of optical microscopy and TEM. However, a clear disadvantage is the differentiation
of agglomerated structures, i.e., SEM (and image resolution) depends on the interaction
between the sample and electron beam, but an important point, the agglomeration of
nanoparticles and their particular differentiation in a sample are not clearly appreciated
and total dehydration is required for biological materials [53].

Specifically, Ban et al. [54] used SEM to study the internal structure of croissant dough
during the cooling process and to evaluate the effects of controlled freezing on croissant
quality. In this study, the images obtained from the doughs showed a typical structure that
includes the gluten networks, voids, and starch granules, and angular voids were detected
that represent the ice crystal spaces, coinciding with their final size. As the freezing speed
increased, the size of the crystals decreased, being an important factor, since the ice crystals
affect the viability of the yeast, influencing the specific volume and the firmness of the
croissant. Therefore, the freezing speed and temperature applied to the croissant dough
must be kept above the crystallization point of the yeast cytoplasmic water with optimal
values of —3.19 °C/min and —20 °C, respectively. In the same way, SEM has also been
very useful in combination with other microscopy techniques to assess ice morphology and
frozen cell tissues. Jiang et al. [55] investigated the influence of freeze-thaw cycles on the
stability and morphological properties of salted and unsalted tuna meat tissues (Figure 4),
where a cross-sectional LM technique in the samples without salt indicated that, as the
freeze-thaw cycles increase, large crystals are formed extracellularly and intracellularly;,
while in the salted samples, large crystals are formed intracellularly. By SEM, it was
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observed that the ice crystals in the salted samples are spherical, while in the unsalted
ones, the ice crystals formed elongated columns attributed to the solubilization of the
myofibrillar proteins. These elongated crystals in the samples without salt cause high
stress to the thawed cellular material, and the ability to recover the tissue microstructure
decreases after the thawing step.

V V' " "
2

i& .
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h g&. % ’l. rn z‘;
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Figure 4. Tuna meat subjected to different freeze-thaw cycles, where 0, 1, 3, and 5 correspond to
the number of freeze-thaw cycles, and arrows indicate cellular substances: (a) Cross-sectional LM
technique, where arrows indicate cellular substances; (b) SEM images, where T and L correspond to
the transverse direction and longitudinal direction, respectively [55] (with permission).

Cryo-SEM

Another method used for the evaluation of frozen and freeze-dried foods is cryo-
SEM. With a special cooling system, cryo-SEM supports the observation of frozen samples,
allowing direct observation without a thawing step. Additionally, it provides an interesting
alternative, since the unfrozen samples can be placed under the SEM equipment and can
be gradually frozen, and thus, the sample is frozen and kept in the microscope at low
temperature, allowing the investigation of the internal three-dimensional structure of wet
samples. Cryo-SEM provides rapid physical fixation, avoiding the risk that other artifacts
can be added in the preparation procedure, leading to chemical fixation, structural collapse,
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or cell contraction as sometimes occurs in typical preparation methods. However, as well
as the SEM method, the main drawback corresponds to its high cost of acquisition and
maintenance of instruments [56]. This is a clear utility of cryo-SEM. Sriamornsak et al. [57]
used cryo-SEM in calcium pectinate gel (CaPG) beads, since SEM did not allow the in
situ observation of hydrated beads, i.e., it only allowed observation of the bead structures
subjected to freeze-drying technology.

In food terms, cryo-SEM allows the ice crystals’ investigation in hairtail samples under
three different frozen treatments, where the results showed ice crystals with an equivalent
diameter close to 12.6 um, 3.6 pm, and 1.2 um for —20 °C, —80 °C, and —196 °C, respectively,
with more small and regular ice crystals in samples frozen at —196 C in relation to the other
freezing treatments [58]. Moreover, Kong et al. [59] studied the effects of different antifreeze
peptides as a pretreatment on frozen cherries, evaluating their potential to minimize freeze-
thaw damage and preserve structure, texture, and nutritional values. The results (at 50 pm)
indicated that large ice crystals of abnormal shape caused cell wall collapse in control
frozen cherries (untreated with antifreeze peptides), while samples with antifreeze peptides
showed a compact and stable structure due to the formation of small ice crystals during
freezing, minimizing damage to the cell membrane and cell wall.

Furthermore, Guo et al. [60] analyzed the microstructure of the ice cream using cryo-
SEM after 0, 7, and 14 freeze-thaw cycles between —5 °C and —15 °C. In the fresh sample,
the ice crystals had an uniform dispersion and size close to 34 um. After the seventh freeze-
thaw cycle, the ice crystals had a statistically similar size (equivalent diameter) ~68 um, but
the total number was less than the fresh sample. The images indicated a clear connectivity
of air cells and ice crystals in the fresh sample, but the connectivity (less thick walls) was
affected as the cycles progressed (Figure 5).

Figure 5. Microstructure of ice cream by cryo-SEM: (a) Initial ice cream; (b) ice crystals after 7 freeze-
thaw cycles between —5 °C and —15 °C; (c) ice crystals after 14 freeze-thaw cycles between —5 °C
and —15 °C [60] (with permission). The yellow rectangle in (a) correspond to enlarged region from
300 mm to 40 mm (figure not shown). The letters A, I, and M in (c) stand for the air cell, ice crystal,
and unfrozen matrix, respectively. Scale bar is 300 mm.

4.3. ESEM

Due to the SEM limitations (it operates under high vacuum conditions, requiring
the operation of the electron gun), ESEM was established to enhance the ice crystals’
visualization, and thus, ESEM differs from conventional SEM mainly by the presence of
a gas in the sample chamber. The presence of a gas or environment around the sample
is the inspiration for the term “environmental”, and it can play two main roles [61]. In
the first role, the gas acts as an electrical charge conductor, avoiding that the sample
charging, and thus, it facilitates signal detection. The second role, more specific to ESEMs,
is thermodynamic, i.e., the gas is a medium that prevents the evaporation of liquids from a
sample [62].

In a recently published review, Pach and Verdagues [61] explain the ESEM use to
understand the ice nucleation and the authors propose the novel uses that ESEM can offer
for future food science and engineering investigations. For example, Hajji et al. [63] studied
the effects of the dehydrofreezing on the microstructure of strawberries, where the images
showed ice crystals with a large and irregular shape, leading to the tearing of structures
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due to the volumetric expansion which resulted from the crystallization of water, causing
irreversible mechanical injuries.

Thereby, the use of optical and electron microscopy, as well as other techniques for
the measurement, evaluation, and control of ice crystallization, and analysis of the char-
acteristics of ice crystals before, during, or after the freezing process, has been addressed
by many authors, with the aim of understanding the relationship between microstructure
and ice crystals in food quality. Additionally, the different investigations discussed novel
technologies for the control of the ice crystals” formation based on ultrasound, high pres-
sures, electromagnetic fields, and the use of biological proteins by inducing or suppressing
crystallization, to assist or accelerate the processes of freezing, showing great potential in
obtaining a higher quality in frozen foods with smaller and evenly distributed ice crystals.

Hence, Table 2 summarizes the application of electron microscopies for the observation
and measurement of ice crystals in various frozen food samples.

Table 2. Electron microscopy applied to visualize ice crystals in different frozen food products.

Food Product

Microscopic

Technique Reference

Objectives

Common carp
(Cyprinus carpio)

Changes in primary, secondary, and tertiary structures of
TEM myofibril protein of frozen samples at different ultrasonic [42]
power level

Porcine longissimus
muscle

Papaya tissues

Sliced Peaches

Tomatoes

Red Radish

Cherries

Pork meet
Fresh sorbets

Grape tomato

Strawberry fruits

Mango

Cranberries

Apple slices

Influence of multiple freeze-thaw cycles on (micro)structure

TEM damage, and myofibrillar proteins’ structure changes (511
Investigate the effect of freezing and thawing on texture,
TEM . o [64]
microstructure, and cell wall composition changes
SEM Determine if freezing rates and holding temperatures [65]

influence quality during short- and long-term frozen storage
Effect of a combined osmo-dehydro-cryogenic-freezing
SEM process on quality characteristics of fruits and vegetables [66]
(lycopene content, color, and cell structures)

Effect of wrapped and ultrasonic treatment on freezing time,

SEM drip loss, texture, and sensory evaluation of red radish [67]
cylinders frozen by immersion freezing
Effects of the application of synthetic AFPs as a pretreatment

Cryo-SEM in cherries before freezing to evaluate their potential to [59]
minimize freeze-thaw damage in frozen samples
Cryo-SEM Identification of the degree of freezg damage in meat on [68]
analytic tool selection
Determine the effect of several stabilizers on the
Cryo-SEM establishment of the microstructure (691
Cryo-SEM Evaluate the effects of isochoric freezing on mlcrostructural [70]
changes after 4 weeks of preservation
Investigate the impacts of initial water content on the freezing
and thawing profiles, the structural cell changes and
ESEM e ; [63]
textural characteristics, in fresh and partially
dehydrated samples
Relationship of vitamin C content with water state and ice
ESEM crystals under different state/phase transitions (temperature [71]
fluctuations) during frozen storage
ESEM Evaluate the effects of freezing and drying on the structure [72]
ESEM Evaluation of microstructures of the samples dried with novel (73]

non-thermal ultrasound contact drying method
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5. Other Microscopy Techniques

As previously mentioned, optical and electron microscopies are widely used visual
technologies for measurement and characterization of ice crystals and ice formation rate,
as well as monitoring the entire freezing process. Hence, these technologies have also
been used to perform a structural examination of frozen foods, including evaluating
microstructural damage to cells and tissues, observing solute redistribution, establishing
the degree of food heterogeneity, and important correlations between the microstructure
and the texture of the mouth [53]. Nonetheless, optical and electron microscopies have
limitations. For example, the resolution and magnification of the LM equipment, on some
occasions, do not allow for a clear image. SEM and TEM require vacuum pretreatment
and/or optimal staining and sample storage time for visualization, and it can sometimes
cause changes in the initial morphology of the sample. Hence, atomic force microscopy
(AFM) with an atomic resolution microscope has been studied in ice crystals, since AFM
does not require sample coating and AFM operates in an atmospheric or liquid environment,
but it has the disadvantage that the range and image speed are limited [11]. Thereby, to
increase the measurement precision and to avoid the damage produced in the samples due
to the preparation methods, non-destructive and non-invasive techniques have emerged
based on different radiation ranges such as: X-ray computed tomography (X-CT) [74],
near infrared spectroscopy (NIR) [75,76], Raman spectroscopy [77], magnetic resonance
imaging (MRI) [78], and nuclear magnetic resonance (NMR) [79]. Hence, these techniques
allow the transformation of absorbed signals (X-ray, NIR, and NMR) or scattering (Raman
spectroscopy) into electrical signals, obtaining internal information of the samples [80].

Application in Frozen Foods

In the same way, computed tomography and infrared (IR) analysis have been used
to study the freezing process and to monitor the state of water during freezing. IR spec-
troscopy has proven to be a good and reliable method for detecting ice nucleation and
for studying crystal growth because the IR absorption spectra of ice and liquid water are
very different. These techniques, being non-invasive methods, do not introduce processing
artifacts and allow repeated observation of the same sample as it undergoes controlled
changes during processing [75]. Meanwhile, X-ray CT has been a powerful tool for evalu-
ating and visualizing the three-dimensional (3D) microstructure of different frozen foods
such as beef [76], fruits [81], vegetables [82], tuna meat [83], and sponge cake [84]. In par-
ticular, Vicent et al. [85] used X-ray micro-CT in development and validation to visualize,
characterize, and quantify the 3D microstructure and ice crystal size distribution in frozen
apples at three different freezing rates. The results presented interesting effects on frozen
tissue, producing different sizes of ice crystals and an increase in cell diameter relative to
fresh apples (Figure 6). Quantitatively, the authors concluded that the patterns of the ice
crystals define the evolution of the tissue microstructure, where larger ice crystals cause
greater damage to the structure, and therefore, an undesirable effect on the fruit quality.

Another example is the study reported by Zhao and Takhar [86], the 3D ice crystal
morphology, size distribution, and volume fraction in frozen potatoes was quantified
by X-ray microCT under simulated temperature fluctuations during industrial storage
and shipping. The results can be used to model and design transport phenomena of
freeze-thaw processes, and in turn, to improve and to understand the texture attributes
of frozen products. Moreover, the impact of thermal pretreatment and freeze-drying on
the microstructure and rehydration of carrots was investigated by Voda et al. [20] with the
combination of pCT and SEM techniques to visualize the microstructure at the pm-mm
level by comparing the pore size obtained by image analysis of ice crystals induced by
dendritic growth (Figure 7), and in addition, MRI and NMR were used to evaluate in
a non-invasive way the mobility of water in the rehydrated samples and the integrity
of the tissue compartment and the permeability of the plant material. Specifically, the
dry microstructure state and the integrity of cell tissue integrity obtained by SEM can be
observed (Figure 7a), where the sublimation of the ice crystals grown within the carrot
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leaves form a dry matrix that represents a fingerprint of the sizes and shapes of ice crystals.
Frozen samples at lower temperatures showed low pore sizes because the ice crystals grew
less under rapid cooling conditions. However, the growth of the ice crystals broke, pushed,
and compressed the cells during the freezing process. This damage is more pronounced in
slowly frozen tissue, where larger ice crystals were obtained. Blanched samples showed a
finer structure and a better preservation of the microstructure with the increase in freezing
speed in combination with blanching. Meanwhile, for uCT images (Figure 7b), from a
qualitative perspective, the images reveal a dry matrix composed of pores and cavities
that remain after the ice sublimation in the carrot tissue. The direction of the ice crystals’
formation can be clearly seen in the slowly frozen samples. In relation to the microstructure,
slow freezing causes the crystals to grow out of the cell causing damage by its collapse and
rupture, while during rapid freezing, the crystals grow within the cell with less separation
between them and much less cellular damage. With MRI, the water distribution can be
observed in rehydrated samples (Figure 7c), where artifacts appear with the samples due
to the presence of air in the non-hydrated pores. The intensity of the signal depends on
the amount of water and the density of the tissue by pixel. The difference in the structure
between the frozen samples slowly with and without blanching can be identified by the
small non-hydrated cavities present in the blanched samples. In addition, the distribution
of water in these samples rehydrated at -196 °C indicates a microstructure similar to the
structure of native carrot.

Figure 6. uCT of slices of apple samples subject to the different freezing conditions using a Skyscan
1172 uCT system at a 3.8 um pixel resolution: (a) Fresh apple tissue sample (dark regions represent
pores and gray regions correspond to cells); (b) frozen apple sample subjected to fast freezing;
(c) intermediate freezing; (d) slow freezing (dark regions represent the pores, gray intermediate
regions correspond to the ice crystals, and light gray pixels denote the matrix not frozen by the
different methods) [85] (with permission).
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Figure 7. Images of the lyophilized carrot tissue at —28 and —196 °C with and without blanching

treatment: (a) SEM; (b) uCT; (c) MRI [20] (with permission).

In summary, the techniques used to observe and measure ice morphology have been

summarized in Table 3.

Table 3. Non-destructive and non-invasive techniques applied to visualize ice crystals in different

frozen food products.

Food Product MlCl‘OSF opic Objectives Reference
Technique
Pork patties AFM Explore? the Cryoprptgctive effec.t of ice.e structuring protein 187]
applied to myofibrillar protein during frozen storage
Explored the mechanisms underlying the effects of pectin
. oligosaccharide on the quality control compared to
Pumpkin puree AFM treh%llose and the Change?s in S’E;ucture and pzoperties [88]
during frozen storage
Effects of ultrasound-assisted freezing on the freezing
Dough AFM time and water migration and the structural [89]
characteristics of gluten components
Surimi from Talang Effects of active ice nucleation bacteria (Pseudomonas
queenfish (Scomberoides AFM syringae) on freezing, ice crystal formation, aggregation, [90]
commersonnianus) and oxidation of during frozen storage
Fish AFM Investigate how freeze-thaw processing and storage [91]
(Trachurus murphyi) affects myofibrillar protein
Comprehensive theories for the strengthening effect of
Noodles AFM curdlan on quality from the perspective of gluten [92]
structure
Carrot X-ray uCT Visualization of 3D ice .crystals during months with (93]
changes in temperature
Quantify 3D ice crystals in frozen samples according to
Minced beef X-ray uCT the integral cooling rate (for mechanical and cryogenic [94]
freezing operating conditions)
Influence of the various characteristics of ice crystals
Green asparagus X-ray uCT formed at different freezing rates on cell membrane [95]

damage and mechanical property
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Table 3. Cont.

Food Product

Microscopic

Technique Objectives Reference

Effect of supercooled freezing on quality and the

Strawberry X-ray uCT characteristics of ice crystals in frozen tissues prepared by [96]
supercooled freezing
Beef NIR Determine and assess quality parameters of meat product [97]
in frozen samples
Tuna NIR Discriminate between unfrozen and (98]
frozen-thawed samples
Pork NIR Monitoring the oxidative damage of myofibrils during [99]
frozen storage
Tilapia . NIR Detect the frozen-thawed cycles in frozen fillets [100]
(Oreochromis)
Raman Predict the texture of different frozen/thaw samples from
Raw beef . . [101]
Spectroscopy continuous freezing and repeated freeze-thaw treatments
Doush Raman Effects of ultrasonic-assisted freezing on the water [102]
& Spectroscopy distribution and protein molecular structure
Study the interactions between sucrose and water during
freezing and explore the biophysical environment at
. Raman . .
Sucrose solution Spectrosco interfaces between cells and nonfrozen sucrose solution, [103]
P 14 between cells and extracellular ice, and between
nonfrozen sucrose solution and ice
Evaluation of the interaction of seed polysaccharide with
. Raman . . . g
Tamarind Spectrosco ice crystals and water molecules with a view to gaining a [104]
P Py greater understanding of the action mechanism.
Largemouth bass fish Raman Stgdy the quality du;‘lng freezing Wlth pressure ch.anges
. . in storage at —30 °C in comparison to two freezing [105]
(Micropterus salmoides) Spectroscopy .
techniques
Cod P .
(Gadus morhua) MRI Map and quantify tissue damage from freezing [106]
NMR Explore the influence of different static magnetic field on
Korla fragrant pear MRI the product quality [107]
. Effect of different freezing methods on the moisture state
Pork tenderloin NMR and moisture distribution of thawed pork tenderloin [108]
NMR Determine the water distribution and migration during
Noodles MRI frozen storage for 12 weeks [109]

6. Conclusions and Future Challenges

Freezing has achieved resounding success in relation to food preservation, since it
manages to preserve the nutritional elements of different foods. The types of frozen foods
range from raw commodities such as fruits, vegetables, and meats to processed foods
such as dairy desserts and frozen dinners. The structure of the ice phase in frozen foods
is important at both the microscopic and macroscopic levels. The size and number of
ice crystals determine sensory properties such as ‘hardness” or ‘iciness’ in foods that are
consumed without thawing, but they cause negative changes in many foods that are
perceived in food quality when it is thawing. Additionally, a good control of the freezing
rate parameter allows a high frozen food quality, since this parameter determines the size
and shape of ice crystals, including mechanical stresses in the frozen foods, where, as the
theory mentions, a fast freezing rate generates a small ice crystal size, while a slow freezing
rate generates a large ice crystal size. Thus, a food with a cellular structure can be affected
by the ice crystal size, since the cellular structure/ice crystal size ratio is a critical measure
with respect to the texture and water holding capability, among other food characteristics.
Hence, large ice crystals puncture the cellular structure (cell membranes), provoking loss of
the intracellular fluid during thawing, and thus, the texture is unappetizing and mushy
(for example, in meat and fish). Meanwhile, in ice cream, small round ice crystals allow a
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soft and creamy texture. Therefore, depending on the food, the freezing rate parameter can
have different (positive and negative) effects on the (micro)structure of the food due to the
formation of ice crystals.

The purpose of this review was to show an overview of applications related to different
microscopic observation techniques and the different uses in the frozen food industry. With
the development and availability of microscopy, spectroscopy, and computer vision, new
methods have appeared for the acquisition, direct monitoring, and study of ice crystals,
microscopic frozen food structures, and associated processes.

Thereby, as stereomicroscopes and compound microscopes present a low /regular
resolution and the sample can be destroyed by the preparation procedure, novel optical and
electron microscopies have been developed to obtain more complete sample information.
Furthermore, spectral imaging and online techniques have shown auspicious results on the
ice crystal behavior. More importantly, the emergence of the latter makes in situ detection a
reality. However, the most appropriate technique to be used will depend on the sample
property of the studied sample and its nature. This review shows that these imaging
techniques can be used to find the relationships between food processing conditions
and the morphological changes of its components, allowing higher quality products and
improving associated processes. However, there are two important limitations in some
of these methods, mainly they require special equipment (cryo-section) or cooled sample
holders (Peltier) to keep the sample at temperatures below the freezing point during the
measurement, as well as the availability of a cryostat to cut the sections of the frozen
samples. Some of these innovative technologies are in development or at the laboratory
stage, while for others the biggest obstacle is the high capital cost.

Nevertheless, as these technologies provide sample images at different angles, more
and more combinations will appear from these observation techniques which will allow
more information for a better understanding of ice formation mechanisms. For this reason,
non-destructive and online measurement will provide real information of the studied
sample and will be an inevitable trend in the future. These non-destructive and online
techniques have great future potential, since they allow costs to be reduced by keeping
food samples unchanged when tested for their ice morphology in a production line using
computational simulation models and automatic control systems. On the other hand, an
important challenge is to couple the control parameters with artificial intelligence that
allows prediction of the final conditions of ice morphology and therefore the final quality
of frozen foods.

Author Contributions: Conceptualization, .P-B., A.C.-S., and A.C.-I; investigation, LP-B., C.]., AD.,
and E.H.; writing—original draft preparation, I.P.-B., A.C.-S., A.C.-I,, and C.J.; writing—review and
editing, A.D., E.H., PO.-P,, and G.P; visualization, .P.-B., A.D., E.H., PO.-P.,, and G.P,; supervision,
LP-B., PO.-P,, and G.P; project administration, P.O.-P. and G.P,; funding acquisition, G.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Universidad del Bio-Bio (projects 2140152 IF/R and
2140181 GI/EF), and Fondecyt Iniciacién en Investigacion 2022 (Folio 11220283) through the financial
support of ANID-Chile (Agencia Nacional de Investigacion y Desarrollo de Chile).

Data Availability Statement: Not applicable.

Acknowledgments: Indira Pérez-Bermudez (I.P-B.) thanks the ANID—Chile under the Beca de
Doctorado Nacional ANID afio académico 2022 (Folio 21220197).

Conflicts of Interest: The authors declare no conflict of interest.

1. Zhang, L.; Zhang, M.; Mujumdar, A.S. Technological innovations or advancement in detecting frozen and thawed meat quality: A
review. Crit. Rev. Food Sci. Nutr. 2023, 63, 1483-1499. [CrossRef] [PubMed]

2. Jia, G, He, X,; Nirasawa, S.; Tatsumi, E.; Liu, HJ.; Liu, H. Effects of high voltage electrostatic field on the freezing behavior and
quality of pork tenderloin. J. Food Eng. 2017, 204, 18-26. [CrossRef]


https://doi.org/10.1080/10408398.2021.1964434
https://www.ncbi.nlm.nih.gov/pubmed/34382891
https://doi.org/10.1016/j.jfoodeng.2017.01.020

Foods 2023, 12, 3987 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

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

Hu, R.; Zhang, M.; Liu, W.; Mujumdar, A.S.; Bai, B. Novel synergistic freezing methods and technologies for enhanced food
product quality: A critical review. Compr. Rev. Food Sci. Food Saf. 2022, 21, 1979-2001. [CrossRef]

Wu, C.H.; Yuan, C.H.; Ye, X.Q.; Hu, Y.Q.; Chen, S.G.; Liu, D.H. A critical review on superchilling preservation technology in
aquatic product. J. Integr. Agric. 2014, 13, 2788-2806. [CrossRef]

Jia, G.; Chen, Y.; Sun, A.; Orlien, V. Control of ice crystal nucleation and growth during the food freezing process. Crit. Rev. Food
Sci. Nutr. 2022, 21, 2433-2454. [CrossRef]

You, Y,; Kang, T.; Jun, S. Control of ice nucleation for subzero food preservation. Food Eng. Rev. 2021, 13, 15-35. [CrossRef]
Petzold, G.; Aguilera, ].M. Ice morphology: Fundamentals and technological applications in foods. Food Biophys. 2009, 4, 378-396.
[CrossRef]

Kiani, H.; Sun, D.W. Water crystallization and its importance to freezing of foods: A review. Trends Food Sci. Technol. 2011, 22,
407-426. [CrossRef]

Kumar, PK.; Rasco, B.A.; Tang, J.; Sablani, S.S. State/phase transitions, ice recrystallization, and quality changes in frozen foods
subjected to temperature fluctuations. Food Eng. Rev. 2020, 12, 421-451. [CrossRef]

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

Orellana-Palma, P.; Tobar-Bolafios, G.; Casas-Forero, N.; Zuiiiga, R.N.; Petzold, G. Quality attributes of cryoconcentrated calafate
(Berberis microphylla) juice during refrigerated storage. Foods 2020, 9, 1314. [CrossRef] [PubMed]

Marecellini, M.; Noirjean, C.; Dedovets, D.; Maria, J.; Deville, S. Time-lapse, in situ imaging of ice crystal growth using confocal
microscopy. ACS Omega 2016, 1, 1019-1026. [CrossRef] [PubMed]

Yu, F; Liu, Z.; Li, Y,; Li, Y.; Wang, Z. Experimental study of water drop freezing process on cryogenic cold surface. Int. |. Refrig.
2023, 150, 265-274. [CrossRef]

Chasnitsky, M.; Cohen, S.R.; Rudich, Y.; Braslavsky, I. Atomic force microscopy imaging of ice crystal surfaces formed in aqueous
solutions containing ice-binding proteins. J. Cryst. Growth 2023, 601, 126961. [CrossRef]

Sazaki, G.; Inomata, M.; Asakawa, H.; Yokoyama, E.; Nakatsubo, S.; Murata, K.; Nagashima, K.; Furukawa, Y. In-situ optical
microscopy observation of elementary steps on ice crystals grown in vapor and their growth kinetics. Prog. Cryst. Growth Charact.
Mater. 2021, 67, 100550. [CrossRef]

Tai, K; Liu, Y;; Dillon, S.J. In situ cryogenic transmission electron microscopy for characterizing the evolution of solidifying water
ice in colloidal systems. Microsc. Microanal. 2014, 20, 330-337. [CrossRef]

Ong, L.; Dagastine, R.R.; Kentish, S.E.; Gras, S.L. Microstructure of milk gel and cheese curd observed using cryo scanning
electron microscopy and confocal microscopy. LWT-Food Sci. Technol. 2011, 44, 1291-1302. [CrossRef]

Bai, N.; Guo, X.N.; Xing, J.].; Zhu, K.X. Effect of freeze-thaw cycles on the physicochemical properties and frying performance of
frozen Youtiao dough. Food Chem. 2022, 386, 132854. [CrossRef]

Voda, A.; Homan, N.; Witek, M.; Duijster, A.; van Dalen, G.; Van der Sman, R.; Nijsse, J.; Van Vliet, L.; Van As, H.; van Duynhoven,
J. The impact of freeze-drying on microstructure and rehydration properties of carrot. Food Res. Int. 2012, 49, 687-693. [CrossRef]
Kono, S.; Kon, M.; Araki, T.; Sagara, Y. Effects of relationships among freezing rate, ice crystal size and color on surface color of
frozen salmon fillet. J. Food Eng. 2017, 214, 158-165. [CrossRef]

Pu, Y.E.; Ma, L.; Dear, B.; Zhu, A.; Li, J.; Zhang, S.; Shi, W. Understanding the impact of microstructures on reconstitution and
drying kinetics of lyophilized cake using X-ray Microscopy and image-based simulation. J. Pharm. Sci. 2023, 112, 1625-1634.
[CrossRef] [PubMed]

Zhuang, Q.; Peng, Y,; Yang, D.; Wang, Y.; Zhao, R.; Chao, K.; Guo, Q. Detection of frozen pork freshness by fluorescence
hyperspectral image. J. Food Eng. 2022, 316, 110840. [CrossRef]

Reid, D.S. Overview of phisycal/chemical aspects of freezing. In Quality in Frozen Food, 1st ed.; Erickson, M.C., Hung, Y.-C., Eds;
Chapman and Hall: New York, NY, USA, 1997; pp. 10-28.

Nesvadba, P. Thermal properties and ice crystal development in frozen foods. In Frozen Food Science and Technology, 1st ed.; Evans,
J.A., Ed.; Blackwell Publishing Ltd.: Hoboken, NJ, USA, 2008; pp. 1-25.

Echlin, P. Low-Temperature Microscopy and Analysis, 1st ed.; Plenum Publishing Press Corporation: New York, NY, USA, 1992;
pp- 265-498.

Gunning, P.A. Light microscopy: Principles and applications to food microstructures. In Food Microstructures, 1st ed.; Morris, VJ.,
Groves, K., Eds.; Woodhead Publishing: Sawston, UK, 2013; pp. 62-95.

Ninagawa, T.; Eguchi, A.; Kawamura, Y.; Konishi, T.; Narumi, A. A study on ice crystal formation behavior at intracellular
freezing of plant cells using a high-speed camera. Cryobiology 2016, 73, 20-29. [CrossRef]

Dalvi-Isfahan, M.; Jha, PK,; Tavakoli, J.; Daraei-Garmakhany, A.; Xanthakis, E.; Le-Bail, A. Review on identification, underlying
mechanisms and evaluation of freezing damage. J. Food Eng. 2019, 255, 50-60. [CrossRef]

Moreno, F.L.; Quintanilla-Carvajal, M.X.; Sotelo, L.I; Osorio, C.; Raventos, M.; Herndndez, E.; Ruiz, Y. Volatile compounds,
sensory quality and ice morphology in falling-film and block freeze concentration of coffee extract. J. Food Eng. 2015, 166, 64-71.
[CrossRef]


https://doi.org/10.1016/j.tifs.2018.02.019
https://doi.org/10.1111/1541-4337.12919
https://doi.org/10.1016/S2095-3119(14)60841-8
https://doi.org/10.1111/1541-4337.12950
https://doi.org/10.1007/s12393-020-09211-6
https://doi.org/10.1007/s11483-009-9136-5
https://doi.org/10.1016/j.tifs.2011.04.011
https://doi.org/10.1007/s12393-020-09255-8
https://doi.org/10.1016/j.tifs.2019.05.012
https://doi.org/10.3390/foods9091314
https://www.ncbi.nlm.nih.gov/pubmed/32961955
https://doi.org/10.1021/acsomega.6b00217
https://www.ncbi.nlm.nih.gov/pubmed/27917410
https://doi.org/10.1016/j.ijrefrig.2023.02.021
https://doi.org/10.1016/j.jcrysgro.2022.126961
https://doi.org/10.1016/j.pcrysgrow.2021.100550
https://doi.org/10.1017/S1431927613014128
https://doi.org/10.1016/j.lwt.2010.12.026
https://doi.org/10.1016/j.foodchem.2022.132854
https://doi.org/10.1016/j.foodres.2012.08.019
https://doi.org/10.1016/j.jfoodeng.2017.06.023
https://doi.org/10.1016/j.xphs.2023.01.002
https://www.ncbi.nlm.nih.gov/pubmed/36627053
https://doi.org/10.1016/j.jfoodeng.2021.110840
https://doi.org/10.1016/j.cryobiol.2016.06.003
https://doi.org/10.1016/j.jfoodeng.2019.03.011
https://doi.org/10.1016/j.jfoodeng.2015.05.018

Foods 2023, 12, 3987 17 of 19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

Orellana-Palma, P.; Guerra-Valle, M.; Gianelli, M.P; Petzold, G. Evaluation of freeze crystallization on pomegranate juice quality
in comparison with conventional thermal processing. Food Biosci. 2021, 41, 101106. [CrossRef]

Wang, Y.; Miyazaki, R.; Saitou, S.; Hirasaka, K.; Takeshita, S.; Tachibana, K.; Taniyama, S. The effect of ice crystals formations on
the flesh quality of frozen horse mackerel (Trachurus japonicus). J. Texture Stud. 2018, 49, 485-491. [CrossRef]

Du, X.; Li, H;; Dong, C.; Ren, Y.; Pan, N.; Kong, B.; Liu, H.; Xia, X. Effect of ice structuring protein on the microstructure and
myofibrillar protein structure of mirror carp (Cyprinus carpio L.) induced by freeze-thaw processes. LWT-Food Sci. Technol. 2021,
139, 110570. [CrossRef]

Li, M.; Reeder, M.W.; Wu, T. Depletion interaction may reduce ice recrystallization inhibition activity of cellulose nanocrystals
(CNCs) at high concentrations. Food Hydrocoll. 2023, 139, 108576. [CrossRef]

Tan, M.; Ye, J.; Chu, Y.; Xie, J. The effects of ice crystal on water properties and protein stability of large yellow croaker
(Pseudosciaena crocea). Int. J. Refrig. 2021, 130, 242-252. [CrossRef]

Liu, S.; Zeng, X.; Zhang, Z.; Long, G.; Lyu, F,; Cai, Y.; Liu, J.; Ding, Y. Effects of immersion freezing on ice crystal formation and
the protein properties of snakehead (Channa argus). Foods 2020, 9, 411. [CrossRef]

Gutiérrez, M.; De Aratjo, L.; Silveira Junior, V. An empirical model to estimate the growth of ice crystals for storage of Tilapia at
variable temperature conditions. Food Sci. Technol. 2019, 39, 567-572. [CrossRef]

Bin, L.; Jianfei, S.; Zhaodn, Y.; Rachid, B. Effects of magnetic field on the phase change cells and the formation of ice crystals in
biomaterials: Carrot case. J. Therm. Sci. Eng. Appl. 2017, 9, 031005. [CrossRef]

Jiang, Q.; Jia, R.; Nakazawa, N.; Hu, Y.; Osako, K.; Okazaki, E. Changes in protein properties and tissue histology of tuna meat as
affected by salting and subsequent freezing. Food Chem. 2019, 271, 550-560. [CrossRef]

Jiang, Q.; Yin, T,; Yang, E; Yu, D.; Xu, Y,; Tie, H.; Gao, P.; Wang, B.; Xia, W. Effect of freezing methods on quality changes of grass
carp during frozen storage. J. Food Eng. 2020, 43, €13539. [CrossRef]

Robles, C.M.; Quintanilla-Carvajal, M.X.; Moreno, EL.; Hernandez, E.; Ravent6s, M.; Ruiz, Y. Ice morphology modification and
solute recovery improvement by heating and annealing during block freeze-concentration of coffee extracts. J. Food Eng. 2016,
189, 72-81. [CrossRef]

Sun, Q.; Chen, Q.; Xia, X.; Kong, B.; Diao, X. Effects of ultrasound-assisted freezing at different power levels on the structure and
thermal stability of common carp (Cyprinus carpio) proteins. Ultrason. Sonochem. 2019, 54, 311-320. [CrossRef] [PubMed]
Chernobai, N.; Shevchenko, N.; Vozovyk, K.; Kadnikova, N.; Rozanov, L. Cryo-Light Microscopy to study the freezing behavior
of microalgae cells. Cryobiology 2021, 103, 196. [CrossRef]

Leng, D.; Zhang, H.; Tian, C,; Li, P,; Kong, F,; Zhan, B. Static magnetic field assisted freezing of four kinds of fruits and vegetables:
Micro and macro effects. Int. J. Refrig. 2023, 146, 118-125. [CrossRef]

Islam, M.N.; Zhang, M.; Fang, Z.; Sun, J. Direct contact ultrasound assisted freezing of mushroom (Agaricus bisporus): Growth and
size distribution of ice crystals. Int. ]. Refrig. 2015, 57, 46-53. [CrossRef]

Kaminska-Dwoérznicka, A.; Kot, A.; Jakubczyk, E.; Buniowska-Olejnik, M.; Nowacka, M. Effect of ultrasound-assisted freezing on
the crystal structure of mango sorbet. Crystals 2023, 13, 396. [CrossRef]

Jiang, Q.; Zhang, M.; Mujumdar, A.S.; Hu, R. Combination strategy of CO, pressurization and ultrasound: To improve the
freezing quality of fresh-cut honeydew melon. Food Chem. 2022, 383, 132327. [CrossRef] [PubMed]

Jiang, Q.; Zhang, M.; Mujumdar, A.S.; Chen, B. Effects of electric and magnetic field on freezing characteristics of gel model food.
Food Res. Int. 2023, 166, 112566. [CrossRef]

Aguilera, ].M. Rational food design and food microstructure. Trends Food Sci. Technol. 2022, 122, 256-264. [CrossRef]

Franken, L.E.; Griinewald, K.; Boekema, E.J.; Stuart, M.C. A technical introduction to transmission electron microscopy for
soft-matter: Imaging, possibilities, choices, and technical developments. Small 2022, 16, 1906198. [CrossRef]

Zhang, M; Li, E; Diao, X.; Kong, B.; Xia, X. Moisture migration, microstructure damage and protein structure changes in porcine
longissimus muscle as influenced by multiple freeze-thaw cycles. Meat Sci. 2017, 133, 10-18. [CrossRef]

Meziani, S.; Ioannou, I.; Jasniewski, J.; Belhaj, N.; Muller, ]. M.; Ghoul, M.; Desobry, S. Effects of freezing treatments on the
fermentative activity and gluten network integrity of sweet dough. LWT-Food Sci. Technol. 2012, 46, 118-126. [CrossRef]
Sharma, S.; Jaiswal, S.; Duffy, B.; Jaiswal, A.K. Nanostructured materials for food applications: Spectroscopy, microscopy and
physical properties. Bioengineering 2019, 6, 26. [CrossRef]

Ban, C.; Yoon, S.; Han, J.; Kim, S.O.; Han, J.S.; Lim, S.; Choi, Y.]. Effects of freezing rate and terminal freezing temperature on
frozen croissant dough quality. LWT-Food Sci. Technol. 2016, 73, 219-225. [CrossRef]

Jiang, Q.; Nakazawa, N.; Hu, Y.; Osako, K.; Okazaki, E. Changes in quality properties and tissue histology of lightly salted tuna
meat subjected to multiple freeze-thaw cycles. Food Chem. 2019, 293, 178-186. [CrossRef] [PubMed]

Nishino, Y.; Miyazaki, K.; Kaise, M.; Miyazawa, A. Fine cryo-SEM observation of the microstructure of emulsions frozen via
high-pressure freezing. Microscopy 2022, 71, 60-65. [CrossRef] [PubMed]

Sriamornsak, P.; Thirawong, N.; Cheewatanakornkool, K.; Burapapadh, K.; Sae-Ngow, W. Cryo-scanning electron microscopy
(cryo-SEM) as a tool for studying the ultrastructure during bead formation by ionotropic gelation of calcium pectinate. Int. .
Pharm. 2008, 352, 115-122. [CrossRef] [PubMed]

Luan, L.; Wang, L.; Wu, T.; Chen, S.; Ding, T.; Hu, Y. A study of ice crystal development in hairtail samples during different
freezing processes by cryosectioning versus cryosubstitution method. Int. J. Refrig. 2018, 87, 39-46. [CrossRef]


https://doi.org/10.1016/j.fbio.2021.101106
https://doi.org/10.1111/jtxs.12310
https://doi.org/10.1016/j.lwt.2020.110570
https://doi.org/10.1016/j.foodhyd.2023.108576
https://doi.org/10.1016/j.ijrefrig.2021.05.040
https://doi.org/10.3390/foods9040411
https://doi.org/10.1590/fst.31717
https://doi.org/10.1115/1.4035936
https://doi.org/10.1016/j.foodchem.2018.07.219
https://doi.org/10.1111/jfpe.13539
https://doi.org/10.1016/j.jfoodeng.2016.05.021
https://doi.org/10.1016/j.ultsonch.2019.01.026
https://www.ncbi.nlm.nih.gov/pubmed/30712855
https://doi.org/10.1016/j.cryobiol.2021.11.131
https://doi.org/10.1016/j.ijrefrig.2022.10.018
https://doi.org/10.1016/j.ijrefrig.2015.04.021
https://doi.org/10.3390/cryst13030396
https://doi.org/10.1016/j.foodchem.2022.132327
https://www.ncbi.nlm.nih.gov/pubmed/35158129
https://doi.org/10.1016/j.foodres.2023.112566
https://doi.org/10.1016/j.tifs.2022.02.006
https://doi.org/10.1002/smll.201906198
https://doi.org/10.1016/j.meatsci.2017.05.019
https://doi.org/10.1016/j.lwt.2011.10.017
https://doi.org/10.3390/bioengineering6010026
https://doi.org/10.1016/j.lwt.2016.05.045
https://doi.org/10.1016/j.foodchem.2019.04.091
https://www.ncbi.nlm.nih.gov/pubmed/31151599
https://doi.org/10.1093/jmicro/dfab034
https://www.ncbi.nlm.nih.gov/pubmed/34460914
https://doi.org/10.1016/j.ijpharm.2007.10.038
https://www.ncbi.nlm.nih.gov/pubmed/18054453
https://doi.org/10.1016/j.ijrefrig.2017.10.014

Foods 2023, 12, 3987 18 of 19

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Kong, C.H.Z.; Hamid, N.; Ma, Q.; Lu, J.; Wang, B.G.; Sarojini, V. Antifreeze peptide pretreatment minimizes freeze-thaw damage
to cherries: An in-depth investigation. LWT-Food Sci. Technol. 2017, 84, 441-448. [CrossRef]

Guo, E.; Zeng, G.; Kazantsev, D.; Rockett, P,; Bent, ]J.; Kirkland, M.; van Dalen, G.; Eastwood, D.S.; StJohn, D.; Lee, P.D.
Synchrotron X-ray tomographic quantification of microstructural evolution in ice cream—A multi-phase soft solid. RSC Adv.
2017, 7, 15561-15573. [CrossRef]

Pach, E.; Verdaguer, A. Studying ice with environmental scanning electron microscopy. Molecules 2022, 27, 258. [CrossRef]
Zhang, Z.; Zhou, Y.; Zhu, X.; Fei, L.; Huang, H.; Wang, Y. Applications of ESEM on materials science: Recent updates and a look
forward. Small Methods 2020, 4, 1900588. [CrossRef]

Haijji, W.; Gliguem, H.; Bellagha, S.; Allaf, K. Structural and textural improvements of strawberry fruits by partial water removal
prior to conventional freezing process. J. Food Meas. Charact. 2022, 16, 3344-3353. [CrossRef]

Phothiset, S.; Charoenrein, S. Effects of freezing and thawing on texture, microstructure and cell wall composition changes in
papaya tissues. J. Sci. Food Agric. 2014, 94, 189-196. [CrossRef]

Dawson, P; Al-Jeddawi, W.; Rieck, ]J. The Effect of different freezing rates and long-term storage temperatures on the stability of
sliced peaches. Int. J. Food Sci. 2020, 2020, 9178583. [CrossRef] [PubMed]

Li, J.; Chotiko, A.; Kyereh, E.; Zhang, J.; Liu, C.; Reyes, V.V,; Bankston, D.; Sathivel, S. Development of a combined osmotic
dehydration and cryogenic freezing process for minimizing quality changes during freezing with application to fruits and
vegetables. |. Food Process. Preserv. 2017, 41, €12926. [CrossRef]

Xu, B.; Zhang, M.; Bhandari, B.; Cheng, X.; Sun, J. Effect of ultrasound immersion freezing on the quality attributes and water
distributions of wrapped red radish. Food Bioprocess Technol. 2015, 8, 1366-1376. [CrossRef]

Egelandsdal, B.; Abie, S.M.; Bjarnadottir, S.; Zhu, H.; Kolstad, H.; Bjerke, F.; Martinsen, &.G.; Mason, A.; Miinch, D. Detectability
of the degree of freeze damage in meat depends on analytic-tool selection. Meat Sci. 2019, 152, 8-19. [CrossRef] [PubMed]
Masselot, V.; Bosc, V.; Benkhelif, H. Influence of stabilizers on the microstructure of fresh sorbets: X-ray micro-computed
tomography, cryo-SEM, and focused beam reflectance measurement analyses. J. Food Eng. 2021, 300, 110522. [CrossRef]
Bilbao-Sainz, C.; Sinrod, A.J.G.; Dao, L.; Takeoka, G.; Williams, T.; Wood, D.; Chiou, B.S.; Bridges, D.E; Wu, V.C.H.; Lyu, C.; et al.
Preservation of grape tomato by isochoric freezing. Food Res. Int. 2021, 143, 110228. [CrossRef]

Zhang, Y.; Zhao, ].H.; Ding, Y.; Xiao, H.W,; Sablani, S.S.; Nie, Y.; Wu, S.J.; Tang, X.M. Changes in the vitamin C content of mango
with water state and ice crystals under state/phase transitions during frozen storage. J. Food Eng. 2018, 222, 49-53. [CrossRef]
Zielinska, M.; Markowski, M.; Zielinska, D. The effect of freezing on the hot air and microwave vacuum drying kinetics and
texture of whole cranberries. Dry. Technol. 2019, 37, 1714-1730. [CrossRef]

Kahraman, O.; Malvandi, A.; Vargas, L.; Feng, H. Drying characteristics and quality attributes of apple slices dried by a
non-thermal ultrasonic contact drying method. Ultrason. Sonochem. 2021, 73, 105510. [CrossRef]

Schoeman, L.; Williams, P.; Du Plessis, A.; Manley, M. X-ray micro-computed tomography (1CT) for non-destructive characteriza-
tion of food microstructure. Trends Food Sci. Technol. 2016, 47, 10-24. [CrossRef]

Reis, M.; Martinez, E.; Saitua, E.; Rodriguez, R.; Perez, I.; Olabarrieta, I. Non-invasive differentiation between fresh and
frozen/thawed tuna fillets using near infrared spectroscopy (Vis-NIRS). LWT-Food Sci. Technol. 2017, 78, 129-137. [CrossRef]
Wang, K.; Sun, D.W.; Pu, H.; Wei, Q. Principles and applications of spectroscopic techniques for evaluating food protein
conformational changes: A review. Trends Food Sci. Technol. 2017, 67, 207-219. [CrossRef]

Orlando, A.; Franceschini, F; Muscas, C.; Pidkova, S.; Bartoli, M.; Rovere, M.; Tagliaferro, A. A comprehensive review on Raman
spectroscopy applications. Chemosensors 2021, 9, 262. [CrossRef]

Kirtil, E.; Oztop, M.H. 'H nuclear magnetic resonance relaxometry and magnetic resonance imaging and applications in food
science and processing. Food Eng. Rev. 2016, 8, 1-22. [CrossRef]

Hatzakis, E. Nuclear magnetic resonance (NMR) spectroscopy in food science: A comprehensive review. Compr. Rev. Food Sci.
Food Saf. 2019, 18, 189-220. [CrossRef]

Abeasi, S.; Minaei, S.; Jamshidi, B.; Fathi, D. Dedicated non-destructive devices for food quality measurement: A review. Trends
Food Sci. Technol. 2018, 78, 197-205. [CrossRef]

Cantre, D.; Herremans, E.; Verboven, P.; Ampofo-Asiama, J.; Nicolai, B. Characterization of the 3-D microstructure of mango
(Mangifera indica L. cv. Carabao) during ripening using X-ray computed microtomography. Innov. Food Sci. Emerg. Technol. 2014,
24,28-39. [CrossRef]

Vicent, V.; Ndoye, E.T.; Verboven, P; Nicolai, B.; Alvarez, G. Modeling ice recrystallization in frozen carrot tissue during storage
under dynamic temperature conditions. J. Food Eng. 2020, 278, 109911. [CrossRef]

Kobayashi, R.; Kimizuka, N.; Watanabe, M.; Suzuki, T. The effect of supercooling on ice structure in tuna meat observed by using
X-ray computed tomography. Int. |. Refrig. 2015, 60, 270-277. [CrossRef]

Zennoune, A,; Latil, P,; Flin, F; Perrin, J.; Weitkamp, T.; Scheel, M.; Geindreau, C.; Benkhelifa, H.; Ndoye, E.T. Investigating the
influence of freezing rate and frozen storage conditions on a model sponge cake using synchrotron X-rays micro-computed
tomography. Food Res. Int. 2022, 162, 112116. [CrossRef]

Vicent, V.; Verboven, P; Ndoye, F.T.; Alvarez, G.; Nicolai, B. A new method developed to characterize the 3D-microstructure of
frozen apple using X-ray micro-CT. J. Food Eng. 2017, 212, 154-164. [CrossRef]

Zhao, Y.; Takhar, P. Micro X-ray computed tomography and image analysis of frozen potatoes subjected to freeze-thaw cycles.
LWT-Food Sci. Technol. 2017, 79, 278-286. [CrossRef]


https://doi.org/10.1016/j.lwt.2017.06.002
https://doi.org/10.1039/C7RA00642J
https://doi.org/10.3390/molecules27010258
https://doi.org/10.1002/smtd.201900588
https://doi.org/10.1007/s11694-022-01443-w
https://doi.org/10.1002/jsfa.6226
https://doi.org/10.1155/2020/9178583
https://www.ncbi.nlm.nih.gov/pubmed/33294431
https://doi.org/10.1111/jfpp.12926
https://doi.org/10.1007/s11947-015-1496-x
https://doi.org/10.1016/j.meatsci.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30784871
https://doi.org/10.1016/j.jfoodeng.2021.110522
https://doi.org/10.1016/j.foodres.2021.110228
https://doi.org/10.1016/j.jfoodeng.2017.11.003
https://doi.org/10.1080/07373937.2018.1543317
https://doi.org/10.1016/j.ultsonch.2021.105510
https://doi.org/10.1016/j.tifs.2015.10.016
https://doi.org/10.1016/j.lwt.2016.12.014
https://doi.org/10.1016/j.tifs.2017.06.015
https://doi.org/10.3390/chemosensors9090262
https://doi.org/10.1007/s12393-015-9118-y
https://doi.org/10.1111/1541-4337.12408
https://doi.org/10.1016/j.tifs.2018.05.009
https://doi.org/10.1016/j.ifset.2013.12.008
https://doi.org/10.1016/j.jfoodeng.2020.109911
https://doi.org/10.1016/j.ijrefrig.2015.07.011
https://doi.org/10.1016/j.foodres.2022.112116
https://doi.org/10.1016/j.jfoodeng.2017.05.028
https://doi.org/10.1016/j.lwt.2017.01.051

Foods 2023, 12, 3987 19 of 19

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Li, F; Du, X.; Ren, Y.; Kong, B.; Wang, B.; Xia, X.; Bao, Y. Impact of ice structuring protein on myofibrillar protein aggregation
behaviour and structural property of quick-frozen patty during frozen storage. Int. ]. Biol. Macromol. 2021, 178, 136-142.
[CrossRef] [PubMed]

Li, W,; Wang, H.; Yang, D.; Liu, J.; Wu, J.; Ge, Y. Effect of pectin oligosaccharide on quality control of quick-frozen pumpkin puree.
Int. J. Food Sci. Technol. 2022, 57, 1061-1073. [CrossRef]

Zhang, Y,; Li, Y.; Wang, H.; Oladejo, A.O.; Zhang, H.; Liu, X. Effects of ultrasound-assisted freezing on the water migration of
dough and the structural characteristics of gluten components. J. Cereal Sci. 2020, 94, 102893. [CrossRef]

Saki, N.; Ghaffari, M.; Nikoo, M. Effect of active ice nucleation bacteria on freezing and the properties of surimi during frozen
storage. LWT-Food Sci. Technol. 2023, 176, 114548. [CrossRef]

Hu, C.; Xie, J. The effect of multiple freeze—thaw cycles on protein oxidation and quality of Trachurus murphyi. J. Food Process.
Preserv. 2021, 45, €15998. [CrossRef]

Liang, Y.; Chen, Z.; Liu, M.; Qu, Z.; Liu, H; Song, J.; Zhu, M.; Zhang, X.; He, B.; Wang, ]. Effect of curdlan on the aggregation
behavior and structure of gluten in frozen-cooked noodles during frozen storage. Int. J. Biol. Macromol. 2022, 205, 274-282.
[CrossRef]

Vicent, V.; Fatou-Touti, N.; Verboven, P; Nicolai, B.; Alvarez, G. Effect of dynamic storage temperatures on the microstructure of
frozen carrot imaged using X-ray micro-CT. J. Food Eng. 2019, 246, 232-241. [CrossRef]

Mulot, V.; Fatou-Toutie, N.; Benkhelifa, H.; Pathier, D.; Flick, D. Investigating the effect of freezing operating conditions on
microstructure of frozen minced beef using an innovative X-ray micro-computed tomography method. J. Food Eng. 2019, 262,
13-21. [CrossRef]

Andoa, Y.; Hagiwara, S.; Nabetani, H.; Okunishi, T.; Okadome, H. Impact of ice crystal development on electrical impedance
characteristics and mechanical property of green asparagus stems. J. Food Eng. 2019, 256, 46-52. [CrossRef]

Kobayashi, R.; Suzuki, T. Effect of supercooling accompanying the freezing process on ice crystals and the quality of frozen
strawberry tissue. Int. ]. Refrig. 2019, 99, 94-100. [CrossRef]

Iskandar, C.D.; Zainuddin, Z.; Munawar, A.A.; Barus, R.A. Rapid assessment of frozen beef quality using near infrared technology.
J. Kedokt. Hewan-Indones. |. Vet. Sci. 2023, 17, 42—47. [CrossRef]

Nieto-Ortega, S.; Melado-Herreros, A.; Foti, G.; Olabarrieta, I.; Ramilo-Fernandez, G.; Gonzalez Sotelo, C.; Teixeira, B.; Velasco, A.;
Mendes, R. Rapid differentiation of unfrozen and frozen-thawed tuna with non-destructive methods and classification models:
Bioelectrical impedance analysis (BIA), near-infrared spectroscopy (NIR) and time domain reflectometry (TDR). Foods 2022, 11, 55.
[CrossRef] [PubMed]

Cheng, W.; Sun, D.; Pu, H.; Wei, Q. Heterospectral two-dimensional correlation analysis with near-infrared hyperspectral imaging
for monitoring oxidative damage of pork myofibrils during frozen storage. Food Chem. 2018, 248, 119-127. [CrossRef] [PubMed]
Wang, W.L.; Chen, WH.; Tian, H.Y.; Liu, Y. Detection of frozen-thawed cycles for frozen tilapia (Oreochromis) fillets using near
infrared spectroscopy. J. Aquat. Food Prod. Technol. 2018, 27, 609-618. [CrossRef]

Chen, Q.; Zhang, Y.; Guo, Y.; Cheng, Y; Qian, H.; Yao, W.; Xie, Y.; Ozaki, Y. Non-destructive prediction of texture of frozen/thaw
raw beef by Raman spectroscopy. J. Food Eng. 2020, 266, 109693. [CrossRef]

Wang, B.; Li, Y.; Wang, H.; Liu, X.; Zhang, Y.; Zhang, H. In-situ analysis of the water distribution and protein structure of dough
during ultrasonic-assisted freezing based on miniature Raman spectroscopy. Ultrason. Sonochem. 2020, 67, 105149. [CrossRef]
Yu, G.; Li, R,; Hubel, A. Interfacial interactions of sucrose during cryopreservation detected by Raman spectroscopy. Langmuir
2019, 35, 7388-7395. [CrossRef]

Sun, X.; Guo, R; Kou, Y,; Song, H.; Zhan, T.; Wu, J.; Song, L.; Zhang, H.; Xie, F; Wang, J.; et al. Inhibition of ice recrystallization by
tamarind (Tamarindus indica L.) seed polysaccharide and molecular weight effects. Carbohydr. Polym. 2023, 301, 120358. [CrossRef]
Li, T; Kuang, S.; Xiao, T.; Hu, L.; Nie, P; Ramaswamy, H.S.; Yu, Y. The effect of pressure-shift freezing versus air freezing and
liquid immersion on the quality of frozen fish during storage. Foods 2022, 11, 1842. [CrossRef] [PubMed]

Anderssen, K.E.; Syed, S.; Stormo, S.K. Quantification and mapping of tissue damage from freezing in cod by magnetic resonance
imaging. Food Control 2021, 123, 107734. [CrossRef]

Qiao, J.; Zhang, M.; Fang, Z.; Fu, ]. Effect of static magnetic field assisted freezing on the product quality of Korla fragrant pear. J.
Food Process. Eng. 2023, in press. [CrossRef]

Hu, R.; Zhang, M.; Mujumdar, A.S. Novel assistive technologies for efficient freezing of pork based on high voltage electric field
and static magnetic field: A comparative study. Innov. Food Sci. Emerg. Technol. 2022, 80, 103087. [CrossRef]

Liu, Q.; Guo, X.; Zhu, K. Effects of frozen storage on the quality characteristics of frozen cooked noodles. Food Chem. 2019, 283,
522-529. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijbiomac.2021.02.158
https://www.ncbi.nlm.nih.gov/pubmed/33636271
https://doi.org/10.1111/ijfs.15469
https://doi.org/10.1016/j.jcs.2019.102893
https://doi.org/10.1016/j.lwt.2023.114548
https://doi.org/10.1111/jfpp.15998
https://doi.org/10.1016/j.ijbiomac.2022.02.085
https://doi.org/10.1016/j.jfoodeng.2018.11.015
https://doi.org/10.1016/j.jfoodeng.2019.05.014
https://doi.org/10.1016/j.jfoodeng.2019.03.019
https://doi.org/10.1016/j.ijrefrig.2018.11.045
https://doi.org/10.21157/j.ked.hewan.v17i1.30204
https://doi.org/10.3390/foods11010055
https://www.ncbi.nlm.nih.gov/pubmed/35010181
https://doi.org/10.1016/j.foodchem.2017.12.050
https://www.ncbi.nlm.nih.gov/pubmed/29329834
https://doi.org/10.1080/10498850.2018.1461156
https://doi.org/10.1016/j.jfoodeng.2019.109693
https://doi.org/10.1016/j.ultsonch.2020.105149
https://doi.org/10.1021/acs.langmuir.8b01616
https://doi.org/10.1016/j.carbpol.2022.120358
https://doi.org/10.3390/foods11131842
https://www.ncbi.nlm.nih.gov/pubmed/35804658
https://doi.org/10.1016/j.foodcont.2020.107734
https://doi.org/10.1111/jfpe.14404
https://doi.org/10.1016/j.ifset.2022.103087
https://doi.org/10.1016/j.foodchem.2019.01.068

	Introduction 
	Methodology 
	Optical Microscopy Applied to Frozen Foods 
	Light Microscopy (LM) and Cryo-Light Microscopy (Cryo-LM) 
	Application of LM and Cryo-LM to Visualizate Ice Crystals in Frozen Foods 

	Electron Microscopy Applied to Frozen Foods 
	TEM 
	SEM 
	ESEM 

	Other Microscopy Techniques 
	Conclusions and Future Challenges 
	References

