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Abstract

According to a USDA report, $161 billion worth of food products was not available for human
consumption in 2010 due to food loss. One potential way to reduce food loss is to prevent damage
to the food product during the freezing process. This study presents quantitative measurements of
the two primary processes involved in freezing of foods: ice nucleation and ice growth. Using a
newly developed micro-thermography system, we measured in-situ ice nucleation and growth
rates. We found that ice nucleation rates in beef and zucchini were significantly higher than those
in broccoli and potato, whereas ice growth was faster in broccoli and potato compared to beef and
zucchini. Thus, ice nucleation and ice growth in the foods tested here, were found to be opposing
processes. By analyzing the chemical composition of these foods, we applied established crystal
growth and nucleation principles to explain the reasons causing the inverted relationship between
ice nucleation and ice growth. Therefore, designing a customized freezing process for each food
product will lead to improved quality of the product, thereby limiting food loss.

Introduction

A report from 2010 found that food products totaled in $161 billion were not consumed by humans
and were considered as food loss [1]. The freezing process of food products is designed to extend
shelf life while limiting nutrient and sensory damage to the product caused by ice. This process
includes two main stages: ice nucleation (or formation of ice) followed by ice crystal growth [2].
Ice nucleation is a process within which small ice nuclei form in a supercooled environment and
grow to become ice crystals with the assistance of surfaces (heterogenous nucleation) or without
this assistance (homogenous nucleation) [3]. Supercooling refers to the phenomenon where a
liquid is cooled below its freezing point without undergoing a phase transition to the solid state. In
the context of freezing processes, it is the extent to which a liquid is cooled below its freezing point
before nucleation and subsequent ice crystal growth occur. Ice growth is the expansion of existing
ice crystals by the addition of water molecules from the surrounding liquid to the ice lattice. The
literature of frozen foods describes ice nucleation temperatures (or freezing point) of each food
type (meat, fruit, vegetable etc.) as a range of temperatures [4—10] measured using thermistors in
the food product [5], firmness change [6] and calorimetric estimation of the freezing point [10].
However, ice nucleation is a stochastic process, which is affected by many factors such as cooling
rates and time spent at freezing temperatures, thermal conductivity of the cooling element and the
sample, as well as size and shape of the sample. These varying factors might provide false values
of freezing temperature, and the obtained values might be method and sample specific. Quantifying
the rate of ice nucleation in food products will provide more accurate and quantitative data that
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will eliminate the elusive factors mentioned above. Coupling the measurement of ice nucleation
rate to ice growth velocity would provide a holistic understanding of the freezing process of foods.
Recently, we described a new micro-thermography system developed in our laboratory, designed
to measure ice growth velocity and ice nucleation rates in-situ inside non-transparent sample,
specifically in food [11]. Here, this system was used to elucidate the freezing process of various
food products, by measuring both ice growth velocity and ice nucleation rates. We found that ice
nucleation and ice growth in food products are two distinct processes within the freezing process
and that these processes can operate in opposing directions.

Methods

Temperature control and thermal imaging systems

A system comprising a cold stage coupled with a thermal camera described previously [11], was
used for the ice growth velocity experiments. In short, the system included a temperature controller
(586 series TECPak, Arroyo Instruments, San Luis Obispo, CA) that governs the temperature of
the copper cold stage via Peltier thermoelectric coolers and a thermistor, which is inserted into the
copper cold stage. The copper cold stage is housed in an acrylic box with an aluminum lid (to
prevent condensation) with a germanium window. A high-resolution (2048 x 1536 IR px) thermal
camera (VarioCAM® HD head 800 with Micro-scanning upgrade, InfraTec GmbH, Germany)
was used and its accuracy was ensured by calibrating it against various sample temperatures[11].
For the ice nucleation experiments, a portable thermal camera (T3 Pro, Yantai, China) with a
resolution of 384x288 IR px was used, and a cold stage (similar to the one described above) was
constructed to obtain the Food Ice Nucleation Assay (FINA). The thermal camera was connected
to an Android tablet for image acquisition, and the temperature of the cold stage was governed by
a temperature controller (585 series TECPak, Arroyo Instruments, San Luis Obispo, CA). A
LabVIEW program was developed to control the temperature of the cold stage.

Sample Preparation

Thin layers were obtained from the selected sample (for example, a potato cube) using a hand-held
microtome with a razor knife. These thin layers (~0.2-0.5 mm thick) were then shaped to the
desired size (typically 1 cm? in size) using a razor knife. In the FINA experiments, the samples
were cut using a sharp puncher into circular pieces (2 mm in diameter) and were organized on the
cold stage, facilitated by a plastic grid. The utilization of a low-thermal-conductivity plastic grid
serves to mitigate temperature variations caused by potential misplacement of samples on the
copper plate and minimizes the impact of neighboring effects resulting from heat release.

Frame analysis and data file generation

For the growth rate study, the camera was employed to capture sequences of frames during the
experimental process, which provided critical information for subsequent analysis. In the initial
post-processing phase, IRbis software played a vital role in data extraction and preparation. This
encompassed a frame selection, where three frames were strategically chosen to represent distinct
phases of ice growth: initiation, termination, and an intermediate stage. Additionally, the software
was employed for melting point identification by analyzing the temperature profile, recognizing a
well-defined trough as the melting point and a flat profile signaled this event. The identification of
the melting point was described visually in reference [11].

Temperature profiles were established through the placement of measurement lines from the
initiation of ice growth to the conclusion of crystal growth, accompanied by reference rectangles
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(Fig S1). Importantly, these reference rectangles were used for measuring the temperature of the
unfrozen regions during ice growth. The collected data, including temperature profiles and
measurement line details, were cataloged in spreadsheets. Furthermore, the software was
employed to process the temperature profile data and generate a profile time chart, subsequently
exporting it in text format for further analysis. For the second post-processing stage, an app was
built by using the "App Designer" tool of Matlab™ software, to optimize a sequence of tasks.
First, data loading was executed by importing the experiment data, including distinct temperature
cooling slopes and corresponding frame numbers (Frl, Fr2, Fr3) and temperatures (T1, T2, T3)
(Fig S1). Additionally, the melting temperature was defined for reference. Subsequently, graph
plotting was initiated to visualize the data and calculate growth rates (GR). To refine the curves
and enhance GR calculations, the "Smoothing" function was applied. To ensure precise
calculations, the "Threshold" function was utilized to pinpoint the start and end temperature points,
contributing to accurate assessments of both growth rates and temperature differences (DT). The
processed results were systematically stored in text files via the "Calc" function, following a
predefined format to facilitate reference and analysis. For rapid, convenient visual representation
of outcomes, the "Load & Plot GR File" button was harnessed, enabling the visualization of data
and analysis results.

Food Ice Nucleation Assay (FINA) data recording and postprocessing

Temperature data control and recording were managed using a LabVIEW as described before [11].
To identify and record nucleation events, a video editing software (Nikon NIS-Elements, U.S.A)
was employed to select nucleation samples and extract their parameters. This was followed by the
utilization of a Matlab™ application to determine both the temperature and timing of the
nucleation events. Moreover, this software tool facilitated the generation of graphical
representations depicting the response of chosen events, specifically in terms of mean intensity
over time (see Fig. S2).

Calculation of Ice nucleation Rate
The ice nucleation rate calculation was obtained by analyzing nucleation temperature data and the
measured contact area of the samples, as used elsewhere [12,13]. The nucleation rate (J) is
expressed as:
Ni
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Where Nfi is the number of frozen samples in each temperature interval, denoted as the i™ interval.
AT represents the width of the temperature interval (typically 0.5-1 °C), ¢ is the cooling rate, Nlimfr
is the number of unfrozen samples at the beginning of the interval, and Aty ; represents the time

it took for the j sample to freeze within that interval. The obtained rate (J) was normalized by the
area of the sample (A), which was typically 7 mm?.

_
Eq.2 R=1Z

Thus, the nucleation rate coefficient, R, is expressed in terms of number of nucleation events per
time per area. These calculations enable the determination of the nucleation rate in a
comprehensive manner, even in cases with changing temperatures, providing valuable insights into
the freezing behavior of the samples.
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Results and Discussion
Ice nucleation rates
products using FINA

When a food product is placed at sub-
freezing temperature, ice nucleation is
the first step towards freezing the whole
product. After ice is formed (nucleated),
the newly formed crystals grow inside
the food at a velocity proportional to the
supercooling degree. The rates in which
ice nucleation occur in various food
products were measured in terms of
number of nucleation events per area per
time, which is different compared to
other studies that determined the
temperatures in which the studied
samples froze [4-6,14,15]. Here, the
samples were cooled to 0 °C at 0.5
°C/sec, and then the cooling rate was
slowed down to 1 °C/min. The cooling
process continued until all samples froze
(~-20 °C), while the thermal camera was
recording (see video snapshot in Fig.
1A). The output video was analyzed (see
more details in the experimental section)
and nucleation rates were obtained for
each type of food sample (beef, broccoli,
zucchini and potato). To fit the
experimental data for the ice nucleation
rate, R, a classical nucleation theory
(CNT) from Cabriolu et al. [16] was

inside food
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Fig. 1. An array of samples in the FINA system (A). The
blue color indicates the release of latent heat during
nucleation events, also indicated by white arrows. Ice
nucleation rates of all tested samples (B), as calculated
using the formula detailed above. Ice nucleation rates for
beef (C), potato (D), zucchini (E) and broccoli (F). The
absolute temperature is presented in K for simplicity. The
number of individual samples used for the nucleation
experiments are 170, 61, 92 and 166 for broccoli, beef,
zucchini and potato, respectively.

used.

c

Eq.3 T

In(R) =In(4) +

Where A and C are constants; A is a kinetic pre-factor and C expresses a temperature-dependent
constant [16].

The obtained nucleation rates of all samples increased with the decrease of the temperature, as
expected, and exhibited a reasonably good fit with classical nucleation theory[16] for heterogenous
nucleation. Fig. 1B presents the nucleation rates of the tested food products vs. the absolute
temperature (K). The results provide a hierarchy of ice nucleation probability in the tested food
products, where ice nucleation rates were measured at much higher temperatures (268-260K) in
beef compared to broccoli and potato (262K-252K). The nucleation rates in zucchini were found
to be closer to the rates measured in beef, and the rates measured in potato and broccoli are
comparable and much lower than beef and zucchini. For example, the nucleation rate at 260K in
beef is faster than the rate measured in potato and broccoli by 3 orders of magnitude. While the
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broccoli and potato samples were freezing at a temperature range of 262K-252K, the beef samples
were completely frozen at 260K, and no rates were documented below that temperature. The
nucleation rates measured here can be used to calculate the number of nucleation events in larger
samples used in this study. For example, the number of nucleation events in a 2D piece of beef
sized 10 cm? to -5 °C (268K) is 5.3 per second. Decreasing the temperature to -13 °C (260K) will
increase the number of nucleation events to 1327.6 per second. A comparison of this value in beef
to similarly sized samples of potato or broccoli at the same temperature shows the stark difference
between the samples; the number of nucleation events is 2.7 and 7.1 per second, respectively.
These results provide useful information for calculating the number of nucleation events in a
sample during cooling, and combined with our ice growth velocity measurements, the freezing
procedure of food products can be improved. Furthermore, our ice nucleation data is very useful
for developing the supercooling approach of food preservation [17], where ice formation is
avoided.

Ice growth velocities inside food products

The growth velocities of ice crystals inside food products were measured by first freezing the
samples completely, then melting most of the ice inside the sample to obtain a ratio of 1:5 frozen
to unfrozen regions (Fig. S1). At
this point, the temperature
decreased at a constant rate and
the ice progressed in the sample
until the whole sample was
frozen again. The experiment
was performed using various
cooling rates resulting in
different supercooling degrees.
One of the benefits of using a
thermal camera for crystal
growth velocity measurements is = | VAT

the ability to measure the L Water ]
temperature of the unfrozen Measurement distance (mm) Measurement distance (mm)

regions of the sample in each Fig. 2. A series of snapshots of an ice crystal growing inside
frame, regardless of the cold broccoli stems as imaged by the thermal camera (A). The blue
stage’s thermistor reading. Thus arrow in A was used as a temperature probe and the spatial

e ’ > temperature profile was plotted to identify the ice/water interface
a “live” reference temperature (B), which was then used to calculate the ice growth velocity by
was used to calculate the piotting the data from all snapshots (C). The growth velocity was
supercooling degree by not constant during the measurement, however, the velocities
averaging the measured <1)btained in each measurement were averaged. Scale bar in A =

mm.

Temperature (°C) W I

temperature in the unfrozen
region in each recorded frame. The difference between the melting temperature of each sample
and the reference temperature was defined as the supercooling degree. However, the measured
temperature by the thermal camera mainly reflects the upper part of the sample, and a temperature
gradient exists where the bottom part of the sample is colder than the upper part. Thus, COMSOL
simulations were performed to quantify the temperature gradient at fixed and changing
temperatures. These simulations are presented in the SI and show the temperature distribution
along the z-axis (vertical) within a biological sample (myocardium at 1 mm thickness) compared
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to the temperature of the copper cold stage (Fig. S3). As expected, the temperature within the
myocardium increases with increased distance from the copper plate, which was held at -0.215 °C
during the simulation. However, the temperature increase is 13% at the most outer layer (furthest
away from the cold stage) of the sample. The simulation shows that the largest temperature error
in our growth velocity measurements is ~1.8 °C at the highest supercooling measured (AT=14 °C).
A different simulation compared the temperature of the outer layer of the myocardium during
cooling at 0.2 °C/min, and the simulation data was compared to the temperature of a biological
sample (apple) measured by the thermal camera during cooling at the same rate (Fig. S4).
The obtained results of the ice growth velocity experiments were clustered based on similar
velocities, which also have some structural similarities. The experimental data was fitted by a
double exponent formula. The velocities obtained in beef and chicken (Fig. 3A) were much slower
than the velocities in broccoli and potato (Fig. 3B). Ice growth velocities in these food products
exhibited similar values at low supercooling, but at higher supercooling (AT >8 °C), ice grew
slower in the chicken samples.
Except in potato, the increase in A+ B% o,
growth velocity for beef, chicken E "™
and broccoli seemed to slow down
at the highest supercooling
measured (AT=13 °C). This
behavior was also observed for
other samples, such as apple and
zucchini (Fig. 3C), in which a 0 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
. Supercooling (°C) Supercooling (°C)
decreased velocity was measured C
at higher supercooling. As any
crystal that grows in its melt, ice
growth velocity should reach a
maximum and slow down at higher
supercooling. The supercooling
degree in which a maximum
growth velocity is observed for ice 0 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
growing in pure water is still under Supercooling (°C) Supercooling (°C)
debate [18-21]. The growth Fig. 3. Ice growth velocity in beef (black squares) and chicken

velocity measured in potato did not (blue triangle) (A), potato (dark red triangles) and broccoli (green

. . squares) (B), zucchini (red triangles) and apple (green squares)
slow down a? higher supercpohng (C), dough (purple squares) and 20 wt% sucrose (dark blue
of 10 °C, which contrasts with the  triangles) (D).

velocity measured in broccoli (Fig.

3B). The slowest ice growth velocities were measured in dough and aqueous solutions containing
20 wt% sucrose (Fig. 3D), which were slower than the velocities measured in potato and broccoli
by a factor of 10 at the deep supercooling degrees (8-10 °C). Thus, the range of velocities measured
here was broad, and expanded from a few mm/sec to almost 50 mm/sec at the highest supercooling
degrees (AT=13 °C). These large differences are presented in Fig. 4 for potato, beef, and dough.
The water content was measured in each type of food product by dehydration in the oven for 360-
480 minutes at 70 °C and were found to be comparable to the values in the USDA database
(FoodData Central [22]). Factoring in the levels of sugars in each food provides an interesting
interpretation of our results. The slowest growth velocity was measured in an aqueous solution
containing 20 wt% sucrose (thus, 80% water by weight), and the growth velocity in dough (45%
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water) was the second slowest. This finding indicates that low water content and high sugar content
are implicated in slowing down ice growth velocity, which is
well established in the literature [23,24]. As the ice front A w.
progresses, the local concentration of solutes (sugars, salts
etc.) near the ice surface increases, which hinders the addition
of water molecules from the liquid to the ice lattice [23,25].
The levels of mono and disaccharides in apple is higher (12%
[22]) by almost a factor of 10 compared to the foods tested
here, and ice growth velocity in apple was the slowest after
dough, which has a much lower water content (85% in apple
and 45% in dough). The slow ice growth velocity in beef and
chicken may be attributed to low water content (60%)
compared to the plant-based foods (81-95%), and the higher
fat and protein content (13% fat and 27% proteins in beef
compared to 0.05-0.32% fat and 0.17-2.57% proteins in plant-
based foods). The highest ice growth velocity was measured
in potato and broccoli, which have a high-water content (81
and 89%, respectively) and low levels of sugars (0.85 and 1.4, 1
respectively), fat (0.05% in broccoli) and proteins (1.8 and A
2.57%, respectively). Supercooling (°C)
These results indicate that ice growth velocity in fruits is ~ Fig- 4. lce growth velocities in
much slower (up to a factor of 6 at AT=10 °C) compared to potato (green squares), beef

. . . . (black squares) and dough (purple
vegetables, suggesting that the high sugar content is the main diamonds) in a linear scale (A)
reason for the slower growth velocities. and in logarithmic scale (B).
To strengthen this notion, ice growth velocity in various
sucrose concentrations were measured using light microscopy and a dedicated cold-stage [26], and
the nucleation temperature of each sucrose concentration was documented (see SI). The results of
these measurements correspond well with our micro-thermography ice growth velocity
measurements with 20 wt% sucrose solutions. Ice growth velocity slowed down by 50-fold when
sucrose concentration was increased from 2.5 wt% to 40 wt%. The ice nucleation temperatures of
the sucrose solutions decreased with increased sucrose concentration; however, this effect was
mild compared to the effect on growth velocities (Fig. S5).
Another major factor impacting ice growth velocity is viscosity, which increases as the sample
temperature decreases [27]. The growing ice surface is then inhibited by slower diffusion of water
molecules in intracellular and intercellular compartments. Ice growing in a high concentration
sucrose solution (20 wt% as used here) or in a solid (such as the foods tested here).
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To provide a holistic description of the freezing process of food products, the ice growth velocity
and ice nucleation rates were plotted together for each of the tested food products (Fig. 5). These
combined plots present the striking variance between samples. Ice grows slower in beef than in
potato, broccoli and zucchini, however, faster ice nucleation rates were measured in beef compared
to the other food products. Specifically, ice grows faster in potato than in beef by a factor of five
(at AT=10 °C), but ice nucleation occurs slower by two orders of magnitude compared to beef (at
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AT=12 °C). The results also show that when comparing the different food products tested here, ice
growth velocity is inverted to ice nucleation rate. In other words, zucchini and beef (Figs. 5A and
5B) freeze faster (more nucleation events at higher temperatures), but after the ice is formed, it
would grow much slower
inside the product, compared
to broccoli and potato. Figs.
5C and 5D provide the
opposite effect for potato and
broccoli, respectively, as
these samples froze at higher
supercooling degrees (AT=9-
20 °C) than beef and zucchini S 3 i 6 5w w6 o3 4 5 3 o B W
(AT:5-13 OC). The ﬁl’ldll’lg Supercooling (°C) Supercooling (°C)

that ice nucleation rates are 1
faster compared to the rest of
the tested food products may
be related to ice nucleation of
ferritin[28,29]. Ferritin is a
28 kDa  protein  that »

assembles in the cell into 24 L AT R A A A A AR Y e RN EE

subunits Wlth an outer Supercooling (°C) Supercooling (°C)
diameter of 12 nm[28] and Fig. 5. Ice growth velocity and ice nucleation rates vs. supercooling

. in zucchini (A), beef (B), potato (C) and broccoli (D). The measured
can carry 4500 iron atoms.  mejting points of ice in zucchini, beef, potato and broccoli were -1.44,
This protein is found in the -0.58,-0.82 and -1.68 °C, respectively.

cytoplasm and serum in

mammals, and in plants they are located in the
plastids[30], which might be less available to act
as an ice nucleator. Recently, Alsante et al.
found that the enzyme RuBisCO also induces
ice nucleation at higher temperatures than other
tested proteins and amino acids [31]. However,
this enzyme is found at high concentration in
photosynthesis-active tissues such as leaves,
which were not tested in this study.
Nevertheless, proteins compose 27% of the
mass of a beef product, while in plant-based
foods tested here, the levels of proteins are Ice nucleation rate
much lower (1.21-2.57% [22]). The slow 9§

growth of ice in beef might be explained by the o Mg

low water content (60%) compared to the plant-  Fig. 6. An inverted correlation between ice
based foods (81-95%) [22] and the 2 orders of nucleation rate and ice growth velocity was found

. . : for potato, broccoli, zucchini and beef samples.
0
magnitude higher levels of fats (13% in beef The blue arrows indicate trends in water content

§orr.1p.ar§d to 0.05-0.32% in plants) that wquld and sugar levels for potato, broccoli and zucchini
inhibit ice growth by the same mechanism  only. For beef, small red and blue arrows indicate
mentioned above for sugars. The results are lower levels of water and sugars compared to the

presented in a schematic graph in Fig. 6. plant-based foods tested here. Parts of the figure
were created with BioRender.com.
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Conclusions

In this study we elucidated the freezing process of various food products by measuring the rate at
which ice is formed inside the food product (ice nucleation), and the velocity in which ice grows
in the food product after the formation of a crystal. We highlight here the importance of dynamic
measurements such as ice nucleation rates and ice growth velocity, in understanding the freezing
process inside food products. Our results clearly demonstrate that ice nucleation and ice growth
are two distinct processes that operate independently and should be well understood to improve
the quality of frozen foods. We measured faster ice nucleation rates in beef and zucchini compared
to potato and broccoli, however, we found that the velocity of the growing ice crystal was much
faster in potato and broccoli than in beef and zucchini. Thus, the specific chemical composition of
each food product (water content, levels of proteins, sugars, and fats) and its physical properties
(such as viscosity) determine its freezing rates. Mapping these rates for various food products
along with deep understanding of the freezing process will provide improved frozen food quality.
Future studies will focus on freezing rates of cooked vs. fresh foods, as well as the effects of
freezing rates on the quality of the product, and the ability of additives to improve this quality.
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