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ABSTRACT

Supercooling is the phenomenon of lowering the temperature of a solution or food
material past its equilibrium freezing point without the formation of ice crystals. It is a novel
food preservation technology that can extend the shelf-life of fresh and perishable foods, while
still maintaining food quality aspects. Freezing can extend the shelf-life of foods for extended
periods of time for months and in some cases for up to a year. However, the food quality can be
degraded due to the formation of ice crystals, in which the texture and nutrient losses can be
comprised. Supercooling preservation can contribute to shelf-life extension without destroying
food membranes and tissues by inhibiting the formation of ice crystals. A method to achieve this
supercooling status is the use of magnetic fields paired with the conventional freezing methods.
Oscillating magnetic fields (OMFs) have been employed with freezing as a novel preservation
technique that has been utilized in biomedical and food applications. Additionally, this
technology is still in the developing stages and remains controversial.

Probiotics are live microorganisms that confer health benefits to the host when taken in
adequate amounts. These microorganisms may provide several benefits to overall human health
and contribute to the gastrointestinal tract (GIT) as they can aid in digestion, immune health, and
various GIT diseases, such as irritable bowel syndrome (IBS), constipation, and diarrhea.
Probiotics can be administered in various forms such as fermented foods, beverages, and
supplements in the form of powder, capsules, gels, and tablets. Probiotic supplement processing
usually involves a drying step to preserve the cell viability and extend the shelf-life. Common
drying steps include spray-, freeze-, vacuum-, or fluidized bed-drying; however, these methods
can lead to detrimental effects on the probiotic cells due to drastic temperature changes and

dehydration, which poses a threat to the viability of these cells and may have impact to the



potential benefits that can be administered to the host. Freeze-drying, also known as
lyophilization, is the preferred method of drying since most probiotic strains are heat sensitive
and the use of cryoprotectants can be applied to the cells to minimize the detrimental effects
caused by the initial freezing step. Cryoprotectants are additives used to maintain high cell
viability during freeze-drying processing and are also used as bulking agents for probiotic
material. After the initial freezing step, cells undergo a primary drying step, in which water or
other solvents are removed via sublimation, allowing ice to directly change from solid to vapor,
and a secondary drying step is applied to remove any additional water. This method is highly
preferred for long-term preservation and the cells keep their biological and structural integrity.
However, the freeze-drying process does have an effect on the cell viability due to the ice
formation initial freezing step.

In Chapter 3, OMF-assisted freezing was used as a pretreatment to probiotics before
freeze-drying to investigate the effects on the cell viability of Lactobacillus acidophilus (L.
acidophilus). The OMF-assisted freezing parameters for this experiment were 10 mT for the
magnetic field strength and 10 Hz for the frequency and maintained a supercooled status at -5°C
for 6 h. It was found that supercooled cells before freeze-drying compared to cells that were not
(control) had a lower reduction of cell viability of 0.5 and 1-log reduction, respectively, to the
initial cell count, which were cells before freeze-drying. A preliminary study by Wang (2021)
found similar results, in which supercooling achieved the highest cell viability of 78% compared
to fast and slow freezing, and refrigeration storage, which can be explained by the formation of
surface layer proteins (SLPs) that are formed when L. acidophilus was exposed to cold
temperatures. The subzero temperatures allow L. acidophilus to strengthen its natural defense

mechanism by protecting itself from cold stress. This current research study was a continuation



of the preliminary study that changed several parameters to focus on practices that can be
implemented for industrial purposes. A case study done with a collaborative partnership
company used our supercooling system with OMF as a pretreatment for L. salivarius before
freeze-drying to investigate the effects of the supercooling technology on the cell viability and
shelf-life after 0-, 3-, and 8 days of storage. Supercooling technology was able to maintain high
cell viability of supercooled cells even without the use of cryoprotectants after 8 days of storage.
This technology has great potential in maintaining a high cell viability in probiotics, though there
still needs to be further research on the effects of different supercooling parameters such as
temperatures, magnetic field strengths, frequencies, exposure time, and different probiotic strains.
Furthermore, it should be pointed out that OMF-assisted supercooling is still highly controversial
and remains a topic of debate and the mechanisms regarding this technology are still unknown.
In Chapter 4, the effects of OMF-assisted freezing on the supercooling behavior of
magnetic nanoparticles (MNPs), particularly iron-oxide nanoparticles (IONPs) were also
investigated. The current literature about this topic of magnetic field freezing is a controversial
topic due to the variations in results of many researchers. The mechanisms involved are still not
fully understood as this technology is still in the beginning and developing stages. Proposed
mechanisms for this technology include the reorientation or vibration of the water molecules
within solutions and/or food samples, due to the diamagnetic properties of water, as well as
hydrogen bonds breaking between water molecules, allowing for the inhibition of ice
crystallization. However, some researchers disagree with this proposed mechanism, and it has
been postulated that there is ferromagnetic material naturally present in biomaterials, which
could be the reason for supercooling to occur under OMF during freezing without the formation

of ice crystals. It is difficult to conclude that supercooling is successful in all foods, since foods



are composed of complex matrices with varying constituents of proteins, lipids, carbohydrates,
water, and minerals, which lead to the varying and contradictory results reported in the current
literature. Due to this reason, food models are employed to exclude the factors that will have an
influence on supercooling. Nevertheless, the mechanisms still need to be further investigated to
understand the interactions between supercooling and foods and/or biomaterials under magnetic
fields.

The effects of OMF-assisted freezing on the supercooling behavior of magnetic
nanoparticles were investigated in an agar food model system. The IONPs at different
concentrations of 3, 6, 12, and 15 mg were used to investigate the supercooling behavior at 10
mT as the magnetic field strength and 10 Hz as the frequency at -8°C for 24 h treatment time.
Samples without any nanoparticles were used as a control and compared with 12 mg IONP and
12 mg zinc nanoparticle (ZNP) agar samples, as well. For each sample, a supercooling
probability was calculated, which is the number of times that a sample successfully supercooled
divided by the total amount of outcomes or trials (n=20). 12 mg IONPs exhibited a high
supercooling probability of 90%, while the 3, 6, and 15 mg IONP samples had a supercooling
probability of 75%. The control samples had a supercooling probability of 60% and ZNP
samples had a 55% supercooling probability, which can possibly be due to the stochastic nature
of ice nucleation during the supercooling status. This research demonstrates that magnetic
nanoparticles do affect the supercooling behavior under OMF during freezing. This study can
contribute to some understanding of the interactions or mechanisms within foods under OMFs
during freezing to improve the current technology and systems to maintain supercooling and

potentially implement this technology in the industry. In any case, further investigation on the



supercooling parameters such as the magnetic field strength, frequency, temperature, and

exposure time, as well as different types of NPs and concentrations.
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Chapter 1

INTRODUCTION

Freezing is a commonly used food preservation technique that allows for the extension of
the shelf-life of foods by slowing down chemical and enzymatic processes that contribute to food
spoilage. However, freezing poses detrimental effects to foods, in which ice crystals form within
foods causing cell membranes to rupture, which leads to quality degradation. To overcome this
limitation, emerging technologies have been employed with freezing to promote and maintain
the supercooling status.

Supercooling can be defined as the process of lowering the temperature of a substance
past its equilibrium freezing point without forming any ice crystals, in which the substance does
not undergo a phase transition of becoming a solid. Supercooling offers numerous advantages,
such as the extension of shelf-life preservation through exposure to subzero temperatures. Due to
subzero temperature exposure, this still allows for chemical and enzymatic processes while
maintaining the quality attributes of fresh foods, such as nutrients, taste, and texture. However, it
is difficult to maintain the supercooling status due to its metastable nature and the stochastic
behavior of ice nucleation. To extend the supercooling status, magnetic fields (MFs) or B-fields
have been paired with freezing. Oscillating magnetic field (OMF)-assisted freezing has been
useful for applications of preservation of perishable foods, as well as biopreservation of
probiotics in the food industry. Additionally, there have been successful uses for OMF-assisted
freezing in preservation though there has been much controversy on the mechanisms involving
magnetic fields during freezing to prevent ice nucleation.

Probiotics are defined as live microorganisms that confer health benefits when

administered in adequate amounts (FAO & WHO, 2001). There is an increase in the popularity
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of probiotic products due to the health claims that they may offer toward overall human gut
health by aiding in digestion and contributing to enhanced immune systems. Nowadays,
probiotics are found and regulated in three categories, including foods, dietary supplements, and
drugs (pharmaceuticals), which have also made their way into supplements in the form of
powders, capsules, tablets, and gels. The most common probiotic bacteria belong to the genera
Lactobacillus and Bifidobacterium. Probiotics have also been proposed to prevent gut
inflammation and other intestinal diseases by restoring the composition of the gut microbiome
and giving beneficial function to gut microbial communities (Udayakumar et al., 2022). To
provide such benefits, probiotics require a minimum viable count of ~10° to 10 CFU/g or
CFU/mL, and probiotics must endure stomach acid and bile during the gastrointestinal transition.
(Wolfe et al., 2022). Therefore, the design of probiotic formulations and processing techniques
for targeted delivery poses a major challenge.

The use of cryoprotectants, such as maltodextrin, skim milk, disaccharides (e.g., sucrose,
trehalose, and lactose), polyalcohols (e.g., mannitol and sorbitol), glycols, amino acids, and
proteins are common additives to maintain high cell viability for probiotic products (Siaterlis et
al., 2009). Moreover, the drying steps of food processing must be considered for probiotic
stability. Common drying techniques include freeze-drying, spray-drying, emulsification, and
extrusion (Wolfe et al., 2022). Generally, freeze-drying, also known as lyophilization, and spray-
drying are the main methods applied for long-term preservation and storage. However, spray
drying uses high temperatures during the heating process, which is not suitable for probiotics
since they have a strong sensitivity to heat. Lyophilization is the preferred method for drying and
maintaining the structural integrity of cells while metabolically inactivating the cells until they

are rehydrated to resume their activity (Van Holm et al., 2023). There are three stages to the
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lyophilization process: the freezing of the cell culture, followed by vacuum sublimation at
temperatures between -50 to -30°C under reduced pressure, and in the last stage, non-frozen
water is removed in the process of desorption to attain the final water content (Serna-Cock &
Vallejo-Castillo, 2013; Kiep$s & Dembczynski, 2022). This method is the preferred method
because the conditions are milder than spray-drying; however, there are still several
disadvantages. It is expensive and takes an extensive amount of time to achieve the final
probiotic product (Kieps & Dembczynski, 2022). Although lyophilization is the preferred
method for drying, it is not without losses in cell viability since the freezing step causes ice
crystals to form that can be detrimental and damage bacterial cells (Morgan et al., 2006). To
avoid or minimize the loss of viability in probiotics during processing, there have been
alternatives in efforts to protect probiotic microorganisms. The use of OMF-assisted freezing has
been offered to enhance the cell viability of Lactobacillus acidophilus as a pretreatment to
maintain the supercooling status.

Water is a diamagnetic material which means that under an external magnetic field, water
molecules will position themselves opposite of the direction of the alignment of the magnetic
field. The OMF during freezing is proposed to vibrate or re-orient the water molecules, as well as
break the hydrogen bonds between them, which can lead to the inhibition of ice nucleation and
essentially promote supercooling (Otero et al., 2016; Kang et al., 2020). The “Cells Alive System”
(CAS) freezer created by the ABI Corporation, Ltd. (Chiba, Japan) claims that their technology,
which is equipped with low frequency and static OMF during freezing, can vibrate the water
molecules within biological materials that prevent water clustering which contributes to a more
refined ice crystal. Various researchers have assessed this CAS freezer system in their research

and the results remain controversial (Kojima et al., 2013; Abedini et al., 2011; Lin et al., 2013,
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Wowk, 2012; Rodriguez et al., 2019). Wowk (2012) and Kobayashi et al. (2014) mention that
the claims by the ABI Corporation, Ltd. do not agree with basic biophysics, since the low
magnetic fields (< 1 mT) used in the CAS freezer are not strong enough to pose any effect.

Magnetic nanoparticles (MNPs), in particular iron-oxide nanoparticles (IONPs), have
been widely investigated in magnetic heating due to their unique ferromagnetic properties
(Etemadi et al., 2021); however, not many studies have been done with IONPs and their effects
on magnetic food freezing (Kobayashi et al., 2018; Kang et al., 2020; Otero et al., 2023). Foods
consist of complex matrices that include different components and varying amounts of water,
protein, carbohydrates, lipids, vitamins, and minerals, which make it difficult to fully assess the
effects that magnetic field freezing has on a specific food. Agar gel is a semi-solid substance that
is widely used as a useful food model that has an even consistency that does not provide some
discrepancies that food constituents might. The use of the agar food model with IONPs may
provide some insight into the supercooling behaviors caused by OMF-assisted freezing.
Successfully maintaining the supercooling status was achieved in various research with
biological materials and food items; however many of the interactions or mechanisms involving
supercooling under MFs during freezing lack a full understanding and have yet to be determined.
Therefore, the effects of OMF on the supercooling behavior of magnetic and non-magnetic agar
food models during freezing were investigated.

This research aimed to examine OMF-assisted freezing on the cell viability enhancement
of freeze-dried (FD) L. acidophilus and the supercooling behavior of iron-oxide nanoparticles
(IONPs) in an agar food model system. The specific objectives leading to these goals were:
Objective 1: Identify optimal supercooling conditions for L. acidophilus and maintain a

supercooling status for 6 h treatment time.
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Obijective 2: Determine the effect of OMF-assisted freezing as a pretreatment on the cell viability
of FD L. acidophilus cells.

Obijective 3: Observe the ice nucleation time and temperature of agar gel samples with and
without ferromagnetic material.

Obijective 4: Determine the optimal freezing temperature under OMF for nanoparticle agar gels.
Objective 5: Examine the supercooling behavior of non-ferromagnetic and ferromagnetic

materials under OMF and compare this behavior with ice nucleation behavior without OMF.
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Chapter 2

LITERATURE REVIEW

2.1. Introduction

This chapter discusses the importance of gut health, the uses of probiotics and their effect
on gut health, probiotics processing techniques, and supercooling technology to enhance cell
viability in probiotic products. Additionally, the effects of an oscillating magnetic field (OMF)
on ice nucleation, as well as the iron-oxide nanoparticles (IONPs) and their ferromagnetic

properties, are discussed in this chapter.

2.1.1. Human gut microbiome and gut health

The gastrointestinal (G1) microbiota consists of bacteria, fungi, protozoa, and viruses that
mutually interact with the host, especially with epithelial and immune cells, and is estimated
10%-10% microorganisms, which exceeds the number of actual cells composing the host body by
10-fold (Sanchez et al., 2016). The Gl tract of mammals hosts a complex collection of various
types of microorganisms and bacterial species on their external and internal body surfaces of the
skin, upper respiratory tract, lower urogenital tract, oral cavity, and Gl tract that play an
important role in the host biology, function, physiology, and immune response (Rupa and Mine,
2012; Haveneer and Veld, 1992).

The composition of the natural microflora is complex and is strictly influenced by the
conditions of the local environment. During and directly after birth, the baby is equipped with a
vast variety of microorganisms that originated via the immediate environment (Haveneer and
Veld, 1992). Under normal conditions, the species of microorganisms will change, and certain
microorganisms will inhabit a permanence and over time will eventually mature to a balanced

composition of various microorganisms. Local environmental circumstances strongly influence
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the functions and processes that probiotics exhibit between the host and the microorganisms. The
gut microbiota may contribute to human health by affecting the immune response, homeostasis,
nutrient processing, energy harvesting, and pathogen resistance (Wu et al., 2019). The symbiosis
of this diverse microbial community of the gut microbiota synergistically works with the host’s
immune system. Wu et al. (2019) state that an imbalance, or dysbiosis, in the gut microbiota has
been linked to an increased risk of various diseases, such as obesity, inflammatory bowel disease
(IBS), cancer, diabetes, psychiatric disorders, and asthma. A major contributor to overall gut
health is diet, in which food is a shared substrate between the host and the gut microbiota that
can greatly affect the host’s health as the choice of diet can change the abundance and
composition of the microbiotic community (Hansen and Sams, 2016). Such alterations in the gut
microbiota populations and abundance can disrupt the beneficial interactions with the host,
which can have a direct effect on human health (Sanchez et al., 2016).

Due to the increasing popularity in gut health, the development of the Human
Microbiome Project (HMP) by the National Institute of Health (NIH) was launched in 2007 to
allow the study and further understand the microbial communities that live in and on our bodies
and their impact in human health and disease (Human Microbiome Project, 2020). Since many
studies link gut health to obesity and disease, the number of publications related to intestinal gut
health has increased significantly per year (Sekirov et al., 2010). There has been an increasing
popularity of gut health studies with close to 16,000 search results on PubMed from the year
2000 to 2023 using the keywords: gut health, gut microbiome, and intestinal microflora
(PubMed, 2023). This demonstrates that this research topic has great interest and demand.
Additionally, the GI tract has immense potential for getting a better understanding of the human

microbiome and its translation to clinical biomarkers and therapies (Dave et al., 2012).
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2.1.2. Probiotics and impact on human and animal health

Probiotics have been extended and widely used as an alternative to traditional medicine
to maintain homeostasis in the GI tract and combat pathogenic bacteria and disease (Vemuri et
al., 2013). In recent years, gut health has become increasingly popular not only in scientific
literature but also in the food industry. Food is considered a critical factor that can influence the
microbial ecosystem in the Gl tract (Wu et al., 2019). The development of functional foods,
specifically probiotics, took a rise to support research on the physiological effects and their
health benefits in efforts to authorize health claims (Stanton et al., 2001). Yoha et al. (2021)
mention that probiotics are associated with other health benefits, such as supporting brain
function, boosting immunity, reducing cholesterol, and promoting metabolic homeostasis
through their biological mechanisms in the body. It is important to note that the gut microflora is
influenced by factors such as an individual’s diet, antibiotic use, the amount of sleep, aging, and
overall health, in which bacterial strains and microorganisms exhibit significant variation among
individuals. However, there are still knowledge gaps regarding the types of probiotic strains that
would affect the human intestinal microflora and have a positive impact on human health.

According to the Food and Agriculture Organization and the World Health Organization
(FAO/WHO), probiotics are defined as "live microorganisms which when administered in
adequate amounts confer a health benefit on the host." Lactic acid bacteria (LAB) belong to the
genera Lactobacillus and Bifidobacterium species which are considered generally recognized as
safe (GRAS) and are the most dominant microorganisms that are found in the human intestinal
tract (Rajam and Subramanian, 2022). Other microorganisms that are used as probiotics include
strains from Bacillus, Clostridium, Propionibacterium, and Escherichia coli with a smaller

number of leuconostocs, pediococci, lactococci, enterococci, and streptococci, as well as non-
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lactic bacteria and yeasts, which require caution (Foligné, 2013; Zommiti et al., 2020). Zommiti
et al. (2020) discuss that LAB has great potential to provide benefits to the host and uphold
promising criteria by adjusting to the intestinal environment, inhibiting pathogenic microbes in
the Gl tract, improving microbiota balance, and maintaining intestinal barrier function. Probiotic
supplementation, especially in Lactobacillus strains was used for the improvement of overall
health in not only humans but also in animals. Ghorbani et al. (2022) examined the effects of
Lactobacillus strains on the management of colorectal cancer in humans and found that
probiotics not only reduced the side effects of chemotherapy but also inhibited cancer progress.
A review by Alam et al. (2022) described the effects of the probiotic L. reuteri strain in infants
and children and found that this strain successfully improved gut microbiota functions and
interactions, in which L. reuteri exhibited beneficial effects on human health. Wang et al. (2021)
examined the effects of Lactobacillus casei K17 in feed supplementation for fish species,
Micropterus salmoides, and found that their overall gut microbiome changed and growth, gut
nutrient absorption, as well as non-specific immunity of the fish were improved.

Other bacteria and probiotic strains aside from LAB were examined and found significant
results that supported the health claims of probiotics. Jager et al. (2018) found that the probiotic
strain Bacillus coagulans GBI-30, 6086 was able to withstand the acidic gastric environment and
was activated in the small intestine, aiding in the digestion of carbohydrates and proteins,
evidently improving protein absorption and utilization in the gut. A study by Miyazaki et al.
(2013) investigated the effects of Bifidobacterium on serum phenol levels and the skin in women
and they found that B. breve strain Yakult along with prebiotics provided benefits for

maintaining healthy skin by decreasing phenol production in the gut and prevented skin dryness.
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These studies provide evidence that probiotic strains have a direct and/or indirect impact
on health improvement in humans and animals. However, each probiotic strain has a specific
function, in which the functions that are exhibited will vary from strain to strain. In other words,
probiotics exhibit strain-specific differences in their resistance to acid and bile, ability to
colonize the Gl tract, clinical efficacy, and benefits to the health of the host (Vemuri et al.,
2013). There still needs to be more research on the mechanisms and interactions, including

clinical trials due to the functional variations that each probiotic strain holds.

2.1.3. Probiotics market and processing

Today, the global probiotics market size is valued at approximately USD 73.1 billion in
2023 with a compound annual growth rate of 8.6% and a forecasted market value of USD 101.8
billion by the year 2027 (Research and Market, 2023). In the global marketplace, probiotics are
orally administered and found primarily in three main categories- foods, dietary supplements,
and pharmaceuticals (Sanders et al., 2018). Probiotics are commercially available in the forms of
capsules, gel, tablets, and powders, as well as various food products, such as yogurt and other
fermented foods, beverages, and dietary supplements. Probiotics must follow specific criteria to
provide benefits to human health, in which the probiotic cell viability is crucial, and commercial
probiotic products and supplements should typically be greater than about 108 to 10° CFU/g,
CFU/ml, or CFU/dose before ingestion to ensure that sufficient therapeutic minimum of 10° to
107 CFU can reach the colon (Yao et al., 2020; Shori, 2017; Naissinger da Silva et al., 2021).

When ingested orally, probiotic stability is a notable concern for targeted intestinal
delivery and probiotics require protection against a wide range of stress factors during
processing, storage, and digestion (Yoha et al., 2021). There is a lot of speculation about whether

commercial probiotic products provide benefits to the host since there is a substantial reduction
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in their viability during food storage and gastrointestinal transit (Yao et al., 2020). Different
strains of probiotics show variations in their abilities, including their stability, efficacy, and
functional properties (Yoha et al., 2021). Most probiotics are not able to survive in copious
amounts since the low pH of the gastric environment (pH 2) and exposure to oxygen Kill these
bacteria, which decreases their effectiveness (Shori, 2017). Several processing techniques are
used to maintain cell viability through distribution and storage. Freeze-drying, freezing, and
spray-drying are the most used and preferred methods for preserving foods, agricultural products,
and pharmaceuticals (Reddy et al., 2009). Microencapsulation techniques are also used to protect
the overall cell viability of bacteria from unfavorable conditions and maintain their ability to
colonize the gut to provide benefits to the host. Before encapsulation, probiotic dietary
supplements are usually freeze-dried, and this method is one of the most common methods for
encapsulation of probiotics and other heat-sensitive biological materials and foods. However,
this can still affect the overall cell viability of the probiotic product. The freeze-drying method,
also known as lyophilization, is the most satisfactory method for long-term preservation. During
freeze-drying, the water present in the product undergoes an initial freezing step and then
converts the frozen water into vapor via sublimation under a vacuum and then by desorption to a
value that will no longer support biological activity or chemical reaction (Rajam and
Subramanian, 2022; Reddy et al., 2009). Ice crystallization occurring in the initial freezing step
can cause structural damage to bacterial cells, consequently decreasing viability, and metabolic
activity (Rajam and Subramanian, 2022).

Due to the undesirable effects caused by freeze-drying, cryoprotectants are used to
increase the bacteria’s cell viability and increase their survival during freeze-drying and

subsequent storage (Goderska, 2012). Commonly used cryoprotectants include polysaccharides,
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disaccharides, polyols, amino acids, glycine, betaine, protein hydrolysates, proteins, minerals,
salts of organic acids, and vitamin-complex media (Reddy et al., 2009). However, the protective
properties of each cryoprotectant to the type of probiotic strain it is being applied to vary.
Furthermore, various parameters need to be considered such as the freeze-drying medium, the
physiological state of the cells, freezing rate, freeze-drying parameters, rehydration conditions,
and initial cell concentration that account for the freeze-drying tolerance of the cells (Reddy et
al., 2009).

To overcome this challenge and limitation that the freeze-drying method has for probiotic
products is the interest in the utilization of supercooling technology.
2.2. Supercooling technology for enhancement of cell viability compared to conventional
freezing

Supercooling can be defined as the process of lowering the temperature of a food material
past its equilibrium freezing point without forming any ice crystals and does not undergo a phase
transition of becoming a solid. This has major advantages as foods can maintain their structural
integrity without rupturing cell membranes caused by ice formation, which essentially preserves
the overall food quality attributes. Supercooling can also extend the shelf life of foods by
slowing down chemical processes, as well as metabolic and deterioration rates, thus significantly
extending in vitro storage time (Huang et al., 2020). However, the supercooled state is highly
unstable, due to the stochastic nature of ice nucleation, making it challenging to maintain a stable
supercooling state over an extended period (You et al., 2021). Various food types have been
supercooled to improve overall quality and organoleptic properties. Poudyal et al. (2023) found
that pork tenderloin meat that was supercooled before rapid freezing and low-temperature

thawing resulted in small and homogenously distributed ice crystals, as well as the lowest drip
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loss compared to the non-supercooled samples before freezing. Poudyal et al. (2019) found a
similar finding while investigating the effects of supercooled freezing with protein coagulum
(firm tofu), in which both samples that were subject to supercooled freezing had the same trends
in low drip loss, no change in ice crystal size, and texture quality compared to the conventionally
frozen samples.

In recent years, there have been efforts to control ice nucleation during the freezing
process through various technologies that apply either magnetic fields (MF) and/or electric
fields. You et al. (2021) explain that since water molecules are diamagnetic, consisting of
permanent dipole moments, external electric and magnetic fields may have some effect on the
onset of ice crystal formation of freezing and supercooling processes. Therefore, the water
molecules that are naturally found in food re-orient and vibrate water molecules, which ice
nucleation can potentially be able to prevent ice crystal formation (You et al., 2021; Kang et al.,
2020).

The application of supercooling technology as a pretreatment to enhance cell viability in
Lactobacillus acidophilus cells was previously conducted in [our] laboratory. Wang et al. (2021)
examined the OMF-assisted supercooling pretreatment on the surface layer protein production,
cell wall thickness, and the viability of L. acidophilus cells. It has been reported that LAB can
develop freezing tolerance or a cold adaptation in response to physical and biological stressors
during freezing. Choi et al. (2019) investigated the effects of supercooling pretreatment at -5°C
of freeze-dried Lactobacillus brevis WiKim0069 and found that after 56-day storage, cold
adaptation produced surface layer proteins which enhanced the cell viability.

Other research studies were also able to utilize supercooled freezing in other biological products

aside from probiotic products, to improve and/or maintain cell viability. Huang et al. (2020)
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found that adipose-derived stem cell suspensions maintained high cell viability in a supercooled
state at -13°C and -16°C for 7-day storage. Kaku et al. (2010) found that cryopreservation at -
150°C with an MF strength of 0.01 mT increased the cell viability of human periodontal
ligament cells (PDL) compared to the non-MF treatment. Berendsen et al. (2014), successfully
found that supercooling was the first preservation method that could produce transplantable
livers in rats after 4 days of supercooling storage treatment. Non-freezing cell preservation of rat
hepatocytes was investigated by Usta et al. (2014). They were successfully supercooled at -4°C
showed the highest viability and maintained functional characteristics for up to 7 days compared
to static cold storage at +4°C and cryopreservation. Moriguchi et al. (2012) successfully
cryopreserved human ovarian cortex tissues having a normal morphology using a supercooling
procedure using a supercooling machine under a magnetic field (2kHz, 0.3 mT). For studies that
use MF-assisted freezing, the influence of supercooling is widely unknown, but it can be
postulated that the destruction of tissues and cells is inhibited, thus inhibiting the formation of
ice-crystal formation of water molecules within the cells and/or tissues. There has been much
research regarding successful magnetic field freezing compared to conventional freezing
methods, however, this topic remains controversial and is still in the developing stages.
Furthermore, this technology can be highly useful for biomedical and food applications and the
current literature shows promising outcomes to be implemented in the industry.
2.3. Oscillating magnetic/B-field (OMF) on the control of ice nucleation
2.3.1. Ice Nucleation

Freezing is the process of a phase transition from a liquid to a solid due to temperature
changes (You et al., 2020). In general, freezing water includes the following steps: (1) cooling

the solution or material past its equilibrium point without solidifying immediately, which is
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known as the supercooling step; (2) nucleation occurs in which tiny nuclei form; (3) once nuclei

are formed, ice crystals begin to grow as the water molecules join the crystal lattice structure of

the nuclei; (4) as crystal growth continues and the liquid water molecules rearrange themselves

to form into a solid lattice structure, there is a phase transition from a liquid to a solid and

decrease of kinetic energy of the water molecules is caused by the locked and fixed position

within the solid crystal lattice; (5) the final step involves the formation of a well-defined ice

structure (Geidobler & Winter, 2013; Figure 2.1).
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Figure 2.1. Temperature and time plot of the freezing and supercooling

curves.

Figure 2.1. demonstrates the detailed steps described above, but to simplify supercooling

of a material, indicated by the red curve on the graph, is a metastable state and many factors can

trigger ice nucleation, including minor agitation or the presence of impurities. The initial ice

nucleation results in the release of latent heat, which causes a sudden rise in temperature within

the material. The blue curve in Figure 2.1. represents the freezing process if it were exposed to

an external MF. In this case, the supercooling phase of the freezing process is extended, and no
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ice nucleation occurs. This extension is attributed to the reorientation or vibration of water
molecules when exposed to an external magnetic field. The degree of supercooling is defined by
Shamseddine et al. (2022) as the difference between the theoretical melting temperature and the
lowest temperature reached by the liquid phase called the nucleation temperature.

The nucleation of ice is vital in many subjects and fields. It has various implications in
food engineering, medicine, biology, physics, geology, and more, which remains a topic of
intense research. Ice nucleation is described as the process where the molecules in a supercooled
liquid start to gather into tiny clusters that are arranged in a way that will define the crystal
structure of a solid. In a supercooled state, water molecules can undergo continuous fluctuations,
such as continuously forming and breaking ice-like aggregates of varying sizes. These
aggregates known as nuclei, serve as starting points for the transformation of supercooled water
into ice. These nuclei are initially unstable, but they must grow and surpass a critical size to
overcome the energy barrier and eventually gain stability. Once the nuclei exceed this critical
size, it becomes energetically favorable for ice nucleation to occur, which initiates the freezing
process (Wang et al., 2015; Kang et al., 2020).

Generally, two types of nucleation occur, homogeneous and heterogeneous nucleation,
and they are formed in different ways. Homogeneous nucleation is rare and occurs spontaneously
when ice nuclei form in the absence of foreign ions or particles that form randomly in a perfect
lattice. Heterogeneous nucleation occurs if the initial aggregation of water molecules occurs due
to impurities present, which lower the free energy cost creating ice nuclei that initiate the
freezing and grow large enough that become an actual ice crystal (Sosso et al., 2022; Yan et al.,
2011). Kang et al. (2020) suggest that heterogenous nucleation predominantly occurs in food

systems because the nucleation process has a lower free-energy barrier due to the presence of
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impurities, varying compositions, and the structure of the surface contact area. According to
various studies, the mechanisms underlying heterogeneous ice freezing and the characteristics
that make some surfaces and materials more effective for ice nucleation are not fully understood
and not yet known (Fitzner, Pedevilla, & Michaelides, 2020; Bartels-Rausch, 2013; Lupi, Hudait,
& Molinero, 2014). There have been multiple studies on the control of ice nucleation and
improvement in food quality with novel technologies based on ultrasound irradiation (Kiani,
Zhang, & Sun, 2013; Cheng et al., 2017; Ngo et al., 2022), high-pressure (Zhu, Ramaswamy, &
LeBail, 2005; Jia et al., 2021; LeBail et al., 2002) and electromagnetic fields (Kobayashi et al.,
2018; Otero et al., 2017; Kang et al., 2020; Mok et al., 2017; James et al., 2014)

Traditional freezing processes involve a slow formation of ice crystals, resulting in larger
ice-crystal formations that pose greater damage to the cellular membranes within foods. Due to
these larger ice crystals, there is greater structural damage leading to the degradation of food
quality involving texture degradation, organoleptic quality losses, loss of nutrients, accelerated
enzyme activity, and increase in oxidation rates during storage and after thawing (Choi et al.,
2015; Zhu, Ramaswamy, & Le Bail, 2005; Mok et al., 2017). The application of an external MF
has attracted great interest as an emerging technology, focused on improving food processing
and preservation, particularly food freezing. OMFs or static magnetic fields (SMF) are applied to
foods to control ice nucleation during the freezing process and ultimately preserve the quality of
perishable foods.

An OMF refers to a magnetic field (B-field) that periodically changes direction or
strength over time. It undergoes cycles of change, with the B-field flipping or varying in
intensity or repeating pattern. It can be generated by using an electromagnet applied with

alternating current (AC) frequencies that determine the rate at which the B-field changes
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periodically. An OMF has been reported to control ice nucleation during the freezing process
through the disturbance, reorientation, and/or the vibration of water molecules. On the other
hand, SMF is a constant magnetic field that does not vary in intensity or direction over time and
has a frequency of 0 Hz, in which permanent magnets or electromagnetic coils applying a direct
current are common sources (Prasad et al., 2017). Both types of MF-assisted freezing have been
widely studied to control water within foods to control ice nucleation, thus improving food
quality.

The Cells Alive System (CAS) was the innovation that was patented and marketed by the
ABI Corporation, Ltd. (Chiba, Japan), and mentions that their technology is the world’s first
revolutionary technology of its type. The CAS engine combines static and low-frequency OMF
during freezing, claiming that this technology can vibrate the water within cell tissues, allowing
for more refined ice crystals while protecting the cell walls and cell membranes of food
(Kobayashi & Kirschvink, 2017). On the other hand, Ryoho Freeze Systems Co., Ltd. (Nara,
Japan) commercializes “proton freezers,” which use SMFs and electromagnetic waves to induce
nuclear magnetic resonance on the hydrogen atoms of water (Dalvi-Isfahan et al., 2017). Water
is diamagnetic, meaning that when an MF is applied, it develops a magnetic moment in response
to the MF. In other words, when a water molecule is exposed to an MF, the individual magnetic
moments associated with the hydrogen and oxygen atoms align with the field, resulting in an
induced magnetic moment for the water molecules. Many patents, including the two mentioned
above, have claimed that MFs can help maintain food freshness and quality. However, the effect
of MFs on food freezing remains inconclusive. It has been proposed that magnetic and/or
electromagnetic fields can have various effects on the water molecules and hydrogen bonds by

repositioning the structure and arrangement of water molecules and hydrogen bonds, enhancing
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the vibration of water molecules, resulting in weakening or breaking the intra-cluster hydrogen
bonds (Jarulertwattana et al., 2019; Zhan et al., 2019). Therefore, suppressing the nucleation of
ice crystals and promoting supercooling can prevent cell damage and maintain the freshness and
quality of foods.

Other researchers have proposed that MFs impact the freezing process by interacting with
charged particles and biologically formed magnetite within food tissues (Zhang et al., 2021). The
MF exerts a Lorentz force on the charged solid particles and the biologically formed magnetite,
resulting in enhanced cooling efficiency and increased supercooling (Zhang et al., 2021).
Nonetheless, the use of MF-assisted freezing has become a highly controversial topic, as there
are various perspectives on its effects on supercooling and the improvement of food quality. It is
important to note that the parameters in each study differ in the forms of the MF, the system
itself, MF strength, frequency, temperature, and the type of food sample being tested, which can
result in different outcomes or results.

It is possible that MF may influence freezing and several studies support the control of
ice nucleation under MF treatments, extending supercooling, and maintaining the quality of fresh
foods. Mok et al., (2017) studied the effects of a pulsed electric field (PEF) and an OMF in
combination on chicken breasts and found that the PEF+OMF supercooling maintained the
original meat qualities without significant physical damage or chemical changes compared to
refrigeration (4°C) and freezing (-7°C). Okuda et al. (2020) studied the effects of CAS freezer
developed as an additional OMF generator on quality improvements of fresh mackerel muscle
tissue and found that OMF suppressed the ice crystal damage of the tissues, which shows the
potential to improve cryopreservation in both the food and biosciences industries. Choi et al.

(2015) examined the effects of electromagnetic and air blast freezing of beef during frozen
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storage, and their results show that beef under electromagnetic resonance freezing had a lower
rate of increase of ice crystal size, thawing loss, and showed higher acceptability during frozen
storage compared to air-blast freezing. Lin et al. (2021) successfully preserved beef at -4°C
without ice nucleation for 14 days under SMF extended supercooling (SM-ES), which they were
able to extend the shelf life of beef for 6 more days compared to refrigeration storage with
decreased drip loss and lipid oxidation degree. Kaur & Sethi (2022) demonstrated that MF-
assisted freezing at 2.5 to 3.0 mT of frozen tomatoes showed hardness of cell structure as close
to fresh tomato samples upon thawing.

On the contrary, some studies found that MFs either did not have any effect on food
freezing or had negative effects, which also concluded that supercooling could not be enhanced
using such technology and/or have any effect on controlling ice nucleation. Otero et al. (2017)
reported that OMF produced no effect on the quality of frozen crab stick samples in a CAS
freezer fixed at —25 °C and there was no advantage of electromagnetic freezing compared to air-
blast freezing. Abie et al. (2021), which used a reproducible electromagnetic field-assisted
freezing design, found that their field treatments including SMFs set to 0.2 T and -26 + 2 °C did
not affect supercooling and freezing dynamics of a 0.9% NaCl saline solution and pork samples.
Another study by Purnell et al. (2017) investigated the effects of OMF during the freezing of
apple and potato using a CAS freezer and found that it did not support the patent and marketing
claims that OMF-assisted freezing significantly improves the freezing process for foods. Though
they did mention that they are not fully invalidating freezing under OMF, it may have some
effect on the freezing characteristics of the food types experimented in the study at certain
conditions. This implies that the impact of weak OMF on different food items may not be

uniform, and any influence will be determined by a combination of factors including the specific
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food types, such as their matrix complexity, the freezing rate, MF frequency, and storage
conditions (Purnell et al., 2017).

It is evident that discrepancies persist in the outcomes found within the existing literature
and research pertaining to this topic, particularly in relation to food, in which OMF does not
affect foods in the same manner and these effects must be determined experimentally (Kang et
al., 2019). The precise mechanisms are not fully understood due to the extensive diversity in the
MF systems, experimental conditions, and parameters (such as freezer type, temperature,
exposure time, storage time, etc.), the stochastic nature of ice nucleation, and the complexity of
food matrices. Furthermore, not all food materials have the same effect under OMF, and the
results may vary depending on the nature of the food due to the variations in their constituents

including water, lipids, proteins, carbohydrates, fibers, and minerals.

2.4. Mechanisms of B-field for ice nucleation control

The existing scientific literature is still unclear and does not provide sufficient evidence
or conclusive studies regarding the precise mechanisms of freezing under electromagnetic or
MFs. As a result, there is a lot of controversy and further research is needed to fully understand
and establish these mechanisms. Most literature and research articles state that the application of
MFs for freezing involves the vibration or spinning of the water molecules and clusters (Kaku et
al., 2012). According to Jiang et al. (2023), the application of MF is believed to enhance the
thermal vibration of water molecules caused by the electron spin, thereby aligning the spin
direction, preventing water molecules from nucleating below freezing temperature, and evidently
promoting supercooling. Choi et al. (2015) state that electromagnetic freezing adds energy to the
water molecules and vibrates them to disturb the crystallization. Other researchers suggest that

B-fields can also weaken the van der Waals bonding between water molecules with the increase
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of hydrogen bonds (Chang & Weng, 2006). There are contradictory findings observed by
different research groups and various claims that B-fields involve the strengthening or
weakening of hydrogen bonding that affects the ice crystal formation. Zhou et al. (2023) claim
that the hydrogen molecules within water weaken, and their average numbers decrease after
magnetization. Thus, decreasing water cluster formation while reducing the size of the ice
crystals formed during the freezing process. Jiang et al. (2023) also mention that due to the
diamagnetism of water molecules, the van der Waals force weakened, and the hydrogen bonding
force was strengthened. The opposite effect was observed by Wang et al. (2013), in which under
a MF, the hydrogen bonds are weakened. Though various studies (Cai et al., 2009; Wang et al.,
2013; Panayampadan et al., 2022; Zhang, Yang, & Deng, 2021) describe that partially charged
atoms of the water molecules under MF exert the Lorentz force on the moving ions or the
charged particles. The motion of the charged atoms in water molecules is affected by the B-field,
creating the Lorentz force. This force acts on charged centers of the molecules, causing them to
rotate. As a result, the positive and negative charges move apart, weakening hydrogen bonds
between water molecules (Wang et al., 2013). Nevertheless, it is crucial to acknowledge the
existence of conflicting findings regarding the effects of MFs on the freezing process. These
inconsistencies stem from the diverse range of experimental variables, such as MF intensity,
frequency, exposure times, freezer types, and MF type (OMF or SMF) (Dalvi-Isfahan et al.,
2017).
2.4.1. Magnetic properties and proposed mechanisms of iron-oxide nanoparticles exposed
to an external B-field

Iron-oxide nanoparticles (IONPs) are a class of inorganic compounds that have gained

much attention in biomedical and industrial applications for their nontoxicity, as well as their
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physicochemical and superparamagnetic properties (Etemadi et al., 2021). There are many
different polymorphic forms of IONPs including FesO4 (magnetite), y-Fe>O3 (maghemite), and
a-FeoO3 (hematite), and they all exhibit a range of intrinsic and unique chemical, physical, and
thermal properties due to their structure and composition (Etemadi et al., 2021). The particle
diameter of IONPs range from 1-100 nanometers with magnetic nanoparticles (MNPSs) within the
range of 2-20 nanometers and displays superparamagnetism, in which they show magnetic
properties in the presence of an external B-field.

There are different types of magnetism that can be present in various materials when
exposed to an external magnetic field, including ferromagnetism or ferrimagnetism,
paramagnetism, and diamagnetism. Figure 2.2. shows the different types of magnetism that may
occur depending on the nature of the material. When an external magnetic field is applied the
arrows represent atoms and the direction in which they are oriented. Ferro- or ferrimagnetic
materials, such as iron, cobalt, nickel, and rare-earth metals can form permanent magnets and are

strongly attracted to external magnetic fields.

. No applied magnetic | Applied magnetic field
Type of magnetism f}]) 5 d(B= g) PP (B i)
Ferromagnetic
Ferrimagnetic
Paramagnetic
Diamagnetic

Figure 2.2. Types of magnetism that occur under an external magnetic field.
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These materials naturally are found in groups of atoms in domains with random
orientation. In the presence of a magnetic field, these materials align in the same direction as the
magnetic field being applied and they can maintain their alignment when the magnetic field is
removed, depending on the type of ferromagnet. Paramagnetic materials have atoms that are
randomly oriented, are weakly attracted by an externally applied magnetic field, and have a weak
alignment slight magnetization. However, this magnetism is temporary and does not maintain its
magnetism when the external magnetic field is removed, unlike ferromagnetism. Diamagnetic
materials have all paired electrons and are repelled when an external magnetic field is applied.
Some of these materials include water, copper, and gold. Superparamagnetism appears in small
ferro- and ferrimagnetic materials at sizes less than 100 nm and the nanoparticles are in a single
domain. The size of the MNPs plays an important role in the mechanisms governing the
alignment of their magnetic dipole moment with the external B-field (Otero et al., 2023).
However, the features of nanoparticles under magnetic-based freezing are still not fully explored
and understood despite extensive research.

MNPs, such as magnetite and maghemite, exhibit two essential phenomena known as the
Néel and Brownian mechanisms. These mechanisms describe how the magnetic moments of the
nanoparticles respond to an external B-field and subsequently relax to their original state. The
Néel or internal relaxation is based on the direction change of the magnetic moment within the
particle core relative to the crystalline orientation (Ilg & Kroger, 2020; Baffa et al., 2019).
Brownian rotation occurs when the particle rotates with respect to the fluid or solution while
maintaining the magnetic moment fixed in a direction relative to the particle’s crystal lattice
(Shah et al., 2015). Both mechanisms are influenced by factors, such as MNP particle size,

shape, and temperature. Gaeta et al. (2021) note that sufficiently small ferromagnetic and
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ferrimagnetic NPs will act like a single magnetic spin that is subject to Brownian motion,
creating a strong positive susceptibility effect known as superparamagnetism. Interestingly, in
these sufficiently small nanoparticles, their magnetization can randomly flip direction under the
influence of temperature, and the time between the two flips is called the Néel relaxation time.
Nikiforov et al. (2014) mentioned that maghemite is characterized by great magnetism
and high residual magnetism, but it is not stable at high temperatures and loses its magnetic
properties at Curie temperatures, where it transforms into hematite. Hematite or ferric oxide is
the most stable iron oxide. Maghemite is the second most stable polymorph of iron oxide with a
spinel structure like magnetite, and unlike antiferromagnetic hematite, maghemite exhibits
ferrimagnetic ordering with a net magnetic moment (Shokrollahi, 2017). Ferrimagnetic materials
include atoms or ions, in which their magnetic moments align opposite of each other, and the
arrangement of iron ions is in a spinel structure with unequal moments resulting in a net
magnetization (Spaldin, 2010). The use of magnetite and its oxidized form, maghemite, are
widely studied and found in various biomedical applications due to their nontoxicity and special
characteristics (Ranmadugala et al., 2020; Kaushik et al., 2008). Other than therapeutic and
biomedical applications, MNPs, particularly IONPs, are a recent topic of study in food

engineering, particularly magnetic field-freezing, and supercooling.

2.4.2. Modeling of oscillating B-field for supercooling using iron-oxide nanoparticles

In recent years, the interest in studying effective methods for controlling ice nucleation
has gained much attention in various fields such as food preservation and cryopreservation of
biological materials. Among the techniques for controlling ice nucleation, OMF-assisted freezing
has emerged as a highly promising approach. However, the topic remains a subject of intense

debate, with several mechanisms yet to be fully understood. MNPs, particularly IONPs, have
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played a pivotal role in MF studies due to their unique ferromagnetic behavior/properties.
Studies by Suwa et al. (2020) investigated the physical rotation of MNPs, particularly maghemite
and magnetite nanoparticles, in liquid under an OMF. Their findings demonstrated that 10 nm-
sized maghemite nanoparticles kept aligning to some extent with small oscillation. Furthermore,
the size of the magnetic nanoparticle played a crucial role in the physical rotation, with smaller
nanoparticles (11 nm and 13 nm) displaying rotation in the magnetic mode, while larger MNPs
(25 nm) exhibited different rotational behavior. Similarly, a previous study done by Suwa et al.
(2019) revealed that MNPs’ easy axis aligned to some extent with the B-field and underwent
small oscillations under an alternating B-field. Kobayashi et al. (2016) studied the effects of
magnetite nanocrystals (i.e., those distributed through many plant and animal tissues) on the
effectiveness of heterogeneous ice crystal nucleation. In this fundamental study, they used
magnetite nanocrystals to improve cryopreservation and cryobiology and found that an external
OMF on magnetite can be used to control the nucleating process during freezing. This may have
the potential to allow for greater control of the resulting ice crystal size and morphology
(Kobayashi et al., 2016). Kobayashi et al. (2018) discovered that magnetite crystals dispersed in
ultrapure water produced significant supercooling at MF strengths above 1 mT and a frequency
of 10 Hz. In this study, they discuss the two key factors related to the behavior of magnetite
particles and their interaction with the surrounding environment, particularly water molecules.
Interestingly, various researchers claim that there are magnetite particles found in
biological material, such as plant and animal tissues, including food products (Kobayashi et al.,
2018; Shaw et al., 2015; Mann et al., 1988), which these IONPs may ultimately be responsible
for ice nucleation that damage biological tissues during freezing. Moreover, understanding how

IONPs cause ice nucleation and their interactions under an MF can help with developing a
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deeper understanding of the mechanisms that might govern their rotational behavior. This
enhanced understanding can provide insights into how to control and regulate ice nucleation
while promoting supercooling in foods and other biological tissues.

The investigation of MF-assisted freezing in real food systems is challenging due to the
complexity of food matrices, which are made up of multiple constituents that may interact with
the MF in different ways. Understanding the impact of MFs on such complex systems requires a
systematic approach. Researchers have utilized model systems as valuable tools for examining
freezing and ice nucleation processes to understand underlying mechanisms. Model systems,
such as agar gel (semi-solid material) provide simplified representations of real food systems that
have the potential to minimize the discrepancies between MFs and food constituents.

Jiang et al. (2023) investigated a gel model system for evaluation of its frozen quality
under different treatments to provide insight into the effect and mechanisms of electric and MF-
assisted freezing. In this study, a gel model was employed to ensure precision and facilitate
accurate comparisons in freezing quality assessment. Kang et al. (2019) used an agar food model
along with fresh pineapple to examine the effects of OMF on supercooling for quality attributes
with samples stored at 4°C and -18°C. This study found that the agar gel exhibited a comparable
profile and supercooling probability during storage, indicating that food models may have the
potential to predict the supercooling behavior of real food products (Kang et al., 2019). These
model systems offer controlled environments for investigating the effects of various parameters,
including temperature, MF intensity, and frequency on ice nucleation and supercooling. They
can also be helpful in providing insights into the fundamental principles governing the MF-

assisted freezing phenomena, as well as assessing the efficacy of such technology.
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The utilization of agar model systems in conjunction with nanoparticles presents a
promising avenue for exploring variables and their effects. This includes possible investigations
with different types of NPs, both magnetic and non-magnetic, with variations in size, shape, and
concentration. Experimenting with these variables opens a lot of potential for a better
understanding of the interactions between NPs and the freezing process, notably under MFs. This
approach could offer valuable information on the influence of specific NP properties, especially
IONPs on the effects of ice nucleation and supercooling processes, as it can bridge the gap

between laboratory investigations and practical implementation of real food systems.
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Chapter 3
Cell viability and shelf life of freeze-dried probiotic Lactobacillus acidophilus pretreated

with the OMF-assisted supercooling technology

ABSTRACT

Probiotics are live microorganisms that offer various health benefits when taken in
adequate amounts. Cell viability is a major considering factor for probiotics to have substantial
effects on the human body, in which processing treatments such as freeze-drying for preservation
may have some detrimental effects on probiotic cells that may affect overall cell viability. A
combination of oscillating magnetic field (OMF) and supercooling technology was used as a
pretreatment for freeze-dried L. acidophilus. The cell viability was compared with OMF-assisted
(10 mT, 10 Hz) supercooling to treat L. acidophilus with those that were not, to determine the
effect on the cell viability maintenance after lyophilization. The higher cell counts of
supercooled samples with a 0.5-log reduction compared with control samples with a 1-log
reduction after freeze-drying give some indication that OMF-assisted freezing may have the
potential in maintaining cell viability after freeze-drying. However, there needs to be some
improvements regarding formulation and concentration of cryoprotectants, treatment time, and
supercooling system parameters such as MF strength, frequency, and temperature settings. A
case study was performed with a collaborative company that used our supercooling system to
examine the effects of OMF-assisted freezing on the cell viability and shelf-life stability of L.

salivarius cells on 0-, 3-, and 8 days of storage time along with different cryoprotectants.
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3.1. Introduction

The human intestinal tract, also known as the gastrointestinal tract (GIT), plays a vital
role in an individual's overall health and well-being. The GIT is comprised of a complex network
of tissues, organs, and microbiota that is responsible for several essential functions within the
human body, including digestion of food and absorption of nutrients, maintenance of immune
function, protection against pathogens, and overall homeostasis.

A gut microbial population that is in homeostasis is essential for the host and microbiota
to coexist and work synergistically, as an imbalance in the gut can lead to negative changes
which can cause the development of metabolic diseases, such as inflammatory bowel syndrome
(IBS), obesity, diabetes, and cancer (Kim et al., 2019; Cresci & Emmy, 2015; Wu, 2022). In
recent years, researchers have significantly been investigating the role of the microbiota and its
contribution to health, particularly in response to dietary changes and the use of supplementation
including probiotics and/or prebiotics (Hillman et al., 2017). Moreover, the use of probiotics has
gained much attention as it is known to be an efficient modulator of the homeostasis of the
intestinal microbiota (Zommiti et al., 2020).

Probiotics are defined as “living microorganisms that confer a health benefit when taken
in adequate amounts” according to the Food and Agriculture Organization of the United Nations/
World Health Organization (FAO/WHO). The most commonly used probiotic bacteria are found
within the genera from lactic acid bacteria (LAB) such as Lactobacillus and Bifidobacterium,
Lactococcus, Streptococcus, Enterococcus, and Bacillus spp. (Satokari, 2019). Probiotics have
become of popular interest in the global market due to their potential to have beneficial impacts
on human health, including aiding gut health, the immune system, digestion, and brain function,

amongst other factors (Pramanik et al., 2022). The global probiotics market is estimated at USD
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73.1 billion in 2023 with a compound annual growth rate of 8.6% and a forecasted market value
of USD 101.8 billion by the year 2027 (Research and Market, 2023). The probiotics market now
supplies diverse probiotic products ranging from many fermented foods, supplements,
formulations, species, and strains (Wendel, 2022).

To assure that probiotics contain an adequate number of live microorganisms, probiotic
products and supplements require a recommended 108 to 10° CFU/g before ingestion to achieve
at least 10° to 10" CFU/g in the colon (Yao et al., 2020; Shori, 2017). However, this requirement
can be challenging to achieve as probiotics must survive the low pH of the gastric environment
(pH=2) to efficiently attach to the gut epithelium (Centurion et al., 2021). Therefore,
encapsulation strategies and cryoprotectants are necessary to protect the probiotic cells, ensuring
high cell viability for their effective delivery to the target site (Centurion et al., 2021).

Common encapsulation techniques for probiotic products, notably, spray-drying, freeze-
drying, emulsion, lipid-based delivery system, and extrusion are most employed (Rajam &
Subramanian, 2022). In particular, the freeze-drying method, also known as lyophilization, is a
preferred preservation method that is used for long-term storage and preservation. The
lyophilization process involves removing moisture from a substance via sublimation under a
vacuum environment. The survival of microorganisms under lyophilization greatly influences
physico-chemical factors such as cell growth conditions, type of cryoprotectant, temperature,
degree of dehydration, reconstitution medium, and storage time (Polo et al., 2017). Biological
factors, for example the type of microorganism, the strain, initial cell concentration, age of the
cells, and incubation times have an impact on the cell viability after lyophilization (Polo et al.,
2017). Aside from having the advantage to extend the shelf-life of probiotic products,

lyophilization’s main disadvantage is causing great potential structural damage to bacterial cells
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during the initial freezing step, leading to a decrease in cell viability. Thus, cryoprotectants are
usually employed to protect the cells and maintain the viability of probiotic products, such as
disaccharides (sucrose, trehalose, lactose), polysaccharides (maltodextrin, dextrin, inulin),
polyols (mannitol, sorbitol), and proteins, just to name a few (Oluwatosin et al., 2022).

Maltodextrin is a modified starch product derived from the partial hydrolysis of starch by
the a-amylase enzyme that is also natural, safe, cheap, non-toxic, and non-irritant polymers that
are widely used for their multifunctional properties, particularly their role as fillers,
encapsulating or thickening agents in both food and pharmaceutical applications (Trimedona et
al., 2022; Cupone et al., 2022). Maltodextrin is also suitable for vegetarian, vegan, and gluten-
intolerant or celiac individuals due to the absence of gluten and animal traces that might be
present in other bulking agents like whey protein, gelatin, skim milk, and chitosan (Cupone et al.,
2022). Other functions aside from being used as a filler ingredient also can extend the shelf-life,
improve powdery appearance, mitigate sweetness, prevent melting, prevent, or delay granulation,
and reduce nutrient losses (Marcus, 2019).

Maltodextrin is also suitable for preserving the viability of probiotic products because it
facilitates the formation of a glassy state. In a glassy state chemical reactions that require
diffusion are slowed and the cellular components are immobilized, preventing their movement
and potential damage during freezing and subsequent storage (Oldenhof et al., 2008). Products
that are an amorphous or glassy state have faster dissolution rates, which enhances their
bioavailability compared to a crystalline solid because crystalline solids have a more robust
structure that result in a lower free energy (Naissinger et al., 2021). Furthermore, maltodextrin
can protect membranes and proteins in the dried state through hydrogen bonding by replacing the

water molecules that surround the cells. This results in the reduction of the available free water
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for ice crystal formation, minimizing the potential damage caused by ice crystal growth. The ice
crystal size significantly influences the textural and physical characteristics of frozen and frozen-
thawed food especially in preservation processes such as lyophilization. When freezing foods
and other biological products, smaller ice crystals are preferred as they would cause minimum
damage to the cellular membranes, resulting in a higher quality product upon thawing.
Additionally, the use for cryoprotectants and their effectiveness must be determined
experimentally, in which the optimum protection depends on the type of cryoprotectant being
used, as well as the concentration.

This current research study was builds upon previous work that was done by Wang
(2021): Enhanced viability of freeze-dried Lactobacillus acidophilus using supercooling
pretreatment that aimed to investigate supercooling as novel pretreatment before freeze-drying
compared with slow freezing, fast freezing, and refrigeration temperatures to validate that
supercooling as a pretreatment had great potential to be used for the cell viability enhancement
of probiotic cells. Wang (2021) focused on the surface layer proteins (SLPs) production that
occurred in L. acidophilus cells through the exposure of cold temperatures. It was found that
supercooling pretreatment increased the SLP expression and developed thicker SLPs around the
L. acidophilus cells resulting in improved cell viability using the supercooling treatment with
OMF compared to samples that were not. Wang (2021) utilized the same bacterial strain and
OMF-assisted freezing equipment, but skim milk was used as the cryoprotectant and a 12 h
supercooling treatment time. However, in this study, the use of maltodextrin was used to
eliminate the use of animal products for individuals that do not consume animal products, as well
as persons with lactose intolerance or dairy allergies. The research of Wang (2021) was used as a

foundation and provided much contribution to this current research. Some modifications were
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made in efforts to incorporate this supercooling pretreatment and technology to fit within
industrial means; the supercooling treatment time was reduced from 12 hours (Wang, 2021) to 6
hours in this study. Overall, the purpose of this research study was to further explore the
enhancement of cell viability in L. acidophilus cells using the supercooling pretreatment to fit
within industrial means by condensing the supercooling time, as well as the type of
cryoprotectant.

Due to the potential cell viability deterioration in probiotic products and other
microorganisms during the freeze-drying process, emerging technology, namely oscillating
magnetic field (OMF)-assisted freezing has been proposed to enhance the viability of probiotics.
This study aims to evaluate the influence of OMF during freezing as a pretreatment to supercool
cells to improve the viability of L. acidophilus cells subjected to freeze-drying. Enhancing the
cell viability of probiotics is of great interest in the food industry to ensure that consumers
receive the proposed health benefits of probiotic products.

3.2. Materials and methods
3.2.1. Bacterial strain and growth conditions

Frozen Lactobacillus acidophilus cultures (Difco Laboratories, Sparks, MD, USA) were
subcultured in de Man, Rogosa, and Sharpe (MRS) medium (VWR International, PA, USA)
incubated at 37°C for 24 h under aerobic conditions. Then L. acidophilus cultures were kept in
1.5 mL cryovials in 25% glycerol stock solution and stored in a cryogenic freezer (VIP ECO,
Phcbi, USA) at -80°C. All equipment was sterilized in an autoclave (SQ-500C, Yamato

Scientific Co., Ltd., Tokyo, Japan) at 121°C for 15 min.
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3.2.2. Supercooling Treatment

L. acidophilus (1% v/v) was cultured in 50 mL of MRS broth at 37°C for 24 h and the
cells were harvested by centrifugation (Beckman Coulter Diagnostics, CA, USA) of 6000xg for
15 min at 4 °C. Then, the cells were washed three times with phosphate-buffered saline (PBS)
(pH 7.4, Sigma-Aldrich, Burlington, MA, USA). Next, 20 mL of 20% maltodextrin (Nutricost,
UT, USA) solution was added to 50 mL sterile centrifuge tubes (VWR International, PA, USA)
and then plated onto MRS agar purchased from MilliporeSigma (Burlington, MA, USA) for the
initial cell viability count. The suspended cells were exposed a pretreatment of OMF-assisted
freezing and supercooled at -5°C for 6 h before being transferred to a cryogenic freezer at -80°C.
The cells that were not exposed to the supercooling treatment were used as a control and were
stored directly in the cryogenic freezer at -80°C overnight. After freezing overnight, both
samples were freeze-dried for 48 h + 1 h. The cell viability of the freeze-dried L. acidophilus
cells was determined right after freeze-drying and plated on MRS agar by the standard plate
count method.
OMF-assisted freezing set-up

The supercooling procedure was performed in a 7.1 ft2 (0.2 m®) commercial chest freezer
(Thomson, Curtis International Ltd., Montreal, Canada) equipped with a digital temperature
controller (ITC-308-WIFI, Inkbird, Shenzhen, Guangdong), and the ambient freezer temperature
was controlled and set at -8°C + 1°C. Figure 3.3. shows the temperature vs. time plot of the L.
acidophilus sample stored at -6°C with OMF (10 + 1 mT, 10 Hz) for 6 hours. A single box unit
was equipped with two iron-core electromagnetic coils inside the box unit and was used to
generate OMF, in which the sample was placed inside the box unit shown in Figure 3.1. The L.

acidophilus sample was placed within the single box unit, in which the whole box system was
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placed inside the chest freezer. The magnet was operated with a power supply based on an
integrated-gate bipolar transistor (IGBT) and connected to a variable autotransformer to set the
OMF condition (10 £ 1 mT). An alternating current was applied to generate an OMF and a
Teslameter (F71, Lake Shore Cryotronics Inc., Westerville, OH, USA) was used to measure the
magnetic field strength. A function generator (33220A, Agilent Technologies, Santa Clara, CA,
USA) was used to set and control the frequency and waveform of the output of the magnetic
field (10 Hz). A fan within the electromagnet box unit was turned on during the supercooling
experiment due to the small amount of heat generated from the coils. Temperature data were
collected using T-type thermocouples (TT-T-36-SLE-200, Omega Engineering Inc., Stamford,
CT, USA) and recorded every 10 s using a data acquisition (DAQ) unit (34970A, Agilent, Santa
Clara, CA, USA) connected to a data log program (BenchLink Data Logger 3, Santa Rosa, CA)
to further collect and analyze temperature data. The aqueous L. acidophilus sample was placed in
a holder that was created using a 3D printer (Form2, Formlabs, MA) and placed in the center of
the chamber, in which a highly uniform magnetic field was observed. The thermocouple wire
was taped on the outside of the holding container towards the bottom and middle of the sample

area.

Sample

Chest freezer

Single box unit
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Figure 3.1. L. acidophilus sample set up inside the chest freezer of the single box
unit equipped with core-based coils within the box that creates an OMF through
the sample.

Freeze-drying process of L. acidophilus

The freeze-drying process was conducted using a freeze-dyer (Labconco, MI, USA) at a
temperature of -51°C under a vacuum condition for 48 h until the samples dried completely.
After the freeze-drying process was completed, the samples were sealed with a cap and tested for
viability.
L. acidophilus flow chart and viability determination

Cell viability counts were conducted before supercooling and freezing-drying treatments
as the initial count and right after freeze-drying. For the initial count, cells suspended in 20%
maltodextrin solution underwent serial dilutions using 9 mL of 0.1% peptone water (VWR
International, PA, USA). Appropriate dilutions were plated onto MRS agar using bacterial cell
spreaders and the cell viability was determined via standard plate count method. The same
process was performed with the freeze-dried samples, in which these samples were first

resuspended in peptone water before serial dilution.
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Incubate Lactobacillus acidophilus
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-80°C overnight
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-5°C for 6h

Store overnight at -80°C

Freeze dry for 48h

Cell viability test

Figure 3.2. Schematic flow chart of the experimental process of cell viability tests,
supercooling and freeze-drying processes.

3.2.3. Statistical Analysis
The experimental data was statistically analyzed using OriginPro 2023b (OriginLab
Corporation, Northhampton, MA, USA). A one-way ANOVA was conducted on the variables
along with a Tukey’s test. A 95% confidence level was used to determine the significant
differences between the two treatments.
3.3. Results and Discussion
3.3.1. Effect of OMF-assisted freezing on the cell viability and storage stability of LAB
The supercooling pretreatment of L. acidophilus samples successfully maintained a
supercooled status at -5°C for 6 h without ice nucleation shown in Figure 3.3. The LAB
temperature avoided the increase of latent heat throughout the treatment time, indicating that

OMF at 10 mT and 10 Hz during freezing has immense potential in promoting a supercooled
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status and preventing ice nucleation for an extended period. OMF-assisted freezing on the cell
viability after freeze-drying of LAB is shown in Figure 3.4, in which the supercooling

pretreatment was able to maintain high cell viability in L. acidophilus.
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Figure 3.3. Temperature and time plot of L. acidophilus cells under OMF-assisted freezing
successfully supercooling for 6 h at -5 °C.
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Figure 3.4. Log colony forming units (CFU) counts of initial L. acidophilus cells before
freeze-drying compared to the control (no supercooling treatment) and supercooled cells after

freeze-drying. A one-way ANOVA and Tukey’s test were used for the statistical analysis at the
5% significance level.
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Figure 3.4. shows the log of colony forming units (CFUSs) of L. acidophilus cells at the
initial count or the cell count before freeze-drying, compared to the freeze-dried control and
supercooled samples. The freeze-dried control samples were cells that were stored directly in a
-80°C cryofreezer without OMF treatment, and freeze-dried supercooled samples were cells that
received an OMF pretreatment that allowed cells to supercool at -5°C for 6 h before being put
into the -80°C cryofreezer. There is a loss in cell viability after freeze-drying since this process
exposes probiotic cells to a variety of processes such as freezing, dehydration, and high pressure
(Yeo et al., 2018) These stressful environments not only lead to the reduction of cell viability but
stability as well as metabolic activity (Yeo et al., 2018). The supercooled cells had a significant
impact on the cell viability of L. acidophilus cells after freeze-drying compared to the control
samples, in which it was suggested that there were significant differences in the statistical
analysis using ANOVA and Tukey’s test. The improvement of cell viability of the supercooled
samples can be explained by Wang (2021) of the formation of SLPs on supercooled cells formed
thicker surface layer thickness of 10.53 + 1.32 nm compared with the control of 6.23 + 1.24 nm.
It was believed that the pre-stress of L. acidophilus cells to cold environments with the
supercooling pretreatment before freezing produced more SLPs and a thicker surface layer that
contributed to greater protection from freezing threat (Wang, 2021).

Freeze-drying and subsequent storage have considerable effects on the viability of LAB
due to the high stress of bacterial cells and high porosity levels in the resulting product which
can affect the survival of microbial cells during GI digestion (Choi et al., 2019; Betoret et al.,
2020). Osmolarity stress occurs at the freezing stage and the ice crystals formed during this step
of lyophilization cause damage to cells due to high concentrations of internal solutes, which

lowers the viability (Martin et al., 2015; Choi et al., 2019; Jofré et al., 2015). Other effects
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caused by ice crystal formation include membrane damage, macromolecule denaturation, and the
removal of water, which have an impact on the properties of various hydrophilic macromolecules
in the cells (Jofré et al., 2015). These factors that have possible effects on decreasing cell
viability can be shown in Table 3.1. and Figure 3.4., in which L. acidophilus cells after freeze-
drying decreased by 1-log CFU in the control sample and 0.5-log reduction in the supercooled
sample. These factors contributing to the enhanced cell viability may contribute to the statistical
differences in the initial samples (before freeze-drying) compared to the freeze-dried samples.
3.4. Case Study

Lactobacillus salivarius is a common probiotic bacterium that belongs to the
Lactobacillus genus within the group of LAB. This probiotic candidate is commonly isolated
from human, porcine, avian GITs, human milk, and other sources (Chaves et al., 2017,
Messaoudi et al., 2013). Several strains have gained a lot of interest due to their ability to
modulate gut microbiota, produce antimicrobial substances, stimulate protective immune
response, inhibit fecal enzymatic activity, and produce short-chain fatty acids allowing for an
appropriate gut acidification (Chaves et al., 2017; Messaoudi et al., 2013). Particularly, L.
salivarius has gained attention as an effective antimicrobial probiotic species of LAB and it is
also well-characterized as a producer of bacteriocins (Yeo et al., 2018).

A case study was performed by a collaborative partnership company (located in Seoul,
Korea) using L. salivarius cells that were also subjected to supercooling as pretreatment, as well
as different cryoprotectant formulas to examine the cell viability and shelf-life after 0-, 3-, and 8-
days of storage. The experiment started first with culturing the bacterial strain and adding a
cryoprotectant that was kept at room temperature 20°C. For the control group, the samples were

stored directly at -70°C. The experimental group or samples subject to OMF-assisted freezing
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were supercooled and taken out at different time points of 2, 4, and 18 h respectively and then
moved to -70°C for freezing. The same system used in the Food Processing Lab was also used in
this case study as shown in Figure 3.5a. The system included the single box unit that was put
inside the chest freezer, the OMF system, the data acquisition system (DAQ), thermocouples,

temperature controller, and the Agilent and Arduino software downloaded on a laptop for

Figure 3.5. Experimental supercooling set-up in the partnership company's laboratory (a) and
the L. salivarius samples within the single box unit placed within the chest freezer (b).

temperature data records and OMF system start up and shut down.

The samples in the OMF-assisted freezing are seen in Figure 3.5b., in which the single
box unit is placed inside the chest freezer, and within the single box unit, the samples were

sectioned off and taken out at the desired treatment time of 2, 4, and 18 h, respectively.
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Figure 3.6. Time and temperature plot of L. salivarius samples that were subject to different
supercooling treatment times.

The results showed that L. salivarius cells achieved high initial viability of 101! CFU/mI
after freeze-drying and 10*° CFU/mI subsequent storage, indicating that this enhanced cell
viability is more than suitable to ensure that at least 10° to 107 CFU/mL will reach the intestinal
tract allowing benefits to the host. Table 3.1. shows the cell counts (CFU/mL) and viability
percentages of L. salivarius samples with and without supercooling, as well as different
cryoprotectant formulas. The two formulas of the cryoprotectants remained confidential, in
which they involved proprietary information provided by the company and were named

Cryoprotectants A and B in this experiment to keep this information classified.
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Table 3.1. Cell count and viability of L. salivarius cells with and without supercooling with
different cryoprotectant formulas.

Sample Treatment Day 0 Day 3 VS:;IQV Day 8 Vgglgy
Time (CFU/mL) (CFU/mL) (%) (CFU/mL) (%)
Control - 3.57E+11 2.55E+10 7.14 6.03E+09 1.69
2h 4.06E+11 8.91E+10 21.94 5.49E+10 13.52
SC 4h 4.06E+11 1.13E+11 27.83 8.49E+10 20.91
18h 2.64E+11  7.86E+10 29.7 5.32E+10 20.15
No
Cryoprotectant  SC ) 3.18E+11 6.06E+10  19.05 4.95E+10  15.57
AT 2h A55E+11  828E+10  18.19  4.41E+10  9.69
SC 4h 3.93E+11 1.03E+11 26.21 8.20E+10 20.87
gg - 302E+11 104E+11 3443  7.77E+10 2573
Cryoprotectant
B* sc 2h 3.44E+11  9.99E+10 29.04 3.08E+10 8.95
4h 2.77E+11  9.51E+10 34.33 6.86E+10 24.77
18h 2.45E+11  7.52E+10 30.69 4,02E+10 16.41

*: unknown formula under confidentiality with partnership company.
No data at 18 h supercooling treatment time for cryoprotectant A because the sample froze.

Among the pretreatment methods, 4 h supercooling time was the best treatment time for

viability improvement for L. salivarius after 8 days of storage. The viability of the freeze-dried L.

salivarius cells also differed from the type of cryoprotectant, in which cryoprotectant B had the

highest viability after 8 days of storage of 20.91, 20.87, 24.77% for no cryoprotectant,

cryoprotectant A, and cryoprotectant B, respectively. Cryoprotectants are commonly used for

probiotics to protect the cell from damage caused by freezing. The biggest challenge with

cryoprotectants is finding the most appropriate protective agent to be used on certain probiotics

strains to enhance cell survival during storage (Oluwatosin et al., 2022). It would be beneficial to

experimentally find what cryoprotectant would be most suitable for the type of probiotic that is

being used. Skim milk is widely used in the industry for probiotic products, due to high cell

viability and storage stability, however, it is not suitable for individuals with dairy allergies or



lactose intolerance. The choice for protective agents by manufacturers has been on a trial-and-
error basis due to various factors such as protection performance, availability, cost, and the
physico-chemical characteristics of the final product (Oluwatosin et al., 2022). Disaccharides,
polysaccharides, and polyols are preferred because they are easily vitrified and the mechanism
that sugars provide are more suitable for maintaining structural integrity and facilitating
rehydration (Oluwatosin et al., 2022; Reddy et al., 2009). A mechanism that sugars play for
protecting cells and aid high cell viability is that sugars can replace the removed water molecules
between the binding with polar groups of phospholipids, which aid in retaining the structure of
cell membranes after the freeze-drying process (Coulibaly et al., 2018).

Different treatment times, along with different cryoprotectants were tested to determine
the optimized supercooling times and the type of cryoprotectant formulation. Even though there
were still high cell viabilities of cryoprotected cells without any treatment, there were
improvements in samples with cryoprotectants, additionally those with supercooling treatments
of 4 h. Interestingly, the supercooling treatment time had an influence on the viability of L.
salivarius cells, in which 2 h and 18 h treatment time was ineffective to enhance cell viability
and had a lower cell survival than those that had no supercooling treatment for the cryoprotected
cells.

The results from the L. salivarius experiment exhibited high cell viability, which
indicates supercooling had effect on enhancing the cell survival of the cells. However, the
highest cell viability was shown in the cryoprotectant B sample without any treatment of 25.73%
after 8 days of storage compared to the supercooled counterpart at 4 h, which had a viability of
24.77%. It is also important to note that different probiotic strains vary in their tolerance to

freeze-drying, additionally, different strains of the same species can behave differently (Jofré et
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al., 2015). Moreover, the freeze-drying process and conditions are strain-specific and must be
optimized to achieve high cell viability and storage (Jofré et al., 2015). For these reasons, there
might be a possibility for differences in cell viability and storage stability between L. acidophilus
and L. salivarius. The viability of both strains after freeze-drying does show that supercooling as
a pretreatment would be a good strategy for enhancing the viability of various probiotics.
However, factors regarding the freeze-drying parameters, the type of cryoprotectants, and their
concentrations, as well as the supercooling treatment time need to be further investigated with
different probiotic strains.
3.5. Conclusions

This study aims to evaluate the influence of OMF during freezing as a pretreatment to
supercool cells on the viability of L. acidophilus cells subjected to freeze-drying. The
supercooling status was maintained through OMF-assisted freezing, in which L. acidophilus cells
were able to supercool for 6 h at -5°C and L. salivarius cells maintained a supercooled status at
forup to 18 hat -7 + 1 °C. The results demonstrated the effectiveness of supercooling as a
pretreatment for the enhancement of cell viability of LAB that can have possibilities to be used
for industrial purposes. After freeze-drying there was a decrease by 1-log CFU/ml difference in L.
acidophilus cells after freeze-drying, indicating that freeze-drying does affect the cell viability of
probiotic cells. L. salivarius cells maintained a high cell viability of 10*° CFU/mI throughout the
8 days of storage, which is still suitable to provide an adequate amount in the intestinal tract to
provide benefits to the host. Cryoprotectant B for both supercooled and non-supercooled samples
exhibited the highest cell viability of all the samples after 8 days of storage, in which the
cryoprotective formulation is an important factor when trying to enhance the cell viability and

storage stability. The damage caused by freeze-drying could have a great effect on the storage
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stability shown by the decreasing viability of L. acidophilus cells after each storage day. Better
cryoprotectant formulation could have been achieved and optimized for L. acidophilus cells to
achieve higher cell viability. Additionally, the initial count was low from the beginning, which
greatly affected the cell survival during storage.

The storage packaging and conditions could influence L. acidophilus samples, as well.
The multilayer propylene packaging was able to create a dark environment for the photosensitive
cells, in which vacuum packaging could have an improved effect. Chavez & Ledeboer (2007)
mention that vacuum packaging can be used to reduce the oxygen content of probiotic products
and is therefore the preferred solution for long-term storage of dried probiotics. Other
encapsulation techniques can also be employed along with freeze-drying to ensure stability
through long-term storage. Lopes et al. (2017) prepared alginate-gelatin capsules to encapsulate
Lactobacillus rhamnosus and they found that they were able to achieve the highest concentration
of cells at 4.2 x 10° CFU/g and maintained a cell viability of 5-log CFU/g after 4 months of
storage at 8°C. Yao et al. (2018) examined the effects of microgels equipped with inorganic
nanoparticles for encapsulation of Pediococcus pentosaceus Li05 on the enhancement of
viability. They found that the microgels equipped with MgO nanoparticles were more stable than
microgels alone and enhanced the viability of the bacteria. Furthermore, more effective
packaging and encapsulation efforts can be utilized to improve the cell viability, as well as the
shelf-life stability of probiotic products.

The cryoprotectant used in this study was maltodextrin, which has been reported to be a
preferred protective agent for freeze-drying probiotics. L. salivarius cells employed two different
cryoprotectants and found an improvement in viability compared to bacterial cells that did not

receive a protective agent. However, the L. acidophilus cells only employed maltodextrin at 20%
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(w/v) concentration, and this resulted in similar findings for both the supercooled and control
samples. Other protective agents include but are not limited to polyols, disaccharides,
polysaccharides, and proteins that have been utilized in probiotic products, in which they have
been found to also improve viability. Oluwatosin et al. (2022) studied sucrose, maltodextrin, and
inulin efficacy as a cryoprotectant for freeze-dried L. plantarum cells and found that inulin was
the best for improving cell viability but did not help preserve the bacteria during storage. They
also found that sucrose had the best-combined performance up to 12 weeks of storage at 4°C.
Haiping et al. (2019) investigated the effects of polysaccharides from Pholiota nameko, a
mushroom, on freeze-dried Lactobacillus casei ATCC 334. They found that these
polysaccharides were able to provide high cell viability of >107 CFU/g for the freeze-dried L.
casei ATCC 334. These studies indicate that different cryoprotective mediums may influence the
cell viability of various probiotic strains, in which the need for further investigation of the types
of cryoprotectants along with the concentration is necessary.

To conclude, OMF-assisted freezing and supercooling as a pretreatment for enhancement
of cell viability is a promising technique that has the potential to transform the industry and

probiotic products.
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Chapter 4
Effect of oscillating magnetic field (OMF) on the supercooling behavior of iron-oxide

nanoparticle (IONP) agar model system during freezing

ABSTRACT

Freezing is a process of preserving food due to its low storage temperatures and reduced
water activity that can extend the shelf-life of foods, though freeze-induced ice crystal formation
causes structural damage to foods which substantially leads to negative impacts on food quality
attributes such as nutrient loss, discoloration, and textural changes. The development of OMF-
assisted freezing is posed as an effort to overcome the limitations that are caused by freezing.
However, magnetic field freezing remains a controversial topic of debate and many mechanisms
have been proposed to understand the supercooling phenomena during this process. It has been
proposed that natural materials containing ferric or ferrous materials have ferromagnetism that
can contribute to the magneto-mechanical motion when exposed to OMFs during freezing, which
can inhibit the formation of ice nucleation and promote supercooling. Magnetic field food
freezing remains a topic of debate due to the complex matrices of food. An agar food model
combined with IONPs was made and the ice nucleation time and temperature were determined
with and without the exposure to an external oscillating B-field (10 mT, 10 Hz) for 24 h, and
then the supercooling behavior was examined. 3 and 6 mg IONP agar samples demonstrated a 75%
supercooling probability and 12 mg IONP agar samples achieved a high supercooling probability
of 90%, while control and ZNP samples had a 60 and 55% supercooling probability, respectively,
which can be due to the stochastic nature of ice nucleation during the metastable supercooling

state. Supercooling allowed for the formation of smaller ice crystals and studies using magnetic
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field-based freezing technology with magnetic nanoparticles under OMF-assisted freezing can
offer possible methods to improve the current magnetic freezing systems and technology to

improve food quality.
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4.1. Introduction

Freezing is an efficient and commonly used method of food preservation that converts
free water within foods into ice crystals, resulting in decreased water activity in the food system.
The reduced water activity inhibits microbial growth and slows down enzymatic and chemical
degradation reactions, which allows for slower rates of deterioration of food products and
extended shelf-life (Jha et al., 2017). However, ice crystal formation causes irreversible
structural and tissue damage to foods, resulting in the degradation of food quality attributes such
as moisture loss and discoloration (Kang et al., 2020). The size of ice crystals within food
products plays an essential role in frozen and frozen-thawed foods' textural and physical
properties (Jha et al., 2017). It is difficult to attain frozen fruits and vegetable quality that is
comparable to fresh samples, due to the mechanism of degradation of fruit and vegetable quality
involving physical, chemical, and biological factors (Kobayashi & Suzuki, 2019).

There are two types of ice nucleation that occur, such as homogeneous and heterogeneous
nucleation. Homogenous nucleation or “spontaneous crystallization” is a stochastically rare
process that occurs in supercooled water, which leads to a sudden crystallization of the
surrounding, supercooled liquid without the presence of foreign particles (Kobayashi et al.,
2018). Homogenous nucleation is also less common in food systems and generally requires
lower temperatures, ultra-pure water, and supercooled environments for ice crystals to initiate.
Heterogeneous nucleation is when ice crystals are initiated by the presence of impurities known
as ice nucleators and are most common in food systems. Factors that control these nucleation
mechanisms are still not widely understood, especially in heterogeneous nucleation. Additionally,
novel approaches have been developed for controlling ice nucleation including ultrasound-

assisted freezing (Xin et al., 2014; Xu et al., 2015) high-pressure freezing (Li et al., 2023; Otero,
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2023), electric field freezing (Joshaquani et al., 2019; Jia et al., 2017), and magnetic field-
assisted freezing (Zhang et al., 2021; Mok et al., 2015; Tang et al., 2019; Otero et al., 2023).

Supercooling can be defined as the process of lowering the temperature of a substance
past its equilibrium freezing point without forming any ice crystals. During this process, the
substance does not undergo a phase transition of becoming a solid. There are many advantages
including the extension of shelf-life and slower enzymatic and chemical reactions, while still
maintaining structural integrity and desirable food quality attributes of fresh foods. However,
supercooling is a very unstable state, which poses a significant challenge to maintaining the
supercooling status for extended periods of time, due to the stochastic nature of ice nucleation.

In recent years, magnetic field-assisted freezing technology has been employed to control
ice nucleation. A magnetic field (MF) also referred to as a B-field, refers to a region of space
around a magnet or a current-carrying conductor where magnetic forces are exerted on other
magnets or moving charges (Sekaran, 2016). An oscillating magnetic field (OMF) is generated
through electromagnetic coils, passing an alternating current through the coils that creates a
changing B-field. By adjusting the frequency and amplitude of the applied current, the magnetic
field oscillates.

Due to water’s diamagnetic properties, it is proposed that molecules develop a magnetic
moment when an external B-field is applied. It has been postulated that an OMF can control ice
nucleation through the manipulation of water molecules, by reorienting the structure and
vibrating them, in which hydrogen bonds either strengthen or weaken, which can lead to
improved food freezing (Dalvi-Isfahan et al., 2017; Jha et al., 2017; Panayampadan et al., 2022).
The ABI Corporation Ltd. (Chiba, Japan) has marketed a “Cells Alive System” (CAS), a freezer

system that uses electromagnetic fields and mechanical vibrations, claiming that their technology
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is able to cause water molecules within cell tissues to vibrate without water clustering, resulting
in more refined ice crystal formation. The claims made by ABI Corporation about the CAS
system have prompted more research about the mechanisms of this technology to corroborate
their findings, affirming its ability to inhibit ice nucleation and enhance survivability in
biological cells and tissues, and preserve perishable foods. Kaku et al. (2010) found that using
the CAS system using weak magnetic field strengths, such as 0.01 mT during the freezing of
periodontal ligament (PDL) cells had increased viability compared to the non-magnetic field
treated samples. Kang et al. (2021) examined the effects of an OMF on the inhibition of ice
nucleation in freshly cut mango slices. They found that an MF strength of 50 mT successfully
inhibited ice nucleation and preserved the mango slices in a supercooled state at -5°C for up to 7
days. Other research claims that applied MFs on freezing can improve ice crystal formation,
which can contribute to overall food freezing quality. Tang et al. (2020) investigated the effects
of permanent magnetic fields (PMF) and alternating magnetic fields (AMF) with both MF
strengths ranging from 0 to 20 mT applied to cherry samples. Their results showed different
optimum magnetic field strengths, though both applications of MFs demonstrated less nutrient
loss compared to control samples. They also found that MFs formed homogenous ice crystals
and reduction of ice crystal size.

On the contrary, other studies have found no difference in results compared to
conventional freezing methods and questioned the mechanisms involving MF-assisted freezing
methods and whether they have an appreciable effect on supercooling, freezing kinetics, ice
crystals, quality, and/or viability of frozen products (Otero et al., 2016). James et al. (2014) used
CAS freezing with and without OMF to see the effects on the degree of supercooling and

characteristics of the freezing curve of individual cloves of garlic. Their findings indicated that
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freezing under OMF had little effect on the freezing characteristics or degree of supercooling.
Otero et al. (2020) performed a study on the effect of the frequency of weak OMF on
supercooling and freezing kinetics of pure water and 0.9% NaCl solutions and found that the
weak OMFs of 0.8 mT at 2-2000 Hz had no effect on both supercooling and freezing Kinetics.
They also mentioned that more experimentation and research need to be done to clarify all the
factors that may influence OMF-assisted freezing.

Despite all the literature and research that has been conducted, the effects of B-fields on
freezing and their mechanisms remain controversial. Various research groups, Wowk (2012) and
Kobayashi et al. (2016) pose counterarguments about the CAS freezer claims made by the ABI
Corporation Ltd. mentioning that these proposed mechanisms do not agree with basic biophysics.
Additionally, in response to this, Kobayashi et al. (2016) offered a plausible mechanism for the
disruption of ice nucleation in supercooled water by magnetically induced mechanical oscillation
(James et al., 2015). To elucidate the underlying mechanisms behind the alleged impact of
magnetic fields on food freezing, Kobayashi & Kirschvink (2014) proposed that ferromagnetic
particles that are commonly found in the environment and various biological tissues, including
plant and animal tissues, could play a crucial role.

Magnetic nanoparticles (MNPs), specifically iron-oxide nanoparticles (IONPs) have
become a topic of interest regarding B-fields due to their ferromagnetic properties for various
biomedical applications, as well as cryopreservation. Kobayashi et al. (2016) mention
that there are biologically precipitated magnetite nanocrystals present in plant and animal tissues.
They mention that the use of magnetic particles can be used to control ice nucleation for better
cryopreservation of foods and biomaterials. A previous study by Kang et al. (2020) investigated

the effects of an OMF on the ice nucleation in aqueous dispersions during supercooling and used
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beef steaks as a real food model application. This current study is a continuation of this study and
delves deeper into food models using an agar matrix. The use of an aqueous solution was an
exceptional start to understanding the proposed mechanisms, but this sample has some
limitations of IONPs that were not equally dispersed throughout the whole sample, as well as the
entirety of the exposure time to OMF. Another limitation was comparing an aqueous solution to
a solid food, which might have a difficult comparison between the two phases. On the other
hand, an agar food model as a semi-solid solution can bridge this gap between aqueous solutions
and solid matrices. Lastly, this research by Kang et al. (2020) only utilized one concentration of
0.015% IONPs, so the application of different concentrations can give a better understanding of
the various ice nucleation behaviors under OMF during freezing.

The use of magnetic fields in combination with food freezing remains a questionable
debate. Foods are composed of complex matrices consisting of water, lipids, proteins, and
carbohydrates that may have a strong influence on magnetic fields and food freezing. It is
important to note that different parameters and conditions affect each food sample differently as
MF frequencies, MF strength, exposure times, temperatures, and freezing conditions must be
considered and optimized. Agar is a semi-solid material that is commonly used as a model for
various food studies that gives a consistent medium without the discrepancies of constituents
within foods. The purpose of this study was to investigate the interactions that might govern the
magneto-mechanical motion and supercooling behavior of IONPs in agar food model systems

treated under OMF during freezing.
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4.2. Materials and methods
4.2.1. Sample preparation

Nanoparticle agar samples were prepared by sonicating distilled (DI) 100 mL water and
3, 6, 12, and 15 mg, respectively, of ferromagnetic iron-oxide (111) nanoparticles (IONP) using
an ultrasonic probe sonicator (VCX-600, Sonics, CT) at 20 kHz for 2 minutes. 12 mg of zinc
nanoparticles (ZNPs) were also measured out and sonicated with distilled water. Then, the
sonicated IONP+DI and ZNP+DI solutions were mixed with 2% pure agar powder purchased
from Thermo Scientific (Acro Organics, Thermo Scientific, NJ), and 10% (w/v) maltodextrin
(Nutricost, UT) was heated with a metal stir bar until all the powder dissolved. The agar samples
without NPs were used as the control. Immediately after, the agar was poured into silicon ice
cube molds and set aside to cool down at room temperature (25°C), and then transferred to the
refrigerator at 4°C. Figure 4.1. shows the IONP samples of the different concentrations shown

from left to right: 3, 6, 12, and 15 mg and the location of samples within the box.

Figure 4.1. IONP agar samples with different concentrations (from left to right): 3, 6,
12, and 15 mg (top) and the placement of the samples in the supercooling box unit
(bottom).
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4.2.2. Characterization of iron-oxide MNPs

The size and shape of the iron-oxide nanoparticles were determined by transmission
electron microscopy (TEM, H-8100, Hitachi High-Tech Corporation, Japan).
4.2.3. OMF-assisted supercooling

The supercooling experiments were carried out in a 7.0 ft* chest freezer (Thomson,
Ontario, Canada) equipped with a digital temperature controller (ITC-308-WIFI, Inkbird,
Shenzhen, Guangdong), and the ambient freezer temperature was controlled and set at -8 + 2°C.
The magnet was operated with a power supply based on an integrated-gate bipolar transistor
(IGBT,) and connected to a variable autotransformer to set the OMF condition (10 £ 1 mT). An
alternating current was applied to generate an OMF and a Teslameter (F71, Lake Shore
Cryotronics Inc., Westerville, OH, USA) was used to measure the magnetic field strength. A
function generator (33220A, Agilent Technologies, Santa Clara, Cal.) was used to set and control
the frequency and waveform of the output of the magnetic field (10 Hz) shown in Figure 4.2. A
fan within the electromagnet box unit was turned on during the supercooling experiment due to a
small amount of heat generated from the coils. Temperature data were collected using T-type
thermocouples (TT-T-36-SLE-200, Omega Engineering Inc., Stamford, CT) and recorded every
10 s using a data acquisition unit (34970A, Agilent, Santa Clara, CA) connected to a data log
program (BenchLink Data Logger 3, Santa Rosa, CA) to further collect and analyze temperature
data. The agar samples were individually wrapped with saran wrap and a thermocouple was
placed over the saran wrap and positioned in the middle and on top of the sample. The samples

were placed and aligned in the center of the single box unit and subjected to 24 h storage times.
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Figure 4.2. OMF frequency waveform at 10 Hz.
4.2.4. Statistical Analysis

The experiment statistical data are presented as the mean from twenty independent
experiments and were analyzed using OriginPro 2023b (OriginLab, Northhampton, MA, USA).
A logistics regression was used to analyze the relationship between the iron-oxide MNPs and the
NP amount on the supercooling probability. A pairwise chi-squared test was also performed to
determine the association or difference between samples. A significance level of 5% was used to
determine the statistical significance between samples.

4.3. Results and Discussion

4.3.1. Properties of iron-oxide MNPs

Figure 4.3. TEM image of maghemite NPs for size and morphology characterization.
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Figure 4.3. shows the transmission electron microscopy (TEM) images for IONPs. The
purpose of this TEM was to validate the size of the IONPs since smaller sizes of ferromagnetic
and ferrimagnetic nanoparticles (>100 nm) exhibit superparamagnetic properties corresponding
to a single magnetic domain and a high magnetic moment (Cruz et al., 2017).

4.3.2. Effects of OMF on supercooling of ZNP and IONP agar samples

Supercooling is indicated by a drop in temperature below 0°C, followed by the freezing
event and the drastic temperature change to 0°C as the latent heat of crystallization is released
(Kobayashi et al, 2018). Figure 4.4. demonstrates the ice nucleation determination temperature
and time plot of IONP agar samples at -8 £+ 2 °C without OMF. Table 4.1. shows the numerical
results for the time of nucleation in hours (h) along with ice nucleation and freezing temperatures

(°C) of the IONP agar samples with all samples at an ambient freezer temperature of -8 + 2 °C.

Table 4.1. Ice nucleation determination time and temperatures of IONP agar samples.

Ambient Nucleation Time Nucleation Freezing
Sample Temperature (n) Temperature (°C) Temperature (°C)
3 mg IONP -8+ 2°C 0.92 -5.31 -2.05
6 mg IONP -8+ 2°C 0.49 -2.93 -0.53
12 mg IONP -8+ 2°C 4.61 -7.20 -0.27
15 mg IONP -8 +2°C 1.03 -3.76 -0.231
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Figure 4.4. Temperature and time plot of IONP samples without OMF at -8 £ 2°C for the ice
nucleation determination.

The results in Figure 4.5., revealed the stochastic nature of ice nucleation, in which the
time of ice nucleation does not occur at the same time for IONP samples in different trials. This
is one of the biggest challenges that occurs when utilizing OMF-assisted freezing on food
freezing, however, the use of IONPs may provide methods of how to better control the ice
nucleation process since their magneto-mechanical motion highly affects the ice nucleation
behavior under external oscillating B-fields as it could act to disrupt water molecules at the

crystal/liquid interface, inhibiting heterogeneous ice nucleation promise and promote

supercooling (Kobayashi et al., 2018).
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Figure 4.5. Supercooling probability of Control, 12 mg ZNP and 12 mg IONP agar samples
under OMF-assisted freezing (10 mT, 10 Hz) at -8 = 2°C for 24-hour treatment time. There
was a total of 20 trials for each sample. Asterisks demonstrate that samples are significantly
different at the 5% level (n=20).

The supercooling probability exhibits the number of times that a sample was able to
successfully supercool divided by the total number of trials. The probability of an event can only
be between 0 and 1, which can also be written as a percentage. For example, the control sample
had a 60% supercooling probability, which means that in only 12 out of 20 trials, the samples
were successfully supercooled. Figure 4.5. revealed that the application of a 10 mT OMF at 10
Hz during the freezing process did affect the supercooling behavior of the MNPs, as well as the
non-magnetic nanoparticles and agar samples without NPs. In this experiment, both ZNP and
IONP samples had the same concentration of 0.012% (12 mg). The control and ZNP samples
were assigned asterisks that were determined using pairwise chi-squared tests to show that these
samples were significantly different from the IONP samples. The IONP samples under OMF

treatments exhibited noticeable supercooling behavior, extending the supercooling status for up
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to 24 hours. These IONP agar samples exhibited a high supercooling probability of 90%
supercooling success rate compared to the ZNP sample and control sample which could be
explained by the ferromagnetic properties of the IONPs under an external magnetic field. The
control samples compared to the non-magnetic ZNP agar sample demonstrated the stochastic
nature of ice nucleation during the metastable supercooling status. The IONP agar samples that
did not receive OMF treatment were seen in Figure 4.4., showed that IONPs make strong
nucleating agents, in which most samples froze within 1 hour of exposure to subzero
temperatures of -8°C. It can be suggested that weak, oscillating magnetic fields significantly
inhibit ice nucleation in agar samples with maghemite nanoparticles as the IONP agar samples
promoted supercooling for up to 24 hours. However, there needs to be more experimentation to
see the effects of OMF at extended periods on the supercooling behavior of IONPs, as well as

other types of MNPs.
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Figure 4.6. Supercooling probability of IONPs at different concentrations subject to an
external B-field (10 mT, 10 Hz) at -8 + 2°C for 24 h exposure time.
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Figure 4.6. shows the supercooling probability of iron-oxide magnetic nanoparticles at
different concentrations exposed to OMF during freezing for 24 h exposure time of 3, 6, 12, and
15 mg IONPs, respectively. Comparing this data to Figure 4.5., this figure suggests that IONPs
exposed to an external B-field can promote supercooling with higher supercooling probabilities.
The 15 mg IONP sample received a 75% supercooling probability, which can be due to less
magneto-mechanical motion with a higher concentration of NPs, as well as possible aggregation
of NPs that can also have an effect on the motion of NPs under OMF. The agar samples with 3
and 6 mg IONPs show a lower supercooling probability compared to samples with 90% for 12
mg IONPs samples, which could be due to the lack of magnetic material present limiting the
movement or “wiggle” under OMF that prevents the formation of ice nucleation. This result can
also be explained by Kobayashi et al. (2018) as they investigated the effects of 50 nm magnetite
crystals dispersed in ultrapure water, exposing them to rotating B-fields of varying strength
(ranging from 0.5 to 1.5 mT) at a frequency of 10 Hz. Their findings demonstrated that B-fields
stronger than 0.5 mT significantly increased the extent of supercooling achieved before
nucleation, confirming that the magnetic motion of the ferromagnetic nanocrystals can indeed
impede ice nucleation in these specific conditions of B-field strength and frequency. Similar
findings by Kang et al. (2020) investigated the effects of an OMF on the supercooling behavior
of iron-oxide nanoparticle dispersions. They found that the OMF treatment disrupted the
aggregation of water molecules on the boundary layers of ferric nanoparticles, in which the OMF
was able to inhibit ice nucleation in the iron-oxide nanoparticle dispersions.

As stated previously, Kobayashi et al. (2016) suggest that there are biologically
precipitated magnetite nanocrystals present in plant and animal tissues. They mention that the

use of magnetic particles can be used to control ice nucleation for better cryopreservation of
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foods and biomaterials. To investigate this hypothesis further, Kobayashi et al. (2016) found that
magnetite nanocrystals improved cryopreservation by controlling the nucleation process under an
external OMF.

Unlike water, these nanoparticles can become highly magnetized in the presence of an
external MF, even if it is weak (Kobayashi & Kirschvink, 2014; Otero et al., 2023).
Consequently, the induced magneto-mechanical motion of the ferromagnetic nanoparticles might
disrupt the interface between water and ice crystals, when OMFs are applied. This disruption
could hinder the heterogenous nucleation process and promote supercooling. Kobayashi et al.
(2018) state that nanoparticles dispersed in water will be subject to two major physical processes
that influence their interaction with the surrounding water molecules. This includes the Brownian
motion and the Néel relaxation, which are the two important mechanisms that occur in IONPS,
such as magnetite (Fe3O4) and maghemite (y-Fe203). These mechanisms describe how the
magnetic moments of the nanoparticles respond to an external MF and subsequently relax to
their original state.

The Néel relaxation is the internal magnetic moment based on the direction change of the
magnetic moment relative to the crystal orientation, while the Brownian motion is the rotational
relaxation of the whole MNPs in the fluid medium (Chen et al., 2023; Baffa et al., 2019). Both
these mechanisms regarding magnetic nanoparticle dispersion and their interactions under OMF
during freezing are described by Kobayashi et al. (2018), in which the Brownian motion will
tend to disrupt the surface boundary layer of water molecules and inhibit nucleation. In addition,
the Brownian motion is the thermal movement of the particles that can disturb the layer of water
molecules on their surface and prevent the formation of ice nucleation sites. Essentially, the

random movements of the particles hinder the ice formation process.
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When magnetite NPs >30 nm are present, they are in a single-domain or uniformly
magnetized, which is a characteristic of ferromagnetic materials, where the shape and internal
structure of the particles have a fixed magnetic orientation. When an external MF is applied, a
torque is produced that causes the IONPs to align with the field. If the MF changes or alternates,
the alignment process can disrupt the water molecules’ surface layer near the IONPs. The
balance between these time constants is given by the extension of the Langevin function, applied
to the case of uniformly magnetized (single domain) particles, in which the large magnetic
energies in the particles lock their magnetic moments in a particular direction, forcing the
particles to rotate (Kobayashi et al., 2018).

However, the maghemite in this current study is dispersed within an agar matrix at 2%
concentration, in which the mobility of the IONPs may be limited compared to if it were
dispersed in water and the Brownian motion might weakly occur in the agar matrix. Datta et al.
(2018) mention that NPs smaller than the gel mesh have mobility inside the gel, whereas if the
particle size is bigger, then only rotation about their location takes place. The movement of
MNPs within the gel matrix also depends on the interactions of the MNPs and the gel itself.
Chen et al. (2023) state when considering ferrogels with the weak interaction between MNPs and
the polymeric network of the hydrogel, the dispersed MNPs can rotate physically as their
movement is not strongly restricted by the polymer network of the gel. They also mention that
both Néel and Brownian relaxation mechanisms could occur for MNPs dispersed in ferrogels.
However, Néel Relaxation during magnetization can be ignored until a large frequency of 10° Hz
is achieved, in which Chen et al. (2023) only focused on the Brownian relaxation since low-
frequency ranges will be used. This can still give some understanding of how nanoparticles

might behave in real foods. Understanding the movement of nanoparticles under B-fields in gel
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or agar matrices can give a better insight into how ferromagnetic nanoparticles present in foods,
are able to interact during OMF-assisted freezing. Additionally, this information can be used to
improve methods involved in food freezing to achieve better quality food products, in which it is
suggested that ice formed from supercooled water is less damaging to tissues (Kobayashi et al.,
2018).

Table 4.3. shows the logistic regression analysis output that was performed for the
supercooling behavior of IONPs, ZNPs, and the control agar samples that were exposed to OMFs
during freezing. The odds ratio in a logistic regression exhibits the strength of association of the
predictor variables, the presence and type of nanoparticle, and the outcome variable is whether
supercooling occurs or not under an external magnetic field. An odds ratio value that is greater
than 1 implies that there is a greater odds of the event happening (Tenny & Hoffman, 2023). On
the contrary, an odds ratio of less than 1 implies that there is a less likely chance of the event
happening (Tenny & Hoffman, 2023).

The logistic regression model demonstrated that IONP odds ratio, (OR) = 6, which means
that for a one-unit increase in the presence or concentration of IONPs, the odds of supercooling
occurring is 6 times higher than the original value (assuming that all other variables are held
constant). In other words, the presence of IONPs in an agar sample exposed to an external B-
field significantly increased the likelihood of supercooling, suggesting that IONPs can promote
or enhance the effect on the occurrence of supercooling under OMF. The range of 95%
confidence levels shows the plausible values or an expected range for the true odds ratio for the
population to fall within (Tenny & Hoffman, 2023). The 95% lower confidence level (LCL) and
upper confidence level (UCL), or confidence intervals, for odds ratio, indicates the precision of

the estimated OR. For IONP agar samples the 95% LCL and UCL are between 1.082 and 33.274,
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respectively. The wide range of 95% LCL and UCL represents a higher level of uncertainty with
the odds ratio value. However, if the confidence interval for the odds ratio includes the number
1, then the calculated odds ratio would not be considered significantly different and vice versa, if
the odds ratio does not include the number 1, then the calculated odds ratio would be considered
significantly different (Tenny & Hoffman, 2023). For IONP agar samples, 95% confidence
intervals that were calculated do not include the number 1 which indicates that the calculated
odds ratio would be considered statistically significant. The ZNP samples received an odds ratio,
OR = 0.815, in which the presence of ZNPs in agar decreased the odds of supercooling by
18.5%, which means that ZNPs are associated with the reduced likelihood of supercooling.
Furthermore, the 95% LCL and UCL for ZNP remains narrow at 0.232 to 2.859 for LCL and
UCL, respectively indicating higher precision in the odds ratio estimate.

Another value to point out in the logistic regression table is the p-value, which is used to
assess the statistical significance of the predictor variables. The p-values for the ZNP and IONP
are 0.7492 and 0.0404, respectively. The p-value of IONP samples is less than the significance
value (o = 0.05), which suggests that these variables have a statistically significant effect on

supercooling during OMF-assisted freezing.
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Table 4.2. The logistics regression analysis output for supercooling behavior of IONPs, ZNPs, and control agar samples under
OMF-assisted freezing.

95% UCL 95% LCL
0, 0
Sample Coefficients Standard Wald Test Degrees of p-value 95% L.C.L for for Od(_js for Odds 95% UCL _for
Error Freedom Coefficients . Ratio . Odds Ratio
Coefficients Ratio
ZNP -0.20479  0.64059 0.10221 1 0.7492  -1.46032 1.05074 0.81481 0.23216 2.85975
IONP 1.79176 0.87401 4.20271 1 0.0404 0.07874 3.50478 6 1.08192 33.2742

104



4.4. Conclusions

This experiment demonstrates that iron-oxide nanoparticles do have different ice
nucleation and supercooling behaviors compared to non-magnetic nanoparticles. Nanoparticles
may act as nucleation sites; however, the magnetic IONP agar samples achieved a much higher
supercooling probability than the ZNP and control agar samples, which shows that the magnetic
properties do affect their supercooling behaviors. ZNP and control agar samples did not surpass a
60% supercooling success rate, while 12 mg IONP samples achieved 90% supercooling success
for all trials. The reason for the 15 mg IONP agar sample to have the least supercooling
probability could be due to the weak oscillating B-field acting on a higher concentration, in
which agglomeration of some NPs could have some effect on the movement within the agar.

This research study used small agar samples of 4 + 0.3 g and 14.4 x 18.7 x 18.7 mm?® in
dimension, though bigger size agar samples could be used to mimic more food items such as
meats and fish. The data currently presented in this study does show that MNPs, in this case
IONPs do have some effect on the supercooling behavior in the agar food model. The logistic
regression does show that IONP samples have a higher likelihood of supercooling than ZNPs and
control agar with no additives. Additionally longer treatment time could be utilized, since the
treatment time used in the experiment was only for 24 h, and longer exposure to subzero
temperatures and B-fields until ice nucleation occurs, can demonstrate the true supercooling
behavior of nanoparticle-infused agar samples.

This current research study focused on maghemite (magnetic) nanoparticles in agar gels
on the supercooling behavior at 10 mT and 10 Hz at -8 = 1°C. There can be many modifications
when performing experiments subject to B-fields and freezing and various parameters need to be

monitored. The temperature and B-field optimization is one of the many crucial factors to keep

105



in mind as results will highly vary when either of these parameters is changed, such as the
magnetic field strength and frequency. The type of nanoparticles, the size, and the concentration
of the agar may also contribute to various results. Future research can utilize other magnetic
nanoparticles aside from iron-oxide, as well as non-magnetic nanoparticles other than zinc,
which could be further investigated.

Foods have complex matrices which may make it difficult to understand how
supercooling may affect foods, which is why using an agar gel is enough to be used in a food
model since the discrepancies that the food constituents may cause are removed. The use of
nanoparticle-infused agar food models can contribute to understanding the types of mechanisms
that may be present in foods under OMF-assisted freezing. Real food models could also be used
to compare the behavior with the agar food models, which foods with high iron content would
make acceptable real food models. There are two types of iron in food: heme iron found in meat,
fish, and poultry, and non-heme iron, which is found in plant-based foods like fruits, vegetables,
and nuts. Understanding some mechanisms in magnetic field-based freezing and iron-rich foods
can help approach ways in which foods can be properly supercooled and stored to maintain the
supercooling status for the highest quality. This can advance the food industry with guidelines
for supercooling foods based on their iron contents, which magnetic field freezing can potentially
be implemented in food processing, as well as consumer homes as a common food preservation
technology.

Magnetic field-assisted freezing on foods to promote supercooling has been a big topic of
debate. Many researchers have mentioned and claimed that water’s diamagnetic properties are a
reason for supercooling to be possible in foods and biological materials. However, some

researchers have argued that this may not be the case since this contradicts basic biophysics. The
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use of magnetic nanoparticles in agar food models has the potential to provide some information
on how foods and other biological materials under magnetic field-assisted freezing may promote
supercooling. This magnetic field supercooling technology is in the developing stages and
further research regarding different temperatures, B-field parameters, agar concentrations, types
of magnetic and non-magnetic nanoparticles, and different storage times. Other methods and
techniques can be used to track and monitor magnetic motion and relaxation and energy output
to examine the magnetic behavior of the nanoparticles themselves, which can give better insight
into mechanisms that may govern supercooling behavior in various food types. In conclusion,
this type of study can contribute to developing and improving the current technologies of
magnetic field freezing to control ice nucleation since it is suggested that supercooled water is
less damaging to tissues due to the formation of small ice crystals. Magnetic field freezing offers
promising outcomes to minimize food and agricultural waste, as well as improvement in freezing

techniques to improve and maintain the quality of fresh and perishable foods.
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Chapter 5

Future works

Chapter 3 applied an OMF during freezing to inhibit ice nucleation and promote
supercooling as a pretreatment prior to the freeze-drying process to improve cell survival in LAB.
Although the supercooling extension was successful, this study also only utilized one magnetic
field strength of 10 mT and a frequency of 10 Hz. There are still gaps in knowledge regarding
the mechanisms that have been proposed by supercooling technology using magnetic fields.
Additionally, the magnetic field parameters during freezing would need to be investigated more
with a wider range of magnetic field strengths, frequencies, exposure times, and varying
temperatures. For future research studies on this topic, more trials could be performed for better
statistical analysis. The small sample size in this study resulted in difficulty in deciding or
concluding whether supercooling is a pretreatment for L. acidophilus cells to be used in
industrial settings.

OMF-assisted freezing allows for improved viability in L. acidophilus and L. salivarius
cells, though there were decreases in storage stability over time. The results show that this
technology can inhibit ice nucleation and extend the supercooling status of probiotics. However,
there needs to be further investigation and experimentation in cryoprotectants used, OMF
parameters during freezing, freezing temperatures, freeze-drying parameters, packaging material,
storage conditions, exposure times, as well as other strains and probiotic bacteria.

Future research studies or continuation of magnetic field freezing with nanoparticles and
agar gel study in Chapter 4 include greater sampling size. The data that was collected are from
20 independent experiments, in which more sampling can be done, and other magnetic materials

can be used to get a better understanding of magnetic and non-magnetic materials under

113



magnetic fields and whether they are affected by oscillating B-fields. There could be more
experimentation with IONPs without OMF for more validation to confirm that nanoparticles can
act as ice nucleators. The combination of IONPs and ZNPs could be used to examine the effect
of IONPs on the supercooling behavior and overrule the ice nucleation and still promote
supercooling of non-magnetic materials.

Chapter 4 addresses the behavior of supercooling and ice nucleation of magnetic
nanoparticles; however, it does not track motion or how much movement is being exerted in agar
gels under oscillating B-fields. Experiments involving the measurement of the energy output of
magnetic particles under OMF can also be helpful, as well as the use of simulation models has
great potential in understanding the supercooling and ice nucleation behaviors of foods under
OMFs. Methods such as Superconducting Quantum Interference Device (SQUID) can be used to
detect the magnetic response of magnetic nanoparticles, or magnetorelaxometry measures the
relaxation of MNPs after exposure to external B-fields (Fagaly, 2006). By using
magnetorelaxometry methods, the Langevin equation to describe the Brownian relaxation
mechanism, as well as the Néel relaxation mechanism has the potential to further support this
research study. Other microscopy techniques, such as magnetic force microscopy (MFM) or
fluorescence microscopy, can also help with the type of movement and motion that occurs under
B-fields, further contributing to the understanding of MNPs under B-fields. All in all, these
methods could be used for further research regarding this topic and may have great potential in
getting a better understanding of how OMF-assisted freezing can promote supercooling in

various types of foods.
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