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Abstract

In recent decades, the rapid advancement of cell therapy and regenerative
medicine has generated an urgent need for efficient and safe cell/tissue
cryopreservation techniques on both laboratory and industrial scales. The current
use of dimethyl sulfoxide (DMSQO) as a cryoprotective agent (CPA) presents
toxicity concerns, prompting the development of alternative methods. The primary
objective of this research is to develop a novel cryopreservation method for
therapeutic cells using hydrogel encapsulation, which aims to minimize

cryoinjuries while eliminating the need for toxic penetrating CPAs such as DMSO.

The dissertation consists of three main parts. In the first part, molecular changes
associated with warming injury in cryopreserved human white blood cells (WBCs)
were analyzed. It was observed that slow warming led to irreversible dehydration
of cell membrane lipids and denaturation of cellular proteins. Also, WBCs were
found to be very susceptible to kinetic processes during warming, including
eutectic crystallization/melting, devitrification, and ice recrystallization. The second
part focuses on the development of an encapsulation cryopreservation method
using the combination of agarose hydrogel and trehalose as an alternative to
membrane-permeable CPAs. A comprehensive analysis of the kinetic and
thermodynamic changes within the agarose-trehalose hydrogel during freeze/thaw
was conducted. The combination of agarose and hydrogel was found to reduce ice
phase volume with a less ordered structure, eliminate eutectic crystallization and

melting, and inhibit ice recrystallization during warming. The third part of the



dissertation involves the validation of the DMSO-free hydrogel encapsulation
method for the cryopreservation of natural killer (NK) cells. High post-thaw cell
viability was achieved, while decreased viability with compromised cytotoxicity was
observed after cells were extracted from the hydrogel. Ongoing efforts are focused

on optimizing the cell extraction process from the hydrogel.
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Chapter 1: Introduction

1.1 Motivation

Driven by the rising number of clinical studies of cell therapies, the global cell-
based products market size was valued at USD 8 billion in 2020 and is expected
to grow at an average annual rate of 15% until 2030.* The manufacturing of cell-
based products typically involves several steps, including cell isolation,
engineering, and cryopreservation, before they can be shipped from a centralized
facility to clinics for infusion, as shown in Figure 1.1. In this process,
cryopreservation is critical to sustaining the viability and functionality of cells during
transportation and application in order to achieve desired clinical outcomes.
Although the ultra-low temperature can reduce or suspend physiochemical and
metabolic activities in cells, the process of cryopreservation, which involves
freezing and thawing, can result in cell damage due to the formation of ice both
inside and outside of the cells. Cell damage may occur through direct action by ice
crystals, such as mechanical damage,? 2 or indirect effects resulting from changes
in the composition of the liquid phase after ice formation, including dehydration,
oxidation, and elevated levels of toxic solutes.?® To attenuate the adverse effects
of cryopreservation, certain approaches are necessary, which include precisely
controlling the cooling and warming rates, as well as cryopreserving the cells with

cryoprotectant agents (CPAS).
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Figure 1.1 Diagram of Centralized Manufacturing Model ©

Cooling and warming rates are crucial factors to post-thaw cell survival.® 7 8
According to Mazur’s two-factor hypothesis (explained in more detail in Section
2.1),° slow cooling rates are associated with osmotic dehydration due to solute
rejection during extracellular ice growth, whereas rapid cooling is associated with
deleterious intracellular ice formation (IIF). Therefore, cell survival is maximized at
some optimal intermediate rate of cooling, and the magnitude of this optimum
cooling rate is dependent on the cell type.® In contrast to the cooling process,
literature regarding the warming of cryopreserved human cell samples is limited,

and the mechanisms of cryoinjury dominant during the warming of cryopreserved



cells are poorly understood. Typically, rapid warming is preferred to prevent the
growth of ice crystals, and it is simply done by immersing the cryovial with samples
in a water bath at 37°C. However, theoretical and experimental results suggest
that in certain situations, slow warming can also improve post-thaw viability.10-1?
Slow-warming injury is commonly attributed to nonequilibrium ice crystal growth
mechanisms, including devitrification® 1215 (the vitrified sample devitrifies to
supercooled liquid) and recrystallization'? 3 15 (the growth of smaller ice crystals
into larger ones) (explained in more detail in Section 2.3). However, evidence to
support these two hypotheses is largely circumstantial, and the specific ways in
which cellular components (such as proteins and membrane lipids) may be

affected during slow warming remain largely unexplored.

The addition of CPAs to cells before cryopreservation is another approach to
improve the outcome of cryopreservation. A detailed introduction to CPAs can be
found in Section 2.2. Currently, the most widely used CPA is dimethyl sulfoxide
(DMSO), which is a cell membrane-permeable molecule with a strong affinity for
water.16 It's found that DMSO with a concentration of as low as 10% can effectively
inhibit ice formation both inside and outside cells during cryopreservation,'” 8 and
thus now it has become an indispensable component in many commercially
available freezing media, including those for therapeutic cells (such as CryoStor
CS10 from STEMCELL and Recovery from Gibco). Despite its effectiveness,
however, lots of studies have revealed that DMSO can be toxic to cells, especially

at room temperature and higher concentrations. Exposure of cells to DMSO can



result in changes in gene expression, reduction in cell function, and lower
viability.**-23 Furthermore, incomplete removal of DMSO from cryopreserved
therapeutic cells before infusion can lead to adverse side effects in patients,
including nausea, chills, hypotension, heart arrhythmias, and stroke .242¢ Detailed
information on the toxicity of DMSO can be found in Section 2.2. Given these
concerns, much effort has been paid to find alternative CPAs that are nontoxic for

therapeutic cells to minimize the adverse effects on patients.

Recently, studies have shown that encapsulating cells in hydrogels before
cryopreservation can reduce the need for higher concentrations of membrane-
permeable CPAs, without compromising the function and viability of the
cryopreserved cells.?’31 For example, Huang et al. reported that alginate
encapsulation enables the vitrification of pluripotent and multipotent stem cells
using 4 times lower concentrations of penetrating CPAs (as low as 2 M), in sample
volumes up to 100 times larger (up to 250 uL), and at a slower cooling rate,
compared to the conventional vitrification method.3* Another study by Cao and
colleagues utilized an alginate hydrogel microfiber approach to cryopreserve
human red blood cells (RBCs) in the presence of very low concentrations of
glycerol (2.5% to 5% v/v).2° More recently, a study demonstrated that even in the
absence of DMSO or any other penetrating CPAs, encapsulated cells can be well-
protected during cryopreservation. In this study, Yao and colleagues developed a
method to cryopreserve RBCs in alginate microcapsules while using trehalose (in
the range of 0.3M to 1M) as the sole CPA. After freeze/thaw and removal from the

alginate microcapsules, these cryopreserved RBCs demonstrated high survival



rates (>85%), preserved morphology, and normal ATP levels comparable to those

of fresh cells.32

Despite the promising results of using hydrogel encapsulation for cell
cryopreservation, there are still some limitations that must be addressed. First,
although these methods reduce the amount of penetrating cryoprotectants needed
for cell cryopreservation, the potential risk still exists for patients receiving these
cryopreserved cells, due to the incomplete elimination of toxic CPAs. Even if Yao
et al. demonstrated the feasibility of cryopreserving encapsulated RBCs using
trehalose as the sole CPA, it should be noted that this method is not necessarily
suitable for other therapeutic cell types (such as T cells, NK cells, and stem cells)
since RBCs possess a simpler structure, smaller size, and higher water
permeability.3® 34 Additionally, the protection mechanism offered by hydrogel
during cryopreservation is not yet fully understood, although some hypotheses
have been proposed to explain the mechanism. One hypothesis suggests that the
hydrogel network could restrict the growth of ice crystals during cooling and
warming (a phenomenon known as ice recrystallization).®> Another hypothesis
suggests that the hydrogel matrix facilitates the vitrification of confined water in the
presence of CPAs during cooling while minimizing their deuvitrification during
warming.?® 3% 36 Even though these hypotheses are reasonable, they are mainly
concluded from the observations from light-transmitted microscopes, and as such,
their validity requires further confirmation through kinetic and thermodynamic

analyses.



In summary, there exists an urgent need to improve the current cryopreservation
method, particularly in the context of therapeutic cells. To achieve that, we need a
better understanding of how cryoinjury affects therapeutic cells and alters their
cellular components during the freeze/thaw process. More importantly, a detailed
investigation of the physicochemical protection mechanism offered by the hydrogel
matrix during the freeze/thaw process is necessary in order to develop a
cryopreservation methodology for therapeutic cells using hydrogel encapsulation

in the absence of DMSO.

1.2 Objectives

The main objective of this dissertation research is to develop a novel
cryopreservation method for mammalian cells using hydrogel encapsulation, and
further optimize this method using NK cells as a model for therapeutic cells. To

accomplish this objective, the following specific aims were pursued:

Specific Aim 1: Analysis of molecular changes associated with warming Injury in

cryopreserved cells

This specific aim focused on investigating the cooling rate, DMSO concentration,
and thawing protocol on the post-thaw viability of frozen human white blood cells
(WBCs). Additionally, Fourier Transform Infrared (FTIR) spectroscopy was utilized
to analyze the change of molecular structure and conformation of the WBCs during
warming, with the aim to establish a correlation between the cellular damages and

low-temperature kinetic processes.



Specific Aim 2: Design and manufacture a hydrogel matrix for the cryopreservation

of mammalian cells and determine the physicochemical mechanisms of protection

offered by hydrogel encapsulation

This specific aim focused on the development of an encapsulation
cryopreservation method that utilizes agarose hydrogel and trehalose to preserve
mammalian cells, without the need for any membrane-permeable cryopreservation
agents. Additionally, we conducted a thorough analysis of the kinetic and
thermodynamic changes that occur within the agarose hydrogel matrix with
trehalose during freeze/thaw events using FTIR and differential scanning
calorimetry (DSC). Through these analyses, we were able to establish the

physicochemical mechanisms of cryoprotection offered by hydrogel encapsulation.

Specific Aim 3: Validation and optimization of the hydrogel encapsulation method

for cryopreservation of NK-92 cells

This specific aim focused on the optimization of the cell extraction protocol and
validation of the cryopreservation of NK-92 cells using agarose hydrogel
encapsulation with trehalose. Also, the feasibility of using alginate as an alternative
hydrogel material for reversible encapsulation and cryopreservation of NK cells
was explored. The post-thaw viability (before and after cell extraction), cytotoxicity,
extraction rate, and recovery rate were assessed for the NK cells extracted from

these two hydrogels.



The outline of these specific aims is shown in Figure 1.2. These specific aims are
addressed in Chapters 3, 4, and 5, respectively. The research summary and future

work are presented in Chapter 6 and Chapter 7, respectively.

S.A.1 Analysis of Molecular Changes Associated with S.A.2 Design and Manufacture a Hydrogel Matrix and
Warming Injury in Cryopreserved Therapeutic Cells Determine its Physicochemical Mechanisms of Cryoprotection

[ a. Identify the variables that affect the post- J [ a. Design and manufacture the hydrogel matrix for 1

thaw viability of WBCs cryopreservation

! |

cooling DMSO Warmlng
rate concentration protocol

Post-thaw cell viability [ Cell proliferation

WBCs during freezing and thawing through analysis of the kinetic and thermodynamic
changes during the freeze/thaw process

\ [ Cellular protein ][ Cell membrane lipids / \[ DSC ] [ FTIR

Optimal cooling/warming protocol Composition of Hydrogel Matrix

/ S.A.3 Design Optimization and Validation on NK cells \

[ Agarose + trehalose ] [ Alginate + trehalose ]

b. Determine the molecular level changes in J [ b. Determine the cryoprotection mechanism of hydrogel 1

)

[ Cell extraction ] [ Post-thaw viability ] [ Cytotoxicity ]

Figure 1.2 Outline of the specific aims for the dissertation.




Chapter: 2 Background

2.1 Methods of Cryopreservation

In cryopreservation, the post-thaw survival of cells is highly dependent on the
concentration of CPAs, the cooling/warming rates, and the storage temperature.
Based on the difference in these factors, cryopreservation methods can be
categorized into two approaches: conventional freezing and vitrification.® (Figure

2.1)

2.1.1 Conventional Freezing Method

Typically, the conventional freezing method involves two cooling stages (Figure
2.1): (1) controlled cooling (slow cooling with ice nucleation), and (2) rapid cooling
to the final temperature. The controlled cooling stage typically employs a slow
cooling rate (~ 1°C /min) followed by ice nucleation in the extracellular solution.
The slow cooling rate and the presence of CPAs can make sure the cells have
enough time to dehydrate before ice nucleation. During this process, the
intracellular water diffuses out through the plasma membrane, which gradually
increases the osmolarity of the cytoplasm. As a result, intracellular ice formation
(IIF) is minimized when the sample is deep freezing. For certain types of cells
which are sensitive to freezing, the ice nucleation temperature needs to be
precisely controlled and induced.?” The second stage of freezing involves rapidly
cooling the sample from a low temperature (between -60°C~ -80°C) to the final
temperature (between - 140°C ~ -196°C, in the vapor or liquid phase of liquid

nitrogen) for long-term storage.? Currently, this method has been widely used for



the preservation of cell suspensions; however, it is not suitable for the preservation

of larger biological samples (such as organs) because of the progressive formation

of extracellular ice.

__AIN

Befqre O Sample in
cooling CPA solution|
l Slow cooling
During e a0
cooling L] OO0 Rapid cooli
. O o apid cooling
l Rapid cooling
e
In liquid QDO
nitrogen QDCQ

Conventional
Freezing method

Vitrification method

Figure 2.1. Schematic of a cell cooling protocol using conventional freezing and

vitrification.

2.1.2 Vitrification
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Ice formation can be avoided by vitrification method. Vitrification is achieved by
cooling the biological sample into an amorphous glassy state, which has an
extremely high viscosity. As a result, the vitrified sample behaves like a solid
however without any crystallization even at ultra-low temperatures. The
temperature at which this phenomenon takes place is known as glass transition
temperature (Tg), and the vitrified sample is biologically inert when it's cooled below
this temperature.® Unlike the conventional freezing method, vitrification requires
rapid cooling rates above the critical cooling rates (usually >100°C /min) and/or
higher concentrations of CPAs (40%~60%, w/v) to avoid ice nucleation.3® 40
However, the increased CPA concentration can be cytotoxic to cells, inducing
metabolic and osmotic injuries. ' In order to mitigate toxicity, multiple steps are
required to gradually load (before cooling) and unload (after warming) the CPAs, %
42 which is time-consuming and stressful. Vitrification method also requires high
warming rates to ensure that the system avoids ice nucleation from glass during
the warming process. Currently, vitrification method is mainly used for the

preservation of gametes and larger biological samples such as tissues and organs.

2.2 Cryoprotectant Agents (CPASs)

2.2.1 Types of CPAs

A big hurdle to the success of cryopreservation is freezing. Freezing is fatal to most
living organisms, since the formation of intra- and extracellular ice crystals may
lead to a dramatic increase in osmotic stress and cellular mechanical damage on

cells. Therefore, CPAs are necessary for cryopreservation because of their ability
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to inhibit the formation and growth of ice crystals.? Based on the ability to diffuse
across cell membranes, CPAs can be categorized into two types: (1) penetrating
CPAs, such as dimethyl sulfoxide (DMSO), glycerol, ethylene glycol, and
propanediol; (2) non-penetrating CPAs, including antifreeze proteins, polymers
and various sugars (for mammalian cells).*3 44 Penetrating CPA can pass through
the cell membrane, so it plays a critical role in minimizing the osmotic stress on
cells and thus preventing cells from over-dehydration during freezing. Also, the
CPAs inside cells can effectively prevent the formation and growth of intracellular
ice.*> 45 On the other hand, non-penetrating CPA can effectively inhibit ice
formation in the extracellular solution. Also, the presence of non-penetrating CPA
will increase the osmolality of the extracellular solution. The elevated extracellular
osmolarity forces intracellular water flow out through the cell membrane and leads
to cell shrinkage before freezing. As a result, the concentration of electrolytes
increases in the cytoplasm, which inhibits IIF during cryopreservation,*® 46 even
though it's not as effective as the penetrating CPA. Typically, at least one
membrane-permeable CPA is needed for cryopreservation, and the
nonmembrane-permeable CPAs are often used as additives to improve cell
survival further. Although CPAs are effective in inhibiting ice formation at cryogenic
temperatures, these chemical reagents can also be damaging to cells, mainly due

to the “solution effects” when used at high concentrations.® 47

2.2.2 DMSO
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DMSO has been widely used for cell cryopreservation since the 1960s.%¢ While it
is known to effectively inhibit ice formation, numerous studies have shown that
DMSO can also have detrimental effects on biological samples. Specifically,
DMSO can bind to proteins irreversibly through hydrophobic interactions, resulting
in protein unfolding at supra zero temperatures,'® in contrast to its stabilizing
effects at lower temperatures through preferential exclusion.® 7 Furthermore, at
higher concentrations or temperatures, DMSO has been shown to damage the
structure of the lipids cell membrane, leading to pore formation, reduced
membrane thickness, and decreased stability.*® 0 For therapeutic cells, the use of
DMSO has been found to cause not only a reduction of cell viability, but also
negative effects on various aspects of cell function, including proliferation,® 5
differentiation,?% 52 phenotype,?? 52 and cytotoxicity?® 5 (in the case of immune
cells). For example, Ford et al. reported a reduction in the cluster of differentiation
CD3+ and CD4+ T cells from cryopreserved peripheral blood mononuclear cell
(PBMC) samples of patients following vaccination.5? Worsham et al. reported that
cryopreservation with 10% DMSO resulted in reduced viability of CD4+ T cells and
a decrease in their proliferative and cytotoxic response to immunological stimuli.>!
Additionally, Holthaus and colleagues have demonstrated that even small amounts
of DMSO (0.25%) in the cell culture medium can impair CD4+ T-cell activation and
signaling pathways, while higher concentrations (1%) can completely eliminate
CD4+ T-cell proliferation.>® Besides that, the expression of activation markers such
as CD69, CD25, and CD154, as well as glucose uptake, have also been found to

be inhibited in the presence of DMSO.%® These findings highlight the need for
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alternative cryoprotectants that can preserve therapeutic cells in a safe and more

effective way.

2.2.3 Trehalose

Trehalose has emerged as a potential alternative to DMSO for the
cryopreservation of cells. Unlike DMSO, trehalose is an inert, biocompatible, and
non-toxic compound to cells,> > which makes it a good option for use in cell
cryopreservation. Studies have demonstrated that trehalose is capable of
stabilizing the cell membrane, decreasing the freezing temperature, and increasing
the glass transition temperature. 4 5% 56 However, trehalose alone is not a suitable
cryoprotectant, since it's impermeable to mammalian cell membranes. As a result,
trehalose has to be used at a high concentration to inhibit the extra- and
intracellular ice formation (through dehydration), which can result in significant

osmotic stress on the cell and lead to cell death.

Studies have shown the presence of a small amount of trehalose on both sides of
the membrane can afford excellent protection against cryoinjury during
cryopreservation.®” 58 A lot of approaches have been developed to deliver
trehalose into mammalian cell membranes, such as genetic modification® 5°,
microinjection®’, and thermal poration®® °, Genetic modification involves the use
of a genetically engineered pore-forming protein derived from Staphylococcus
aureus a-hemolysin.®* This polypeptide can spontaneously bind to the plasma

membrane and forms a heptameric functional pore. After replacing five sequential
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native residues with histidine (H5) using genetic engineering, the “open” or “closed”
of the heptameric pore can be controlled by the addition or removal of Zn?*ions. %
59, 61 gStudies have shown that the delivery of intracellular trehalose (at a
concentration as low as 200mM) using H5 a-hemolysin resulted in a significant
improvement in the post-thaw survival of mammalian cells. # 5% 61 On the other
hand, microinjection is done by directly injecting trehalose molecules directly into
individual cells using micropipettes. >’ It has been reported that the injection of
small amounts of intracellular trehalose (0.15M) can offer good protection to
human oocytes during cryopreservation, in the absence of any other CPAs.5’
Thermal poration is applicable because of the characteristic of the plasma
membrane: the liquid crystalline-to-gel phase transition at a specific temperature
range (around 0°C). %6 €0 |t has been found that the permeability of the plasma
membrane increases significantly during its phase transition,®® which allows the

diffusion of trehalose intracellularly due to the osmotic gradient.

Despite the promising results of these techniques, none of them have been widely
accepted for practical use. This is likely due to the complicated and time-
consuming nature of these operations, which can be costly and difficult to
implement in large-scale cryopreservation procedures. Therefore, further research
is needed to develop more efficient and practical methods for utilizing trehalose
(which may effectively inhibit the intra- and extracellular ice formation without the

increase of osmotic stress) in cryopreservation.
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2.3 Cryoinjuries

2.3.1 Cryoinjuries associated with the cooling process

a. Two-factor hypotheses:

Ideally, cryopreservation should ensure the viability and functionality of the sample
are maintained after thawing. However, the mechanical, thermal, and osmotic
stresses applied to cells during cryopreservation may lead to cell damage and
therefore compromise the viability and functionality of the biological samples. A
significant factor determining if cells can be protected from freezing damage is the
cooling rate.
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Figure 2.2. The effect of cooling rate on the survival following the freezing of four
types of cells. 2
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As shown in Figure 2.2, the plot of cell survival vs. cooling rate is an inverted U: a
cooling rate that is either higher or lower can kill cells, and the maximum survival
occurs at an intermediate rate. This phenomenon can be explained by the water
transport model®?;

av/dt = L,ART (m; — m,) (1)
where V is the water volume in the cell, t is time, Lp is the permeability coefficient
for water (hydraulic conductivity), A is cell surface area, R is gas constant, T is
temperature, m, and m; are the osmolarities of extracellular media and cytoplasm,

respectively.

During the cooling process, the intracellular water gradually leaves the cells (cell
dehydration) and freezes extracellularly, which is driven by the vapor pressure or
chemical potential difference between the intra- and extracellular environment.
The rate and extent of cell dehydration depend primarily on two factors: The
hydraulic conductivity (Lp) of the cell membrane and the cooling rate. For the cell
of a given Lp, the slower it gets cooled, the more water it loses to remain in
chemical potential equilibrium with the external solution and ice. On the other
hand, the faster the cell is cooled, the less it can dehydrate, and the more cell
water will become supercooled as the temperature falls. This mechanism was
initially quantitatively expressed by Peter Mazur in 1963,%? and further elaborated
in his two-factor hypothesis of cell injury, ® which identifies solution effects and

intracellular ice formation as the main causes of damage.
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Solution Effect

At slow cooling rates, cryoinjury occurs due to solution effects. Solution effects
originate from the freezing of extracellular solution. As the extracellular ice crystals
form, they progressively withdraw pure water in the solution and thus significantly
increase the concentration of extracellular solutes.® 62 The elevated concentration
of extracellular solutes applies enormous osmotic stress on cells, which leads to
severe cell dehydration. In addition, the freeze-concentrated electrolytes in the
isotonic solution (such as NaCl and PBS) are toxic to the cells.®® Too slow cooling

rate results in cell death.

Intracellular Ice Formation (lIF)

IIF usually occurs when the intracellular liquid is supercooled, and the cell is
unable to maintain equilibrium with the external environment.®? 64 During rapid
cooling, the formation of ice and the concentration of extracellular solutes occurs
too fast for the cell to lose water. As a result, the cytoplasm becomes increasingly
supercooled, which significantly facilitates the freezing of intracellular water.%®> The

greater the extent of supercooling, the higher probability of IIF and cell death.

b. Eutectic crystallization

Another mechanism to explain the cryoinjuries during the cooling process is
eutectic crystallization. Electrolytes (such as NaCl), which are the main
composition in the physiological solution, can form a eutectic mixture with water.6

The eutectic mixture has a specific eutectic temperature, which is lower than the
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melting point of any of the constituents. Therefore, when the sample is cooled, ice
crystalizes first at the freezing temperature, and then the sample crystallizes again
at the eutectic temperature. The degree of eutectic crystallization depends on the

concentration of each constituent in the mixture.

Similar to ice crystallization, eutectic crystallization is a kinetic solidification
process, which consists of nucleation and crystal growth. Therefore, it is also a
process detrimental to cells. Kristiansen reported the damage of liposomes in
saline solution significantly increased after the onset of the eutectic formation.®’
Han et al. found that the post-thaw viability of rat prostate tumor cells in the NaCl
— Water solution with eutectic crystallization decreased by over 40% compared to
the group without the induction of eutectic crystalization.®® They also reported that
the cell viability decreased with the increase in the temperature of eutectic
formation. In other words, cell injury may be more severe when solutes with higher
eutectic temperatures are added. The main mechanisms of cell injury associated
with eutectic crystallization include mechanical damage to the cell membrane
(such as membrane disruption) and intracellular eutectic formation.®® However, it
has been found that a variety of CPAs (such as glycerol and trehalose) could
significantly inhibit or eliminate the eutectic formation of electrolytes during
cryopreservation.®® This highlights the importance of incorporating suitable CPAs
into the cryopreservation process to mitigate the detrimental effects of eutectic

crystallization on cells.
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2.3.2 Cryoinjury associated with the warming process

a. Devitrification:

As to the warming process, one of the major cell injuries is deuvitrification.
Deuvitrification is the transition process of formerly crystal-free, amorphous glass
solution to the supercooled liquid. This process is often followed by ice
crystalizaion.? 15 The formation of ice nuclei and/or the progressive growth of
formed small crystals in the cytoplasm and the surrounding extracellular medium
can lead to significant damage to cells. 2 4 Deuvitrification may occur in the

cryopreserved sample regardless of the methods of cryopreservation.

b. Ice Recrystallization:

Another primary source of cell injury during warming is ice recrystallization. In the
process of ice recrystallization, larger ice crystals start to grow and gradually
increase in size at the expense of smaller ice crystals for a given ice phase volume.
0 The formation of larger ice crystals intracellularly may cause detrimental damage
to cellular structures.® 7 71 It has been reported that the rate of ice recrystallization
increases significantly with increasing temperature, until the frozen sample starts
to melt(including eutectic melting).”? This can explain why temperature
fluctuations(such as transient warming that happened during the long-term storage)
have a significant negative impact on the post-thaw survival of biological samples.
This phenomenon also indicates that when the warming process is slow, it may

provide more time for ice recrystallization at higher subzero temperatures.
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Note that although fast warming is generally recommended to minimize
devitrification and ice recrystallization, experimental and theoretical evidence
indicates that there are some situations in which post-thaw viability could improve
with slow warming.1%12 One of the hypotheses supporting slow warming is that it
enables osmotic re-equilibration, thus improving cell recovery after thawing.”
Therefore, it's important to carefully evaluate the optimal warming rate based on

the specific cell type and cryopreservation protocol.

2.4 Introduction of Cell Encapsulation

2.4.1 Hydrogel encapsulation

Nutrients
and oxygen . Semipermeable
v membrane

Antibodies and
immune cells

©* Therapeutic
agents

Inflammatory
cells

Figure 2.3. Schematic diagram of cell encapsulation.*®

Cell encapsulation is a technique of entrapment of viable and functional cells within

a semi-permeable matrix.’#’® The presence of the semi-permeable matrix allows
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the diffusion of nutrients and oxygen to the encapsulated cells, as well as the
release of waste products and other functional agents to the environment through
the small matrix pores(Figure 2.3).4¢ Besides, the matrix could protect the
encapsulated cells from being threatened by the antibodies or immune cells after
transplantation, therefore maintaining the viabilty and functionality of
encapsulated cells in the immune system of the host.”> 77 7® Because of these
advantages, cell encapsulation has been used for a variety of biomedical
applications including drug delivery, tissue engineering, and regenerative medicine

over the past few decades.”8-8°

Considering the broad applications of this technology, an optimum material for cell
encapsulation should be flexible, porous, and soft, but mechanically stable. Also,
these materials can be processed under conditions compatible with cells and avoid
inflammatory responses in humans.’® 8 Some naturally-derived carbohydrate
polymers, such as cellulose, chitosan, alginate, and agarose(Figure 2.4), have
shown these promising properties and thus have been used extensively in cell

encapsulation.”® 8,
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Figure 2.4. Chemical structure of naturally derived carbohydrate polymers
commonly used for cell encapsulation.

Typically, carbohydrate-based polymers are composed of hydrophilic polymer
chains, which can easily form a three-dimensional hydrogel structure by cross-
linking. Based on the chemical or physical nature of the crosslink junctions,
hydrogels can be divided into two categories: physically crosslinked hydrogel and
chemically crosslinked hydrogel. Physically crosslinked hydrogel has transient or
reversible junctions, which originate from physical interactions such as hydrogen
bonds, ionic interactions, and hydrophobic interactions.®® 8 These physical
crosslinks in hydrogel may not be mechanically stable, but they are sufficient to
make hydrogels insoluble in an agueous media. On the other hand, the chemically
crosslinked hydrogel is based on covalent bonding between the polymer chains.
The formation of chemical crosslinks was carried out by the addition of small cross-

linker molecules, polymer-polymer conjugation, and photosensitive agents.® Due
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to the formation of covalent bonds, hydrogels generated in chemical crosslinking
are much more stable and less reversible.84 After gelation, the hydrogel matrix is
soft, highly porous, and can be processed under mild conditions which are

compatible with cell survival.

2.4.2 Hydrogel encapsulation for cell cryopreservation

In recent years, lots of studies have exploited the feasibility of cryopreserving
encapsulated cells, given the growing application of cell encapsulation. Various
hydrogels and preservation protocols (such as controlled rate freezing and
vitrification) have been tested on different types of cells, with a summary of results
presented in Table 2.1. Through the tests on different hydrogel materials including
agarose 85, alginate?” 28 31.86-88 collagen®-°1, and synthetic polymers hydrogels,%
9 it is found that cells encapsulated in hydrogel suffered fewer injuries during the
cooling and warming process. This is due to the ability of hydrogels to confine ice
crystal growth within their three-dimensional networks, minimize osmotic shock
when cryoprotectants permeate the cells, and preferentially vitrify the
encapsulated cells at lower concentrations of CPA. This advantage makes
hydrogel encapsulation a promising cryopreservation technique, with the potential

to reduce the use of toxic CPAs such as DMSO.
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Material | Cell Line | CPA Preservation Post-thaw viability /| Year
Protocol functionality
EFS 20, Oocytes without a zona
EFS 40 . o )
mouse Rapid cooling in | pellucida (ZP) had a
(Sucrose, . 2017
oocytes/ LN2 survival rate of 5-18%, 85
Agarose BSA, 20% or
embryos 40% however, almost all
Ethylene agarose caps_ule
embryos survived
glycol)
culture Cooled at -
human medium+ 1°C/min from Significantly more viable
Collagen | dermal 5%~25% ambient to - cells were recovered 1993
9 fibroblasts CPA (DMSO, | 70°C, then - from gels then 89
glycerol, 5°C/min to — frozen with 10% DMSO
ethanediol) 170 °C
For rat hepatocyte cells,
52.1% recovered, nearly
Immediatel zero for control. For
rat cells transferred%he MEF cells, 58.6%
' culture ) recovered, nearly zero
MEF cells . sample into LN2 . 2009
Collagen medium+ survival for the control 90
mouse ES and stored from
10% DMSO group. For ES cells,
cells 1 weekto3
88.6% recovered after
months . i
thawing, no viable cells
were observed for the
control group.
After 1,7, 14, and 20
days of cryostorage. the
fabricated scaffold
Precooled in an | maintained high cell
isopropanol viability (>90%) at day 1
Collagen + container after thawing. All
Collagen DMSO (-20 _C), the _scaffolds s_howed similar 2018
- container was increases in the cell a1
hASCs (3D printing h di liferation indi
scaffold) then stored ina | proliferation indicators
deep freezer (cell viability and F-actin
(=80 °C) up to area per cell) and
14 days doubled in the bone
differentiation indicator
from 7 to 14 days of the
cell-culture period.
Alginate MESCs, cultu_re Incubated at - MESCs: 74% viability 2013
hMSCs | medium+10 | g5'sc one day | hMSC: 80% viabili 2
%DMSO y R y
(1) -1 °C/minto | 10% DMSO in CPA
-80 °C solution displayed better
(2) -1 °C/min to | results than 5% DMSO.
-40 °C with ice The second protocol
0 1
Alginate hMSCs 5,10% DMSO nucleation at - which included induced 2013
+10% FCS R . ) ot
7 °C, then ice nucleation, showed

=10 °C/min until
-80 °C

(3) one-stage
rapid cooling

the best viability and
metabolic activity after
thawing.
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Incubated the
sample at 4 °C

Culture for 12 min, then | Encapsulated and
_ Primate medium cooled at cryopreserved MSCs .

Alginate MSCs +10% -1 °C/minr, showed better metabolic | 2014
DMSO then incubated activities than 86
+17.5% FBS | at —-80 °C unencapsulated cells

overnight, and
stored at

-150 °C.

The sample was
cooled from

Alginate MESCs, 2M PROH + room m%srf)g];::gepsulated cells | 2015
hADSCs 1.3M temperature to - could survive a1

trehalose 60°C at a rate of ‘
60°C/min.
Cell survival after
The sample was | thawing:
cooled from 37 DMSO: (85% — 2%)
Alginate MG63 DMSO to -80°C at -1°C | Glycerol: (71% — 4%) 2018
cells Glycerol /min. The next DMSO/trehalose: (71% | o
trehalose day, vials were — 2%)
transferred to Glycerol/trehalose: (72%
liquid nitrogen. — 6%).
The survival of
encapsulated C2C12
First incubated and D1MSCs with 5%
CryoStor the sample on low MW-HA did not
C2C12 CSs10 ice for 20_min s_how statistic_al
_ and 10% DMSO and then in differences with 10%

Alginate 5% Sodium -80 °C freezer DMSO and CS10, 2018
D1IMSC . i 88
cell Hyaluronate oyernlght. hov_ve_ver, the metabolic

(Low MW- Finally stored activity of the cells

HA) the sample in cryopreserved with low
LN2 for three MW-HA was the lowest
weeks compared to 10%

DMSO or CS10

Cryovials were great cell recovery rates
kept in the fridge | (=85%) were obtained

0.4M (4 °C) for 20 min | and cell function was

. Trehalose (in and then well preserved by
Alginate | B cells nano- transferred to - | evaluating the 2019%
ca 40°C freezer adherence, proliferation,
psules) . . . .
overnight. Long- | and insulin expression of
term storage in cells post-
LN2. cryopreservation.
Encapsulated RBCs with
2.5,5,10% Rapid cooling in ultralow concentrations

Alginate | RBCs Glycerol or LN2 (2.5% and 5%) of CPAs | 20203

DMSO can improve the RBC

recovery by 15%—35%.
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The recovery of RBCs is
Samples were the highest (86.76 +
N . 0.52%) with 0.7M
Alginate | RBCs 0.3M~1IM placed_ln LN2 Trehalose. No 20223
Trehalose for rapid ianifi diff .
freezing significant difference in
' morphology and ATP
level.
bovine Culture Incubated the
Polvmer thoracic medium + sample at 4 °C Post-thaw viability is
(PV)fA/ ol arterial 0-10% for 1 h; and then | ~50% (affected by the 2009
atin) 9 smooth DMSO stored at -70 °C | concentration of the 92
(Telljlssde + 0-10%FBS overnight. serum and DMSO)
Polvmer Ereezin The samples Cryopreserved cells did
(HEyMA/a HepG2, mediumg were stored in a | not alter with the
garoselg HUVECs (DMEM:FBS: -80 °C freezer duration of 2017
. . i 93
elatin) cells DMSO ratio for 1 day and 30 | cryopreservation and
- days. was able to grow and
7:2:1) ;
proliferate.

Table 2.1. Articles reporting on natural polymer and synthetic polymer hydrogel for
cell cryopreservation. (EFS: ethylene glycol + Ficoll + sucrose; BSA: bovine serum
albumin; MEF: mouse embryonic fibroblasts; ES: embryonic stem; hADSCs:
human adipose-derived stem cells; mESCs: murine embryonic stem cells; hMSCs:
Human mesenchymal stem cells; hESCs: Human embryonic stem cells; FBS: fetal
bovine serum; FCS: fetal calf serum; HUVECs: Human umbilical vein endothelial
cells; HepG2 hepatocellular cells; HEMA: Hydroxyethyl methacrylate; PVA:
poly(vinyl alcohol); DMEM: Dulbecco’s modified Eagle’s medium)

2.5 Introduction of Natural Killer (NK) Cells and Their
Cryopreservation

2.5.1 Primary NK cells and NK-92 cells

In recent years, the impressive responses achieved with chimeric antigen
receptors (CARs) T cells in cancer patients, especially those with
relapsed/refractory B-cell malignancies® %, demonstrate the ability of immune
cells to become effective therapeutic agents. The encouraging results obtained
with CAR T cells have attracted people to investigate the clinical utility of other
immune cell types, such as natural killer (NK) cells, which may be able to address

some of the limitations of CAR T cells. Different from T cells, human NK cells are
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potent innate effectors with a set of stimulatory and inhibitory receptors, which are
capable of targeting and killing virally infected and malignant cells without priming
or prior activation.®”- %8 In addition, NK cells secrete not only cytotoxic granzyme
and perforin that Kill the target cells, but also cytokines and chemokines, such as
IFNy and TNFa, to modulate the subsequent immune responses,®® thus minimizing
the probability of serious adverse events including Cytokine Release Syndrome
(CRS) or Graft versus Host Disease (GvHD) in patients.1%9-192 These unique

characteristics make NK cells an attractive cell type for adoptive immunotherapy.

Although clinical studies have shown that NK cell immunotherapy is effective and
safe, challenges still exist, particularly in the process of manufacturing therapeutic
NK cells. Since NK cells represent only 10% of peripheral blood mononuclear cells
(PBMCs), it is difficult to extract them in sufficient quantities to generate a high
effector-to-target ratio in vivo. Hence, ex vivo expansion is necessary to generate
clinically relevant levels of primary NK cells for multiple infusions. However,
because of cell division, the cell expansion procedure may shorten the telomere,
lowering the cytotoxicity of NK cells.%* Besides, although the allogeneic transfer
of NK cells is considered safe, it is crucial to deplete the contaminating allogeneic
T cells to prevent GvHD.'1% Other factors including the logistics and costs
associated with the preparation of primary NK cells also restrict patients’

accessibility to NK cell immunotherapy.
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As a potential alternative to primary NK cells, NK-92 has demonstrated promising
anti-cancer activities, and it’s so far the only FDA-approved cell line to be used in
clinical trials.1% It's found that NK-92 cells express virtually all major NK activating
receptors, lacking only CD16 surface expression.1% 107 Given their strong
resemblance to primary NK cells, NK-92 cells have also proven highly effective
against both solid and liquid tumors, as well as nontoxicity towards healthy cells.%*
Besides, the unlimited proliferation ability of NK-92 cells generates a consistent
supply for both lab research and clinical treatment, greatly improving the logistics

and reducing the cost of preparing NK cells.1%

2.5.2 Cryopreservation of NK cells

Cryopreservation has been recognized as one of the major obstacles for NK cells
to become the first “off-the-shelf” cell product for the treatment of cancer.1%® As
highly active cells that are involved in numerous biological processes, NK cells are
delicate and sensitive to the stresses associated with freeze/thaw (including
temperature change, osmotic pressure, oxidation, and other environmental
factors), especially when they are cytokine-activated.”®> % Currently, the
commonly used freezing medium for NK cells contains 10% DMSO. While some
studies indicated that using the freezing medium with DMSO does not result in a
significant decrease in the immediate viability after thawing, these post-thawed
cells showed different cell phenotypes, reduced motility, and lower cytotoxicity.10:
111 For example, Mark and colleagues reported that NK cells have a 6-fold

decrease in the fraction of motile and a 5.6-fold decrease in the numbers of killed

29



solid tumor cells after being cryopreserved with 10% ~ 20% DMSO.° In another
study, Mata et al. found that the expanded NK cells cryopreserved with 5% DMSO
showed a reduction of surface expression of NKG2D and TRAIL, as well as
reduced cytotoxicity to K562 cells.''! The decrease in cell motility and change in
cell phenotypes are believed to be correlated to the decreased cytotoxic function
of NK cells. Although some studies suggest that cytotoxic activity can be partially
recovered after incubation with interleukin-2 (IL-2) following thawing, the viability
of post-thaw cultured NK cells tends to decline significantly over time, particularly

in the first few days.*?

A few preliminary studies have explored the possibility of cryopreserving NK cells
without DMSO. For example, Assal and colleagues developed a method for
cryopreserving NK-92 cells using a cocktail of cryoprotects composed of dextran
and carboxylated e-poly-L-lysine.''3 Their results demonstrated that the
cryopreserved NK cells maintained their viability immediately after thawing at a
level comparable to that of cells cryopreserved with DMSO. Also, the recovered
cells showed a higher cytotoxic potency against leukemia cells compared to
controls. However, the viability of cells cryopreserved with the cocktail CPA
dropped significantly in the first day of culture, and it took one week in culture for
the cells to reach a comparable level to controls. Although these findings suggest
that DMSO may not be necessary for the cryopreservation of NK cells, further
research is needed to thoroughly confirm the efficacy of these techniques, and to

elucidate their underlying mechanisms. Furthermore, cryopreserving primary NK
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cells remains a challenging area of research, and thus far no successful

cryopreservation of primary NK cells has been reported without the use of DMSO.
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Chapter 3: FTIR Analysis of Molecular Changes
Associated with Warming Injury in Cryopreserved
Leukocytes

Much of the text and figures in this chapter have previously appeared in the publication below:
Wang, Mian, et al. (2018). FTIR analysis of molecular changes associated with warming injury in
cryopreserved leukocytes. Langmuir, 35(23), 7552-7559.

3.1 Introduction

Human leukocytes, or white blood cells (WBCs), have been widely used in various
medical treatment modalities. For example, in hematopoietic stem cell
transplantation, WBCs from allogeneic donors are used clinically to speed up
immune system recovery and to prevent disease relapse in transplant
recipients.!** In addition, autologous WBCs extracted from tumors have been
successfully used in immunotherapy for the treatment of leukemia and
lymphoma.'> However, the practicality and safety of such cell therapies, whether
using WBCs or any other cell type, typically necessitate cryogenic storage of the
living cell product prior to transplantation.’!® Consequently, it is important to
minimize the extent of irreversible cell damage caused by the cryopreservation of
WBCs. Nonetheless, scant attention has been paid to the optimization of the
preservation techniques currently used for WBCs, and the causes of WBC injury

during cryopreservation are still not well understood.

Even though little is known about the exact pathways of the cryoinjury mechanisms
that lead to loss of viability and function in cryopreserved cells, two variables

known to significantly influence post-thaw cell viability are the rate of cooling and
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the presence of cryoprotective agents (CPAs). According to Mazur’s two-factor
hypothesis,® slow cooling rates are associated with osmotic dehydration injury due
to solute rejection during extracellular ice growth,® 7. 118 whereas fast cooling is
associated with deleterious intracellular ice formation (IIF).8 119121 Therefore, cell
survival is maximized at some optimal intermediate rate of cooling; the magnitude

of this optimum cooling rate is dependent on cell type.119 120

To improve the outcome of cell cryopreservation procedures, CPAs are added to
the samples before the start of the cooling process.*?? The addition of a cell
membrane permeable CPA, such as the widely used dimethyl sulfoxide (DMSO),?*
123 is known to increase post-thaw cell survival by mitigating cryoinjury
mechanisms associated with both slow and fast cooling.1*® Because CPAs are less
effective at insufficient concentrations but become cytotoxic at elevated
concentrations,??* 125 development of cryopreservation protocols requires
optimization of the CPA concentration.?% 126

Mechanisms of cryoinjury dominant during the thawing of cryopreserved cells are
poorly understood, despite the known sensitivity of post-thaw survival to the rate
of warming from cryogenic storage temperatures.1% 119.127.128 |n fact, recent studies
indicate that the rate of warming may be the process parameter that has the largest
effect on cell survival, for both ice-free and conventional cryopreservation
techniques.'?% 130 Although rapid warming rates are generally preferred,28 130
experimental and theoretical evidence indicate that there are some situations in

which post-thaw viability should improve with slow warming.%-12 Cryoinjury during
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slow warming has conventionally been attributed to non-equilibrium ice crystal
growth mechanisms that are known as devitrification'® 12 131 (active near the glass
transition temperature, Tg) and recrystallization!®> 119 (active near the melting
temperature), respectively. However, evidence to support the devitrification and
recrystallization hypotheses of slow-warming injury is largely circumstantial in
nature, and almost nothing is known about the possible role of biomolecules in cell

damage mechanisms that manifest during the thawing process.

An ideal technique for near real-time probing of freeze/thaw-induced changes to
the structure and conformation of cellular biomolecules in in situ is thermal Fourier
Transform Infrared (FTIR) spectroscopy. Many techniques have been exploited to
study biomolecule-lipid membrane interactions or membrane structure change at
low temperatures,32-134 however, only FTIR analysis can simultaneously supply
information on the structural transitions of the lipid membranes and cellular
proteins, as well as the thermodynamic state of extracellular environment.135-137
Specifically, 5-OH (OH bending) and libration combination bands (~2200 cm) of
water have been used to detect crystallization and melting of ice in aqueous
solutions.®> On the other hand, v-CH2 bands (2950 -2830 cm™) have been used
extensively to analyze the phase transitions of isolated lipid layers, liposomes, as
well as the lipid membranes of cells.3% 137. 138 Amide | (~1650 cm™), and Amide I
(~1550 cm) bands arising from vibrations of the protein backbone have widely
been used to determine the secondary structures of isolated proteins,'3%-14! and

cellular proteins.3% 142 However, the potential for freezing and thawing processes
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to irreversibly alter molecular components of the cell, including cell proteins and
membrane lipids, and the influence of such changes on the post-thaw viability of
cryopreserved cells, are important avenues of research that remain underexplored.
In this chapter, we investigate the major modes of cryoinjury during the freezing
and thawing of human WBCs using DMSO as a cryoprotectant. In addition to
optimizing the DMSO concentration and cooling rate for WBC cryopreservation,
we report on the observation of slow-warming injury in WBCs at low temperatures.
We used thermal FTIR spectroscopy to characterize cell molecular changes during
the freeze-thaw cycle, providing insights into possible mechanisms for the cell

damage process associated with the slow warming of WBCs.

3.2 Materials and Methods

3.2.1 WBC isolation from whole blood

Human blood samples were collected from volunteers by University of Minnesota
Biological Materials Procurement Network (BioNet) staff following a University of
Minnesota Institutional Review Board (IRB) approved protocol (Study Number:
1011E92892). Informed consent was obtained by BioNet from all volunteer
subjects and all samples were de-identified. The experimental methods and
procedures followed were approved by University of Minnesota IRB, and

experiments were carried out in accordance with the approved guidelines.

To isolate WBCs, the whole blood sample (=10 ml) collected in an EDTA tube was

centrifuged at 300g for 5 mins and the plasma layer was discarded. 1 ml of the cell
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aggregate was diluted with 9 ml red blood cell lysis buffer (BioLegend, San Diego,
CA, USA). After dilution, the solution was gently shaken for 10 mins at room
temperature, and centrifuged at 500g for 5 mins. The supernatant was then
discarded and the white blood cell pellet was resuspended in phosphate buffered
saline (PBS) and centrifuged at 300g for 5 mins to remove the lysis buffer. Finally,
the cell pellet was resuspended in 10 yL of 5% or 10% DMSO (Sigma-Aldrich, St
Louis, MO, USA) solution (v/v prepared in PBS) to be used in FTIR analysis or for

viability testing.

3.2.2 WBC viability measurements

After the WBCs were resuspended in DMSO solutions, 1 pL of the solution
containing the cells was sandwiched between two CaF2 windows and loaded into
a cryostage (FDCS 196, Linkam, Tadworth, UK). All of the samples were first
cooled down from 20°C down to 0°C at a rate of 10°C/min to minimize the intrinsic
toxicity of DMSO 142 to cells at room temperature. To determine the optimal cooling
rate and DMSO concentration for the highest post-thaw viability for WBCs, different
cooling rates (1, 2, 5, 10, 20, and 50°C/min) and DMSO concentrations (5, and 10%
v/v) were tested when samples were cooled from 0°C to -120°C. Extracellular ice
nucleation was not controlled during the cooling process, and was observed to
generally occur in the range of -15 to -25°C. Once the temperature reached -120°C,
the sample was rewarmed to 20°C at a warming rate of either 100, 5 or 2°C/min.
On the other hand, in order to study the effect of low-temperature kinetic factors,

a 100°C/min warming ramp from -120°C was interrupted at an intermediate
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temperature (-40°C, -50°C, -60°C, -70°C, -80°C, -90°C, -100°C, -110°C) and held

constant for 6 or 30 minutes before resuming rapid warming (100°C /min) to 20°C.

After rewarming back to 20°C, 1 yL of 20 ug/ml acridine orange (AO) / propidium
iodide (PI) fluorescent dye (Nexcelom, Lawrence, USA) diluted from a 1 mg/ml
stock solution was added to the sample, and the number of live and dead cells
were counted (in five representative areas for each sample) using a Nikon Eclipse
TE200 inverted fluorescence microscope (Melville, NY, USA). The final
percentage viability of the sample was calculated with respect to the control
(unfrozen WBCs) using the following equation:

L percentage of live cells
Viability = _ , x 100%
percentage of live cells in the control

3.2.3 FTIR spectroscopy

Fourier Transform InfraRed (FTIR) spectroscopy was used to analyze the WBC
solutions during the cooling and warming processes. Experimental solutions of 1uL
were sandwiched between two CaF2 windows and sealed with vacuum grease to
avoid evaporation of the solution. The assembly was then transferred to the
cryostage attached to an infrared microscope, which was connected to an FTIR
spectrometer (Thermo-Nicolet Continuum equipped with a mercury cadmium
telluride detector, Thermo Electron, Waltham, MA). IR spectra were collected form
a sample area of 200 um x 200 um as the temperature of the sample was varied
from 20°C to 0°C at a rate of 10°C/min and from 0°C down to temperatures as low

as —120°C at a rate of 2°C/min. Three different warming rates (2, 5 or 100°C/min)
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were utilized to warm the samples. During cooling and thawing, IR spectra were
collected every 5°C (or every 10°C during the experiments at 100°C/min warming
rate) at a resolution of 4 cm™ and a total of 32 IR scans were averaged to obtain
each spectrum analyzed. The IR spectra were analyzed using the OMNIC software
(Thermo-Nicolet, Madison, WI, USA). Changes in the water combination band
(2200 cm™) arising from OH bending and libration, CH2 symmetric stretching band
(2850 cmt), the Amide Il band (1550 cm?), and the asymmetric CHs deformation

band (1440cm) were examined as the sample was cooled and heated.

3.2.4 Statistical Analysis

Viability data are reported as the mean + standard deviation of n = 2-5 replicates
for each experimental condition. Effects of DMSO concentration and cooling rate
were analyzed by two-way ANOVA, whereas effects of warming rate or hold
temperature were analyzed by one-way ANOVA. Post hoc testing was performed
using the Holm-Sidak method. All effects were considered statistically significant

atp <0.05.

3.3 Results and Discussion

3.3.1 Cell viability

(a) Effect of cooling rate and DMSO on WBC viability

The cooling rate dependence of viability followed an inverted-U shape (Figure 3.1),
as expected from Mazur's two-factor hypothesis. ANOVA revealed statistically

significant effects of cooling rate (p < 0.001) and DMSO concentration (p < 0.005),
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with a significant interaction term (p < 0.05). All of the WBC samples frozen in 5%
DMSO solutions had higher post-thaw viability than those in 10% DMSO when
cooled at the same rate, although the difference between the two CPA
concentrations was only statistically significant (p < 0.001) at the cooling rate
optimum (2°C/min). This result is consistent with findings of published studies,
which have reported that reduction of DMSO concentration from 10% to 5% yields
improved outcomes in cryopreservation of WBCs*® and peripheral blood progenitor

cells.18 144

The maximum post-thaw viability was 65.7 + 9.8% for WBCs cooled at 2°C/min in
5% DMSO. For WBCs in 5% DMSO, the difference in viability between the
optimum cooling rate and all other cooling conditions was statistically significant
(p <0.005). WBC post-thaw viability was lower at supra-optimal cooling rates than
at sub-optimal cooling rates (p < 0.005), and dropped down to zero when the
cooling rate reached 50°C/min. In interpreting the results in Figure 3.1, it is
important to keep in mind that extracellular ice formation was not controlled in our
experiments, which is likely to have resulted in reduction in the amount of cell
dehydration possible at rapid cooling rates (due to depressed extracellular ice
nucleation temperatures); thus, considering the interplay between cell dehydration
and cryoinjury® 145, it is possible that the cooling rate optimum would shift if the
extracellular ice formation were induced at the start of the cooling ramp. In our

present study, all further experiments were performed using a DMSO
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concentration of 5% and a cooling rate of 2°C/min (without induction of
extracellular ice nucleation).
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@ 5% DMSO
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Figure 3.1. Post-thaw viability of WBCs suspended in DMSO solutions at different
cooling rates when exposed to the same warming rate of 100°C /min. Note that
the viability of the sample cooled at 50°C /min is zero. (** indicates p<0.01, and ***
indicates p<0.001)

(b) Effect of warming protocol on WBC viability

The effect of warming rate on the post-thaw viability of frozen WBCs was tested at
constant warming rates of 2, 5, and 100°C/min. Figure 3.2A shows that for WBCs
frozen at 2°C/min in 5% DMSO, the fastest warming rate tested (100°C/min)
yielded the highest viability (65.7 £ 9.8%). The effect of warming rate on viability
was statistically significant (p < 0.001), and the viability after thawing at 100°C/min
was significantly higher than the post-thaw viability for warming at either 5°C/min
(p <0.001) or 2°C/min (p < 0.001). Transmitted light images of WBCs captured at

20°C before freezing and after thawing (Figure 3.2B) revealed that WBCs warmed
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rapidly (100°C/min) retained their structure and round shape after thawing, but
slow warming (2°C/min) resulted in an abnormal morphology of the thawed WBCs,

which correlated with the observed decrease in cell viability.
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Figure 3.2. (A) Post- thaw viability of WBCs cooled at 2°C/min, and warmed at
different rates (2, 5 or 100°C/min). (B) Transmitted light images of WBCs
suspended in 5% DMSO at 20°C before freezing, and after thawing at different
warming rates (scale bar =100um). (*indicates p<0.05, and *** indicates p<0.001)

To determine the temperature range in which warming injury occurs, the rapid
warming (100°C/min) of frozen WBCs was interrupted at an intermediate
temperature, where the temperature of the samples was kept constant for 6
minutes and 30 minutes, respectively, before resuming with the rapid warming
protocol. As shown in Figure 3.3, the post-thaw viability was sensitive to the
interruption of rapid warming, and the mean viability was highest when rapid
warming was uninterrupted for both 6-min and 30-min hold groups. Specifically,
when WBCs underwent isothermal holds for 6 minutes at -70°C and -80°C, their
viability was substantially reduced compared to WBCs warmed without any

interruptions. Furthermore, for WBCs subjected to isothermal holds lasting 30
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minutes during warming, post-thaw viability exhibited a significantly lower value
than the control group across a more extensive temperature range (between -60°C
and -100°C). Additionally, WBCs held for 30 minutes at -60°C, -70°C, and -80°C
exhibited significantly lower viability than those held for 6 minutes at the same
temperatures (p<0.05). These observations suggest that cells experience
increased damage over time at consistent holding temperatures, particularly within

the -60°C to -80°C range.
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Figure 3.3. Post-thaw viability of WBCs suspended in 5% DMSO solutions cooled
at 2°C/min, and warmed at 100°C /min, interrupted by a 6-minute or 30-minute
constant temperature hold. (* indicates p<0.05, ** indicates p<0.01, *** indicates
p<0.001, * above the bars indicates the significant difference with the No hold
control group)

3.3.2 Molecular level changes in cells during freezing and thawing
Figure 3.4 depicts the mid-infrared IR spectra collected from WBCs suspended in
5% DMSO solution during the freezing and thawing processes. Water exhibits

strong bands at 1650, and 2200 cm™ arising from the O-H bending, and the
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combination of bending/libration vibrational modes, respectively. Characteristic
bands arising from cellular components can also be identified in the spectra.
Cellular proteins exhibit three bands: The Amide | band (around 1650 cmt) mainly
arises from C=0 stretching vibrations but overlaps significantly with the 3-OH band
of water. The Amide Il band arises from 3-NH vibrations and is located around
1550 cmt. The Amide IlI protein band is composed of a couple of weak bands in
the region 1200 — 1350 cm™.14¢ The bands at 2850 cm™, and 2920 cm™ are
associated with the methylene symmetric, and asymmetric stretching vibrations of

the acyl chains, respectively.38
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Figure 3.4 FTIR spectra of WBCs suspended in 5% DMSO (A) during cooling, and
(B) warming processes (B). Insets show the second derivative spectra in the CHz
stretching region (2950 -2830 cm™). The sample shown here was cooled from
20°C down to -120°C at 2°C/min, and warmed back up to 20°C at 100°C/min.
Spectra were collected every 5°C, and 10°C during cooling, and warming,
respectively.

(a) Lipid membrane phase change

Phase change behavior of lipid bilayers,}*” 148 [iposomes,'*® and cellular
membranes!36. 137,150, 151 can pe explored by FTIR spectroscopy by analyzing the
lipid CHz stretching vibration band in the 2800~3000 cm region. The second
derivative of the original spectra was taken to analyze the two small lipid bands in
this region in detail (insets, Figure 3.4). The change in the position of v-(CH2) with
temperature was evaluated by calculating the peak position at 90% of band height

in the second derivative spectra.

During cooling from room temperature, the symmetric CH2 stretching mode arising
from the membrane lipids exhibited a shift to lower wavenumbers, which indicated
dehydration,’®” and an increase in the order and compactness of the lipid
membrane (Figure 3.5B, E, H).13% 138 Extracellular ice nucleation (marked by a
sudden shift in the water combination band as shown in Figure 3.5A, D, G) had a
strong effect on the lipid bilayer, and induced membrane phase transition. This
was reported earlier by others as well.135136 For the samples warmed at 100, and
5°C /min the plots of v-(CH2) versus temperature obtained during cooling and
warming have highly overlapped, suggesting that the dehydration lipid groups

experienced during cooling was reversible, and there was no permanent change

44



in the cell membrane structure after warming back to room temperature (Figure
3.5B, E). However, in the sample warmed at 2°C /min, a clear hysteresis appeared

above 0°C during warming (Figure 3.5H).
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Figure 3.5 Variation of bending + libration OH peak (A, D, G), symmetric v—CH2
(B, E, H), and Amide Il peaks (C, F, I) during freeze/thaw cycling of WBCs
suspended in 5%DMSO. Samples were cooled at 2°C /min from 20°C down to -
120°C and warmed back up to 20°C at 100°C/min (A-C), 5°C/min (D-F), and
2°C/min (G-H).

(b) Changes to cellular proteins

IR spectra reveal the changes in protein secondary structure as the peak position
and shape of the Amide bands are highly sensitive to the extent of hydrogen
bonding of the protein with its surroundings.'% 153 The Amide | band has been
used widely for analysis of the secondary structures of proteins 13%-141 however, it

overlaps with 3-OH of water. As opposed to the Amide | band, the Amide Il band
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has no spectral contributions from water, and therefore is more suitable for protein

structural analysis.

As shown in Figure 3.5C,F,l, the Amide Il peak position shifted to higher
wavenumbers with decreasing temperature, which indicated an increasing level of
cellular protein hydration.'#% 152 An abrupt change in peak location was observed
at the temperature of ice nucleation, due to rapid dehydration of cellular proteins
with loss of hydrogen bonding with liquid water. For the samples thawed at a rate
of 100°C /min, the plots of Amide Il peak position versus temperature recorded
during cooling and warming processes have fully overlapped (except for the range
between ice nucleation and melting temperatures, as expected), suggesting that
the change in the hydration levels of cellular proteins were highly reversible. This
followed the same trends observed above in cell membrane lipids. However, for
the samples warmed at slower rates, the wavenumbers showed a red shift after
the samples were thawed (above 0°C), which indicated that the hydration level of
cellular proteins decreased (with respect to their pre-freeze states) after the
freeze/thaw cycle. The difference in Amide Il location at 20°C increased with
decreasing warming rate, showing that lowering the warming rate had changed the
hydration levels of cellular proteins, pointing out to irreversible damage

accumulation.
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Figure 3.6 (A) Second derivative spectra in Amide Il region collected from WBCs
suspended in 5% DMSO at 20°C before freezing (dashed blue line), and after
thawing (solid red line). The sample was cooled from 20°C down to -120°C, and
warmed back up to 20°C at a rate of 2°C/min. (B) Variation in the area fraction of
intermolecular and (C) antiparallel B-sheet structures of cellular proteins in WBCs
suspended in 5%DMSO and subjected to freeze/thaw. Both of the samples were
cooled down at 2°C /min, but warmed at different rates: (B) 100°C /min, (C) 2°C

/min.
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To further investigate the structural changes in cellular proteins, the two bands in
the Amide Il region (1590~1500 cm™) appearing in the second derivative spectra
were studied using their baseline corrected band areas (Figure 3.6A). The band
at 1590-1530 cm™ was assigned to a combination of a-helix and B-sheet
structures,'#2 154 and the band at 1530-1500 cm™ was assigned to intermolecular
and antiparallel B-sheet structures.'#2 154156 Earlier studies report that the change
in the area fraction of these bands is a direct outcome of protein secondary
structure change,®” 58 which is supported by the findings presented in Figure
3.6B and Figure 3.6C, where the area fraction of intermolecular and antiparallel

B-sheet structures increased with decreasing temperature.

In the sample warmed at 100°C/min, the traces obtained during cooling and
warming were highly similar, and there was no significant difference in the spectra
collected at 20°C before freezing and after thawing (Figure 3.6B). This suggested
that even though cooling and freezing might change the secondary structure of the
cellular proteins, the change was fully reversible if the sample was thawed at a
very high rate. However, for the sample thawed at a slow warming rate of 2°C/min,
the peaks of the intermolecular and antiparallel B-sheet structures, which increase
with aggregation of proteins,°® 1°° became stronger after thawing when compared
to the IR spectra collected at 20°C before freezing (Figure 3.6C). This suggested

irreversible protein damage in the cells thawed at a slow warming rate.
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In addition, for the sample warmed at 2°C/min, the slope change in the plot (Figure
3.6C) occurred around -60°C, suggesting the occurrence of cellular protein
denaturation at this temperature. This is consistent with the significant decrease in
viability observed for WBCs rapidly warmed with an isothermal hold between -60°C

and -80°C.

3.4 Conclusion

Post-thaw viability and IR spectroscopy analysis of white blood cells established
causality between cellular protein/lipid membrane damage sustained at low
cryogenic temperatures (T < -60°C) and loss of viability observed post-thaw. The
evidence suggests that these deleterious events were mediated by kinetic
processes active at cryogenic temperatures lower than -60°C, which may include:

a) eutectic crystallization and melting;16% 161 b) ice recrystallization. 13 4°

During warming of vitrified water-DMSO solutions, eutectic crystallization starts at
approximately -70°C, and is followed by eutectic melting at -64°C.162 Rapid phase
change, involving crystallization and melting, would be highly likely to create
significant mechanical and chemical stresses, damaging cells. The plot slope
change around -60 °C during warming (Figure 3.6B), as well as the U-shaped
post-thaw viability curve (Figure 3.3) with its nadir between -60 °C and -70 °C,
suggests that cells experience heightened damage due to eutectic crystallization

and melting.
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Moreover, devitrification (new ice crysat formed) and ice recrystallization (growth
of ice crytals) may occur if the temperature is higher than the glass transition
temperature of freeze-concentrated water-DMSO solutions (-124°C), and the rate
of ice recrystallization increases with rising temperature,'® which is lethal to cells.
Consequently, the post-thaw viability of cells may decrease with increasing hold
temperature. However, the viability data indicate that this hypothesis is only
applicable to the low-temperature region (below -70°C). When the viability reaches
its nadir in the region between -70°C and -80°C, it begins to increase with a rising
holding temperature(Figure 3.3). This phenomenon might be attributed to the
melting of the eutectic mixture of DMSO-water around -64°C,'%? which would
substantially inhibit ice recrystallization. Above the eutectic point, the solutes from
the eutectic mixture begin to dissolve by melting the nearest ice, and then diffuse
to fresh ice surfaces and initiate melting.*6® Consequently, holding the temperature
higher than the eutectic melting temperature may be less detrimental than holding
it lower, resulting in a U-shaped curve for the post-thaw viability (Figure 3.3),

particularly when the time of isothermal hold is extended.

It is important to note that the mode of warming injury observed here may only be
applicable to the specific freezing procedure and cryoprotectant solution that were
investigated. Nonetheless, further research is warranted to elucidate these and
other damage mechanisms active during the warming of cryopreserved cells, so

that strategies to prevent warming injury can be developed.
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Chapter 4. Physicochemical Mechanisms of
Protection Offered by Agarose Encapsulation
during Cryopreservation of Mammalian Cells in the
Absence of Membrane-Penetrating Cryoprotectant

Much of the text and figures in this chapter have previously appeared in the publication below:
Wang, Mian, et al. (2023) "Physicochemical Mechanisms of Protection Offered by Agarose
Encapsulation during Cryopreservation of Mammalian Cells in the Absence of Membrane-
Penetrating Cryoprotectants.” ACS Applied Bio Materials.

4.1 Introduction

During freeze/thaw, cells are exposed to mechanical, thermal, chemical, and
osmotic stresses, which cause loss of viability and function.? ® Specifically during
cooling, nucleation and growth of ice intra/extra-cellularly physically damages the
cellular structures such as the cytoskeleton, the organelles, and the plasma
membrane.?* 14 Extracellular ice formation also dehydrates cells, inducing
osmotic and chemical stresses.® %3 At lower cryogenic temperatures, pH changes
due to selective precipitation of the buffer electrolytes,®> and eutectic formation®®
induce further chemical, and mechanical stresses on the cell.58 During warming,
primary sources of cryoinjury are eutectic crystallization/melting, devitrification (ice
crystallization in the amorphous phase following glass melting), and ice
recrystallization (formation of larger ice crystals through the fusion of smaller
ones),> 7 70. 71 as discussed in Chapter 3. To minimize cryopreservation-induced
cellular injuries, cryoprotective agents (CPAs) such as polyols, disaccharides,
sugar alcohols, and polar solvents are routinely added to the cells to be
cryopreserved, and dimethyl sulfoxide (DMSO) is the most widely used one since

it can easily penetrate the cell membrane and effectively inhibit both intra- and

51



extracellular ice formation. However, the toxicity of DMSO may have a variety of
adverse effects on cell metabolism, enzymatic activity, cell differentiation and
viability.?* %6 Therefore, many studies have focused on reducing the amount of
DMSO needed in the cryoprotectant formulations 0 113.167-171 ysing additives such
as albumin, 0. 170. 172 FCS/FBS, 168 16° and growth media.''® However, there is an
ongoing debate on the safety and ethicality'”® 74 of using FCS/FBS as they are
not clinical reagents that can be safely used in injectable/infusible cell therapy

products.

Encapsulation of cells in hydrogels for cryopreservation has been shown to be
beneficial in decreasing the need for using high concentrations of membrane-
permeable cryopreservation agents, relaxing fast cooling requirements.8” 175-177
For a very detailed analysis of the studies conducted with DMSO and other
membrane permeable cryoprotectants used to cryopreserve encapsulated cells,
please see the reviews by Gurruchaga et al.’”® and Zhang et al.3® As detailed in
the Gurruchaga review, none of the studies to date have been successful in
eliminating the need for membrane permeable cryopreservation agents such as
DMSO, ethylene glycol or 1,2-propanediol and still depended heavily on the use
of FCS/FBS. Furthermore, some of these methods require direct liquid nitrogen
immersion of the encapsulated cells loaded in microcapillaries are therefore not
scalable and pose a very high risk of contamination. Therefore, cryopreservation

of cellular therapy products is an ongoing challenge. 78180
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In this chapter, we present an encapsulation-based cryopreservation method
capable of preserving mammalian cells without using membrane-permeable
cryopreservation agents (e.g., DMSO) or FCS/FBS at slow cooling rates (2°C/min)
and without controlling ice nucleation. We have chosen agarose because of its
cytocompatibility, ease of use, and reversibility (by agarase digestion) and
extracellular trehalose to cryopreserve a model cell line (MDA-MB-231). Trehalose
is a widely used kosmotrope cryoprotectant,’® which disrupts water-water
hydrogen bonding, and therefore inhibits ice formation while increasing the glass
transition temperature of the freeze-concentrated liquid.>> '8 Furthermore,
trehalose is biocompatible and nontoxic to cells, and thus approved as an
injectable inactive ingredient by the FDA.>* 5% All of these characteristics, make this

method suitable for cryopreservation of cellular therapy products.

Furthermore, using Differential Scanning Calorimetry (DSC) and Fourier Transform
Infrared (FTIR) microspectroscopy analyses, we show that the mechanisms of
cryoprotection offered by agarose encapsulation in the presence of trehalose are:
1) Decreasing the amount of free water within the sample, 2) increasing the volume
of the freeze-vitrified solution, 3) creating smaller ice crystals of uniform size
distribution, and 4) inhibition of devitrification, ice recrystallization, and eutectic
phase transition damages. Therefore, the model cells encapsulated in the agarose
hydrogel with trehalose are well protected from mechanical damage during the
freeze/thaw process,'® as reflected by high cellular viability and proliferation post-

thaw.
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4.2 Materials and Methods

4.2.1 Cell culture

MDA-MB-231 cells were obtained from ATCC (ATCC, Manassas, VA) at passage
number 38. Cells were grown in Dulbecco's Modified Eagle Medium (Gibco,
Waltham, MA) supplemented with 10% FBS (Gibco, Waltham, MA), and 1%
penicillin/streptomycin (Fischer Scientific, Hampton, NH). Cells were passaged at
80 - 90% confluence. To resuspend the MDA-MB-231 cells, the cells attached to
the culture dish were washed with isotonic phosphate-buffered saline solution
(1xPBS) and then treated with 0.05% trypsin-EDTA (Gibco, Waltham, MA) at 37°C
and 5% COz2. After 5 minutes of incubation, the cell culture medium was added to
stop trypsinization, and the cell suspension was pelleted by centrifugation at 250

x g for 2 minutes.

4.2.2 Hydrogel encapsulation

To prepare agarose hydrogels, 0.25, 0.5, 0.75, 1.5, 2.5, or 4% (w/w) of agarose
powder (low-gelling temperature agarose, Sigma-Aldrich, Saint Louis, MO) was
added to 1xPBS. To prepare agarose-trehalose hydrogels, 10 or 20% trehalose
(w/w) (Sigma-Aldrich, Saint Louis, MO) was also added to the solution. The
solution was incubated in a water bath (>65°C) to accelerate dissolution and
mixing. After the solution was completely transparent, the agarose solution was
transferred to and kept in a 37°C water bath until use. To encapsulate the cells in
an agarose-trehalose hydrogel, the cell pellet was first suspended and incubated

in a cell culture medium containing 10% trehalose and then in 20% trehalose for
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15 minutes. This was done to minimize the hyperosmotic stress experienced by
the cells during encapsulation. To encapsulate the cells in an agarose hydrogel,
the cell pellet was resuspended in 1xPBS agarose solution containing trehalose at
37°C to achieve a cell concentration of 107 cells/ml. The solution was gently and
thoroughly mixed in a microtube and then stored at 4°C to induce gelation. After a

few minutes, the gels hardened and uniformly encapsulated the cells.

3. Freezel/thaw protocol and post-thaw viability measurements

In control experiments, the cell pellets were suspended in 10% DMSO in 1xPBS
(v/v), 10%, and 20% trehalose (w/w) prepared in 1xPBS or directly in 1xPBS
solution. Agarose and agarose-trehalose solutions were prepared, and cell
encapsulation was conducted following the protocols described above. Note that

the sample of 0.25% agarose + 20% trehalose remained liquid but, did not form a

gel.

In freeze/thaw experiments conducted in the cryostage, a small amount of the
sample (2-4 pL solution or hydrogel containing the encapsulated cells) was
sandwiched between two CaF2 windows and loaded into the cryostage (FDCS 196,
Linkam, Tadworth, UK). The sample was then cooled down from 10°C to —=150°C
at a rate of 2°C/min. Note that since DMSO is toxic to cells at room temperature,
the experiment was started at 10°C. Extracellular ice nucleation was not controlled
during the cooling process. Ice nucleation generally occurred in the range of =15

to -25°C. Once the temperature reached -150°C, the sample was rapidly
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rewarmed to room temperature at a warming rate of 100°C/min. Note that the rapid
warming protocol was only applied in the freeze/thaw experiments used for viability
measurements as a high warming rate is necessary to maximize viability. For the
experiments used to identify kinetic and thermodynamic transitions, both the
cooling and the warming rates were fixed at 2°C/min. Post-thaw viability of the
encapsulated cells was measured using 20 pg/mL acridine orange (AO)/propidium
iodide (PI) fluorescent dye (Nexcelom, Lawrence, USA). The live (green) and dead
(red) cells in the sample were counted in five representative areas for each sample
using a Nikon Eclipse TE200 inverted fluorescence microscope (Melville, NY, USA).
The final percent viability of the cells was calculated with respect to the freshly

harvested MDA-MB-231 cells.

4.2.3 Cell extraction/recovery from hydrogel

To extract encapsulated cells from agarose hydrogel, a solution of cell culture
media containing 100 U/ml B-Agarase | (New England Biolabs, Ipswich, MA) was
added and mixed with an equal volume of the hydrogel. Agarase is a glycoside
hydrolase enzyme that can cleave agarose into oligosaccharides.'3 The mixture
was homogenized for a few seconds to break down the hydrogel matrix into
smaller pieces. After gently and thoroughly mixing the hydrogel with agarase
solution, the sample was incubated on a temperature-controlled shaker (~39°C) at
300 rpm for 1 hour. Viability of the cells after extraction was also measured using

the AO/PI dye using the method outlined above.
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4.2.4 Cell proliferation assay

Frozen/thawed and extracted cells were centrifuged and suspended in cell culture
media at a cell concentration of 10 cells/ml. Cell suspensions from each
experimental group were added to a 96-well plate at a concentration of 3000 cells
per well. In parallel, freshly harvested MDA-MB-231 cells were seeded as the
positive control group. For background subtraction and instrument gain
modification, some wells were left empty or only contained cell culture media. The
96-well plate was incubated at 37°C for up to 3 days. Onday 0, 1, 3, or 10 uL WST-
8 solution (Abcam) was added to each well that contained the control or
experimental groups. After 4 hours of incubation at 37°C at an atmosphere of 5%
CO2 and 95% humidity, absorbance at 460 nm were measured using a microplate
reader (INFINITE 200 PRO, Tecan, Zurich, Switzerland). Cells were normalized
with control sample, wells containing growth medium. Absorbances recorded for
each experimental conditions were also normalized to their respective day 0

absorbances to calculate the proliferation rate.

4.2.5 Differential Scanning Calorimetry (DSC) analysis

A differential scanning calorimeter (Q2000, TA Instruments, New Castle, DE)
equipped with a refrigerated cooling accessory was used to analyze the
experimental and control samples during freeze/thaw. To prepare DSC samples,
2-10 mg solution or hydrogel was weighed in a Tzero hermetic pan (TA Instruments,
New Castle, DE) and sealed with a lid. Each sample was initially cooled from room

temperature to —150°C at 2°C/min, then heated back to 10°C at 2°C/min. Dry

57



nitrogen was used to purge the sample chamber continuously at a flowrate of
50 ml/min. The DSC scans were analyzed using the TA Universal Analysis

software (V4.5A, TA Instruments, New Castle, DE)

4.2.6 Fourier Transform Infrared Spectroscopy (FTIR) analysis

Fourier transform infrared spectroscopy was also used to monitor the
thermodynamic and kinetic changes of the sample during freeze/thaw. 0.1-1 uL of
experimental and control samples spiked with 5% D20 (99.8% purity, Sigma-
Aldrich, St. Louis, MO) were sandwiched between two CaF2 windows and sealed
with vacuum grease to avoid evaporation. The assembly was then transferred to
the cryostage attached to an infrared microscope, which was connected to an FTIR
spectrometer (Thermo-Nicolet Continuum, Thermo Electron, Waltham, MA)
equipped with a mercury cadmium telluride detector (Thermo Electron, Waltham,
MA). The sample was first cooled from 10°C to -150°C at a rate of 2°C/min, then
warmed back to 10°C at 2°C/min, following the identical freeze/thaw protocol used
in the DSC analysis. Infrared (IR) spectra were collected from a sample area of
100 um x 100 um every 2°C, and 64 IR scans at a resolution of 4 cm™" were
averaged in 9000 to 900 cm™' wavenumber range to obtain each spectrum. The IR
spectra were analyzed using the OMNIC software (Thermo-Nicolet, Madison, WI,).
Changes in the v-(OD) band (2500 cm),'8 &-(OH) band (1650 cm),'® and the
glycosidic band (995 cm)'87. 188 were examined as the sample was cooled and

heated. Note that since the v-(OH) band is saturated due to the high-water content
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in the samples, 5% D20 was added to all samples. Therefore, the v-(OD) band

could be analyzed to study transitions of water.

4.2.7 Statistical analysis

All of the experiments (and control measurements) were repeated 3 times. Results
are presented as mean + standard deviation. Two-tailed Student's t-test was used
to determine the statistical significance. The difference in results was considered
to be statistically significant if p < 0.05. In plots, * indicates p < 0.05, ** indicates p

< 0.01, and *** indicates p < 0.001.

4.3 Results and Discussion

4.3.1 Thermodynamic and kinetic transitions of agarose hydrogel with
trehalose during freeze/thaw

We first utilized Differential Scanning Calorimetry (DSC) analyses to detect the
effects of agarose encapsulation on the kinetic and thermodynamic transitions of
the trehalose solution and determined that while not contributing to the vitrification
kinetics of the solution, encapsulation had significant effects on ice kinetics during
cooling and warming.

As a control, frozen ultrapure water was warmed at a heating rate of 2°C/min from
-150°C to 10°C, and a single endothermic peak was observed in the DSC scan at
0°C (Tm) caused by the release of heat of fusion (data not shown). Note that the
area under this endotherm is proportional to the amount of ice formed during

cooling, and is therefore used to calculate the enthalpy of heat of fusion, AH of
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water.'® When a similar warming experiment was conducted with frozen 1xPBS,
a much smaller lower temperature peak corresponding to eutectic melting (Te ~ -
22°C) also became apparent (Figure 4.1A). Analysis of the eutectic melting peak
(Figure 4.1A inset) revealed a small shoulder starting around -25°C, a very sharp
peak around -22°C, and a broad shoulder persisting up to higher temperatures (up
to around -17°C). This relatively complex behavior is due to melting of the
NaCl-2H20-ice phase.'% 1°1 The smaller amounts of KCI, Na2HPOQa4, and KH2PO4
also contribute to the complexity of this peak, but their contributions are considered

negligible when compared to NaCl.

When encapsulated by an agarose gel, a significant change in the transitions of
1xPBS solution became apparent as the eutectic melting peak gradually
disappeared with increasing agarose concentration (see Figure 4.1B and its insert
for eutectic melting of 1xPBS encapsulated in a 2.5% agarose gel). Furthermore,
AH decreased as the concentration of agarose in the sample increased (Figure
4.1C), indicating that the amount of ice crystallized during cooling (the "free water"
in the sample) decreased with increasing agarose concentration. Addition of 20%
w/w (584 mM) trehalose further depressed eutectic melting (Figure 4.1C) -
consistent with previous findings'- 192 - and enabled vitrification of the freeze-
concentrated solution during freezing. Glass-amorphous liquid transition could be
detected by the lower temperature baseline shift in specific heat capacity (Cp)
measured during warming (Figure 4.1C inset). The midpoint temperature of this

shift is assigned as the glass transition temperature (Tg) of the solution.'®3-19° As
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the concentration of agarose increased, Tg moved very slightly to lower
temperatures (within experimental error) without significant change in ACp (Table
4.1). This observation, coupled to the persistence of the ice exotherms in the
presence of trehalose showed that agarose encapsulation did not result in uniform
vitrification of the trehalose solution, but vitrification was confined to the initially

freeze-concentrated solution.

In the DSC scans, the small shoulder observed at higher temperatures (denoted
as Tm') is due to the onset of melting of the impure ice crystals that contain solutes
trapped within during nonequilibrium freezing, %+ 1% and potentially due to some
devitrification (i.e., ice formation in the amorphous liquid above the glass transition
temperature). This shoulder disappeared at high agarose concentrations (Figure
4.1C inset), suggesting that less trehalose was trapped within the ice during
freezing, resulting in the formation of more homogenous (and pure) ice and freeze-
concentrated liquid phases and/or the ice crystal sizes have decreased in size in
high agarose content gels. The latter explanation is more logical as the agarose

pore size decreases with increasing agarose concentration.
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Figure 4.1 DSC warming scans of (A) 1xPBS solution, (B) 2.5% agarose in 1xPBS,
and (C) 0, 0.75%, 2.5%, and 4% agarose + 20% trehalose in 1xPBS. (Te: eutectic
melting temperature, Tg: glass transition temperature, Tm’: onset of ice melting
endotherm, Tm: ice melting temperature.

The AH values of samples containing trehalose and agarose were much lower

than that of the 1xPBS solution, which could be attributed to either the inhibition of
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ice formation by these compounds or a decrease in water content within the
sample. To eliminate the influence of lower water content on AH with the increase
in concentrations of agarose and trehalose, we calculated the water weight
percentage in each sample and normalized AH by this value, calculating AHn (as
presented in Table 4.1). The normalized parameter, AHN, is a more direct
indication of the efficacy of agarose and/or trehalose suppressing ice formation.
No significant difference in AHn was found between 1xPBS and 4% agarose
solutions, suggesting that similar amounts of ice have formed during freezing (i.e.,

that agarose binding of water was insignificant).

Sample Ty (°C) AC, (J/g°C) Tw (°C) Tm (°C) | AH (J/g) AHn (J/9)
-0.45 2915 291.5
1x PBS N/A N/A N/A
+0.132 +12.82 +12.82
-0.81 284.2 291.3
2.5% agarose N/A N/A N/A
+0.17b +10.72 +11.02
-0.62 286.7 298.1
4% agarose N/A N/A N/A
+0.07b +7.42 +7.72
-44.77 0.0983 -34.01 -2.87 178.9 223.6
20% trehalose
+0.532 +0.0082 +0602 +0.07¢ +£29° +36°
0.75% agarose -45.09 0.1088 -33.74 -2.80 170.3 212.9
+ 20% trehalose = +0.412 +0.0132 +0.712 +0.02¢ +£52b¢ +6.6°
2.5% agarose -45.48 0.1097 -33.93 -2.89 163.4 208.4
+20% trehalose  +0.762° +0.0142 +0.652 +0.14¢ +7.1¢ +£9.1°
4% agarose -46.89 0.0931 -34.89 -2.64 157.7 203.5
+ 20% trehalose = +1.03° +0.0252 +0.982 +0.22¢ +123°¢ +159°b

Table 4.1 Glass transition temperature (Tg4), change in specific heat capacity during
glass transition (ACp), the onset temperature of ice melting (Tm’), ice melting
temperature (Tm), the heat of fusion (AH), and normalized heat of fusion (AHN) for
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1xPBS, trehalose and different agarose hydrogels containing 20% trehalose.
Values are shown as mean = standard deviation from the mean. Values marked
with different superscripts (a, b, ¢) within a column are statistically significantly
different (p < 0.05).

On the other hand, AHn of 20% trehalose was significantly lower than that of
1xPBS, indicating that trehalose greatly inhibited ice formation during freezing (i.e.,
the vitrified water content of the sample was higher). In addition, AHN slightly
decreased with increasing agarose concentration from 0 to 4% in trehalose
solution but this was not quite statistically significant (p < 0.1). Although AH
decreased with increasing agarose concentration, the insensitivity of AHn to
increasing agarose concentration (tested up to 4%) shows that the agarose gel did
not facilitate trehalose vitrification. This observation is in opposition to the previous
reports advocating that encapsulation enables vitrification.'””- 197 However, those
studies were based on indirect observations made by transmitted light
cryomicroscopy experiments, and therefore are subjective. Note that agarose gels
in the 1-4% w/v range form pores in the range of 40 to 300 nm 198199 which is not

sufficient to promote confinement-induced vitrification.

To complement our observations made by the DSC analyses, further experiments
were conducted using Fourier Transform Infrared Spectroscopy (FTIR). These
experiments provided in-depth molecular level detail on the behaviors of the
individual components of the solutions tested in response to temperature changes

and further verified our conclusions.
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Figure 4.2 Representative IR spectra of 2.5% agarose, 20% trehalose, 0.75%
agarose with 20% trehalose, 2.5% agarose with 20% trehalose, and 4% agarose
with 20% trehalose at 10°C. All samples included 5% D:20.

Representative IR spectra collected from 2.5% agarose, 0, 0.75, 2.5, 4% agarose
+ 20% trehalose solutions and gels at 10°C are shown in Figure 4.2. Since the v-
(OH) band (3500 cm-") 200. 201 was saturated because of the high water content of
the samples, 5% D20 was added to each solution, and the v-(OD) (2500 cm™)
band '8 was used to study the phase change behavior of water during the
freeze/thaw event. During cooling, v-(OD) gradually shifts to lower wavenumbers
(Figure 4.2), indicating that more hydrogen bonds (HBs) form between water
molecules.?°!- 202 Upon freezing, an abrupt drop in wavenumber and a significant
increase in peak intensity (inset "a" in Figure 4.2) were observed due to the

formation of fully tetrahedrally hydrogen-bonded water molecules (ice). On the
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other hand, the v-(OD) band shifted to higher wavenumbers during the warming

process, and a sudden spike was seen when the sample melted.
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Figure 4.3 Peak shift of the v-(OD) band (~2500 cm-') during cooling and warming
processes of; (A) 2.5% agarose (B) 20% trehalose, (C) 0.75% agarose + 20%
trehalose (D) 2.5% agarose + 20% trehalose, and (E) 4% agarose + 20% trehalose
solutions. Samples were cooled from 10°C to -150°C and then warmed back to
10°C at 2°C /min.

To further investigate the water structure change with temperature in the agarose
hydrogel containing trehalose, d-(OH) band (1650 cm™) was also analyzed.
Different from the water stretching band (which is strongly affected by the hydrogen
bonding between water and carbohydrates),’86. 203, 204 §.(OH) band mainly
originates from the water population that is not fully hydrogen bonded.'86. 205
Therefore, this peak is hardly affected by HB between water and trehalose. ' Due

to more tetrahedral HBs forming during the cooling process, peak intensity of o-
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(OH) reduced with decreasing temperature, and a sudden drop was observed
upon freezing (inset "b" in Figure 4.2). When the samples reached -150°C (Figure
4.4A), 2.5% agarose hydrogel showed a very weak 6-(OH) band, suggesting that
the amount of unfrozen (i.e., vitrified) water in the sample was small, and almost
all the water molecules were tetrahedrally hydrogen-bonded. On the other hand,
the 20% trehalose solution showed a stronger d-(OH) band, indicating that the
amount of vitrified water in the sample was higher than that in the 2.5% agarose
hydrogel. This is expected as trehalose is a strong glass-former.5> 141, 186 |n
addition, the peak intensity of the 8-(OH) band was further increased when the
concentration of agarose in the 20% trehalose solution was increased, indicating
that the vitrified volume in the combination system was even higher than trehalose
or agarose alone. This supported the DSC measurements and trends shown in
Table 4.1. A similar trend was observed in 5-(OH) peak location during the cooling
process (Figure 4.4B). Upon cooling of the 2.5% agarose hydrogel, an abrupt
decrease in 6-(OH) peak location was observed upon freezing. The peak location
continued to shift to lower wavenumbers with decreasing temperature. The redshift
of the 8-(OH) band with decreasing temperature after freezing indicated that the
structure of ice got more ordered (transitioning from noncrystalline to
polycrystalline),?®® due to an increase in HB networking among the water
molecules. On the other hand, in the presence of trehalose 6-(OH) peak location
showed a smaller drop upon freezing, and the temperature-induced redshift of &-
(OH) was greatly inhibited after freezing. This indicated that water molecules in the

combination system (agarose + trehalose) undergo very little structural change,
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especially in the 4% agarose + 20% trehalose gel, during ice nucleation and
subsequent cooling. These results are consistent with our findings in DSC analysis
that the amount of ice formed in the combination system is less than that in
trehalose or agarose alone, indicating that more water was vitrified in the

combination system during cooling.
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Figure 4.4 (A) IR spectra (from bottom to top) of 2.5% agarose, 20% trehalose,
0.75% agarose + 20% trehalose, 2.5% agarose + 20% trehalose, and 4% agarose
+ 20% trehalose at -150°C. (B) Peak shift of 6-(OH) band of these four samples
during the cooling process. Samples were cooled at 2°C /min from 10 °C to -150
°C. All samples included 5% D20.

To investigate the water-trehalose and trehalose-trehalose HB interactions during
the freeze/thaw event, the temperature-induced shift of the trehalose glycosidic
linkage (connecting the two glucose pyranose rings in trehalose)'8 peak located
at 995 cm™! was analyzed (Figure 4.5). Both peaks at 1150 cm™' and 995 cm™!
originate from the v-(CO) vibration of the glycosidic linkage'®”- '8 however, only
the 995 cm' peak was studied since the interference from agarose at this
frequency is negligible. Peak shift magnitude of the glycosidic linkage is a measure

of the flexibility of the carbohydrate:'. 207. 208 At higher concentrations, more
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inter/intramolecular carbohydrate-carbohydrate HBs form, which causes the
folding of the carbohydrate around its glycosidic linkage. ' As a result, flexibility of

the carbohydrate molecule decreases and the glycosidic band shifts to lower

wavenumbers.
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Figure 4.5 Peak shift of the glycosidic band (~995 cm™') during cooling and
warming processes of; (A) 20% trehalose, (B) 0.75% agarose + 20% trehalose (C)
2.5% agarose + 20% trehalose, (D) 4% agarose + 20% trehalose solutions.
Samples were cooled from 10 °C to -150 °C and then warmed back to 10 °C at 2

°C /min.

During cooling, the glycosidic band (995 cm') gradually shifted to higher

wavenumbers, experiencing an abrupt drop around -30°C, which corresponded to

69



the freezing of the sample. The blueshift of glycosidic linkage peak location with
decreasing temperature is due to the increase in hydration level for trehalose. '8¢
207 More water-trehalose HBs form at lower temperatures, decreasing the amount
of trehalose-trehalose intermolecular HBs (note that trehalose does not form
intramolecular HBs),'87- 299 also increasing the flexibility of trehalose around the
glycosidic linkage.'® On the other hand, the abrupt redshift during freezing was
because of the formation of the freeze-concentrated liquid (FCL). Compared to the
supercooled liquid, FCL has a much higher trehalose concentration (therefore,
more trehalose-trehalose HBs are formed) than the supercooled liquid. Therefore,

the flexibility of trehalose decreases significantly when ice forms.

During the warming process, three transitions were observed in the IR spectra.
The first transition (at the lowest temperature) is located around -45°C (which very
gradually decreases with increasing concentration of agarose), corresponding to
the glass melting temperature of the FCL in the sample. This is in perfect
agreement with the DSC data listed in Table 4.1. During glass melting, previously
vitrified FCL transitions into a supercooled liquid, which increases the mobility of
the trehalose molecules. As a result, the glycosidic band shifts to higher
wavenumbers. Similarly, a significant increase in peak position was observed after
the third transition, corresponding to the melting of the bulk ice. Upon melting, HBs
are formed extensively between liquid water and trehalose, which increases the

hydration level and flexibility of trehalose.
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On the other hand, the mechanism of the second transition is more difficult to
interpret than either transition 1 or 3 (Figure 4.5). During the second transition, the
glycosidic band shifts to lower wavenumbers with increasing temperature. Since
the peak shifts very fast (especially for 20% trehalose) during this transition, the
redshift cannot simply be explained by a reduction in the hydration level of
trehalose with increasing temperature. To further investigate the mechanism of
transition 2, two additional experiments were performed:

(1) 20% trehalose solution was frozen and thawed following the protocol
described in the Materials and Methods section. When the sample reached -20°C
(a temperature between transition 2 and transition 3), it was held isothermal for 1
hour and then warmed back to 10°C.

(2) 20% trehalose solution was frozen and thawed following the same
protocol as above. When the sample was warmed to -20°C, it was re-cooled down
to -50°C (below the temperature of transition 1, i.e., Tg). This cooling/warming cycle
(between -20°C and -50°C) was repeated twice before the sample was warmed

back to 10°C.

A 9% B 996
o cooling
+warming 995.5 9955
995 995
M 994.5 9045
994 94 T
O
L
993.5 935 o
& o -1+ 2.
s | © T gt =
I 993 93 T
! ES ' 3
1 o ! A
. 993 1 E— 9925 9925 —
-‘h' = ! ]
Sl F 1+ e
992 F 1 992 992
oy ot
3 vL
N 1 1+
991~ L Ew 991.5 991.5
0 20 40 60 LES
Time (min) L ! 991 991
160 140 120 -100 -80 -60 40 20 O 20 160 -140 -120 -100 -80 60 -40 20 O 20

Temperature (°C)

71



Figure 4.6 Peak shift of the glycosidic band (995cm-") of 20% trehalose solution
during the cooling and warming processes. (A) A one-hour isothermal wait step
was applied at -20°C during the warming process (inset). (B) Two cooling/warming
cycles (between -50°C and -20°C) were applied during the warming process.

The 20% trehalose solution was chosen for these experiments since the peak shift
of the glycosidic linkage during transition 2 was much more significant than the
samples containing agarose. The plots of wavenumbers versus temperature/time
are shown in Figure 4.6. In the first experiment, the shift in the glycosidic band
continued to evolve towards lower wavenumbers when the sample was kept
isothermal at -20°C (Figure 4.6A). The shift rate gradually decreased with time. In
the second experiment, the wavenumbers of the glycosidic band decreased with
increasing temperature when the sample was warmed from transition 2 to -20°C.
Interestingly, when the cooling step (from -20°C to -50°C) was applied, this peak
didn’t shift back to higher wavenumbers. Instead, its wavenumbers further dropped
until the temperature of the sample reached transition 1 (Tg). As a result, a
significant drop in wavenumbers was observed between successive cycles in the
range of -50°C to -20°C (Figure 4.6B). These findings suggest that transition 2 is
a nonequilibrium process that takes place in the temperature range between Tg
and Tm. According to previous studies, both ice recrystallization,”® 298 and
trehalose crystallization2%®: 210 21" may occur in this temperature range (both
processes decrease the flexibility of trehalose significantly). However, trehalose
crystallization in a frozen solution is a rather slow process, which may take tens of
hours (with seeding) to a couple of days (without seeding) during annealing.2'% 211

Since the hold time we applied (1 hour) was much shorter, we attributed transition
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2 to ice recrystallization, where the rapid growth of ice crystals in the FCL
decreased the hydration level and the flexibility of trehalose. To determine the
magnitude of ice recrystallization (AR), the peak shift between the second
transition (onset of ice recrystallization) and the third transition (melting of bulk ice)
for each sample was measured. By increasing the concentration of agarose in the
sample, AR decreased from 0.7 cm™ (20% trehalose) to 0.1 cm™ (4% agarose +
20% trehalose). The significant decrease of AR indicates that the ice

recrystallization was greatly inhibited by agarose in the combination system.

4.3.2 Post-thaw viability and proliferation of MDA-MB-231 cells

frozen/thawed in the agarose hydrogel with extracellular trehalose
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Figure 4.7 Post-thaw viability of MDA-MB-231 cells cooled at 2°C/min to -150°C,
and warmed at 100°C/min to 10°C (* indicates p<0.05, ** indicates p<0.01, and ***
indicates p < 0.001)

Post-thaw viability of MDA-MB-231 cells measured by AO/PI staining is shown in
Figure 4.7. Poor survival was observed when the encapsulated cells (in 0.75%

agarose) were frozen and thawed in the absence of any trehalose. Also, when the
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unencapsulated cells were frozen in 1xPBS solution containing extracellular
trehalose, post-thaw viability was lower than 40%. It is known that trehalose needs
to be present intracellularly to offer any cryoprotection. Therefore, it was not
surprising that extracellular trehalose or agarose alone does not protect cells
effectively at cryogenic temperatures. The viability of the cells increased
significantly (to 69.8 + 5.6%) when they were encapsulated and frozen/thawed
after encapsulation in 0.75% agarose hydrogel in the presence of 10% trehalose.
The viability could be further improved (to 78.7 + 3.4%) when the concentration of
trehalose was increased from 10% to 20% but further increase in agarose
concentration (up to 4%) did not increase viability further. The post-thaw survival
of cells encapsulated in 0.75% agarose hydrogel with trehalose was comparable

to the positive control group, where cells were frozen in 10% DMSO (70.9 + 3.6%).
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Figure 4.8 MDA-MB-231 proliferation post-thaw. Cell proliferation was measured
using WST-8 assay at days 0, 1, 3, 5, and 7. The experimental condition includes
fresh (not frozen) cells, cells frozen/thawed in 10% DMSO, and encapsulated cells
extracted post-freeze/thaw.
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Lastly, cell proliferation post-thaw was measured for fresh and cryopreserved cells
using WST-8/CCK-8 assay (Figure 4.8). Absorbance values recorded with the
growth medium were subtracted from the experimental conditions containing cells.
A standard curve was used to calculate the number of cells in each sample for
each day of experiment. The proliferation rate was calculated by taking the ratio of
the number of cells each day to the respective day 0 cell number. Fresh and cells
frozen using 10% DMSO proliferated at similar rates. Proliferation rates for
encapsulated and extracted cells were lower (almost by half as measured on day
7). One possible explanation for this is the incomplete extraction of cells from
agarose gels. Also, we have observed that there are still small residues of agarose
left in the samples post-extraction (Figure 4.9). While these residues may not
affect the immediate viability of the cells, they could prevent the cells from attaching
to the plate surface. This shows that the extraction process we apply needs to be

further optimized.
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Figure 4.9 Bright-field images of encapsulated MDA-MB-231 cells before (A) and
after isolation(B) from 0.75% agarose gel. Live/dead fluorescence images of MDA-
MB-231 before (C) and after extraction (D). (scale bar: 200pum)

4.4 Conclusion

In this chapter, we present an encapsulation-based cryopreservation method that
eliminates the need for DMSO. This is achieved by encapsulating the cells in a
cytocompatible agarose hydrogel in the presence of extracellular trehalose, a
membrane-impermeable cryoprotective agent. The study demonstrates that the
method offers effective cryoprotection through the following mechanisms: First, as
proven by the DSC and FTIR analyses, hydrogel encapsulation decreased the
amount of free water in the solution, resulting in a smaller ice phase volume
(Figure 4.1, Table 4.1, and Figure 4.4A) with a less ordered water structure
(Figure 4.4B), resulting in a higher vitrified volume. Second, devitrification and ice
recrystallization during warming were inhibited (Figure 4.5), potentially due to the
hydrogel network mechanically inhibiting the formation, progression, and fusion of
ice crystals. And finally, damaging eutectic crystallization/melting transitions were
inhibited (Figure 4.1). Therefore, cells encapsulated in the agarose hydrogel in the
presence of trehalose are well protected against detrimental mechanical damage
observed during freeze/thaw '8 as reflected by a very high viability post-thaw
(Figure 4.7). The lower proliferation rate observed in the first few days post-
thaw/extraction (Figure 4.8, Figure 4.9) on the other hand suggests the need for

further optimization of the extraction process post-thaw.
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Chapter 5: Optimization and Validation of Hydrogel
Encapsulation for Cryopreservation of NK Cells

5.1 Introduction

Manufactured NK and T cells are mainly used in cancer immunotherapy.?'? In the
past decade, industrial and academic labs have focused on the engineering and
expansion of these native immune cells to develop enhanced effector cells,
including chimeric antigen receptor T cells (CAR-T cells), which exhibit heightened
targeting capabilities and specificity against cancer cells.t 213214 These innovative
approaches have yielded remarkable clinical responses to previously untreatable
malignancies. Significant progress has been made in the treatment of lymphomas
and leukemias with multiple FDA-approved products using patient-derived CAR-T
cells in the market, but success with allogeneic “off-the-shelf" products from

healthy donors has been elusive so far.

To enable the utilization of allogeneic cell therapy products, one of the key factors
is to effectively and safely cryopreserve large quantities of manufactured cells.
Moreover, it is important to establish a reliable and repeatable cryopreservation
methodology that allows for the availability of these cells to clinicians for
transfusion with minimal pre-infusion preparation and processing requirements.
Currently, therapeutic cell cryopreservation is conducted using commercially
available freezing media, the majority of which are DMSO-based.”® Examples of
such commercially available freezing media include BloodStor by Stem Cell

Technologies and CryoStor by BioLife Solutions. Alternatively, cryopreservation
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solutions can also be prepared in-house using formulations that include DMSO as

a key component.

DMSO is a cell membrane-permeable molecule with a strong affinity for water. Due
to its great ability to inhibit both intracellular and extracellular ice formation, DMSO
has been widely used for the preservation of a variety of cell lines used in research
laboratories.'” 4 Currently, the commonly used freezing medium for NK cells
contains 10% DMSO. While some studies indicated that using the freezing medium
with DMSO does not result in a significant decrease in the immediate viability after
thawing, it has been observed that these cells exhibit a relatively lower level of
cytotoxicity.1% 111 Furthermore, in vivo persistence of frozen-thawed NK cells is
also reported to be orders of magnitude lower than fresh cells.?'® The main reason
for cytotoxicity loss is ascribed to the loss of motility,1*° and significant changes in
NK cell phenotype, specifically a decrease in the cytotoxic CD16+ populations.*%
216, 217 Transcriptomic, phenotypical changes, and heterogeneity loss due to
DMSO-based cryopreservation are not unique to NK cells but have been reported

widely for most cells in major single-cell transcriptomic studies.?18-221

To resolve the issues associated with cell number and cytotoxicity loss, therapeutic
cells need to be expanded for 3-7 days post-thaw to increase cell numbers and
activated through interleukin stimulation for a minimum of 12-16 hours to recover
cytotoxic capability.??> 223 However, the extra processing required in the clinic,

including additional quality control and lot testing requirements, will increase costs,
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delay the treatment, and also increase the risk of contamination during the
expansion of the cells. Furthermore, most of the cell therapy clinics or hospitals
would not even have facilities for post-thaw cell re-culture. Therefore, these extra
processing steps after thawing are impractical for cell therapy products. Another
problem with the use of DMSO in cryopreservation formulations is the side effect
on patients. Incomplete removal of DMSO from cryopreserved therapeutic cells
before infusion can lead to adverse side effects in patients, including nausea, chills,
hypotension, heart arrhythmias, and stroke 2426 (Detailed information on the
toxicity of DMSO can be found in Section 2.5.1). Therefore, the elimination of
DMSO from therapeutic cell products holds significant importance, driving the
advancement of alternative approaches, including the combination of different
types of biocompatible cell membrane-impermeable CPAs??4 225 and hydrogel

encapsulation 273,

Hydrogel encapsulation has shown promise in the cryopreservation of therapeutic
cells, including human mesenchymal stem cells?” and embryonic stem cells®®, to
minimize the use of toxic cryoprotectants such as DMSO. A detailed summary can
be found in Table 2.1. Different hypotheses have been proposed to explain the
efficacy of hydrogels in cryopreservation, including their ability to inhibit ice crystal
growth within their three-dimensional network,?% 35> minimize osmotic shock,*® and
facilitate vitrification?® 177. 226 of cryoprotectant solutions at lower cooling rates or
cryoprotectant concentrations. However, our findings from Chapter 4 indicate that

encapsulation in agarose gels (up to 4% concentration) does not significantly
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promote vitrification or increase the glass transition temperature (Table 4.1) of
trehalose solutions up to 20% concentration. Despite agarose encapsulation not
facilitating vitrification, the structure and dynamics of confined water or
cryoprotectant molecules in the micropores of the hydrogel matrix may still
undergo significant changes due to their strong association with the hydrophilic
surface of the hydrogel pores??’- 228 This phenomenon has been previously
observed in silica gels'*? and polysaccharide hydrogels (such as alginate)3® 197,
Based on the findings in Chapter 4, it was found that hydrogel encapsulation
affects the kinetics of ice crystallization during the cooling process, resulting in the
formation of smaller and more uniformly distributed ice crystals confined within the
hydrogel matrix. In addition, it also reduces salt-water eutectic crystallization during
cooling, and therefore, melting during warming. Moreover, potentially due to the
association and hydrogel network acting as a mechanical impediment, ice
recrystallization has been greatly inhibited during the warming process.
Collectively, these findings comprehensively elucidate the physicochemical
properties offered by hydrogel materials to protect cells during cryopreservation in

the absence of DMSO.

In Chapter 4, MDA-MB-231 cells were selected as the model system to optimize
the cryopreservation formulation and methodology using agarose hydrogel
encapsulation. The results demonstrated the successful cryopreservation of cells
with minimal viability loss, even in the absence of DMSO (Figure 4.7). Furthermore,

the cells recovered from the agarose hydrogel after freeze/thaw exhibited
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reasonable proliferation in 2D culture (Figure 4.8). However, the presence of
residual agarose hydrogel debris and the observed relatively low post-thaw
proliferation rate highlighted the need for a comprehensive evaluation and
optimization of the cell extraction process. This is particularly important when
considering the fragility and high sensitivity of NK cells, which possess unique
functional characteristics and are susceptible to environmental stresses.’®
Therefore, the primary focus of the research conducted in Chapter 5 is to validate
the effectiveness of agarose-trehalose hydrogel cryopreservation methods for NK-
92 cells, while optimizing the cell extraction process from agarose hydrogel. This
optimization involves adjusting the concentration of agarase enzyme and digestion

time.

Moreover, we explored the feasibility of using alginate as an alternative hydrogel
material for reversible encapsulation and cryopreservation of NK cells. As a
biocompatible material, alginate has been extensively employed in cell
encapsulation studies and has also demonstrated promise in cryopreservation
applications.3! 36. 176, 177 |n addition to providing cryoprotective benefits, another
advantage of alginate is that it's easily dissolvable in EDTA or sodium citrate
solutions, which facilitates the digestion of hydrogel and the release of
encapsulated cells after freeze/thaw. Through this comparative analysis between
agarose and alginate, we aim to evaluate the cryopreservation outcomes (post-
thaw viability before and after cell extraction), cell extraction efficiency, and

recovery rate associated with both hydrogel materials, providing a comprehensive
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understanding of their respective advantages and limitations used for the

cryopreservation of NK cells.

5.2 Materials and Methods

5.2.1 Cell culture

NK-92 cells at passage number 1 were acquired from the American Type Culture
Collection (ATCC, Manassas, VA). The cells were cultured in Minimum Essential
Medium (MEM-a, Gibco, Waltham, MA) supplemented with 0.2 mM inositol, 0.1
mM 2-mercaptoethanol, 0.02 mM folic acid, 100 U/ml IL-2, 12.5% horse serum
(Gibco, Waltham, MA), and 12.5% fetal bovine serum (Gibco, Waltham, MA). The
cells were maintained in the incubator at 37°C with 5% COz2, and the cell culture
medium was refreshed every two or three days. NK-92 cell pellet was obtained by

centrifuging the cell suspension at 160 x g for 5 minutes.

MDA-MB-231 cells were obtained from ATCC (ATCC, Manassas, VA) at passage
number 38. Cells were grown in Dulbecco's Modified Eagle Medium (Gibco,
Waltham, MA) supplemented with 10% FBS (Gibco, Waltham, MA), and 1%
penicillin/streptomycin (Fischer Scientific, Hampton, NH). Cells were passaged at
80 - 90% confluence. To resuspend the MDA-MB-231 cells, the cells attached to
the culture dish were washed with isotonic phosphate-buffered saline solution
(1xPBS) and then treated with 0.05% trypsin-EDTA (Gibco, Waltham, MA) at 37°C

and 5% CO2. After 5 minutes of incubation, the cell culture medium was added to
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stop trypsinization, and the cell suspension was pelleted by centrifugation at 250

x g for 2 minutes.

5.2.2 Agarose hydrogel encapsulation and extraction

To prepare agarose hydrogels, 0.75% (w/w) of agarose powder (low-gelling
temperature agarose, Sigma-Aldrich, Saint Louis, MO) and 20% trehalose (Sigma-
Aldrich, Saint Louis, MO) were added to 1xPBS. The solution was incubated in a
water bath (>65°C) to accelerate dissolution and mixing. After the solution turned
completely transparent, the agarose solution was transferred to and keptin a 37°C
water bath until use. To encapsulate the cells in an agarose-trehalose hydrogel,
the cell pellet was first suspended and incubated in a cell culture medium
containing 10% trehalose and then in 20% trehalose for 15 minutes. This was done
to minimize the hyperosmotic stress experienced by the cells during encapsulation.
To encapsulate the cells in an agarose hydrogel, the cell pellet was resuspended
in 1xPBS agarose solution containing trehalose at 37°C to achieve a cell
concentration of 107 cells/ml. The solution was gently and thoroughly mixed in a
microtube and then stored at 4°C to induce gelation. After a few minutes, the gels

hardened and uniformly encapsulated the cells.

To extract encapsulated cells from agarose hydrogel, a solution of cell culture
media containing 100 U/ml 3-Agarase | (New England Biolabs, Ipswich, MA) was
added and mixed with an equal volume of the hydrogel. Agarase is a glycoside

hydrolase enzyme that can cleave agarose into oligosaccharides.'8 The mixture
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was homogenized for a few seconds to break down the hydrogel matrix into
smaller pieces. After gently and thoroughly mixing the hydrogel with agarase
solution, the sample was incubated on a temperature-controlled shaker (~39°C) at

300 rpm for 1 hour.

To determine the cell viability and cell extraction rate, a droplet of the solution
(~2pL) was mixed with the same volume of AO/PI dye, and sandwiched between
two microscope slides. In five representative areas, the number of live cells (green
in fluorescence image), the number of dead cells (red in fluorescence image), and
the number of extracted cells (bright-field image) were counted under the
fluorescence microscope. Cell viability was calculated by dividing the total number
of live cells by the total number of cells (including both live and dead cells) in these
five representative areas. The cell extraction rate was determined by dividing the
total number of extracted cells by the total number of cells (including both live and

dead cells) in these five representative areas.

To determine the cell recovery rate, the total number of cells before encapsulation
and the total number of cells following cell extraction were counted under the
microscope using a hemocytometer. The cell recovery rate is calculated by dividing
the total number of cells collected following cell extraction by the total number of

cells before encapsulation.

5.2.3 Alginate hydrogel encapsulation and extraction
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To prepare alginate hydrogel beads, different concentrations (0.5%, 1%, 1.5%, and
2% w/w) of sodium alginate powder (Sigma-Aldrich, Saint Louis, MO) and 20%
trehalose (Sigma-Aldrich, Saint Louis, MO) were added to deionized water (dH20).
The resulting solution was incubated and stirred at 37°C overnight for complete
dissolution. Once the solution achieved complete transparency, the alginate

solution was stored at 4°C until further use.

To encapsulate cells within the alginate-trehalose hydrogel, the NK-92 cell pellet
was initially suspended and incubated in a cell culture medium containing 10%
trehalose, followed by incubation in a 20% trehalose solution for 15 minutes. This
step aimed to pre-dehydrate the cells and minimize the hyperosmotic stress
encountered during the encapsulation process. Subsequently, the cell pellet was
resuspended in an alginate solution containing 20% trehalose to achieve a cell
concentration of 107 cells/ml. To form the alginate hydrogel beads incorporating
NK cells, 10 uL aliquot of this cell suspension was dropped into the 100 mM CaCl:
solution with 20% trehalose, and incubated at least for 3 minutes. to facilitate the

crosslinking of the alginate and the formation of the hydrogel beads.

To release the NK-92 cells from the alginate beads, the beads were incubated in
a 100 mM EDTA solution at a volume ratio of 1:2 (alginate beads: EDTA solution)
and maintained at 37°C for 20 minutes. Once the alginate hydrogel was completely
dissolved, the solution was centrifuged and the cell pellet was resuspended in the

cell culture medium for further analysis and experimentation.
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5.2.4 Freeze/thaw protocol and post-thaw viability measurements

In control experiments, the cell pellets were suspended in the freezing medium
containing 10% DMSO, 40% FBS, and 50% cell culture medium. In parallel, cell
encapsulation was conducted following the protocols described above. In
freeze/thaw experiments conducted in the cryostage, a small amount of the sample
(2-4 pL solution or hydrogel containing the encapsulated cells) was sandwiched
between two CaF2 windows and loaded into the cryostage (FDCS 196, Linkam,
Tadworth, UK). The sample was then cooled down from 10°C to —-150°C at a rate
of 2°C/min. Note that since DMSO is toxic to cells at room temperature, the
experiment was started at 10°C. Extracellular ice nucleation was not controlled
during the cooling process. Ice nucleation generally occurred in the range of =15
to -25°C. Once the temperature reached -150°C, the sample was rapidly
rewarmed to room temperature at a warming rate of 100°C/min. Post-thaw viability
of the encapsulated and extracted cells was measured using 20 ug/mL acridine
orange (AO)/propidium iodide (PI) fluorescent dye (Nexcelom, Lawrence, USA).
The live (green) and dead (red) cells in the sample were counted in five
representative areas for each sample using a Nikon Eclipse TE200 inverted
fluorescence microscope (Melville, NY, USA). The final percent viability of the cells

was calculated with respect to the freshly harvested NK-92 cells.

5.2.5 NK Cytotoxicity Assay

The cytotoxic activity of both fresh and frozen/thawed NK-92 cells was assessed

through the measurement of lactic dehydrogenase (LDH) released from apoptotic
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tumor cells in the supernatant. The LDH assay was performed using the
CyQUANT™ LDH Cytotoxicity Assay Kit following the manufacturer's instructions
(Invitrogen, Waltham, MA). Briefly, 100 yL suspensions of target cells (MDA-MB-
231) at a density of 10,000 cells/well were seeded in multiple wells of a 96-well
plate and incubated overnight for cell attachment. On the following day, viable
fresh or frozen/thawed NK-92 cells (effector) in 100 uL of medium were co-cultured
with the target cells at different effector-to-target (E/T) ratios of 2:1, 1:1, and 0.5:1
in triplicate wells for 24 hours. Additionally, triplicate wells containing MDA-MB-231
cells for spontaneous LDH activity controls were treated with fresh medium only,
while another set of triplicate wells for maximum LDH activity controls were treated
with lysis buffer. After the co-culture period, the supernatants were collected to
measure the LDH released from the dead MDA-MB-231 cells. The absorbance
was measured at wavelengths of 490 nm and 680 nm. The 680 nm absorbance
value, representing the background, was subtracted from the 490 nm absorbance,

and the cytotoxicity percentage was calculated using the following formula:

Cvtotoxicity (0 experimental LDH activity — spontaneous LDH activity 100%
_ X
ytotoxicity (%) maximum LDH activity — spontaneous LDH activity °

5.2.6 FTIR studies with alginate hydrogel

0.1 ~ 1L of the samples (20% trehalose solution, and 1% alginate + 20% trehalose
hydrogel) were sandwiched between two CaF2 windows and sealed with vacuum
grease to avoid evaporation. The assembly was then transferred to the cryostage
attached to an infrared microscope, which was connected to an FTIR spectrometer

(Thermo-Nicolet Continuum, Thermo Electron, Waltham, MA) equipped with a

87



mercury cadmium telluride detector (Thermo Electron, Waltham, MA). The sample
was first cooled from 10°C to -150°C at a rate of 2°C/min, then warmed back to
10°C at 2°C/min. Infrared (IR) spectra were collected from a sample area of 100
um x 100 um every 2°C, and 64 IR scans at a resolution of 4 cm™! were averaged
in 9000 to 900 cm™' wavenumber range to obtain each spectrum. The IR spectra
were analyzed using the OMNIC software (Thermo-Nicolet, Madison, WI,).
Changes in the glycosidic band (995 cm-)'87. 18 were examined as the sample

was cooled and heated.

5.3 Results and Discussion
5.3.1 Agarose hydrogel encapsulation

5.3.1.1 Encapsulation and extraction of NK-92 cells from agarose hydrogel
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Figure 5.1. (A) Viability of encapsulated NK-92 cells (in 0.75% agarose hydrogel)
incubated at 37°C, 5% CO2 for up to 3 days (n=1). Live/dead fluorescence images
of (B) fresh NK-92 cells, and (C) encapsulated NK-92 cells in 0.75% agarose
hydrogel cultured for 72 hours. (scale bar: 200um)
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As shown in Figure 5.1A, after the NK-92 cells were encapsulated in the 0.75%
agarose hydrogel, no significant viability decrease was observed compared to the
fresh control. Also, the encapsulated NK-92 cells exhibited sustained high viability
and continued growth by forming cell clusters during the 3-day cell culture (Figure
5.1C). These results demonstrated the biocompatibility of agarose hydrogel with

NK-92 cells.

To optimize the extraction process of NK-92 cells from the agarose hydrogel, three
concentrations of agarase exposure (25, 100, and 250 U/ml) were tested, and the
viability, as well as extraction rate data, were analyzed (Figure 5.2A). It was found
that the viability of NK-92 cells decreased gradually with increasing agarase
concentration. Meanwhile, the cell extraction rate increased with increasing
agarase concentration, with a statistically significant (p<0.05) difference observed
between the 25 U/ml and 100 U/ml groups. Furthermore, the impact of different
incubation times (0.5, 1, 2, and 4 hours) on the extraction rate of NK-92 cells was
evaluated. As shown in Figure 5.2B, the increase in the incubation time led to a
higher cell extraction rate, and a significant difference was observed between 0.5-
hour and 1-hour incubation (p<0.05). However, it is worthy of note that the increase
in extraction rate was accompanied by a reduction in cell viability. Specifically, a
significant decrease in cell viability (p<0.05) was observed during 0.5-hour
incubation, and a more statistically significant (p<0.01) difference was observed

during 2-hour incubation. Considering these results, we have determined that a
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concentration of 100 U/ml for agarase and an incubation time of 1 hour are the
optimal conditions for improving the cell extraction rate (Figure 5.2C) while

preserving a satisfactory level of cell viability (Figure 5.2D).
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Figure 5.2 (A) Post-extraction viability and extraction rate of encapsulated NK-92
cells after incubation with different concentrations of agarase (25, 100, and
250U/ml) at 39°C for 1 hour. (B) Viability and extraction rate of encapsulated NK-
92 cells after varying incubation times (0.5, 1, 2, and 4 hours) with 100U/ml
agarase at 39°C. (C) Bright-field image and (D) live/dead fluorescence image
showing extracted NK-92 cells from 0.75% agarose hydrogel after 1-hour
incubation with 100 U/ml agarase at 39°C. (* indicates p<0.05, and ** indicates
p<0.01, n=3, scale bar: 200pum)

However, it is important to note that even with the use of minimum agarase
concentration and incubation time, the cell viability dropped significantly (p<0.05)

compared to the fresh control (Figure 5.2A and Figure 5.2B). This result indicates
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that the cell extraction process may still have some unfavorable effects on NK cells
(e.g. the mechanical stresses during homogenization), which can lead to cell death.
Additionally, the presence of hydrogel debris in the extracted cells (Figure 5.2C)
may introduce additional negative effects, such as impeding NK cell migration and
compromising their cytotoxicity. Therefore, ongoing efforts focused on further

optimizing the extraction protocol of NK-92 cells from the agarose hydrogel.

5.3.1.2 Post-thaw analysis of NK-92 cells freeze/thawed in agarose hydrogel
with trehalose

100

80 |

|

60

40 t

Normalized Viability (%)

0 =F=
10% DMSO  20% trehalose 0.75% agarose 0.75% agarose 0.75% agarose

+ 20% trehalose + 20% trehalose

(after extraction)

Figure 5.3 Post-thaw viability (normalized to fresh control) of NK-92 cells frozen in
10% DMSO solution (with 40% FBS and 50% cell culture medium), 20% trehalose
in 1x PBS solution, 0.75% agarose hydrogel (before extraction), 0.75% agarose +
20% trehalose hydrogel (before extraction), and 0.75% agarose + 20% trehalose
hydrogel (after extraction). ( *** indicates p<0.001)

The post-thaw viability of NK cells frozen in different groups is shown in Figure 5.3.

The composition of 0.75% agarose + 20% trehalose was chosen since its
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demonstrated high post-thaw viability for MDA-MB-231 cells. Similar to the
observations made with MDA cells, poor survival was observed for NK-92 cells
when they were frozen/thawed in the trehalose solution or encapsulated in agarose
hydrogel (without trehalose). Encapsulation of NK-92 cells in 0.75% agarose
hydrogel with 20% trehalose before freezing significantly increased their post-thaw
viability to 65.2 = 3.4%, which is comparable to the DMSO control (73.6 + 6.4%).
However, it is important to note that the post-thaw viability significantly decreased

(p<0.001) to 18.9 = 7.4% after cell extraction.

A cytotoxicity assay was performed to further analyze the post-thaw function of the
extracted NK-92 cells (Figure 5.4A). In both the fresh and DMSO control,
cytotoxicity increased with the effector-to-target (ET) ratio. Since the damage to
the plasma membrane results in the release of LDH into the surrounding cell
culture medium, the higher LDH activity means that more of the targeted MDA-
MB-231 cells were damaged by NK-92 cells (higher cytotoxicity). The cytotoxicity
of NK-92 cells frozen/thawed in 10% DMSO is slightly lower than that of the fresh
control (particularly evident at ET ratio 2), although the difference was not
statistically significant. Some studies have reported lower cytotoxicity for NK cells
cryopreserved with DMSO, factors such as the use of different cytotoxicity assays
and target cells may account for the variance, 17222 a more detailed discussion is
in the next section. In addition, the cytotoxicity data corresponds to our
observations in Figure 5.4C, D, where both the fresh and DMSO cryopreserved

groups formed a number of NK-92 cell clusters after 1-day co-culture with MDA-
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MB-cells, and the growth of MDA-MB-231 was also greatly inhibited compared to
the MDA control without the seeding of NK-92 cells (Figure 5.4B). On the other
hand, for NK-92 cells that were frozen/thawed and extracted from the 0.75%
agarose + 20% trehalose hydrogel, no significant increase in cytotoxicity was
observed with the increase in the ET ratio. Moreover, at an ET ratio of 2, the LDH
activity was significantly lower than that of the fresh control. This finding indicates
a severe impairment of the functionality of NK cells. This collaborates with the
observation from Figure 5.4E, where very few and small clusters of NK cells were

formed and lots of MDA cells remained stretched and attached to the bottom

surface.
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Figure 5.4 (A) Cytotoxicity assessment of NK-92 cells (fresh control,
freeze/thawed in 10%DMSO, and freeze/thawed and extracted from 0.75%
agarose + 20% trehalose) against MDA-MB-231 cells at different effector-to-target
(ET) ratios (0.5, 1, and 2, for viable cells). Bright-field images of MDA-MB-231 cells
after 24-hour co-culture with (B) no NK-92 cells, (C) fresh NK-92 cells, (D) NK-92
cells frozen/thawed in 10% DMSO, and (E) NK-92 cells frozen/thawed and
extracted from 0.75% agarose + 20% trehalose, at the ET ratio of 2. (The blue
arrow represents an example of attached and stretched MDA-MB-231 cells, the
red dashed circle represents an example of NK-92 cell clusters. * indicates p<0.05.
Scale bar: 200pum)25
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Compared to the high post-thaw viability before cell extraction, the significant drop
in post-thaw viability (Figure 5.3) and compromised cytotoxicity (Figure 5.4) of
encapsulated NK-92 cells following cell extraction highlight the cell extraction
process is detrimental to the NK cells, particularly for the cells after
cryopreservation. Another explanation for the viability drop is the enhanced
sensitivity and fragility of NK cells resulting from the freeze/thaw process.
Cryopreservation-induced stresses have negative effects on cells (such as
activating molecular responses)??® and may trigger cell apoptosis and delayed-
onset cell death (DOCD).23% 231 Consequently, compared to the fresh NK-92 cells,
the freeze/thawed cells become more vulnerable to the stresses encountered
during the cell extraction process, such as the mechanical forces exerted during
homogenization, as well as the hypoosmotic stress and elevated temperature
during the incubation for agarose digestion. Another potential explanation for the
compromised cytotoxicity could be the debris of agarose hydrogel. In comparison
to the images of the other three groups, the background in Figure 5.4E appears
to be blurred and indistinct, which is due to the accumulation of hydrogel debris at
the bottom of the well. The presence of residual hydrogel debris could potentially
impede the binding of NK-92 cells to MDA-MB-231 cells, resulting in the inhibition

of NK cell activation and compromising their killing capabilities against tumor cells.

5.3.2. Alginate Hydrogel Encapsulation

5.3.2.1 Extraction of NK-92 cells from alginate hydrogel

94



The feasibility of using alginate as an alternative hydrogel material for reversible
encapsulation and cryopreservation of NK cells was also explored. As shown in
Figure 5.5C, the majority of NK-92 cells remained viable after extraction from the
1% alginate hydrogel, with only a slight decrease in viability (~7%) compared to
the fresh control (Figure 5.5A). This slight decrease in viability may be attributed
to the incubation of NK cells in a relatively high concentration (100mM) of EDTA
solution and prolonged exposure time (20 min) at 37°C. In contrast to the extraction
of cells from agarose hydrogel, the extraction from the alginate hydrogel achieved
a 100% extraction rate with no observed hydrogel debris (Figure 5.5B). Compared
to agarose hydrogel, these findings indicate that the method of extracting NK cells

from alginate hydrogel is more efficient and safer.
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Figure 5.5 (A) Viability and extraction rate of fresh NK-92 cells and encapsulated
NK-92 cells after being extracted from 1% alginate hydrogel. (B) Bright-field image
and (C) live/dead fluorescence image showing NK-92 cells extracted from 1%
alginate hydrogel. (scale bar: 200um)
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5.3.2.2 Post-thaw analysis of NK-92 cells frozen/thawed in alginate hydrogel
with trehalose

The post-thaw viability of encapsulated NK cells frozen/thawed in different
concentrations (from 0.5% to 2%) of alginate hydrogel is shown in Figure 5.6. It’s
found that although encapsulation of NK-92 cells in alginate hydrogel with
trehalose is beneficial for cryopreservation, it is less effective than the combination
of agarose hydrogel with trehalose (Figure 5.3). Before cell extraction, the
combination of 1% alginate + 20% trehalose yielded the highest post-thaw viability
for NK-92 cells (48.1% * 5.6%), which is significantly lower (P<0.01) than the 10%
DMSO control (73.6 = 6.5%). After extraction, the viability of NK-92 cells
frozen/thawed in 1% alginate + 20% hydrogel further decreased to 28.3 + 10.2 %.
Comparing this approximately 20% viability decrease (Figure 5.6) to the
approximately 7% viability decrease observed for the encapsulated fresh NK-92
cells after extraction(Figure 5.5A), it supports the finding that freeze/thawed cells
become more vulnerable to stresses encountered during the cell extraction.
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Figure 5.6 Post-thaw viability (normalized to fresh control) of NK-92 cells
frozen/thawed in 10% DMSO solution (with 40% FBS and 50% cell culture
medium), different concentrations of alginate hydrogel (0.5%, 1%,1.5%, 2%) with
20% trehalose (before extraction), and 1% alginate + 20% trehalose (after
extraction). (* indicates p<0.05, ** indicates p<0.01)

Compared to the fresh control and DMSO group, the cytotoxicity of NK-92 cells
frozen/thawed and extracted from 1% alginate + 20% trehalose hydrogel did not
exhibit significant differences across all ET ratios (Figure 5.7A). Furthermore,
bright-field images for all three groups (Figure 5.7C, D, E) showed the noticeable
suppression of MDA-MB-231 cell growth and the aggregation of NK-92 cell
clusters and after one day of co-culture, although the size of cell clusters in DMSO
control and the 1% alginate + 20% trehalose group was slightly smaller compared
to the fresh control. These results suggest that the cytotoxicity of viable NK-92 cells
in alginate + 20% trehalose was slightly compromised after the freeze/thaw and

cell extraction processes.
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Figure 5.7 (A) Cytotoxicity assessment of NK-92 cells (fresh control,
frozen/thawed in 10%DMSO, and frozen/thawed and extracted from 1% alginate
+ 20% trehalose) against MDA-MB-231 cells at different effector-to-target(ET)
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ratios (0.5, 1, and 2, for viable cells). Bright-field images of MDA-MB-231 cells after
24-hour co-culture with (B) no NK-92 cells, (C) fresh NK-92 cells, (D) NK-92 cells
frozen/thawed in 10% DMSO. and (E) NK- 92 cells frozen/thawed and extracted
from 0.75% agarose + 20% trehalose, at the ET ratio of 2. (The blue arrow
represents an example of attached and stretched MDA-MB-231 cells, and the red
dashed circle represents an example of NK-92 cell clusters. Scale bar: 200um)28

Since the maximum LDH activity of fresh NK-92 cells is relatively low
(approximately 40% at an ET ratio of 2, as shown in Figure 5.4 and Figure 5.7),
and the observed differences in cytotoxicity between different experimental groups
or ET ratios are not very significant, we may need to increase the maximum ET
ratio to obtain more conclusive results. Additionally, K562 cells, as employed in
many previous studies, 217232233 could be considered as an alternative to MDA-
MB-231 cells. In contrast to the attached MDA-MB-231 cells, K562 cells are
suspension cells (the same as NK cells), which facilitate NK cell migration and
targeting. Furthermore, K562 cells lack expression of major histocompatibility
complex (MHC) class | molecules, rendering them more susceptible to NK cell-
mediated killing.?3* These may explain why some studies have observed a more

significant drop in cytotoxicity after NK cells cryopreserved with DMSO,110. 217, 222

5.3.2.3 Preliminary study on the physicochemical mechanisms of protection

offered by alginate encapsulation during freeze/thaw

FTIR studies were performed to investigate the thermodynamic and kinetic
transitions that occurred during the freeze/thaw process in the alginate hydrogel

with trehalose. Using the method described in Chapter 4, the temperature-induced
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shift of the trehalose glycosidic linkage (located at 995 cm™) was analyzed. As
shown in Figure 5.8, during cooling, the glycosidic linkage peak shifted to higher
wavenumbers with decreasing temperature, which is due to the increase in
hydration level for trehalose,8% 207 and the increase of the flexibility of trehalose
around the glycosidic linkage.'® The abrupt redshift upon freezing around -25°C
(Blue arrow in Figure 5.8) was because of the formation of the freeze-concentrated
liquid (FCL), which significantly increased the trehalose concentration and thus

decreased the flexibility of trehalose.
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Figure 5.8 Peak shift of the glycosidic band (=995 cm) during cooling and
warming processes of: (A) 20% trehalose, (B) 1% alginate + 20% trehalose.
Samples were cooled from 10 °C to -150 °C and then warmed back to 10 °C at 2
°C /min.

During the warming process, three transitions were observed in the IR spectra. As
discussed in Chapter 4, these three transitions correspond to the glass melting of
the FCL (transition 1), the onset of ice recrystallization (transition 2), and the
melting of bulk ice (transition 3), respectively. AR between the onset of ice

recrystallization (transition 2) and melting of bulk ice (transition 3) represents the
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extent of ice recrystallization in the sample during warming. In comparison to the
20% trehalose, the AR value decreased from 0.7 cm™ to 0.4 cm™ in the 1% alginate
+ 20% trehalose group. This decrease suggests that alginate acts as an inhibitor
of ice recrystallization during the warming process, similar to the effect observed
with agarose hydrogel. Note that the AR value of 0.4 cm-1 for the 1% alginate +
20% trehalose group (Figure 5.8B) is similar to the AR value of 0.75% agarose +
20% trehalose group (Figure 4.5B), indicating their comparable abilities to inhibit
ice recrystallization during warming. However, considering the relatively lower
post-thaw viability of encapsulated NK-92 cells in the alginate hydrogel (48.1 +
5.6%, Figure 5.6) compared to the agarose hydrogel (65.2 + 3.4%, Figure 5.3),
further investigations are underway to better understand the other factors such as
the ability to inhibit ice formation and eutectic crystallization/melting in the system

of alginate hydrogel with trehalose during freeze/thaw.

5.3.3 Comparative analysis and discussion of cryopreservation results of

NK-92 cells: agarose hydrogel vs. alginate hydrogel

A comprehensive comparative analysis was summarized in Table 5.1, which
evaluates the cryopreservation outcomes of NK-92 cells in terms of post-thaw
viability (before and after cell extraction), cytotoxicity for NK-92 cells, the
efficiency of cell extraction, and recovery rates from both agarose and alginate

hydrogel materials.
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Viability (%, Viability (%, | Extraction Recovery Cytotoxicity (%,
before cell after cell Rate (%) Rate (%) ET ratio=2)
extraction) extraction)
0.75% agarose | 65.2+3.42 189+7.42 | 724+422 | 505+742 |651+10.3°
+20% trehalose
1% alginate + 48.1+56° 28.3+10.22|100+0° 73.1+9.7b | 85.1+4.12
20% trehalose

Table 5.1 Comparison of the post-thaw assessment for cells frozen/thawed in
agarose and alginate hydrogel. (All the data were normalized with fresh control.
Values marked with different superscripts (a, b) within a column are statistically
significantly different, p < 0.05)

The viability of NK-92 cells after freeze/thaw in 0.75% agarose + 20% trehalose
hydrogel is significantly higher compared to 1% alginate + 20% trehalose,
indicating the stronger protection offered by agarose hydrogel with trehalose
during the freeze/thaw process. However, following cell extraction after
freeze/thaw, cells extracted from both hydrogels showed a significant decrease in
viability (~46% for agarose and ~20% for alginate, Table 5.1). This decline can be
attributed to the detrimental effect of the cell extraction process, as well as the
stresses induced by cryopreservation, which may elevate the sensitivity and
fragility of NK-92 cells, and potentially trigger cell apoptosis and DOCD. On the
other hand, the lower viability drop during cell extraction, higher cell extraction, and
recovery rates, as well as higher cytotoxicity (Table 5.1), suggest that the protocol
used for extracting NK-92 cells from alginate hydrogel is less harmful and more
efficient than the protocol for extracting cells from agarose hydrogel. These
findings emphasize the need for further optimization of the extraction process
(particularly for agarose hydrogel) to minimize cellular damage and maintain cell

viability and functionality. Future studies should focus on mitigating the

cryopreservation-induced stresses on NK cells and exploring alternative extraction
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methods or modifications to the current procedure to mitigate the adverse effects
associated with the cell extraction process and enhance overall cell recovery and

viability.

5.4 Conclusion

This chapter evaluated the cryopreservation methods using agarose-trehalose
hydrogel for NK-92 cells and optimized the cell extraction protocol from agarose
hydrogel. Additionally, the potential of alginate as an alternative hydrogel material
for reversible encapsulation and cryopreservation of NK-92 cells was investigated.
Encapsulation of NK-92 cells in 0.75% agarose + 20% trehalose hydrogel
demonstrated effective cell protection during the freeze/thaw process (Figure 5.3).
However, poor post-thaw survival (Figure 5.3) and cytotoxicity (Figure 5.4) were
observed after cell extraction, possibly attributed to (1) the detrimental effects of
the extraction process and (2) the increased vulnerability of cells due to
cryopreservation-induced stresses. On the other hand, 1% alginate + 20%
trehalose hydrogel showed less effectiveness in the protection of NK cells during
freeze/thaw (Table 5.1). Similar observations were made regarding the lower post-
thaw viability (Figure 5.6) and compromised cytotoxicity (Figure 5.7) after cell
extraction from alginate hydrogel. However, the process of NK cell extraction from
alginate hydrogel appeared less detrimental and more efficient than from agarose
hydrogel (Table 5.1). Further studies are needed to minimize cryopreservation-
induced stress on NK cells and optimize the cell extraction process to alleviate the

damage to cells.
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Chapter 6: Research Summary

The main objective of this dissertation research is to develop a novel cryopreservation
method for mammalian cells using hydrogel encapsulation to eliminate the use of toxic
cell membrane-permeable CPA such as DMSO, and then validate and optimize this
cryopreservation method for therapeutic NK cells. To achieve this goal, we have

proposed the following specific aims:

Specific Aim 1: Analysis of molecular changes associated with warming Injury in

cryopreserved therapeutic cells

In Chapter 3, we investigated the molecular changes and post-thaw viability of
human therapeutic cells (leukocytes) associated with warming injury during
cryopreservation. Our findings revealed that slow warming resulted in irreversible
dehydration of cell membrane lipids and denaturation of cellular proteins (Figure
3.5), leading to cell death (Figure 3.2). Additionally, the post-thaw viability data for
cells subjected to rapid warming with isothermal hold (Figure 3.3) indicated that
human leukocytes are highly sensitive and vulnerable to the kinetic processes
active at cryogenic temperatures, particularly in the range of -60°C and -80°C.
These processes may involve (1) eutectic crystallization and melting (2)

devitrification and extensive ice recrystallization.

Specific Aim 2: Desigh and manufacture a hydrogel matrix for the cryopreservation

of mammalian cells and determine the physicochemical mechanisms of protection

offered by hydrogel encapsulation
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In Chapter 4, we developed an encapsulation-based cryopreservation method that
eliminates the need for DMSO. This is achieved by encapsulating the cells in a
cytocompatible agarose hydrogel in the presence of extracellular trehalose, a
membrane-impermeable cryoprotective agent. The study demonstrates that the
method offers effective cryoprotection through the following mechanisms: First, as
proven by the DSC and FTIR analyses, hydrogel encapsulation decreased the
amount of free water in the solution, resulting in a smaller ice phase volume
(Figure 4.1, Table 4,1, and Figure 4.4A) with a less ordered water structure
(Figure 4.4B). Second, ice recrystallization during warming was inhibited (Figure
4.5), potentially due to the hydrogel network mechanically inhibiting the formation,
progression, and fusion of ice crystals. And finally, detrimental eutectic
crystallization/melting transitions were inhibited (Figure 4.1). Therefore, the cells
(MDA-MB-231) encapsulated in the agarose hydrogel with trehalose are well
protected against detrimental mechanical damage observed during freeze/thaw,
as reflected by a very high viability post-thaw (Figure 4.7). On the other hand, a
lower proliferation rate was observed after the post-thaw cells were extracted from
the hydrogel (Figure 4.8, Figure 4.9), which suggests the need for further

optimization of the cell extraction process.

Specific Aim 3: Validation and optimization of the hydrogel encapsulation method

for cryopreservation of NK cells

In Chapter 5, we validated the cryopreservation methods utilizing hydrogel

encapsulation for NK-92 cells and optimized the protocol for extracting
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encapsulated cells from the hydrogel. Cells encapsulated in 0.75% agarose +20%
trehalose showed comparable post-thaw viability to the DMSO control (Figure 5.3),
indicating NK cells are well protected during the freeze/thaw process. On the other
hand, 1% alginate + 20% trehalose showed less effectiveness in the protection of
NK cells during freeze/thaw (Table 5.1). For both agarose and alginate, significant
viability drop and compromised cytotoxicity were observed after cells were
extracted from hydrogel after thawing (Table 5.1), which might be due to (1) the
detrimental effects of the extraction process and (2) the increased vulnerability of

cells due to cryopreservation-induced stresses.
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Chapter 7. Explorative Study and Future Work

7.1 Explorative Study

7.2.1 Explorative study on cryopreservation of primary NK cells using
agarose hydrogel with trehalose

Primary NK cells, in contrast to the established NK-92 cell line, are derived from
human donors' peripheral blood or tissues, closely resemble the characteristics of
native immune cells. While NK-92 cells can be grown easily in larger quantities,
primary NK cells offer the advantage of genetic diversity, allowing for potential
compatibility with a broader range of patients.?*®> They also possess a wider
repertoire of natural killer cell receptors, which can enhance their ability to
recognize and target tumor cells.102 194 Given their important role in immune-
mediated therapies, we conducted preliminary studies to evaluate the

cryopreservation of primary NK cells using agarose hydrogel encapsulation.
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Figure 7.1 (A) Live/dead fluorescence image of freshly expanded primary NK cells.
(2) Post-thaw viability (normalized to fresh control) of NK-92 cells (n=3) and
primary NK cells (n=1) frozen/thawed in 0.75% agarose + 20% trehalose (before
cell extraction). (Scale bar: 200um)
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The primary NK cells were frozen/thawed following the same cooling/warming
protocol as for NK-92 cells, as described in Chapter 5. And the viability of primary
NK cells was measured before freezing and after thawing. It was found that freshly
expanded primary NK cells (Figure 7.1A) display lower viability (approximately
72%) compared to fresh NK-92 cells (typically 80% to 90%). This difference may
be attributed to the primary NK cells' requirement for specific culture conditions
and growth factors, as well as their higher sensitivity to environmental stresses.
However, after encapsulation and freeze/thaw in 0.75% agarose + 20% trehalose,
the normalized post-thaw viability of primary NK cells is approximately 83%
(Figure 7.1B), significantly higher than that of NK-92 cells (65.2 + 3.4%). This
observation is interesting because primary NK cells are theoretically more
susceptible to the stresses during cryopreservation (such as osmotic changes, ice
crystal formation, and temperature fluctuations) compared to the established NK-
92 cell line. Given that primary NK cells exhibit genetic diversity due to individual
variations among donors (which can affect their behavior and response to
cryopreservation), conducting additional viability and cytotoxicity assays with
multiple replicates is warranted to gain a better understanding of the encapsulation

effect on cryopreservation outcomes of primary NK cells.
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7.2 Future Work

7.2.1 Mitigating cryopreservation-induced stresses on NK cells

In Chapter 4, we provided a comprehensive explanation of the cryoprotection
mechanisms offered by agarose encapsulation with trehalose during
cryopreservation. These mechanisms include minimizing the volume of the ice
phase, forming ice with a less ordered structure, inhibiting ice recrystallization
during the warming process, and preventing cryoinjury associated with eutectic
crystallization/melting. However, since the use of cell membrane-permeable CPAs
was avoided, the inhibition of intracellular ice may not be as effective as DMSO,
this might be a reason for the decreased post-thaw viability of encapsulated NK-
92 cells compared to the DMSO control. Besides that, our analysis of the protective
mechanisms offered by hydrogel encapsulation during freeze/thaw primarily
focused on the physicochemical aspects. Some studies, however, have shown the
stresses associated with cryopreservation also have detrimental effects on cells
through various cellular physiology and biochemistry mechanisms.22% 236-238 These
stresses can cleavage DNA molecules 239240 trigger mitochondrial damage 24243,
and initiate cellular necrosis and apoptosis 229 230. 236, 237, 241 Therefore, efforts
should be directed toward minimizing cryopreservation-induced stress on NK cells,

which could further improve their post-thaw survival and functionality.
a. Induction of ice nucleation to minimize intracellular ice formation (IIF)
Inducing ice nucleation at a higher subzero temperature in the extracellular space

has been demonstrated to enhance post-thaw survival for a variety of cell types.?**
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245 In our experiments, simultaneous ice nucleation for hydrogel samples
containing 20% trehalose typically occurs within the temperature range of -20°C to
-25°C during cooling. Therefore, inducing extracellular ice nucleation at a higher
temperature (e.g. -5°C) could allow for continued cell dehydration during cooling
and reduces the possibility of IIF at lower temperatures. Additionally, it has been
reported that ice nucleation could induce a strong highly cooperative fluid—gel
phase transition of the cell membrane,>® and the extent of this freezing-induced
phase transition decreases as the ice nucleation temperature decreases.®® By
inducing ice nucleation at a higher subzero temperature, the greater magnitude of
the cell membrane phase transition facilitates the uptake of membrane-
impermeable trehalose from the extracellular medium, which could further reduce

the occurrence of IIF.

Except for the inhibition of IIF, inducing ice nucleation at a specific temperature
offers another advantage by minimizing variations in results from sample to sample,
run to run. This approach has been widely used in the cryopreservation of cell

therapy products, ensuring more consistent outcomes and reproducibility.22*

b. Incorporating specific inhibitors into the cryopreservation process

Incorporating inhibitors into the cryopreservation process represents another
promising approach for enhancing the viability and functionality of NK cells post-
thaw. Specifically, Rho-associated protein kinase (ROCK) inhibitors’3, caspase

inhibitors?2%: 230, 236 and oxidative stress inhibitors?2% 230243 'have shown potential
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in mitigating the detrimental effects which could be induced by cryopreservation.
These inhibitors can target and inhibit crucial pathways involved in necroptosis or
apoptosis?®®, cytoskeletal damage??® 230, and oxidative stress® °, therefore
preserving cellular integrity and promoting cell survival after thawing. In addition,
the inclusion of inhibitors may also modulate the cellular response to
environmental stimuli during the cell extraction process following thawing, further

improving the overall survival and functionality of the extracted cells.

7.2.2 Optimization of the cell encapsulation and extraction process

a. Encapsulation of NK cells using microencapsulation

Encapsulating NK cells in hydrogel microbeads (e.g. using a microfluidic device),
can reduce the size of the hydrogel and facilitate the cell extraction process. In our
experiments involving NK cells frozen/thawed in the agarose-trehalose hydrogel,
the sample volume can be as large as 100-200 uL, therefore the homogenization
step is required to break down the large hydrogel into smaller pieces before
incubating the hydrogel with agarase. However, by encapsulating the NK cells
within agarose microbeads, the homogenization step is no longer necessary,
minimizing the risk of mechanical damage to the NK cells and also avoiding cell
loss in this step. Moreover, the small size may allow for lower requirements in
terms of agarase enzyme concentration, incubation temperature, and incubation
time. Consequently, the extraction of NK cells from agarose hydrogel becomes

less detrimental.
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Similarly, encapsulation of NK-92 cells in alginate microbeads could significantly
reduce the digestion time and EDTA concentration. Our preliminary data showed
that decreasing the size of alginate hydrogel beads from 20 pL to 10 pL can
minimize the digestion time from approximately 50 minutes to 20 minutes in a 100
mM EDTA solution. Therefore, if NK cells are encapsulated in a smaller size of
alginate beads, it is possible to extract cells within a few minutes at a lower EDTA

concentration, further minimizing the adverse effects on the cells.

However, to ensure effective protection during cryopreservation, the size of
microbeads used for encapsulating NK cells should not be too small. Microbeads
with diameters below 200 pm have been observed to be much more susceptible
to damage caused by ice formation during slow or controlled-rate freezing.?*¢ This
is attributed to the increased surface-to-volume ratios of smaller beads, which
enhance the possibility of direct contact between the encapsulated cells in the

beads and the growing ice crystals outside the beads during cryopreservation.??

b. Explore other types of agarose or combinations of agarase with other enzymes
In this study, the use of low-gelling temperature agarose (which undergoes
gelation around 20°C compared to the standard agarose with gelation around 37°C)
provides us with more flexibility for cell encapsulation. The lower gelling
temperature of agarose is achieved by decreasing the level of hydrogen bonding
via methylation of the hydroxyl side groups.?*” However, the methylated backbone

may inhibit enzymatic digestion. Although we could extract most cells via agarase
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enzymatic digestion, the need to use a high concentration of the agarase and long
incubation time might contribute to decreased cell viability. Therefore, either using
a higher temperature gelation agarose (less methylation) or an enzyme or
biocompatible chemical that functions on a methylated backbone might be
beneficial to reduce the amount of time and concentration of enzyme to minimize
the adverse effect on cells, and therefore increase viable cell recovery after cell

extraction.
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