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ABSTRACT

Cell-based therapies have been a growing topic of interest within biomedical
research. Despite many advances, the challenges with clinical translation twenty years
ago persist today: problems associated with scaling up production and cell death
associated with implantation. For clinical success, a holistic approach incorporating the
current challenges in cell-based therapies would increase the probability of success.
Two prospective methods to improve cell delivery outcomes include biomaterials and
spheroids. Nevertheless, it is unclear how innovations with these methods will integrate
with the need to preserve cell-based therapies via cryopreservation, the storage of cells
in frozen stasis. Notably, the freezing and thawing process has negative consequences
for cell replication, unintended differentiation, poor recovery, and morphological and
functional changes. These issues are worsened when freezing larger tissues or
constructs, such as spheroids and cells encapsulated in hydrogels. To address this
challenge, we developed a novel gelation procedure for alginate hydrogels capable of
encapsulating cells as they thaw from a cryopreserved state, which we call thaw-
induced gelation. This method is a distinct alternative to cryopreserving cell-based

therapies whole.

We developed three new alginate hydrogels compatible with cryopreservation:
homo-IPN, alginate cryogels, and hydrogel capsules. Using each
method with cryopreserved cells could instruct cell aggregation to form
spheroids. Additionally, these hydrogels showed promise for protecting cargo from
freeze/thaw damage and could enhance electrostatic-based release from the hydrogels.

Lastly, we interrogated the optimal procedure to cryopreserve cells to obtain spheroids



using HUVECs, MSCs, and a combination of both cell types. Our results suggested that
best practices are likely cell-dependent, indicating cryopreservation will not have a one-
size-fits-all approach for potential cell therapies. Overall, thaw-induced gelation
represents one of the first efforts to design hydrogel-based systems around the
mechanisms of cryopreservation, minimizing the conflicts with cryopreserving tissue-
engineered constructs whole. Together, the system represents an alternative approach
to incorporating cryopreservation with prospective additional uses in tissue or disease
modeling, scale-up production of 3D cultures, and studying the effects of

cryopreservation.
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CHAPTER 1

Introduction

1.1 Problem statement

Increasing motivation to develop novel cell therapy strategies

Cell-based therapies, tissue engineering, and 3D organoid tissue models have
been a growing topic of interest within biomedical research, transforming what was
deemed science fiction into a possibility on the horizon. While some researchers see
obstacles that will take tremendous effort to overcome with specific tissues, treatments
like chimeric antigen receptor (CAR) T-cell therapies have dramatically altered the
capacity to treat lymphoid malignancies [1]. In the early years of tissue engineering, the
term was applied for prosthetic devices and surgical manipulation of tissues. These
treatments do not include the generation of new tissue utilizing biological tissue or cells,
materials, and signals described as tissue engineering today [2]. Despite many advances,
the future challenges of the early 2000s persist: problems associated with scaling up
production and cell death associated with implantation. Coinciding with these challenges,
organ transplants remain the primary method for obtaining replacement tissues, resulting
in an increasing number of patients on the organ transplant waitlist [3]. To meet the large-
scale demand for tissues and organs is an ever-present challenge being addressed by

many biomedical engineers.

One topic of interest to many biomedical engineers is developing vascularized
tissue-engineered constructs or improving the vasculature of diseased tissue. Ischemic

vascular diseases are a significant cause of mortality in the United States. In particular,



peripheral artery disease (PAD) can result in loss of limb function or death and currently
affects over 25 million Americans [4]. Many who suffer from critical limb ischemia, an
advanced form of PAD, succumb to their condition even after treatments because their
cells are dysfunctional and unresponsive to drug treatments [5]. The dysfunction of native
cells has led to a growing interest in cell-based therapies, but revascularization rates with
these strategies still present a challenge [6, 7]. Given the more recent events with COVID-

19, the need to address endothelial diseases is more pertinent than ever [8].

Trends in tissue engineering: spheroids and hydrogels

Traditionally, clinical cell therapy involves the systemic infusion or local bolus
injection of cells to the body [9]. Typically, these strategies will result in low local viability
[10], and ex vivo manipulation of cells is expensive and time-consuming. Researchers
have been exploring and advocating for two prospective methods to improve cell delivery
outcomes: the use of biomaterials and 3D aggregates of cells, commonly referred to as
spheroids [11-15]. While many prospective cell-based therapies face challenges because
more than 90% of cells transplanted rapidly die [16], spheroids and cells encapsulated in
biomaterial-derived hydrogels can act as functional units to develop more functional
tissue constructs. For example, the concept of developing endothelial spheroids or
encapsulated spheroids in a hydrogel as a vascularization unit is one application for cell
therapy or tissue model. Notably, the ineffective oxygen diffusion to the core of the
spheroid or hydrogel could trigger the upregulation of hypoxia-inducible factor (HIF-1a)
[17]. Spheroids greater than 100 um have exhibited a greater upregulation of HIF-1a and

vascular endothelial growth factor (VEGF) compared to smaller spheroids [17, 18],

2



suggesting a potential benefit of encapsulation of these into larger hydrogels to induce
similar outcomes. Nevertheless, some cell types, such as mesenchymal stromal cells
(MSCs), appear to distribute their cell density within the aggregate to prevent hypoxia
[19]. Unsurprisingly, many studies into potential cell therapies have increasingly
incorporated these perspectives of hydrogels and spheroids (Figure 1.1). Although the
amount of published work into cell therapies increases each year, other terms, like
alginate, remain relatively constant relative to this overall growth. The accelerating
adoption of hydrogels and spheroids into research of potential cell therapies emphasizes
the excitement that these approaches to tissue engineering aspire in researchers.
Nevertheless, for clinical success, a holistic approach, incorporating processes and
research required to scale up production under good manufacturing practices to develop
a product with an established quality, shelf life, and standard operating procedure for

clinicians, would increase the probability of success.

Cryopreservation and the incorporation of manufacturing perspectives

From organ and tissue transplantation to tissue-engineering strategies, novel
technologies should tolerate cryopreservation to enable outsourced manufacturing,
transportation, and the inevitable delays due to logistical hurdles [20]. Cryopreservation,
the storage of cells in frozen stasis, is likely necessary for cell therapies to reach actuation
in clinics. However, the freezing and thawing process has demonstrated negative
consequences to MSC replication [21, 22], unintended differentiation and poor recovery
of embryonic stem cells [23], and morphological and functional changes in hepatocytes

[24]. Given that these consequences directly contrast the intended use of these cells as

3



therapies, there is motivation to study ways to improve cryopreservation with developing
treatments. Nevertheless, the incorporation of cryopreservation within cell therapy
research has steadily declined since the late 1990s (Figure 1.2). Notably, this is not to
say studies have been declining, but the number of publications on cell therapies is
outstripping efforts to incorporate cryopreservation. These trends in publications are also
occurring in clinical trials; of the over 35,000 clinical trials into cell therapies ongoing or
otherwise, about 0.54% of those incorporated cryopreservation (Figure 1.3). This trend is
worse with active trials, with only 0.49%. To create better outcomes from clinical trials, it
will be necessary to understand best practices for cryopreserved cells and how cells are
damaged. The primary stage influencing cell survival during cryopreservation is not the
storage at the ultralow temperatures but the dynamic stages of freezing and thawing [22].
During these periods, the cells are exposed to conditions that can destroy cell membranes
and organelles by intracellular and extracellular ice formation [25-28]. While those
conditions are actively avoided by placing cells in a hypertonic solution, osmotic effects
may also cause damage in the form of denatured proteins and osmotic shock [29, 30].
Critically, this transition would occur during vital stages of manufacturing and delivery.
For example, a cryopreservation stage could be involved after cells are seeded onto a
scaffold during manufacturing and thawed before being applied to a patient. With the
many potential opportunities for cell therapy to fail, biomedical advancements which
incorporate cryopreservation perspectives may be a beneficial holistic approach to

developing model tissues, tissue engineering constructs, or cell therapies.
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Figure 1.1 The number of published research of cell therapies increasingly
incorporate hydrogels and spheroids. The number of published research since 1992
was collected on pubmed.gov. These amounts were found by searching the terms “cell
therapy,” “cell therapy + hydrogels,” “cell therapy + spheroids,” and “cell therapy +
alginate.” To better understand how the secondary terms have changed with respect to
cell therapy research, we normalized the two term search results by the search results

for “cell therapy” alone.
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Figure 1.2 The number of published research into popular trends of cell therapies
has had steady or decreasing incorporation of cryopreservation. The number of
published research since 1992 was collected on pubmed.gov. These amounts were
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found by searching the terms “cell therapy,” “hydrogels,” “spheroids,” and “alginate” with
and without the additional term “cryopreservation.” To better understand how research
had changed their incorporation of cryopreservation, we normalized the values obtained

from the two-term search results by the search results for each term alone (i.e.,

[‘Alginate + Cryopreservation”] / [‘Alginate”]).
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Figure 1.3 A marginal number of clinical trials incorporate cryopreservation
compared to the overall number of cell therapy clinical trials. Data gathered from
clinicaltrials.gov indicate several ongoing and ended clinical trials for cell therapies as of
early 2021. The number of clinical trials referencing cryopreservation is less than 2%
compared to cell therapies. Less than one-third of those are clinical trials referencing both

terms.



1.2 Hypothesis and specific aims

The global hypothesis guiding this dissertation is that alginate hydrogels created
by thaw-induced gelation can instruct cell recovery post-cryopreservation and be
cryoprotective for encapsulated cargo, leading to improved cell viability, metabolic
recovery, and function of cryopreserved cells. This hypothesis has been addressed with

the following specific aims:

Aim 1: Develop and characterize the strategy of thaw-induced gelation as a method for

creating alginate hydrogels from previously frozen samples.

Aim 2: Characterize and optimize critical properties of these hydrogels for encapsulating

previously frozen proteins and cryopreserved cells.

Aim 3: Using thaw-induced gelation as a potential strategy, determine an optimal

procedure for developing endothelial spheroids from HUVECS, post-cryopreservation.

1.3 Significance

The strategies developed and many outcomes in this thesis may considerably
influence a new trend in cryopreservation research of potential tissue models and cell
therapies. Current practices are to apply cryopreservation directly to preestablished tissue
engineering strategies. However, this trend in research does not prioritize the necessary
processes required to create cell therapies or models as a product. While it is well
understood that clinical success or cell models for industrial research will require scalable

techniques, these products will also require long-term storage and transport. To date,



clinical trials incorporating cryopreservation within their protocols have been severely
lacking and are even cited as a cause for clinical trial failure [31-33]. Nevertheless, new
and exciting tissue-engineered constructs are being developed without the
cryopreservation perspective. Therefore, this work represents one of the first attempts to
design biomaterial strategies to encapsulate and instruct previously cryopreserved cells.
This process is intertwined with cryopreservation, synergizing the effects of freezing and
thawing into functional outcomes. The developments discussed in this thesis provide
many platforms for incorporating hydrogels with post-cryopreserved cells that may
provide broad utility for previously considered applications of these materials in tissue

engineering applications of cell therapies or tissue models.

1.4 Thesis overview

The following chapters will look at the background and motivation of the problem,
the current state of the field in addressing these issues, and how the work presented in
this dissertation contributes towards enabling tissue-engineered cell constructs to be
created post-cryopreservation with instructive hydrogels. Chapter 2 introduces biological
and engineering concepts that serve as the foundation of the work in this thesis. Chapter
3 addresses the first aim by describing the development of the thaw-induced gelation
(TIG) technique and its potential use in controlled-release systems. Chapters 4 and 5
describe the formation of alginate hydrogels from a frozen alginate solution crosslinked
via TIG, expanding on aim 1 by describing their unique mechanical properties. This work
extended into aims 2 and 3 with the cryopreservation of cells, potentially resulting in an

alginate cryogel described in chapter 5 and potential cryoprotective benefits for growth

9



factors expected to influence growth factors vasculogenic potential of endothelial cells in
chapter 4. Chapters 6, 7, and 8 use the alternative TIG outcome of hydrogel capsules.
While chapters 6 and 7 were done in parallel to work presented in chapters 4 and 5, the
alginate capsules were the foundation for our studies addressing aim 3 in chapter 8,
establishing whether it is better to form a spheroid from post-cryopreserved cells in a
dispersed solution or to cryopreserve whole spheroids. Chapter 9 closes with the
conclusions on the significance of this work, suggestions for future work, and the potential

outcomes of these next steps.
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CHAPTER 2

Review of biomaterials and spheroids use in therapeutic angiogenic applications

and consequential influences from cryopreservation and frozen storage

2.1 Introduction

This chapter provides the contextual and conceptual framework, background
knowledge, and interactions between concepts that set up and motivate the central
hypothesis of this thesis. We first provide a background of therapeutic angiogenesis
strategies to address the motivations for using hydrogels and spheroids. Next, a
background in cryopreservation, including the history and critical insights, will be
discussed. This discussion will introduce important engineering design parameters for
therapeutic angiogenesis, spheroids, hydrogels, and cryopreservation. Together, the
interactions between techniques will highlight the interconnected parameters that
influence the therapeutic efficacy of cell therapy strategies, indicating the need for further

research to improve the clinical success of tissue engineering strategies.

2.2  Motivation for cell-based therapies

The continual interest in cell therapies for treating disease and regenerating tissue
has resulted in a growing industry motivated to develop equally diverse and robust
systems. In 2014, the stem cell market was projected to reach $330 million by 2020,

despite the current $187 million market [1]. The cell therapy market is currently projected
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to grow to $401 million by 2026 [2]. While this disconnect between expectations and
outcomes could be due to the excitement around the potential benefits of this technology,
factors not considered within the research stages could be placing restraints on the
growth of this field. At present, the field is dominated by research and research support

activities.

Consequently, to successfully translate cell therapies to the clinic, aspects required
for the industry need to be considered at the research level. For example, cell source,
storage, and expansion are clinical concerns to be addressed. Cell storage and
expansion can be addressed by utilizing cryopreservation techniques and supporting
biomaterials to enable three-dimensional cell cultures that facilitate "on-demand" access
to these treatments to patients [3]. Other challenges can be addressed partially through
cryopreservation, but still need to be considered. These can include transportation of the
cell-based product to the patient-treatment site and, more importantly, expanding the cells
to a therapeutic dose. Despite this understanding, research efforts are primarily
addressing a specific disease using approaches that incorporate the tissue engineering
triad: cell, biomaterial scaffold, and signals [4]. Although these attempts are holistic in
addressing different aspects of tissue, additional product development perspectives will
be necessary to translate these to regenerative medicines. To further build an
appreciation for tissue-engineered constructs as products, technologies, and processes

being developed by biomedical researchers on the topic of cardiovascular diseases.

2.3 Examples of tissue engineering for cardiovascular diseases
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We believe the work presented in this thesis could apply to many future tissue
engineering applications. Nonetheless, we will address the topic of therapeutic
neovascularization and angiogenesis as foundational motivations for our work.
Cardiovascular diseases have been estimated to affect 49.2% of adults over 20 years old
[5]. There is a need for new therapeutic strategies to reduce the loss of function or death
because of these diseases. Vascular complications are commonly associated with
problematic healing, potentially leading to wound ischemia. One possible direct treatment
of ischemia is to promote vascularization of the tissue. However, vascularization of the
wound site can take several days. In one study, it took 14 days for the capillaries of a
vascular model developed in vitro to integrate with the native vasculature [6]. In a wound,
the first five days usually involve activity from macrophages and monocytes for
remodeling and infection control [7]. Generally, healing and repair take time, and this time

is extended in diseased tissue.

Consequently, there are ever-growing economic motivations to treat these
diseases: the estimated direct cost of cardiovascular diseases per year doubled between
1996 and 2016 [5]. There have been over 80 clinical trials using patients' cells reinfused
in vitro with cell-based therapies for revascularization using endothelial progenitor
transplants having modest success [8-10]. Nevertheless, bolus delivery of endothelial
progenitor cells can be ineffective in preventing necrosis in ischemic murine limbs [8].
While there are numerous approaches to combat these issues, in particular, the use of
spheroids and hydrogels suggests a simple approach in which forming cells into a 3D
conformation viability and function. Generally, the incorporation of cells, a scaffolding

material, and appropriate signals can improve outcomes for cell-based therapies by
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improving cell viability, keeping cells on task, and keeping cells localized in the region of

interest.

The design of a hydrogel for therapeutic angiogenesis typically needs to be
biocompatible, non-toxic, and provide topographical and chemical cues. These
requirements are derived from the cellular invasion, directionality, and correct polarity
required for lumen formation [11, 12]. For example, material-based methods to deliver
recruiting and homing factors have been used to control release for neovascularization
and revascularization applications [12]. In this context, the objective with materials is to
create gradients of the factors which will promote local healing, such as through the
recruitment of endogenous endothelial progenitor cells [12]. The limiting factor with this
approach is the potential exhaustion of deliverable factors before endothelial cells arrive.
Another instructive outcome provided by some hydrogels is controlling nutrient and
oxygen diffusion to the cells [13-16]. The conditions created from hydrogels can prime
cells for the, often, nutrient deficit and hypoxia environment of ischemic tissue [17-20].
Grossly, hydrogels can direct the conditions in which loaded elements like cells and

growth factors interact with the target tissues.

Spheroids are another system being considered as an improvement over the
delivery of individual cells. Spheroids create and impose physical interactions that more
closely reflect the behavior of native tissue compared to individual cells [21]. This is
because spheroids retain endogenous ECM to promote connections with each other and
their environment, resulting in prolonged cell survival [27-29]. The transplantation of
mesenchymal stem cells (MSCs), also called mesenchymal stromal cells, as spheroids

have been shown to prevent apoptosis and increase cell function [22]. Moreover, the use

19



of endothelial cells as spheroids has been shown to improve their vasculogenic potential
compared to dispersed cells [23]. Mechanistically, cell-cell adhesion in endothelial cells
is performed mainly by VE-cadherins [24]. Vascular endothelial growth factor receptor 2
(VEGFR2) forms a complex with VE-cadherin for survival and angiogenesis [25].
Spheroids also improve post-implantation cell viability and keep cells more localized at
the delivery site compared to individual cells [26]. Therefore, spheroids are an appealing

approach for addressing the functional repair mechanism of cells.

Lastly, cell signals are another vital aspect for ensuring the efficacy of
revascularization strategies. Generally, random spatial distribution is undesirable in
creating vasculature due to effects on perfusion [6, 27, 28]. The outcome of irregularly
organized networks leads to the pruning of vessels [11]. Therefore, there is a need to
provide a spatial cue for the directional growth of vessels. The use of spheroids provides
a point source of cells that can then interact with any environmental cues to form sprouts.
Furthermore, hydrogels can provide mechanical cues to direct sprouting and migration
behavior [15, 29]. Additionally, hydrogels and spheroids can provide mechanical cues to
direct cellular phenotype for vascularization [15, 30-32]. Among the signaling
mechanisms briefly described, this aspect of tissue engineering provides directions for

regenerative strategies.

At this time, methods for creating vessels are focused on in vitro models [33-36].
While these models are excellent for drug discovery and organ-on-chip applications, their
potential for clinical translation currently presents significant challenges. These models
are difficult to translate into a transplantable scaffold due to the tight geometries of the

microfluidic device, resulting in a small construct that is difficult to remove. Furthermore,
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the isolation of capillaries developed ex vivo takes time and would likely require
cryopreservation for transport or storage. To overcome current challenges in cell-therapy

translations to clinical settings, steps need to be simplified, synchronized, and scalable.

2.4 Advances in spheroid culture

The use of spheroids offers many advantages for instructing cells' function that can
better recapitulate the desired healing response in vivo. While the 3D structure could lead
to heterogeneous responses dependent on aggregate size and composition, the
response is typically seen as a magnitude desired by tissue engineering. As previously
described, there is an inherent need to enhance cell viability and post-implantation
performance in cell therapies. Spheroids overcome some of these limitations compared
to single cells but face further challenges with insufficient cells and damage from
cryopreservation [26, 37-40]. Despite this, spheroids are becoming increasingly popular
in cell therapy research. For example, MSCs have the potential to differentiate into
chondrocytes, osteocytes, adipocytes, and hepatocytes. Fittingly, the capability of these
differentiated outcomes can be improved in spheroid cultures [41-43]. Furthermore,
spheroids can act as vascularization units: the inefficient oxygen diffusion to cells in the
core of spheroids has been shown to trigger the upregulation of hypoxia-inducible factor
(HIF-1a) [18]. Notably, spheroids greater than 100 um have exhibited a more significant
upregulation of HIF-1a and vascular endothelial growth factor (VEGF) than smaller
spheroids [18, 44]. Additionally, spheroids have been shown to have a higher expression
of stromal cell-derived factor (SDF)-1 [18], a hypoxia-regulated chemokine important for

the homing of endothelial progenitor cells to develop microvasculature [14]. Therefore,
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implanted cell aggregates are generally considered to remain more localized at the

implantation site and perform their desired function better than dispersed cells.

Spheroids can be developed with a variety of methods. Essentially, spheroids are
cells formed into 3D architectures supported by intensive cell-cell contacts and
endogenous ECM [21], which prolong cell survival and direct differentiation [45-47].
Therefore, researchers employ many methods to form spheroids that encourage these
cell-cell interactions: hanging drop [46, 48], spinner flasks [41], microfluidic devices [49],
and low-adhesion substrates [23]. Static methods are typically gravity-driven, gentle, and
can vary in labor and output. However, the static environments in microwells or hanging
drop have been noted to result in depletion of nutrients and concentrate cell waste [50].
In contrast, spinner flasks involve shear forces that produce multiple spheroids of various
sizes but expose cells to potentially destructive shear forces. Generally, unless
convective fluid flow is involved, such as with the spinner flask method, diffusion
limitations affect nutrients' availability and exposure to cellular waste. In order to meet the
number of spheroids necessary for generating tissue, efficient spheroid fabrication
methods must be compatible with scaling-up and automatization [21]. The importance of
this manner has been a focus in new research, such as developing wrinkle patterns
formed by swelling a non-adhesive hydrogel to generate thousands of MSC spheroids in
a single well [51]. As an alternative to this method which results in varying spheroid sizes,
microwells stamped into agarose can create hundreds of spheroids that are more
monodispersed [52-54]. Generally, the formation of spheroids can be as simple as
bringing cells together, but geometry, cell density, and substrate can direct the efficacy of

spheroid formation.
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The appropriate cell density is vital for controlling the efficiency in which
aggregation occurs and the size of the spheroid [55, 56]. Moreover, local cell density is a
crucial component preventing dissociated cells from undergoing apoptosis without a
substrate [57-59]. At a minimum, anchorage-dependent cells will often slow down
proliferation without cell-cell interactions [60]. Consequentially, seeding density can
impact the functional outcomes of therapeutic cells. In one study, MSC spheroids formed
from an initial 40,000 cells appear to produce more VEGF, normalized to DNA content,
than smaller spheroids formed from 10,000 cells [56]. Nevertheless, some cell types, like
MSCs, can self-regulate their density as spheroids [55], resulting in spheroids that did not
develop necrotic cores at sizes other cell types would. Notably, while too few cells result
in a dissociated cell environment ending in apoptosis [58, 61], once formed, spheroids
can exhibit enhanced resistance to apoptosis [31, 56, 62]. Together, these studies

indicate how functional outcomes from spheroids can depend on cell type and number.

Moreover, 3D dimensional cell cultures are not limited to spheroids; rods, tori, and
honeycombs can also be generated by specific microscale geometries [52]. These
geometries affect the diffusible gradient of nutrients and cell signaling [61; 62] and
mechanical forces [63]. Specifically, circular wells were better than rectangular in
microwell-based systems due to better diffusion of nutrients and oxygen [64]. These
geometries can be quickly produced with non-adherent materials, such as agarose, by
making stamps or molds [53, 54]. Not all materials need to be non-adherent as well.
Fibrinogen-modified PEG-DA hydrogels were previously used to study the influence of
mechanical stiffness on the spheroid formation of Huh7.5 cells [65]. Their results

suggested that softer matrices, which mimicked normal liver tissue, led to more
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proliferation and albumin secretion. Moreover, some additives to spheroid culture can
prevent cells from interacting with surfaces. Methylcellulose is a material often added to
techniques employed for spheroid formation, limiting cell-environment interactions,
resulting in preferential cell-cell aggregation [66]. Therefore, additional important
parameters in spheroid formation are the vessel's geometry and how cells interact with

the vessel.

Even with their appeal, spheroids are often more challenging to characterize
thoroughly than individual cells. Techniques that require individual cells become
complicated to perform with spheroids as the cell aggregates must be digested. Broadly,
high-throughput screening analytical protocols well established for 2D cell cultures can
be rendered useless in 3D [67]. For example, lactate dehydrogenase (LDH) cell viability
assays can show fluorescence even after chemically stopping the reaction [68].
Moreover, confocal imaging has a limited penetration depth, making it difficult to
characterize the behavior difference from different spheroid sizes [69]. Notably, for assays
requiring the digestion of larger spheroids, the necrotic cores of cells appeared more
resistant to degradation. Similarly, we suspect diffusion limitations of analytes prevent an
adequate assessment of the whole spheroids. These concerns were also recognized in
the context of spheroid staining with larger molecules, such as antibodies [70]. Therefore,
although spheroids improve the relevance of in vitro results, they present analytical

challenges.

2.5 Application of hydrogels for cell delivery

24



Successful cell transplantation can be summarized in three outcomes for cells:
survival, migration, and integration [71]. Spheroids have been shown to improve cell
survival and migration, highlighting a recurring theme where anchorage-dependent cells
benefit from cell-cell contacts. Therefore, while cell-material contacts can promote cell
survival, cell-cell contacts should also be considered in biomaterial approaches, such as
promoting the formation of spheroids or encapsulation of spheroids. Hydrogels are an
appealing class of biomaterials as they can maintain phenotype by reducing exposure of
the encapsulated cells to their environment [72]. Hydrogels are non-soluble networks of
polymer whose volume is primarily composed of water. The resulting mesh holds some
structural similarities to the extracellular matrix, and, consequently, hydrogels are often
designed to mimic the extracellular matrix for their targeted cell. For example, an
increased mesh size has been shown to increase cellular proliferation for MCF-7 breast
cancer cells and MC3T3-E1 osteoprogenitor cells [73, 74]. Alternatively, the
encapsulation of cells within hydrogel capsules can improve the function of cells. For
example, hepatocytes within a poly(ethylene glycol) (PEG) capsule showed greater
albumin expression within the capsules than the AggreWell system [75]. Even with a 17%
loss in viability [75], the capsule’'s mechanical and diffusive properties can be tuned,
enabling large-scale suspension cultures of anchorage-dependent cells or tissues
protected from the shear forces of the convective media [76]. Together, hydrogels show

advantages as instructive material and as an engineered extracellular matrix.

Alginate is an appealing material for making hydrogels as it is considered to
undergo a mild gelation process and will not produce some harmful immunogenic

responses that could occur in some synthetic polymers [77]. Alginate is a naturally
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occurring block copolymer composed of (1-4)-linked B-D-mannuronate (M) and a-L-
guluronate (G) residues. It is organized in blocks of repeating M, G, or alternating M and
G residues [78, 79]. These polymers have a high degree of coordination with divalent
cations to blocks of G residues [80]. Essentially, alginate polymers undergo a gentle ionic
cross-linking between different polymer chains facilitated by a divalent cation. The
interaction of these two components leads to ionic cross-linking of hydrogels under
conditions that are considered relatively mild [80], occurring in isotonic solutions at room
temperatures. Beneficially, alginate does not readily degrade in vivo [81], lacks cellular
recognition [82], and can be used as a framework where desired attributes can be

developed by chemical or structural modification [29, 83-86].

Of the many methods for forming an alginate hydrogel, ionic cross-linking with
calcium ions is one of the most prevalent. The divalent cation can be introduced internally,
where it readily cross-links with surrounding polymer, or externally, requiring diffusion into
the polymer. Consequentially for alginate hydrogels cross-linked by an external source of
calcium, this approach generates heterogeneous hydrogels from the radial concentration
gradient of calcium around the alginate [87]. However, the use of external gelation
enables more rapid gelation than internal gelation methods using CaCOs [88, 89],
chelated forms of calcium [90], and slow dissolving salts, such as CaSOa4 [16, 91-94].
Notably, the osmotic pressure created by adding the divalent cations to a solution should
be considered to prevent osmotic stresses to cells. Notably, a 100 mM concentration of
CaCl2 commonly used to form alginate hydrogels is already very close to being an isotonic
solution for cells (300 mOsmol/L). The addition of these salts to a solution will create a

hypertonic solution. Therefore, although the gelation of alginate with the divalent cations
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is considered to be mild, consideration of exposure time and magnitude are important

engineering parameters for encapsulating cells.

As an instructional material to form spheroids or promote cell aggregation, cells do
not actively bind to alginate [95]. While this property can be beneficial for promoting cell-
cell interactions, another function of biomaterials is enabling cell spreading and adhesion
to improve the survival and proliferation of anchorage-dependent cells [96, 97]. For
example, RGD-modified alginate has been used to deliver stem cells for myocardial repair
[98], resulting in increased angiogenesis and improved cell survival of human
mesenchymal stem cells. Commonly, fibrin can be added to provide cell adhesion sites,
permit scaffold remodeling, and promote the migration of cells out of the hydrogel [77,
99]. Fibrin is a naturally occurring scaffold material for leukocytes and endothelial cells
utilized during wound healing that can be obtained from plasma [100-102]. The viscosity
of fibrin can be controlled by altering NaCl concentrations [103]. Furthermore, the strength
of the fibrin gels might be enhanced by calcium ions [15], suggesting potential interactions
with alginate gelation. Specifically, MSC spheroids in stiffer fibrin hydrogel secreted the
most VEGF, but PGE2 expression was higher in more compliant hydrogels [15]. While we
only briefly discuss the use of fibrin in Appendix B, these gels are particularly interested
as they have been shown to promote wound healing of MSCs by the production of VEGF
and PGE2 [15, 62]. Unlike alginate, fibrin allows for cell binding and has multiple
approaches to control degradation, including native cellular pathways for remodeling
[104, 105]. The application of both could provide each material with distinct advantages

for cells.
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2.6  Cryopreservation: background, benefits, and challenges

Cryopreservation is currently the only process capable of preserving cells, tissues,
and cell-based products for extended periods. This technology enables access and
transport of these cells and their derivatives, such as what is done with biobanks [3, 106].
Successful cryopreservation should maintain the characteristics and functions of the cells.
To accomplish this task, cells are suspended in a solution containing one or more
cryoprotectants (CPASs) that aid in maintaining the viability during the transition to and
from the low temperatures that effectively place the biological clock in a stasis [104]. While
low temperatures are not inherently harmful to cells, inevitable damage occurs during the
cooling and thawing from intracellular ice formation, extracellular ice formation, and
osmotic forces [107-110]. Consequently, cryopreservation faces challenges of batch

variability, lower cell function, and reduced cell viability.

The primary methods used to cryopreserve cells are vitrification and slow cooling.
Both methods utilize a CPA to improve the survival rates, albeit at different concentrations
[107, 111]. Vitrification involves the rapid freezing of samples using a high concentration
of cryoprotectants, e.g., up to 40% (v/v) dimethyl sulfoxide (Me2SO), such that the glass
transition temperature is surpassed before ice formation occurs. Alternatively, slow
cooling involves a controlled cooling rate, often -1 °C/min, with a lower CPA
concentration, often less than 12% (v/v) Me2SO. The slow cooling process dehydrates
the cells to prevent intracellular ice formation when freezing. The method utilized for
cryopreservation depends on the samples' size [112]. Specifically, vitrification is
commonly used for smaller volumes of dispersed samples, such as the cryopreservation

of oocytes at fertility clinics [108, 113]. These dispersed cells are placed in long tubes to

28



maximize the cooling rate to the cells, increasing the surface area to volume ratio
compared to slow cooling cryopreservation vessels. Mechanistically, thermal energy
crosses an area, referred to as thermal flux, to change the quality of the mass, specifically
its thermal energy. The greater surface area to volume ratio of vitrification indicates more
heat transfer per volume, either due to an increased volume or decreased volume.
Therefore, tissue samples will inherently limit the rate of diffusion of the CPA and slow
the cooling rate due to their larger three-dimensional structure compared to dispersed
cells [114]. Therefore, vitrification becomes more challenging to accomplish in samples
with a required volume to be cryopreserved. Consequently, larger cell constructs are
typically cryopreserved through the slow cooling method. Similarly, cells encapsulated
within hydrogels are also more likely to be cryopreserved with the slow cooling method
[109]. Broadly, there are advocates of both cryopreservation methods, even when

engineering barriers suggest the method would be disadvantageous.

Essential parameters for successful cryopreservation include the permeability of
CPAs, the cooling rate, long-term storage temperatures, thawing rate, and the rate at
which the CPA can be diluted. Consequently, applying the additional context of
cryopreservation to studies comes with its own set of experiments. Expressly, it is widely
accepted that the four-tiered approach argued by Baust et al. encompasses the regulatory
requirement to demonstrate identity, purity, and stability of cell therapy products
undergoing cryopreservation [115, 116]. This assessment includes membrane integrity,
apoptotic and necrotic molecular mechanisms, functionality, and biochemical
mechanisms encompassing genomic, epigenetic, and proteomic assays. Notably,

assessment immediately after thawing could overestimate cell recovery as a substantial
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amount of cell death from cryopreservation is apoptotic, occurring within 24 to 48 hours
post-thawing [110, 117, 118]. Therefore, cells stressed by suboptimal culture conditions
prior to cryopreservation may have impaired viability and function post-cryopreservation
[115]; these outcomes might not be completely encapsulated with a membrane integrity

assay or a metabolic activity assay, such as Alamar Blue.

Slow cooling cryopreservation involves a balance between dehydration and ice
formation. Succinctly described, Peter Mazur’s two-factor hypothesis of freezing injury
suggested that rapidly cooled cells are killed by intracellular ice formation, while too slow
of cooling results in cell death by prolonged exposure to dehydration effects, pH changes,
and precipitations of solutes [119]. Important implications of these processes include the
ice formation while thawing and the high molar concentration of CPAs required to
permeate the cell. However, not all cells and tissues respond to cryopreservation equally.
Therefore, it is considered necessary to optimize the cryopreservation protocol for the cell
types of interest. Off-the-shelf protocol use can then result in unintended selection
pressures, resulting in epigenetic changes [120]. Furthermore, the presence of apoptotic
and necrotic cells might differ between cell types using the same cryopreservation
protocol, leading to uncertainty in the development of an inflammatory response or
immunological reactions between cell products [121]. Therefore, more methodological or
quality by design approaches might be more appropriate than off-the-shelf
cryopreservation protocols or those empirically derived through optimizing a specific
cellular product [122, 123]. To address this approach, cryopreservation techniques should
address the following interrelated elements, which post their own challenges: container

system, CPA, protocol for adding and removing the CPA, mode of cooling and thawing,
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and storage conditions. The incorporation of these considerations with tissue engineering

indicates additional challenges towards developing viable protocols.

2.7 Advances in cryopreservation techniques using biomaterials and spheroids

Despite engineering challenges associated with cryopreservation, there have been
some successful studies with the cold storage of spheroids and cells encapsulated in
hydrogels. One example technique that incorporates cryopreservation, hydrogel
formation, and cell encapsulation is the cryogelation of polyvinyl alcohol (PVA) gels.
Cryogelation is a hydrogel formation technique in which freezing stabilizes polymer
entanglements, resulting in a hydrogel after thawing. This method for creating cryogels
has been repeatedly explored with polyvinyl alcohol [124-128], sometimes adding
additional polymers to influence cell-matrix interactions or mechanical properties. Given
the gelation method's freeze-thaw context, the technique has also been applied to
encapsulating cryopreserved cells [129]. PVA alone was not sufficient for
cryopreservation, as viability was improved with increased DMSO concentrations.
Regardless, this perspective of encapsulation to avoid multiple cell culture stages can be
justified where seeding a prefabricated scaffold avoids further manipulation within the
clinics. While PVA hydrogels have gelation mechanics that match processes for
cryopreservation, the material does not lend itself to cell adhesion or specific geometries
to influence cell-cell interactions. Consequently, to promote cell migration, additional
materials can be added. Specifically, chitosan, gelatin, fibrin, and matrigel have been
added to PVA hydrogels to promote the migration of cells seeded onto the material [130,

131]. In PVA cryogels, cells and additives clearly impact the final hydrogel structure [129].
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This outcome is suggested to be a response to changes in freezing rate and change in
osmolality. Consequently, the accounting for changes in osmolality of the freezing
solution and the consequential impact on the cells and hydrogel represents the
disconnect between studies that focus more on tissue engineering and those that focus

on cryopreservation.

A major challenge with spheroids with respect to cryopreservation is how the
freezing and thawing process could affect the cellular organization. While previous work
has shown a reduced capacity for cell-cell interactions following cryopreservation [132],
the utility of spheroids is derived by an organization that better recapitulated the native in
vivo environment. In the context of the differential adhesion hypothesis or differential
interfacial tension hypothesis, these influences on cell adhesion and actin formation from
cryopreservation could impact the structuring of spheroids [133-135]. Nevertheless,
although the cryopreservation of spheroids is often described as being comparable to
individual cells with cryopreservation [136, 137], the formation of spheroids from post-
cryopreserved cells has been shown to be beneficial for stem cells derived from adipose
and dental follicle tissue [138, 139]. Together, there is potential to incorporate
cryopreservation with spheroids and hydrogels, yet there are distinct engineering barriers

that need to be recognized to be successful.

2.8 Engineering barriers towards cryopreservation of spheroids and hydrogels

Cryopreservation cannot perfectly preserve cells in a glassy state. Inherently with

the balance between ice formation and dehydration controlled by the cooling rate, not all
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cells will inevitably survive. This outcome has detrimental outcomes and interactions for
cell products incorporating the three-dimensional geometry of spheroid and hydrogels.
Most apparent is how the loss of viable cells impacts the expected concentrations of
functional cells. Although there is a known benefit of cell aggregation and cells
encapsulated within biomaterials, there is no consensus on the ideal density of cells per
aggregate nor within a scaffold. Optimal conditions are likely to depend on cell type and
phenotype [23, 31, 56]. However, the loss of viable cells and reduced functionality could
alter these cellular products' desired outcomes. Moreover, the cryopreservation of larger
structures, such as spheroids or hydrogel-encapsulated cells, can decrease the efficacy
of cryopreservation protocols. Overall, the combination of techniques might prove to be
more disadvantageous than doing each independently. Nevertheless, the cells are
diverse in composition and function, so it might be more productive, from a development
perspective, to adequately know the various parameters that interact with each other than

to attempt establishing a universal protocol or recommendation.

Diffusion is a fundamental process that enables cryopreservation, aggregation of
cells, and hydrogel formation. It is the random motion of molecules due to collision with
other molecules in space. As more concentrated regions of particles have more collisions
than in areas with less of those patrticles, the movement of particles is typically from areas
of high concentrations to low concentrations. Fick's 1st law of diffusion succinctly

describes this process:

J=-D,

; VC.

J is the flux of particles, the movement of a quantity through an area, D is the diffusion

coefficient relating to the diffusion of a solute in a solvent, and VC is the concentration

33



gradient. The equation essentially says that there is a positive movement of particles in a
direction away from the high concentration area and towards the lower concentration
area. This phenomenon is critical to biological processes in general. The timescales in
which particle moves are a crucial parameter affecting homeostasis in vivo and many of
the topics mentioned in this chapter. The diffusion of CPA needs to occur before freezing
to act on all cells adequately. Furthermore, the CPA must diffuse out of the cell solution
to prevent cytotoxicity or osmotic shock [108, 115, 140, 141]. For spheroids, the
aggregation of cells limits the diffusion of dissolved gases, such as oxygen. Because
spheroids are very metabolically active, oxygen depletion in the core leads to a hypoxia
environment. Hydrogels can also limit the diffusion of dissolved gases, indicating how

spheroids and hydrogels could also limit the diffusion of the CPAs.

However, cryopreservation is a process involving dynamic temperature shifts.
Temperature changes alter the solubility, diffusion, and potential cytotoxicity of several
elements involved with cryopreservation and hydrogel formation [107, 140, 142]. The
movement of thermal energy also acts similar to particles because the thermal energy is
carried by particles, and therefore has a similar equation as Fick's 15t law of diffusion, the

Fourier equation:

q= —kVT,

where q is the thermal flux, which moves down the temperature gradient (VT), dependent
on the thermal conductivity of the material (k). Notably, there are interactions between
thermal flux and diffusion. One interaction is that the diffusion coefficient is proportional
to the temperature of the solution. Additionally, the diffusion coefficient is inversely

proportional to the size of the solute diffusing in solution. Therefore, the movement of
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particles via diffusion occurs more rapidly with smaller particles and in warmer mediums.
Moreover, thermal conductivity is proportional to the viscosity of the solution, and the
diffusion coefficient is inversely proportional to the viscosity of the solution. In the dynamic
context of cryopreservation, the diffusion of particles is not possible in the frozen state.
However, once in a liquid solution, elements will dynamically alter their diffusion rate and
temperature change due to the change in thermal energy involved with cryopreservation.
Cryopreservation can occur without knowing exactly how all these interactions occur
because the objective is saturation during freezing and dilution during thawing. Prior to
freezing, cells, encapsulated cells in hydrogels, and spheroid represent areas of no CPA
concentration surrounded by a high concentration of CPA. In the context of flux, the area
CPA moves into its surrounding cells, making this process relatively fast. In contrast,
thawing involves the dilution of CPA, as cryopreserved cells are moved into solutions
without CPA. To aid in this process, warm temperatures are used. Importantly for
spheroids or cryopreserved hydrogels containing cells, the 3D structure limits the diffusion
of CPA and thermal energy, potentially leading to more osmotic and heat shock [143-

147].

In these ways, cryopreservation faces additional challenges with larger samples.
In addition to a balance between dehydration and ice formation with the cooling rate,
these factors will also be influenced by the size of the cell constructs. Specifically, the

size of these constructs might not be addressed by altering the cooling rate alone.

Cryopreservation is also expected to influence hydrogel integrity. While the
hydrogel can provide nucleation sites to prevent the formation of large damaging ice

crystals, it also hinders the diffusion of CPAs. Nevertheless, the 3D structure will provide
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barriers towards uniform cooling, leading to heterogeneous ice structures. Consequently,
freezing encapsulated cells has been previously shown to break down microbead
hydrogels [148]. There are potential negative impacts of polymer fragments, which can
result from extracellular ice formation, for the designed mechanical properties of the
biomaterials [149]. Alternatively, hydrogels could be formed post-cryopreservation. Under
this protocol, there would be no structure hindering the diffusion of particles. Moreover,
the solution can be mixed, using convective forces to improve CPA exposure to cells.
Notably, the binding kinetics of calcium ions to the G residue blocks of alginate is also
dependent on the system's thermal energy. Nevertheless, the incorporation of
cryopreservation and hydrogels will result in changes to each regardless of when the

hydrogel is formed in relation to cryopreservation.

Similarly, the cryopreservation of cells with cell-cell or cell-ECM contacts also
enhances the risk of freeze-thaw injury compared to single cells suspensions. These
conditions have been shown to make the cells more susceptible to mechanical ruptures,
cell detachments, and necrosis [146, 150-153]. While this could result from ice formation,
intracellular ice formation has been previously suggested to be the result of damage
rather than the cause [154]. Specifically, using a hypertonic solution for dehydration is
standard practice [155, 156], with incomplete dehydration resulting in intracellular water
capable of freezing. Furthermore, the transition from this hypertonic solution to an isotonic
one is known to cause swelling, leading to osmotic shock and possibly lysis [145, 155,
157]. Spheroids are likely to be more susceptible to osmotic shock because of the
distribution of viable cells in the aggregate typically results in a heterogenous structure

with varying cell density [146]. Therefore, the use of spheroids would result in an
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increased risk in intracellular ice formation during freezing, osmotic shock, and lysis
during thawing. Furthermore, spheroids could be structurally damaged by extracellular
ice formation between cells in the aggregate. The alternative would be to form spheroids
from dispersed cells post-cryopreservation. However, this protocol faces its challenges
with post-cryopreserved cells having reduced capacity to form cell-cell interactions [132].
Therefore, to design procedures for spheroids from cryopreserved cells, optimization
should be performed for the desired cell type to determine the most favorable outcome

for post-cryopreservation recovery and function.

2.9 Summary

There is a need for improving the way cryopreservation is addressed in
applications where cells are going to be delivered to a patient or used as models to study
diseases. The field of cell therapies is primed for innovation, specifically for therapeutic
angiogenesis. While hydrogels and spheroids are methods under consideration for
improving the efficacy of potential cell therapies, the utilization of these techniques
contrasts the mechanisms for successful cryopreservation. Cryopreservation provides a
defined avenue for improving the accessibility of cell-based products that, as of date,
limits the preclinical success in trials. Therefore, we believe the development of spheroid
and hydrogel strategies for cell products should align with an assessment for their efficacy
after or along with cryopreservation. In the following chapters, we will discuss how
alginate hydrogels can be used for post-cryopreservation encapsulation of therapeutic
cargo and cells with a method we designed to accommodate the cryostorage of these

products. This work attempts to address engineering parameters in hydrogel formation,
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spheroid formation, and cryopreservation. Given the discussion in this chapter, we were
motivated to develop a technique that bypasses the challenges with cryopreserving
spheroids or cells encapsulated in hydrogels by designing a strategy that performs these

actions when breaking cells out from their frozen stasis.
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CHAPTER 3

Development and initial characterization of alginate hydrogels produced via thaw-

induced gelation

3.1 Introduction

This chapter describes the initial development of thaw-induced gelation as a
scheme for generating alginate hydrogels. For additional context, the project began with
attempts to control the release of small sugars and bacteria as it passes through the
digestive tract. Initially, work was being performed on methods to formulate an alginate
and chitosan hybrid hydrogel for the controlled release of cargo. The intention was to
generate a hydrogel that would release cargo at a steady rate within a neutral pH but
have little to no release in an acidic environment. Consequently, the material was
postulated to remain coherent and not release its cargo after ingestion until it reached
the small intestines. We hypothesized that alginate becoming partially insoluble in
stomach acid, as the pH was far below its isoelectric point, would improve controlled
release only in the more pH-neutral intestines [1, 2]. In contrast, chitosan would become
positively charged in the acidic environment of the stomach [3]. Regardless, challenges
were observed in making these hydrogels as microbeads due to the rapid clogging of
microfluidic channels due to interactions between alginate and chitosan before reaching
the end of the flow-focusing channel. To surpass this challenge, we designed an open-
source 3D-printable air-jet for the rapid formation of microbeads (APPENDIX A). With

this air-jet, rapid bacterial encapsulation was achieved. Within this initial development
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phase, we were also considering the necessary storage conditions that would be
necessary for clinical success. This research niche became the primary focus, leading

to the attempts of hydrogel formation with a frozen starting solution.

The need for controlled delivery of bioactive factors in clinical applications has
motivated continuous advancement to develop specialized hydrogel systems [4-6]. While
hydrogels have been successfully designed for controlling the release of bioactive cargos,
they typically neglect other design considerations fundamental for their implementation in
clinical applications. One crucial consideration includes long-term storage conditions. The
gold standard for preserving therapeutic agents, and cells, usually involves cold/frozen
storage [7]. Therefore, designing hydrogel systems as therapeutic vehicles should ideally
address the preservation of cargo and the carrier during storage and application. In this
chapter, we set out to design a hydrogel with enhanced electrostatic interactions with
specific loaded cargo while involving a step in which the components are frozen for long-
term storage. In doing so, we believe the outcome considers potential alterations to the
material and cargo from freezing because that cold storage is part of the fabrication

process.

Notwithstanding, polymeric carriers can also display protective outcomes for the
cold storage of cargo [8]. Alginate and chitosan are two notable examples of naturally
occurring polymers being studied for their protective effects for proteins and cells and
have been extensively used as drug delivery vehicles due to their low toxicity, widespread
availability, and relatively biocompatibility [9-12]. The anionic and cationic properties of
alginate and chitosan, respectively, have been exploited to form polyelectrolyte

complexes to encapsulate and electrostatically control the release of therapeutic cargos
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[11, 13-15]. Generally, electrostatic-controlled release depends on the charge of the
target molecule and the polymer at different pH, which is dependent on the isoelectric
point of those molecules (Figure 3.1). Despite the potential for charged-based control
over the release of molecules from a hydrogel, the main limitation towards the diffusion
of molecules is the mesh and pore size. However, cargos smaller than the mesh size of
the hydrogel are typically released within 24 hours because the hydrogel does not
sufficiently limit diffusion [3, 15, 16]. This limitation to steric-controlled release motivates
the need for additional mechanisms that can control the mesh size or entrap cargo,

including electrostatics [5, 17].
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Figure 3.1 Isoelectric points of various polymers and potential cargo. The dotted

line from the molecule to the axis labeled "pH" represents the pH in which the molecule

has no net charge. Depending on the molecule type, the material may have a positive net

charge at a pH less than the isoelectric point (e.g., chitosan) or a negative net charge at

a pH greater than its isoelectric point (e.g., alginate). However, some material may

become insoluble, as with an acidic solution less than the isoelectric point of alginate.
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To generate electrostatic interactions between the polymers that compose a
hydrogel and the desired cargo, the two molecules must come in close enough contact
with each other for their respective charges to attract. In an electrolyte solution, ions of
an opposing charge will surround molecules, potentially shielding larger molecules from
electrostatically interacting. The Debye length describes this phenomenon, in which a
charge carrier's net electrostatic effect and persistence are altered by electrical screening.
Consequently, the potential of a molecule to electrostatically influence another decrease
by 1/e for each Debye length. This length is influenced by the salinity of the solution,
described as the particle density, charge, and temperature. Effectively, as the
temperature decreases, the Debye length increases. Additionally, lower salinity solutions
present fewer particles to shield charges. However, lower temperatures can decrease
particle charge, and freezing a solution concentrates the salts. Therefore, the method for

improving electrostatic interactions becomes an addressable challenge.

Electrostatic interactions can form stable polyelectrolyte complexes by phase-
separation events, like those typically used to form a polymeric sponge [18, 19].
Specifically, the growth of ice crystals brings the polymer chains together, aggregating
them into dense regions [18]. The phase-separation process can alter the swelling ratio,
pore size, and strength of polymeric sponges, presenting a controllable design parameter
for dermal applications of sponges [18, 20]. This polymer aggregation is typically
preserved through freeze-drying, generating a sponge. However, the freeze-drying
process is time-consuming (1-4 days), energy-intensive, and can damage specific cargos,
including proteins [20, 21]. Moreover, it is not clear how the sponge will be rehydrated

during application. Although the large pores of sponges present less steric control over
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cargo release than hydrogels, the polymeric aggregations in sponges are advantageous
due to their excellent mechanical toughness (modulus of elasticity 100-400 kPa) [12, 18,
22]. Generating a hydrogel with sponge-like properties presents an opportunity to
enhance control over cargo release through possible entrapment in the aggregated
polymer. Additionally, there is the potential of this entrapment to improve electrostatic
interactions between polymer and cargo. Because the aggregation occurs during the
freezing stage, it might be possible to obtain desirable properties from freezing the

polymer without lyophilization.

lonically cross-linked alginate hydrogels can be rapidly formed through
submerging an aqueous alginate solution into a divalent cation solution or vice versa [13,
15, 23]. To perform this gelation with the anticipated benefits of freezing, we characterized
thaw-induced gelation (TIG). Distinctly, the method involves melting a frozen solution in
a complementary solution that permits the gelation of alginate hydrogels. For example,
as the frozen polymer solution goes to the liquid phase, calcium ions can then diffuse into
what was once a frozen space, cross-linking alginate polymers. Additionally, as a frozen
calcium chloride solution thaws, the calcium ions are now accessible in the liquid phase
to diffuse down the concentration gradient towards the alginate polymer solution, resulting
in hydrogel formation. Succinctly, the thawing phenomenon initiates the diffusion of ions
and the availability of cross-linking sites on alginate polymers. We hypothesized that the
gelation of alginate hydrogels via TIG is dependent on the thawing rate and diffusion of
calcium and alginate. Furthermore, we postulate that freezing alginate leads to phase
separation that is partially dissolved and cross-linked when thawing in calcium, dependent

on the rate of heat transfer and the rate of calcium diffusion. This latter hypothesis is
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expanded upon in chapter 4. Regardless, preserved aggregated polymer was expected
to have an enhanced stiffness similar to a sponge. Additionally, the aggregated polymer
could entrap smaller cargo, slowing release within the aggregated polymer, and
potentially electrostatic interactions. To our knowledge, this was the first attempt to
characterize the release of electrostatically active cargos from an alginate hydrogel
formed by this method. Generally, thaw-induced gelation and similar methods are

underrepresented methods for forming hydrogels.
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3.2 Materials and methods

3.2.1 Formation of hydrogels via thaw-induced gelation

LF10/60 alginate polymer (molecular weight ~ 120-150 kDa and >60% G-block;
purchased from FMC Biopolymers) and chitosan polymers (medium molecular weight ~
190-310 kDa and degree of deacetylation of 75-85%; purchased from Sigma) were used
in the work presented in this chapter. Alginate and calcium chloride solutions were
prepared in 1X phosphate-buffered saline containing calcium and magnesium ions, pH 7
(PBS**; Life Technologies) or diH20. These two solutions represent an isotonic and
hypotonic solution, respectively. Alginate was diluted to 1 or 2% (w/v), and calcium
chloride solutions were prepared at 50, 100, and 200 mM. Chitosan polymers were
reconstituted by dissolving at 4% (w/v) in glacial acetic acid (0.066 M; Sigma) and stirred
overnight. For mixtures of alginate and chitosan, ratios were prepared by mixing alginate
and chitosan stock solutions to desired final weight percentages between two syringes
using a syringe connector. Frozen disks used in TIG were prepared by filling cutouts in a
rubber sheet with 10, 20, 30, 50, and 100 pL of either the polymer or cross-linker solutions.
Rubber mold for the frozen disks was made by cutting holes that were 3, 4, 5, 6, or 8 mm
in diameter into a rubber sheet that was 2 mm thick. Unless stated otherwise, 100 pL
volumes were used for the frozen component for TIG. After filling with the respective
solutions, these molds were placed in -80 “C for two hours to become frozen. The frozen
disks were submerged into the respective solution for ionic cross-linking between alginate
and calcium for gelation. Specifically, a frozen alginate solution was submerged in a bath
containing calcium chloride; and a frozen calcium chloride solution was submerged in a

bath containing dissolved alginate polymers. Solutions used to thaw the frozen disks were
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prepared similarly to the process for the frozen solutions. In most experiments, the frozen
or thawing solutions containing the same mixture of polymers and cross-linker were the
same. Frozen solutions were dropped into the thawing solution and left to gel for 5
minutes before being taken out and rinsed in 1X PBS** to remove excess thawing solution
from the hydrogel surface. A liquid-core capsule was formed from a frozen cross-linker,
calcium, thawed in a bath containing alginate. A hydrogel is formed without a liquid core
by starting with a frozen alginate solution thawing in a bath containing calcium chloride.
With the addition of chitosan, the material becomes a hybrid hydrogel with ionic cross-
linking and interactions between the alginate and chitosan polymers. A normal gelation
protocol was performed as a control by submerging the molds containing alginate solution
into the same calcium chloride solution used in TIG. Alginate sponges were prepared
from these alginate hydrogels by freezing in a -80 "C freezer for two hours and then

lyophilizing. A summary of this fabrication process is presented in Figure 3.2.
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Figure 3.2 Schematic for forming alginate hydrogels via thaw-induced gelation.

Polymer or cross-linker solution was frozen in a rubber mold then placed in a -80 °C

freezer overnight. Frozen solutions were now removed from the mold and submerged in

a thawing solution containing the corresponding cross-linker or polymer to induce

hydrogel formation. A hydrogel with a liquid core is formed if a frozen cross-linker is

submerged and melted in a polymeric solution. A hydrogel is formed without a liquid core

if a frozen polymer solution is submerged and melted in a cross-linker solution.
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3.2.2 Alginate hydrogel characterization

Pictures of select alginate hydrogels containing chitosan were hydrated in Orange
Il dye were taken before and after lyophilization. Orange Il was used because it
electrostatically interacts with positively charged polymers and can show local
distributions of chitosan [24]. Scanning electron microscope (SEM) images were obtained
for alginate hydrogel, sponge, and the TIG hybrid hydrogel as previously described with
minor modifications [11, 14, 25]. For SEM images, chitosan was not incorporated within
the hydrogels. Briefly, hydrogels were immersed in increasing concentrations of ethanol
solution until the solvent was 100% ethanol. During this time, exposure to air was limited
to prevent drying out. Next, samples underwent critical point drying (CPD). This method
is an alternative to solvent replacement and freeze-drying techniques for drying a
hydrogel for SEM, resulting in hydrogel collapse from surface tension forces or inducing
cryostructuring during ice formation, respectively. Given the hypothesized cryostructuring
event from TIG to be interrogated via SEM, CPD was the optimal preparation method for
obtaining images without structural collapse or an obfuscating secondary cryostructuring
event. Alginate sponges were already dry after being formed by freeze-drying an alginate
hydrogel. The samples were then imaged with the Quattro S Scanning Electron

Microscope (Thermo Fisher Scientific).

The equilibrium swelling ratio (Qm) of each gel was determined by first swelling the
gels in PBS** for 24 hours. The wet mass was first measured, followed by lyophilizing to
obtain a dry sample for measuring the mass without water [11, 26, 27]. This swelling ratio

was defined by its mass, as given in the following equation:

Qm= (Ws— Wd) W,
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where W:s is the swollen weight of the hydrogel and W is the dry weight. The hydrogels'
shear storage modulus (G') was obtained by first swelling in PBS** overnight. Excess fluid
was wicked away, and the hydrogels were placed between parallel rheometer plates
(HR2, TA Instruments). The hydrogels were strained (0.4-5%) at a set frequency (10 rad
s1). A minimum of six points within the linear range was averaged to obtain G' and
reported for each hydrogel condition. Mesh size (§) was determined through the
volumetric swelling ratio and storage moduli by Flory-Rehner calculation as previously

described [11].

The swelling ratio, storage modulus, and mesh size were determined for alginate
hydrogels gelled under different salinity conditions either within the polymer or cross-
linking solutions using diH20 or PBS**. For this experiment, alginate (2% (w/v)) was
cross-linked with a CaClz (100 mM) solution kept around 2 °C. Thaw-induced gelation
conditions were compared to a normal gelation method, where the alginate polymer was
not frozen and gelled in the same cross-linking solution. Furthermore, the thawing rate
effects were tested by altering the thawing solution temperatures (2 and 22.5 °C) under
different calcium concentrations (50 and 200 mM). These extrema were chosen due to
their ease of use for a temperature close to the freezing temperature and one that would
induce rapid melting. The swelling and storage modulus was measured for these alginate
hydrogels formed by thaw-induced gelation and compared to an alginate sponge formed

by freezing-drying an alginate hydrogel.

3.2.3 Characterization of hydrogels with liquid-cores

76



For characterization of liquid-core hydrogel capsules, the shell thickness and
mass of alginate gelled were determined. Shell thickness was calculated by subtracting
the outer and inner diameters of the hydrogel disk and dividing by two. The amount of
cross-linked material, mass gelled, was determined by measuring the dry weight of the
capsules after freeze-drying. For the first characterization experiment, the shell thickness
and mass gelled were calculated for the hydrogels formed with differing concentrations
of CaClz and alginate (50, 100, and 200 mM; and 1 and 2% (w/v), respectively) at 2 °C.
Follow-up experiments tested shell thickness using 1% alginate and 100 mM CaClo.
These experiments differed encapsulation volumes (10, 20, 30, 50, and 100 pL) thawed
at approximately room temperature (22.5 °C) or tested the thawing rate by altering the

temperature of the thawing solution (2 and 22.5 °C).

3.2.4 Cargo release from hydrogels formed by TIG

Release experiments were performed by loading cargo into solutions that were
then frozen. The cargos were specifically chosen to encompass differing charges in a
neutral pH and molecular weights: doxorubicin (Dox, 543 Da, Sigma), fluorescein
isothiocyanate-dextran (FITC-dextran, 4 kDa, Sigma), and fluorescein isothiocyanate-
albumin (FITC-albumin, 68 kDa, Sigma). These frozen solutions were loaded with either
0.2 pmol of Dox, 0.1 pmol of FITC-dextran, or 0.1 pumol of FITC-albumin. Despite hour
efforts to keep the concentration of each cargo about the same, due to the magnitude
changes in molecular weight, the use of high concentrations of doxorubicin presented an
unnecessary health risk. Additionally, too low weights of albumin presented a challenge

for accurate measurements. The frozen solutions include calcium chloride (Ca, 100 mM),
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calcium with chitosan (CaC, 100mM and 1% (w/v), respectively), alginate (Al, 2% w/v),
and alginate with chitosan (AC, 2% and 1% (w/v), respectively). Frozen solutions were
formed into disks with a starting volume of 100 pL. The next day hydrogels were dropped
and submerged in the thawing solutions. Samples thawed until the ice was no longer
observable, typically less than a minute. The hydrogels were then placed in individual
wells of a 24-well plate and immersed in PBS*™ (500 pL, pH 7). The release experiment
was carried out at room temperature. In addition, an experiment was performed to
compare the release of FITC-dextran at room temperature and 37 °C. The sample media
was extracted and placed into a clean 24-well plate. Fluorescence was measured by plate
reader using known fluorescence spectra of FITC (excitation: 490 nm, emission: 525 nm)
and doxorubicin (excitation: 485 nm; emission: 550 nm) (Spectramax I3, Molecular
Devices). Standard curves were developed for each cargo. Wells were replenished with
fresh media after each measurement. The release was measured over 4-weeks before
samples were broken down and the remaining cargo measured. The relative release was

calculated.

3.2.5 Statistical analysis

Results in this chapter are shown as mean values with standard deviations.
Sample sizes are provided with each experiment and stated in the figure legends or
shown in figures as individual data points. Statistical significance was asserted at P <
0.05. All analyses were performed using Graph-Pad Prism software (GraphPad Software

Inc.).
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3.3 Results

3.3.1 Thaw-induced gelation (TIG) of hydrogels

The TIG method utilizes a frozen solution of either alginate or ionic cross-linker,
calcium, melted within the cross-linker or alginate solution, respectively (Figure 3.3A).
Thawing cross-linker in an alginate polymer solution generates a liquid-core capsule with
a hydrogel shell called alginate hydrogel capsules or just capsules. The hydrogel cross-
links outwards from the frozen calcium as calcium can penetrate the growing hydrogel
shell, but alginate polymer cannot. Similarly, thawing frozen alginate generates hydrogels
in which polymer cannot diffuse through the cross-linked hydrogel. At the same time,
calcium continues to diffuse inwards to cross-link the polymer and form what will be
referred to as a TIG hydrogel to distinguish it from the control hydrogel and capsules.
Chitosan was added to either the frozen solution or thawing bath for thaw-induced

gelation hydrogels from alginate polymers ionically cross-linked with calcium ions.

The thaw-induced gelation process generated a solid hybrid hydrogel or liquid-core
capsules with a hydrogel shell (Figure 3.3B). As the Orange Il dye interacts with chitosan,
the darker orange color represents areas with a higher localization of chitosan polymers.
For the capsules, chitosan is localized around the hydrogel shell. In contrast, in the hybrid
hydrogel where a solution of alginate and chitosan were frozen, the chitosan is in patches
throughout the hydrogel. Furthermore, there appears to be no dense localization of
chitosan when a frozen alginate solution is thawed in a calcium bath containing chitosan
polymers. Interestingly, in the lyophilized sample cut in half, there is a distinct difference
in polymer density from the outer edge of the hydrogel to the inner core, appearing denser

around the edge and having larger pores in the center. SEM images were obtained to
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investigate morphological changes in alginate networks between our control hydrogel and
sponges versus the hydrogel formed by TIG (Figure 3.3C). Specifically, this hydrogel
formed by TIG was only the one starting from a frozen alginate solution as the capsules
collapsed. Overall, the alginate sponge contrasted the control and TIG hydrogel structure
by having large micrometer-scale pores. Remarkably, smoother aggregated structures
observed in the sponge are also visible in the TIG hydrogel and not the control hydrogel.
Additionally, where the sponge is only made of the jagged-looking aggregated sheets, the

TIG-formed hydrogel has softer features that resemble the control hydrogel.
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Figure 3.3 Fabrication of thaw-induced gelation (TIG) hydrogels. The TIG approach
enables the creation of either liquid-core alginate hydrogel capsules or alginate hybrid
hydrogels, depending on whether the alginate polymer or cross-linking is thawed or
frozen. The hydrogel grows outwards for the capsules and inwards for the hydrogels
through the diffusion of the calcium ions (A). Representative images of alginate and
chitosan hydrogels formed by TIG were dyed with Orange Il to visualize different regions
(B). In these images, a shorthand is used: alginate (Al, 2% (w/v)), CaCl2 (Ca, 100 mM),
CaClz and chitosan (CaC, 100 mM and 1% (w/v), respectively), and alginate and chitosan
(AC, 2% and 1% (w/v), respectively). To differentiate condition of that solution, a frozen
solution has its text in blue while the thawing solutions are in red. SEM images of 2%
(w/v) constructs: normal hydrogel (the control hydrogel), TIG hydrogel, and alginate

sponge; scale bar represents 50 um (C).
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3.3.2 Characterization of hydrogels formed by TIG of a frozen alginate solution

Characterization was performed to compare the TIG hydrogels to the control
gelation scheme for generating alginate hydrogels and sponges. First, TIG was compared
to standard ionic alginate gelation (normal) as a control group. In this normal gelation,
hydrogels were formed without freezing and melting, but used the same solutions as the
TIG hydrogels. In both methods, alginate and CaCl. were diluted in either a phosphate
buffer solution with magnesium and calcium (PBS** (1X)) or diH20, representing different
osmolarities. The swelling ratios for hydrogels formed by TIG were comparable to the
typical gelation techniques without freezing the alginate polymer, regardless of the salinity
conditions (Figure 3.4A). There is a trend of alginate hydrogels formed via TIG to have a
slightly lower swelling ratio. Aligning with this potential trend, the swelling ratio of an
alginate sponge was approximately 26% less than the TIG hydrogel formed using the
same concentrations of alginate, calcium, and gelation temperatures (Figure 3.4A & D).
Additionally, the storage moduli of the TIG hydrogels were significantly stronger to control
hydrogel formed through a more traditional gelation method (p < 0.01) (Figure 3.4B).
Although there is no significant difference in swelling between salinity conditions, the
elasticity of the TIG hydrogels was slightly improved in conditions where alginate was
frozen in a phosphate buffer solution. In contrast, the control gelation method for
generating alginate hydrogels decreased strength with phosphate buffer in the polymer
solution. From the swelling and stiffness measurements, we obtained an estimate of the
hydrogels' mesh size. TIG hydrogels' calculated mesh size was consistently smaller than
the control alginate hydrogel (Figure 3.4C). Between the different salinity conditions, there

was no significant difference in the measured properties.
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Next, we measured the effect of slow and rapid thawing (2 °C and 22.5 °C calcium
baths) using low and high calcium concentrations (50 and 200 mM). Briefly, the
temperatures of the thawing bath defined the rate of heat transfer, and therefore the time
it takes the alginate to melt. Additionally, the cross-linker concentrations define the rate
of diffusion through different magnitudes of the concentration gradient. Together, these
parameters control the melting and cross-linking rate and are being compared directly to
alginate sponges. The swelling ratios and strength for hydrogels thawed at 2 °C were
similar despite having different cross-linker concentrations. The TIG hydrogels formed via
slow thawing in a 2 °C calcium bath had enhanced strength that was still less than the
alginate sponges (Figure 3.4E). In contrast, when alginate polymer thaws rapidly at 22.5
°C, the resulting hydrogels were significantly less elastic and had greater swelling than
the hydrogels formed with slow melting. Particularly, the 2% (w/v) alginate hydrogel cross-

linked in a 50 mM calcium bath was barely coherent, resembling more of a sol gel.
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Figure 3.4 Physical characterization of alginate hydrogels. TIG hydrogels are
compared to normal gelation methods via the swelling ratio (A), storage moduli (B), and
mesh size (C). The dependence of thawing temperature (2°C and 22.5°C) and cross-
linker concentration (50 and 200 mM) on 2% (w/v) alginate (Alg) was tested by the
swelling ratio (D) storage moduli (E), and mesh size (F), and placed in comparison of
alginate sponges. Frozen solutions and thawing solutions are represented through blue
and red text, respectively. Bars with scatter plots represent the mean with individual

measurements displayed and error bars representing standard deviation (A-F, n=3).
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3.3.3 Liquid-core capsule fabrication and characterization

In addition to the hydrogels formed through thawing a frozen alginate polymer
solution, starting with a frozen cross-linker solution that melts in an alginate polymer bath
formed liquid-core capsules with an alginate hydrogel shell. Despite the different
structural outcomes, similar factors of concentrations and temperature influence their
formation. We tested three frozen concentrations of calcium chloride (50, 100, 200 mM)
thawed in different alginate concentrations (1 and 2% (w/v)). Varying shell thicknesses
were generated with these conditions. The slopes of shell thickness versus cross-linker
concentration increase with higher alginate concentration from 3.409 pm mM* (R? =
0.7172) to 6.219 pm mM* (R? = 0.8897) from 1 to 2% (w/v) alginate, respectively (Figure
3.5A). This phenomenon is also observed in the slope for the dry mass of cross-linked
hydrogel versus the cross-linker concentration, increasing from 15.17 ug mM* (R? =
0.9837) with 1% (w/v) alginate solution to 27.24 ug mM? (R? = 0.9771) with a 2% (w/v)
alginate solution (Figure 3.5B). The slope of mass gelled approximately doubled from the
doubling in alginate polymer concentration in the thawing bath within the range of tested
calcium chloride concentrations. Interestingly, a similar shell thickness was generated
from the various frozen volumes of calcium chloride tested (Figure 3.5C). However, it
becomes increasingly challenging to prevent melting before submersion in the alginate
bath the smaller the frozen solutions are. Because of this challenge, strings of liquid
calcium solution generate these hydrogel tails, which can be seen in the inlet images on
the bar graph. We combated this outcome by keeping the samples on dry ice before
releasing the frozen samples from the mold, directly submerging them in the alginate

polymer bath. Similar to the TIG hydrogels, there were temperature-dependent changes
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in the hydrogel shells. Rapid thawing in an alginate bath at 22.5 °C led to hydrogel shells
that were about half as thick as the capsule shells when using a thawing bath that was 2

°C (Figure 3.5D).
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Figure 3.5 Characterization of liquid-core capsules gelation. Capsule shell thickness
dependence on frozen cross-linker (CaClz) and alginate polymer (Alg) concentration at 2
°C with representative images (A). These capsules were lyophilized to measure the mass
gelled (B). The shell thickness for different frozen cross-linker volumes with the same
concentration was quantified with representative images of the capsules formed at 22.5
°C (C). Temperature-dependent changes in shell thickness were measured for 2 and 22.5
‘C (D). Bars with scatter plots represent the mean with individual measurements
displayed and error bars representing standard deviation (A, B, and D, n=3; and C, n=6).

The scale bar in the images is 4 mm.
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3.3.4 Release of Cargo from Alginate TIG Hydrogels and Liquid-Core Capsules

The influences of polymer aggregation and electrostatic interactions on release
were interrogated using three distinct cargo molecules with different sizes and net
charges in a neutral pH. Specifically, doxorubicin (dox; 543 Da), FITC-dextran (dextran;
4 kDa), and FITC-albumin (albumin; 66.5 kDa) were loaded into the frozen solutions, and
TIG was performed by thawing the samples in the respective solution to induce ionic
cross-linking of an alginate hydrogel. Additionally, to enable potential electrostatic
interactions, chitosan was included as a polymer that would have a slight positive charge
as a contrast to the negative charge of the alginate polymer. Generally, the release of this
cargo from the various hydrogels formed by TIG followed a trend dependent on the cargo

molecule's size (Figure 3.6A-E).

In all cases, dox was released more rapidly from the hydrogels than the albumin
protein. However, when alginate polymers were frozen, the release rate of the dox
molecule became slower than the larger dextran molecule (Figure 3.6A&B). The alginate
hybrid hydrogels released 90% of dox after 72 hours, regardless of their chitosan content.
Notwithstanding, dox in the liquid-core capsules, in which no alginate is frozen, rapidly
released, with over 90% of the cargo diffusing out from the hydrogel within the first 24
hours (Figure 3.6D&E). The release profiles of dox from the liquid-core capsules were

generally much faster than the TIG hydrogel, regardless of the additions of chitosan.

In contrast to the dependency of dox release profiles on whether the hydrogel
resulted from frozen alginate, the release of dextran cargo was altered when it was frozen
along with chitosan. Despite having the same chitosan containing thawing bath, the

release of dextran was reduced only when chitosan was included in the frozen alginate
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solution (Figure 3.6B&C). The result of this shift is most clearly observed in the shift of
dextran from being released faster than dox in TIG hydrogels that did not include frozen
chitosan to being released more slowly when the TIG hydrogel was formed from a frozen
solution containing both alginate and chitosan. Similar differences resulting from frozen
chitosan were observed with the liquid-core capsules. The release of dox and dextran is
rapid from the liquid-core capsule with no chitosan, with over 90% of cargo released within
24 hours (Figure 3.6D). By using a frozen solution containing chitosan polymer, there is
a reduction of release for dextran but not dox (Figure 4E). For liquid-core capsules,
chitosan slowed the release of 90% of the dextran from 8 hours to 96 hours. In contrast,

liquid-core capsules released 90% of dox within 8 hours, regardless of chitosan content.

These alterations in release profiles are more drastic with albumin. Generally, the
addition of chitosan resulted in a slower release of albumin regardless of if it was frozen
or not. Between TIG hydrogels where only the thawing bath differed through the addition
of chitosan, there is a slight reduction in the release rate. However, if chitosan is frozen,
the release of chitosan can be mostly prevented. For example, less than 20% of albumin
was released after one week in liquid-core capsules and less than 30% in the TIG
hydrogels when the frozen solution contains albumin and chitosan. Compared to the
frozen solutions without chitosan, freezing albumin with chitosan significantly reduced the
release rate of albumin. Lastly, we performed an additional experiment comparing the
release of dextran at room temperature and 37°C to observe how these release trends
would be expected to change (Figure 3.7A-E). Generally, cargo is released faster at 37°C

than room temperature, with conserved differences between hydrogel groups.
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Figure 3.6 Relative release profiles of the cargo dextran, doxorubicin, and albumin.
The shorthand is used to describe frozen solutions in blue and the thawing bath solutions
in red: alginate (Al, 2% (w/v)), CaCl> (Ca, 100 mM), CaClz and chitosan (CaC, 100 mM

and 1% (w/v), respectively), and alginate and chitosan (AC, 2% and 1% (w/v)). Frozen
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alginate was thawed in calcium (A) or calcium with chitosan solution (B). In addition,
alginate and chitosan were thawed in calcium and chitosan solution (C). Calcium was
frozen for liquid-core capsules without (D) or chitosan (E) and thawed in an alginate
solution. Each cargo is represented by a line representing the mean, and shaded areas

represent standard deviation (A-E, n=3).
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Figure 3.7 Relative release profiles of dextran at varying temperatures. Release of
the dextran cargo from TIG hydrogels was performed in 22.5°C and 37°C solutions. The
shorthand used to indicate hydrogel type is the same as Figure 3.7. Frozen alginate was
thawed in calcium (A) or calcium with chitosan solution (B). In addition, alginate and

chitosan were thawed in calcium and chitosan solution (C). Calcium was frozen for liquid-
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core capsules without (D) or chitosan (E) and thawed in an alginate solution. Each cargo
is represented by a line representing the mean, and shaded areas represent standard

deviation (A-E, n=3).
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34 Discussion

3.4.1 The formation of alginate hydrogels via TIG

The work in this chapter describes the gelation scheme that will be further tested
for its utility in later chapters. This gelation scheme is dependent on the availability of
alginate polymer or cross-linker to define the geometry and structure. This availability is
the result of an irreversible thawing even that releases the polymer or cross-linker from a
frozen state. Because this melting is the trigger for ionic cross-linking of alginate, we
termed this scheme thaw-induced gelation (TIG). The process presented here resulted in
two hydrogel structures: a TIG hydrogel and a liquid-core hydrogel capsule. While each
of these will be explored in more depth in later chapters, additional hydrogels have been
discovered why attempting to translate these hydrogels for cell cryopreservation

applications.

Thawing alginate was hypothesized to partially dissolve aggregated polymer
formed during freezing and ionically cross-link into the TIG hydrogels. The diffusion of
calcium into the thawing alginate generated a hydrogel that approximately maintained the
shape and size of the frozen disk. Notably, the hydrogels did swell up into a sphere
despite the frozen alginate starting as a disk. Alternatively, melting frozen cross-linker in
an alginate polymer solution produces a capsule with a hydrogel shell surrounding a liquid
core approximately the volume of the initial frozen disk. Like the TIG hydrogel, the capsule
also swelled to form something closer to a sphere. For alginate TIG hydrogels, we
hypothesized aggregated polymer could improve electrostatic interactions between cargo
and polymer. Similarly, liquid-core capsules would control release only through the mesh

size of the hydrogel shell if there was no frozen polymer. Therefore, after the
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characterization of the hydrogels, TIG strategies were validated for the delivery of
therapeutic cargos smaller than the mesh size of alginate hydrogels. Consequently, the
hydrogels demonstrated unique utility in enabling the controlled release of these cargos
without chemical modifications to the hydrogels that have not been previously explored

in the context of controlled delivery before.

3.4.2 Characterization of TIG hydrogels

The storage moduli and swelling ratios of alginate hydrogels formed by TIG are
between the measured values of both an alginate sponge and hydrogel. While this could
suggest a combination of physical features, these measurements alone do not directly
answer that similar structures exist. Therefore, SEM was performed on the hydrogels,
which further supports that the hydrogels formed by TIG had similar features of a hydrogel
and sponge. Nonetheless, the hydrogels were significantly stiffer than the control alginate
hydrogels for all salinity conditions and about 50% less than the alginate sponge group,
suggesting a potential elasticity gain from non-ionically cross-linked polymer. Together
these outcomes support our hypothesis that aggregated alginate polymer is partially

preserved by TIG and results in a hydrogel that embodies some aspects of a sponge.

3.4.3 Hydrogels formed by TIG are distinctly different from cryogels

Importantly, these alginate hydrogels formed by TIG in this study are distinct from
cryogels because the alginate hydrogel is being formed by ionic cross-linking following a
thawing event rather than cross-linking during or due to a freezing event [28, 29]. Unlike
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poly (vinyl alcohol) cryogels, alginate does not sustain the polymer aggregation from
freezing [28, 30-32]. If the frozen alginate solutions were thawed in a bath of PBS without
calcium, the alginate solution dissolved completely. Therefore, without ionic gelation
during freezing or some other addition, a macroporous structure similar to cryogels or
alginate sponges cannot be formed with frozen alginate. Altogether, the physical
properties of the TIG hydrogels were between those of our control alginate hydrogels and
alginate sponges. While it is unlikely that a macroporous structure is wholly preserved
after thawing, our data suggest a dissociation of aggregated polymer within the alginate
hydrogel. To interrogate the potential existence of persistent cryostructuring after thawing
frozen polymer solution, chapter 4 describes work in which cryostructuring is modulated
through various freezing rates. Appropriately, more hydrogel-like properties are beneficial
for wound dressings, such as small pores having a lower tendency to adhere to an injury
site and are less likely to harbor bacterial colonies [4, 21, 22, 33]. Additionally, a more
elastic alginate hydrogel could provide a toughness that would better permit recovery after
compression. Regardless of the application, the additional parameters of freezing and
thawing already mimic processing steps used in cryogels, giving precedent to the
feasibility of this gelation scheme for generating clinically relevant hydrogels where

cryopreservation is needed.

3.4.4 Effects of buffer and pH when performing TIG

Interestingly, alginate TIG hydrogels were slightly stiffer, although not statistically
significant, when the frozen polymer solutions contained a phosphate buffer instead of

diH20. In contrast, the control alginate hydrogels were less stiff in phosphate buffers.
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Generally, the use of phosphate buffers with divalent ionic cross-linking of alginate
polymers would be expected to lead to weaker hydrogels because the phosphate ions
can sequester calcium ions, which follows from the observed trends in our control
hydrogels [12, 34]. However, the freezing of a phosphate solution can lead to a. acidic
shift in pH. Specifically, previous studies have described a pH shift of a solution close to
the pKa of alginate monomers when freezing PBS to -30°C [32, 35, 36]. Thus, an acidic
alginate solution has less electrostatic repulsion due to a loss of the negative charge from
the carboxyl groups on the polymer. Consequently, aggregation of the polymers during
freezing can be more efficient [31, 32]. However, while more effective aggregation would
coincide with the increase in stiffness and agree with the hypothesis of persistent
aggregations of alginate polymer after thawing, the overall magnitude of these differences
is minuscule compared to the increase in stiffness from TIG hydrogels and out control

hydrogels.

Furthermore, although the pH of a phosphate solution shifts when freezing, it is
expected to return to neutral when thawing and would still impact calcium cross-linking,
as with the control hydrogel. Therefore, although a notable change in pH can be expected
when freezing polymers and should be considered in future studies, the potential changes
to the resulting hydrogel remain unclear. Nevertheless, an acidic pH can potentially be
detrimental to proteins that might be used as the target cargo [36]. Additionally, osmolarity
shifts could also damage the cargo and alter hydrogel properties and will be discussed

further in chapter 4.

3.4.5 Controlling hydrogel properties through thawing rates
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The temperature of the thawing bath solution resulted in hydrogels with different
properties, suggesting melting rate could be used to control alginate cross-linking during
TIG. Interestingly, slower thawing had a comparable stiffness and swelling ratio as the
hydrogels thawed four times the cross-linker concentration. In contrast, faster thawing of
frozen alginate solution into 50 mM calcium solution resulted in the weakest gel and the
largest swelling ratio. The reduced stiffness and increased swelling ratio observed with
lower calcium concentrations are expected with alginate gelation [37]. However, the
similarity of hydrogels that underwent slower thawing in different calcium concentrations
could result from various factors. One possible explanation is that the rate of thawing was
the limiting step for ionic cross-linking. That is, if calcium was able to diffuse to the edge
where the alginate solution changed from a solid to a liquid, it could effectively cross-link
the now available alginate polymers in the liquid phase. Nevertheless, further work is
required to determine the interaction between thawing rate, the dissolving of aggregated
alginate, and ionic cross-linking. Regardless, thawing rates were found to control swelling
and stiffness properties of alginate TIG hydrogels. Given that high swelling and water
retention in a wound are desired to support fluid transfer and wound dressings with
smaller pores are often desired for their lower tendency to adhere to the wound, thawing
rate provides an additional parameter for controlling alginate hydrogel properties [12, 21,
38]. These concepts are expanded upon in chapter 4, where the freezing rate is also
modulated, which was hypothesized to alter aggregate wall thickness similar to alginate

sponges [14, 22].

In contrast to alginate TIG hydrogels, dropping frozen cross-linker into alginate

solution forms liquid-core capsules. Although TIG involves melting a frozen solution, the
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dripping of a calcium solution into an alginate solution has been previously described as
inverse gelation. Consequently, both TIG and inverse gelation have thicker alginate
hydrogel shells with increased calcium concentrations, suggesting a similar calcium
diffusion phenomenon [39, 40]. However, while inverse gelation resulted in thinner shells
with a greater alginate concentration, TIG resulted in thicker capsules [40, 41]. The
thawing event may slow calcium release compared to dropping liquid calcium into alginate
during inverse gelation. The physical delay from thawing of the calcium solution is
supported as the cause for this difference with TIG and inverse gelation because a faster
thawing rate resulted in thinner hydrogel shells. Advantageously, while high alginate
concentrations result in a highly viscous solution that can impede emulsion penetration
with inverse gelation, the frozen solutions used in TIG preserved their form when
submerging [42]. This characteristic of using a frozen element also permits different

frozen amounts and shapes that are not possible with traditional inverse gelation.

3.4.6 Heat and particle diffusion perspectives for alginate capsules formed by TIG

Fundamentally, as the calcium diffuses away from the initial source, it will become
diluted to a point where it cannot effectively cross-link alginate polymers. As described in
Fick's 2" Jaw, the diffusion rate will depend on the local concentration gradient. Compared
to inverse gelation, TIG controls the local concentration gradient by withholding calcium
ions in the frozen state. Additionally, the differences between TIG and inverse gelation
could be partially explained by a reduced ability for alginate cross-linking at lower

temperatures [12]. Similar to particle diffusion, heat transfer also depends on the local
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heat gradient. Together, the temperature gradients alter alginate gelation by modulating

the diffusion rate and effectiveness for ionic cross-linking.

The parameters of diffusion and heat transfer altered how alginate cross-linking
occurs. Notably, in the formation of capsules, alginate polymer cannot diffuse through the
initially formed hydrogel shell. Therefore, the capsule's shell grows outwards as calcium
ions diffuse down the concentration gradient. Importantly, the calcium ions are the
diffusing element for hydrogel formation. When the calcium concentration in the frozen
solution was increased from 50 to 200 mM, there was a greater change in the capsule's
shell thickness between 1% and 2% (w/v) alginate. Specifically, there was a 15% increase
in shell thickness with 50 mM CacClz and a 50% increase with 200 mM. The larger gradient
in calcium concentrations likely supported more efficient cross-linking further away
despite the same change in local alginate concentrations. The thawing-dependent

release of calcium could partially explain this discrepancy.

Although not directly explored in these experiments, the similar capsule shell
thicknesses from different frozen volumes could also result from these heat transfer and
diffusion effects. Because the shortest distance across the outer surfaces was the
conserved 2 mm thickness from the rubber molds, this similar dimension of the geometry
could have been the primary cause. Diffusion likely occurred over the shorter disk
thickness until 1 mm was melted and diluted on each side. At that point, the entire
samples would be melted regardless of volume. Overall, these parameters unique to TIG
for liquid-core capsules lead to different outcomes than inverse gelation. These hydrogels
should not be expected to follow the trends of inverse gelation when designing hydrogel-

based cargo delivery vehicles [42, 43]. However, the use of a frozen solution to form an
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encapsulating hydrogel has been employed in gastronomy by chefs and food scientists
in a process called frozen reverse spherification [42-44]. Applications of this process have
been patented for several uses with alcohol and to replicate the "pop" textures of caviar.
While applying this technique within biomedical engineering applications is understudied,
the integration of food science research and perspectives can be invaluable to medical

applications of these materials.

3.4.7 Cargo delivery from alginate and chitosan hybrid hydrogels formed via TIG

The steric-based release of cargo is one of the primary considerations used when
designing delivery vehicles. Unlike larger albumin, small cargos like dox and dextran were
expected to encounter little physical hindrance while diffusing from the alginate hydrogels.
In agreement with previous alginate hydrogel work, these smaller molecules were
released within 24 hours in liquid-core capsules without chitosan [15, 23]. Moreover, the
release of albumin from both TIG hydrogels and liquid-core capsules was similar without
chitosan, suggesting phase-separation of alginate does not significantly affect albumin
release. Importantly, however, these previously described combinations of hydrogels and
cargos are not expected to interact electrostatically with each other except for alginate
and dox. Dox is positively charged and would be expected to interact with negatively
charged alginate [45]. Alternatively, the positive charge of chitosan is assumed to
associate with the negative charge of the FITC attached to dextran [46, 47].
Consequently, the addition of chitosan led to a decrease in the release rate of albumin,
which was more drastic in conditions where albumin was frozen within a chitosan-

containing solution. In agreement with this outcome, previous work has described albumin
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and chitosan forming a nanoparticle complex greater than 150 nm in diameter [48].
Previous studies have also suggested chitosan's ability to reduce the mesh size of
alginate hydrogels by filling pores between cross-linked polymers [11, 13]. Compared to
conditions without chitosan, reduced mesh size and possible nanoparticle complex
formation would describe the diminished release rate of albumin from hydrogels with
chitosan. The release rate of albumin within TIG hydrogels highlights how simple methods
can adjust alginate hydrogel properties to improve delivery rate versatility. However, the
drastic changes when the electrostatic complements of polymer and cargo are frozen
together suggest an event beyond interactions of alginate and chitosan or polymer and

the cargo.

3.4.8 Electrostatic phenomena are enhanced through freezing

When steric effects are ineffective at slowing release, electrostatics can provide
additional cargo delivery control. The release kinetics between dox and dextran from
alginate hydrogels suggest that the phase separation from freezing polymer,
cryostructuring, provides further electrostatic interaction with the cargo. Specifically,
positively charged dox would be expected to interact with negatively charged alginate,
unlike the more neutral polysaccharide dextran with an attached FITC fluorescent tag [45,
49]. However, liquid-core capsules rapidly release dox and dextran within a day,
suggesting insignificant steric or electrostatic control over release [11, 50]. This rapid
release was also observed when the release experiment was carried out at 37 °C. In
contrast, alginate TIG hydrogels without chitosan released the dox slower than dextran,

suggesting these TIG hydrogels enhance electrostatic interactions between dox and the
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alginate polymer. Similarly, the release of dextran plateaued before fully releasing cargo
when the alginate freezing contained chitosan, which is potentially the result of alginate
and chitosan electrostatically interactions entrapping dextran or chitosan having some
interactions with the FITC fluorescent tag [15]. Altogether, the electrostatic effects on the
diffusion of charged particles in hydrogels are still poorly understood, and models face
increased complexity when working with pH-sensitive polymers and dynamic biological
environments [17], the inhibition of release of albumin from hydrogel when starting from
a frozen chitosan solution cannot be understated. Under conditions in which the net
charge on polymers change, the TIG hydrogels could potentially be a pH-sensitive
material ideal for oral delivery [51]. Therefore, TIG is an additive process for alginate
hydrogels that could improve electrostatic interactions between charged polymers and

cargo.
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35 Conclusion

In summary, this chapter demonstrates how gelation by thawing alginate polymer
in a calcium bath maintains desired hydrogel swelling properties, enhances elasticity, and
suggests enhanced electrostatic interactions that are appealing for controlling the release
of cargo. In addition, the liquid-core capsules presented defined shell thickness that also
shows utility in encapsulating cargo. Although alginate TIG hydrogel results support the
hypothesis of some maintained alginate aggregation, further work is needed to determine
the structural effects of freezing and thawing rates explored in more depth within chapter

4.
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CHAPTER 4
Thaw-induced gelation improves alginate hydrogel mechanical stability while

providing cryoprotective benefits for therapeutic cargo

4.1 Introduction

In chapter 3, the process of thaw-induced gelation (TIG) was described as a
method to generate hydrogels disks or hydrogel capsules. While those previous
experiments addressed electrostatic interactions between chitosan and alginate with
select cargos, the frozen stage of TIG has utility as a hydrogel that incorporates the
often-required cold storage of cargo and cells. This chapter will further describe the
effects of cryostructuring, thaw-induced gelation, and the effects on bioactive cargo
(vascular endothelial growth factor; VEGF). Specifically, only hydrogels formed by
submerging a frozen alginate polymer solution into a cross-linker solution of calcium
chloride will be discussed here. While we also attempted TIG with polymer and cells
within a cryopreservation solution, the outcomes were a unique alginate cryogel formed
by non-solvent induced phase separation rather than TIG. The utility of frozen alginate

with cells will be described in the next chapter of the thesis.

Hydrogels have numerous roles in localizing cell and drug delivery [1-5]. For
example, hydrogels have been used as drug carriers, dermal patches, and microgels for
encapsulated cells [6-9]. However, few studies have addressed storage conditions
when designing and validating novel hydrogel systems [10-14]. Nevertheless, cold
storage could be a necessary step of the supply chain. Conceptually, it would be

appealing if cold storage could also enhance the desired properties of therapeutic
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hydrogels. Many polymers have been studied as a protective agent in cold storage of
biologics, including alginate, polyvinyl alcohol, and polyethylene glycol [15-19].
Specifically, alginate has been widely used in biomedical applications due to its
biocompatibility and ease in controlling physical and mechanical properties [6, 20].
Alginate is typically obtained from seaweed consisting of blocks of 3-D-mannuronic acid
(M) and a-L-guluronic acid (G) monomers [6]. The negatively charged G-blocks are
permissive to ionic cross-linking with divalent cations, such as Ca?* (forming an "egg-
box" structure), allowing cells and therapeutic cargos to be encapsulated under mild
conditions [21]. Therefore, alginate represents an appealing material for cold storage

and subsequent encapsulation to overcome some clinical supply chain challenges.

lonically cross-linked alginate hydrogels typically lack the mechanical stability of
covalently cross-linked hydrogels due to calcium ions diffusing out the hydrogel over
time [22]. This phenomenon can potentially be mitigated by forming an interpenetrating
polymer network (IPN) [23]. An IPN is a material comprised of two or more interlaced
networks or entangled on the molecular scale. Polymeric entanglements of IPNs
typically result in enhanced mechanical stability and toughness, making them appealing
materials for regenerative medicine and wound dressing applications [15, 16, 23-25].
While the networks are not cross-linked, IPNs still cannot be separated unless chemical

bonds are broken.

IPNs can be classified in a couple of different ways. First, an IPN can be defined
by how networks are entangled. For example, a semi-IPN differs from an IPN because
the polymers can, in principle, be separated without breaking chemical bonds. IPNs can

also be described by how they are formed; a sequential-IPN can be formed by
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polymerizing an initial mixture of monomers, swelling the hydrogel with another
monomer, and cross-linking that secondary monomer to form an IPN. Additionally, IPNs
can be identified according to their molecular composition. An unusual IPN is the homo-
IPN, where both polymers used in the networks are the same. They are usually
sequential IPNs and were the first to be commercialized [26, 27]. Regardless of the type
of IPN, it is similarly unclear how compliant any IPN hydrogels will be with low-

temperature storage likely required in many clinical future applications [4, 7, 28].

In this chapter, we have two objectives. One objective was to elucidate the
potential structure of hydrogels formed by the TIG method. The second objective was to
determine the biocompatibility of the hydrogel by its cryoprotective capacity for frozen
cargo. As previously described, TIG involves a frozen alginate polymer solution
submerged in a bath of the ionic cross-linker, calcium. As the alginate solution melts,
calcium ions cross-link the alginate polymer to form a hydrogel. This chapter tries to
decipher the unique properties of these hydrogels produced by TIG compared to
hydrogels created from a more standard ionic gelation scheme. Fundamentally, the rate
the alginate solution is frozen alters the amount of polymer aggregated via
cryostructuring [29-31]. Therefore, we hypothesize that TIG creates entanglements
between a soluble aggregated polymer network and an ionically cross-linked network,
generating a homo-IPN [32-35]. To test our hypothesis, we probed the effects of
cryostructured alginate polymer through scanning electron microscopy (SEM), storage
modulus, swelling, elasticity, and mesh size under varying freezing and thawing rate

conditions.
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Although the underlying molecular structure of each hydrogel might not be clear,
we expect the polymer networks to differ by freezing and thawing rates because of
cryostructuring and resolubilizing of aggregated polymers (Figure 4.1). Additionally, we
characterized these hydrogels' stability, swelling, elasticity, and mesh size over three
weeks to determine how well the potential entangled networks improve hydrogel
stability. A subset of these samples was kept in a lab fridge for over a year to determine
their stability in sterile, non-frozen cold storage. Furthermore, in addition to ensuring
similarities of these hydrogels to other ionically cross-linked alginate hydrogels under
varying osmolarity, cross-linker concentration, and solution acidity effects, we also
characterized the potential cytotoxicity and cryoprotective potential of hydrogels
produced by TIG. The data presented dramatically expands on the previous chapter's
mechanical analysis data, which primarily focused on the feasibility of gelation and
controlling the release of various cargos [36]. To our knowledge, the formation and
characterization of an alginate hydrogel as a homo-IPN has not been previously
described, suggesting TIG can produce a sequential-IPN with translational relevance for

hydrogel systems to incorporate the clinical context of the cold storage chain.
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Figure 4.1 Theorized molecular structure of networks formed by TIG. TIG parallels
the gelation schemes of an alginate hydrogel but starts with a frozen polymer solution.
Here, the illustration shows lines of alginate polymer. Clusters of these lines represent
aggregates resulting from cryostructuring. As faster freezing (-80) results in smaller ice
crystals than slower freezing (-20), we anticipated correspondingly thicker aggregates in
conditions that had slower freezing. In contrast, the control, not undergoing any
cryostructuring, is not expected to have any aggregation. Notably, heat transfer
precedes cross-linking with the TIG method. This heat transfer also enhances the
solubility of the aggregated alginate polymer. Therefore, even after all the polymer has
been melted and ionic cross-linking continues, we expect warmer thawing temperatures
(36) to lead to more solubilized alginate polymer from the aggregated regions. Given
that the initial stock of alginate polymers is in the aggregate formed by cryostructuring,
the warmer thawing bath (36) is expected to result in a smaller mesh size than the
colder thawing bath (4). However, if any aggregation exists, the mesh sizes of hydrogels

formed by TIG should be larger than the control, regardless of thawing temperature.
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4.2  Materials and methods
4.2.1 Hydrogel formation

The LF10/60 alginate polymer (molecular weight ~ 50 kDa and > 60% G-block)
used in this study was purchased from FMC Biopolymers as the low molecular weight
(LMW) polymer. Unless stated otherwise, all alginate polymer used in this study is the
LMW variety. For an experiment with different molecular weight alginate polymers, an
LF20/40 alginate polymer (molecular weight ~ 250 kDa and > 60% G-block; FMC
Biopolymers) was used as the high molecular weight (HMW) polymer. Alginate was
dissolved in a pH-neutral isotonic sodium chloride solution (0.9% (w/v); Sigma) unless
stated otherwise. Alginate was prepared at various concentrations, 1% and 2% (w/v), by
diluting from a 4% (w/v) stock. Calcium chloride (Sigma) was the divalent cation source
for cross-linking alginate. The calcium solution was prepared at 100 mM with a pH of 7
unless stated otherwise.

All hydrogel groups were prepared by filling a rubber mold with 100 pL of the
alginate polymer solution. The rubber mold is approximately 1.5 mm thick with circular
cutouts 8 mm in diameter. For the control hydrogels, the rubber mold was covered with
a porous membrane (Millipore) and carefully immersed into a calcium solution to induce
ionic cross-linking, similar to a method previously used by our lab [37]. Throughout this
chapter, the formation of a control hydrogel (control) will be referred to as following
normal gelation (normal). TIG alginate hydrogels were formed as previously described
[36] and in the previous chapter. Briefly, the rubber molds with the alginate solution
were placed into either a -80 “C or -20 °C freezers until the solution froze, typically

overnight. Importantly, all alginate solutions frozen at -20 °C were subsequently placed
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in -80 °C freezers to ensure all samples were at the same temperature before thawing.
For ionic gelation, the frozen alginate solution is submerged into the thawing solution of
calcium chloride. Different temperatures of the calcium chloride solution were used to
alter the thawing rate (4 °C, 20 °C, or 36 "C). These temperatures are above the melting
point and represent what can be achieved with a lab refrigerator, room temperature, and
a cell incubator. Once the frozen alginate is within the thawing solution, it melts and
cross-links to form the hydrogel. After 10 minutes, the newly formed alginate hydrogels
were removed and rinsed with a 0.9% (w/v) sodium chloride solution to remove the
uncross-linked calcium chloride solution. We also characterized samples based on
gelation time, including a set of samples that were only permitted to cross-link for 5
minutes after submersion. The calcium bath was placed in a larger beaker filled with
water at the desired temperature to prevent temperature changes to the thawing

solution.

4.2.2 Hydrogel stiffness and elasticity measurements

The stiffness and the viscoelasticity of hydrogels were measured via the shear
storage modulus (G') and the damping factor (tan(9d)), respectively, via a rheometer
(HR2, TA Instruments). After allowing hydrogels to swell in 0.9% (w/v) sodium chloride,
excess fluid was wicked away, and the hydrogels were placed between parallel plates
of the rheometer with an 8 mm head and applied with a 0.01 N axial force. The
hydrogels were strained (0.01-1%) at a set frequency (6.3 rad s-1). A minimum of 6
points within the linear range were averaged to obtain G' and tan($) for each hydrogel

condition. The damping ratio (tan(6)) is a ratio of the loss modulus (G") to the storage
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modulus (G'), also known as the loss factor. This measurement represents the ratio of
energy loss and storage. The closer this value is to zero, the more purely elastic the

material acts.

4.2.3 Swelling ratio measurements

The volumetric swelling ratio (Qv) of each hydrogel was determined using the wet
weights (Ws) and dry weights (Wb). First, hydrogels were swollen in 0.9% (w/v) sodium
chloride solution. Next, the dry weights for the same hydrogel samples were obtained
after removing all moisture by lyophilization. The volumetric swelling ratio was then

calculated via the following equation:

Ws-Wp Wp

) )
Q = —Wp—L2

pp

Where pw is the density of water and pr is the polymer density (Alginate: 1.6 g/mL, [38,

39]).

4.2.4 Mesh size calculations
Mesh size (¢) was estimated for the anionic hydrogels by Flory—Rehner
calculation using swelling and Rheometry measurements, as previously described [36,

37, 40, 41]:

1 2M,
£= QGO
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Here, | is the length of the repeating unit, or Kuhn length (5.15 A), M is the molecular
weight of the repeating unit (194 g/mol), and Cn is the characteristic ratio (21.1), which is
a measure of chain stiffness. Qv is the volumetric swelling ratio, which was defined in
the previous section. Mc is the molecular weight between cross-links, which was
determined via the following equation using the measurements of the shear storage
modulus (G') and polymer concentration (Cp), the gas constant (R), and sample

temperature (T):

4.2.5 Scanning electron microscopy (SEM) analysis

SEM images were obtained for the control alginate hydrogel and TIG alginate
hydrogels. Alginate hydrogels were prepared as previously mentioned with TIG
hydrogels being frozen at -80 °C or -20 °C and thawed in calcium solutions at 4 °C or 36
°C, representing faster or slower cooling and slow or rapid melting, respectively. After
ionic gelation, hydrogels were left to swell in 0.9% (w/v) NaCl before being fixed with 2%
(v/v) glutaraldehyde (GA) solution for four hours [42]. Subsequently, the hydrogels were
immersed in ethanol solutions of increasing concentration up to 100%, as previously
described [43]. To not induce ice formation that could act as a confounder for structures
potentially created by TIG, cross-linked hydrogels underwent critical point drying (CPD)
[36, 44-46]. The samples were then coated with gold and imaged with the Quattro S
Scanning Electron Microscope (Thermo Fisher Scientific). During this process, extreme

care was taken to prevent shrinkage of the samples. For example, we attempted to
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minimize ambient air exposure by keeping the materials hydrated in the ethanol solvent
immediately prior to CPD.

SEM images were taken at three different magnifications, 800x, 3,500x, and
25,000x, to observe larger structures and an alginate hydrogel's ionically cross-linked
mesh structures. Importantly for experimental rigor, all TIG samples were frozen from
room temperature and thawed for gelation from -80 °C to create consistent freezing and
thawing rates regimes. Second, all hydrogels imaged were formed, swelled, fixed, and
prepared for SEM imaging together as a batch to minimize hydrogel differences due to
processing. Significant shrinkage could result from structural collapse, indicating SEM
images might not recapitulate the structure as samples that retained their initial size. By
preparing all samples as a batch, we expect structural differences will be compared

based on their freezing and thawing treatments.

4.2.6 Freezing and thawing rate effects on hydrogel properties

To simultaneously interrogate the effect of freezing rates, thawing rates, and
polymer concentration on TIG hydrogel mechanical properties and potential underlying
structure, a full factorial design was employed to examine each combination of the
various factor values. The three factors included freezing rate (-80 °C or -20 °C
freezers), thawing rates (4 °C, 20 °C, or 36 °C thawing solutions), and polymer
concentration (1% and 2% (w/v)). The thawing rates and polymer concentration
conditions represent high, medium, and low values. Likewise, freezing conditions
represent high and low values. Hydrogels were characterized by their storage modulus

(G", damping ratio (tan(d)), swelling ratio, and the calculated mesh size. The results
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were analyzed and plotted as contour plots, or surface maps, for each polymer
concentration to visualize freezing and thawing effects on hydrogel properties using

JMP software (SAS Institute).

4.2.7 Alginate hydrogel stability assay

Degradation of a control alginate hydrogel (2% (w/v)) and TIG alginate hydrogels
(1% and 2% (w/v)) was measured over 21 days. All alginate hydrogels were formed
using sterilized alginate, prepared as previously described [40, 41], cross-linked with
sterile calcium chloride solution, and incubated in sterile sodium chloride solution.
Sterile alginate stock was prepared by dissolving 1 gram of alginate 100 mL of
deionized (DI) water. Next, 0.5 grams of activated charcoal (Sigma) was added and
mixed with a magnetic stir bar for 30 minutes. The alginate solution was then sterile
filtered (0.22 um, Thermo Fisher Scientific), lyophilized, and stored in the freezer. TIG
alginate hydrogels were formed from alginate solutions frozen at -80 ‘C and thawed at
36 °C. Alginate hydrogels were maintained in a sterile incubator at 36 "C to prevent
microbial degradation of the hydrogels. Hydrogel stability was interrogated via their
storage modulus, damping ratio, and swelling at days 0, 1, 2, 3, 7, and 21. Each data
point represents a single hydrogel sample.

Additionally, 2% (w/v) alginate hydrogels formed using the same TIG conditions
as our SEM experiments were stored in 0.9% (w/v) sodium chloride in 4 °C for over a
year (383 days) before measurement. These hydrogels were characterized by their

storage modulus, damping ratio, and swelling ratio to compare with similar hydrogels
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measured on the day of gelation and the same hydrogel group used in the previous

stability measurements. Each data point represents a single hydrogel sample.

4.2.8 Osmolarity effects on hydrogel formation

Osmolarity effects on gelation were examined by preparing cross-linking
solutions of 225, 300, 375 mOsm/L by dissolving varying amounts of sodium chloride (O
mM, 37.5 mM, 75 mM, respectively) with 75 mM calcium chloride. Additionally, 300
mOsm/L cross-linking solutions were prepared with 50 mM, 75 mM, and 100 mM
calcium chloride concentrations. Sodium chloride was added to make this solution 300
mOsm/L (75 mM, 37.5 mM, and 0 mM, respectively). In total, five different cross-linking
solutions were used for forming alginate hydrogels, as the 300 mOsm/L groups with 75
mM CacCl: is shared between both groups. For TIG hydrogels, alginate was frozen in a -
80 °C freezer and thawed using the various cross-linking solutions for gelation. The
cross-linking solution was kept at room temperature (20 “C) in both the TIG method and
the control. The storage modulus, damping ratio, and swelling ratio were measured for

each of the hydrogels.

4.2.9 Buffer and pH effects on hydrogel formation

The freezing of phosphate solutions is known to generate an acidic pH [30, 31].
Given that TIG involves freezing the polymer solution, it is important to characterize how
a pH change will affect hydrogel formation. Specifically, we used calcium chloride
solutions (100 mM) at pH 5 and 7 to generate 2% (w/v) alginate hydrogels via TIG.

Furthermore, the 2% (w/v) alginate solution was made by dissolving the polymer in
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either 1X PBS (Sigma) or 0.9% (w/v) NaCl. Together, three groups were used: alginate
dissolved in NaCl and cross-linked with a pH 7 calcium chloride solution, alginate
dissolved in NaCl and cross-linked with a pH 5 calcium chloride solution, and alginate
dissolved in PBS and cross-linked with a pH 5 calcium chloride solution. The alginate
solution for TIG was frozen in the -80 °C freezer and thawed at room temperature (20
°C). The storage modulus, damping ratio, and swelling ratio were measured for each

hydrogel.

4.2.10 MTT assay for cytotoxicity and proliferation analysis of HUVEC

Human umbilical vein endothelial cells (HUVECS; Lonza) from pooled donors
were expanded in endothelial cell growth medium (EGM-2, Lonza) under standard
conditions (37 °C and 5% CO3), exchanging media every two days. EGM-2 was
prepared as defined in the vendor's EGM-2 BulletKit™ medium with and without the
addition of the growth factors, with N media being defined as the cell culture media
without growth factors. HUVECs at passage 6 were seeded onto 12-well plates at a
concentration of 10,000 cells/cm? using N media and allowed to attach for 24 hours. For
the cytotoxicity assay, N media was replaced with EGM-2 with the supplemented growth
factors or fresh N media for samples with no hydrogel, the control hydrogel, and the
hydrogel formed through TIG. For interrogating potential cryoprotective nature, the
vascular endothelial growth factor (VEGF) stock solution provided with the EGM-2
BulletKit™ medium was diluted to a 10X concentration within a 1% (w/v) alginate
solution. The dilution in an alginate solution and the undiluted 100X stock were refrozen

to their respective storage temperature (-20 “C). Frozen alginate was used to form
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hydrogels as they thawed at 20 ‘C (TIG) or after completely thawing for the control
hydrogel. Additionally, 100X stock was added to alginate to generate another control
hydrogel group. The resulting concentrations of the VEGF-stock solution added to the
cell culture wells was 1X, corresponding to a 100 pL hydrogel added 900 pL of N media
in each well. Overall, this assay only characterizes the functionality of VEGF to promote
proliferation after refreezing.

For both experiments, HUVECs were cultured for 72-hours under their respective
condition before performing an MTT assay, a colorimetric assay for assessing cell
metabolic activity in which NADH-dependent cellular oxidoreductase enzymes reduce
tetrazolium dye MTT into insoluble formazan. The product has a purple color with an
absorbance around 570 nm. Specifically, tetrazolium dye MTT (Sigma) diluted in PBS
was added to each well at a final concentration of 0.5 mg/mL and incubated for three
hours. The media was then replaced with 0.5 mL of isopropanol (Sigma), and plates
were placed on a shaker for 15 minutes while being protected from light with aluminum
foil. The total absorbance of formazan salt was quantified via the Spectramax ® i3 plate
reader (Molecular Devices) at 570 nm, averaged per condition (n = 6), and normalized

to the absorbance cells cultured in N media.

4.2.11 Statistical analysis

Results in this chapter are shown as mean values with standard deviations.
Sample sizes are provided with each experiment and shown in figures as individual data
points where applicable and listed in the figure legends. Statistical significance was

asserted at p < 0.05 after performing Student’s t-tests, ANOVAs, and Tukey's multiple
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comparison tests where appropriate. All analyses were performed using Graph-Pad

Prism software (GraphPad Software Inc.) and JMP software (SAS Institute).
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4.3 Results
4.3.1 Formation of alginate hydrogels via TIG

In this chapter, TIG occurred when a frozen alginate polymer solution was
thawed in a calcium bath, the ionic cross-linker of alginate. Ice crystals form between
the polymers as the alginate solution freezes, known as cryostructuring (Figure 4.2).
When melting, calcium ions cross-link the alginate polymer to form a hydrogel.
Precisely, heat energy and calcium ions move towards the alginate polymer via the
temperature and concentration gradients. The resulting hydrogel had an uncross-linked
core if the frozen alginate solution were removed from the calcium bath before
completely melting to the liquid phase. There was still a cross-linked hydrogel shell
because any initially melted polymer on the outer surface becomes available for ionic
cross-linking. Samples transitioned from solid ice to completely liquid within 100, 60,
and 30 seconds for bath temperatures of 4, 20, and 36 °C, respectively, with no notable
difference with 1 or 2% (w/v) alginate concentration. At a minimum, the thawing
temperature would be expected to influence hydrogels due to the time it takes for frozen

alginate to melt.
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Figure 4.2 Thaw-induced gelation (TIG) involves cryostructuring followed by ionic
cross-linking. The availability of alginate polymer to ionic cross-link could be altered by
cryostructuring and the rate at which the frozen polymer solution melts. In practice, the
solution wholly melted before being fully cross-linked. After the polymer solution is
melted, ionic cross-linking will continue as the divalent cation diffuses into the previously

frozen alginate solution.

130



4.3.2 The role of gelation time on hydrogel properties

The effects of gelation time on hydrogel properties were evaluated by measuring
changes in the storage modulus, damping ratio, and swelling properties between 5- and
10-minutes after submersion. Consequently, the time for gelation was also limited by
the melting rate due to the different thawing temperatures. Despite this, there was no
clear trend in hydrogel properties concerning thawing temperature (Figure 4.3). With the
-20 °C freezing condition, more time led to significantly stiffer hydrogels when thawed
slowly at 4 ‘C. However, when the alginate solution was frozen in -80 °C undergoes
TIG, more gelation time in a 36 "C cross-linker bath led to significantly stiffer hydrogels.
Together, while these results indicate additional cross-linking, they also demonstrated

how thawing's role on hydrogel properties could have additional influences.

4.3.3 The role of alginate molecular weight on hydrogel properties

Alginate molecular weight was evaluated for its influence on the storage
modulus, damping ratio, and swelling ratio of hydrogels formed by TIG and the normal
gelation method. For both gelation schemes, the increase in molecular weight led to
increased stiffness, an increased damping ratio, and reduced swelling (Figure 4.4). TIG
led to significantly stiffer hydrogels, less elastic, and had less swelling for each
molecular weight. As a potential consequence, the storage modulus and damping ratio
were significantly different between molecular weights with TIG but not the normal
gelation scheme. Overall, these data reveal similar trends from polymer molecular
weight and indicate expected differences between gelation methods described in this

chapter.
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Figure 4.3 Effects of gelation time during TIG. Samples continue cross-linking
between five and ten minutes, indicated by increasing trends in storage modulus (A)
and elasticity (B) and a decreasing trend in the volumetric swelling ratio (C). While there
was no significant difference in swelling ratio, hydrogels formed by freezing an alginate
polymer in a -20 "C freezer and thawed in a 4 °C calcium bath and freezing in a -80 "C
freezer and thawed in a 36 °C calcium bath were significantly stiffer with the additional
five minutes. The relative change in storage modulus between five and ten minutes was
also calculated to see which conditions were more likely to have significantly more
cross-linking (D). Bar heights represent the group means, scatter dot plots display
individual measurements, and error bars represent standard deviation (n = 4). A line
between groups represents statistically significant differences (P < 0.05) between select

comparisons after performing a two-way ANOVA and a Tukey's multiple comparison
test.
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Figure 4.4 Molecular weight effect on hydrogels. Hydrogels formed via TIG or the
normal gelation method (normal) are measured for their storage modulus (A), elasticity
(B), and swelling ratio (C). Hydrogels formed via TIG and the control hydrogels (normal
gelation) are significantly different with the same polymer molecular weight. High
molecular weight (HMW) polymers led to stiffer and less elastic hydrogels than the low
molecular weight (LMW) polymers. These differences were statistically significant for
TIG hydrogels. Additionally, HMW polymers resulted in less swelling within hydrogels
than LMW polymers, which was statistically significant for the control hydrogels. Bar
heights represent the group means, scatter dot plots display individual measurements,
and error bars represent standard deviation (n = 6). A line between select groups
represents statistically significant differences (P < 0.05) between molecular weights of
the same gelation method, assessed by performing a two-way ANOVA and a Tukey's

multiple comparison test.
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4.3.4 SEM analysis of TIG hydrogel polymer network morphology

SEM images investigated the polymer network's morphology for the alginate
hydrogels formed via TIG and the control method (Figure 4.5A-0O). Hydrogels forms with
TIG are shown with a shorthand; for example, -80/4 represents a TIG hydrogel where
alginate is frozen in a -80 °C freezer and thawed in a calcium bath at 4 °C (Figure 4.5D-
F). Immediately, there is a clear distinction at 800x magnification, with the alginate
network of all the hydrogels formed via TIG having larger pore structures not observed
in the control group. Furthermore, TIG hydrogels have the most prominent pores when
thawed in a 4 °C calcium bath (Figure 4.5D & J). Distinctly, the alginate polymer in both
groups frozen in the -80 °C freezer aligns in a wave pattern that becomes discernable at
the 3,500x magnification (Figure 4.5E & H). Of these two hydrogels, the group thawed
more rapidly (-80/36) has denser folding and smaller pores (Figure 4.5L). In contrast to
these wavy formations, the TIG hydrogels frozen in the -20 °C freezer have polymers
that form thicker clusters (Figure 4.5K & N). Although the control hydrogel does not
have these dense polymer structures seen at lower magnifications (Figure 4.5A & M),
the -20/36 appears to be most like the control hydrogel at 25,000x magnification (Figure
4.5C & O). At 25,000x magnification, a mesh structure for TIG hydrogels is more
evident. Mainly, with the -80/4 and -80/36 groups, there is a mesh structure within the
wavy topography, with the mesh size being smaller with the -80/36 hydrogel (Figure
4.5F & L). Despite not guaranteeing the hydrogel's literal polymeric conformation, the
SEM images demonstrate that the different freezing rates resulted in distinct structures,

and the thawing rate might alter pore and mesh size.
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Figure 4.5 SEM images provide structural insight of hydrogels formed by TIG and
the normal gelation scheme. Hydrogels formed by TIG appear distinct based on their
combination of freezing and thawing rates (A-O). Four different hydrogels formed via
TIG and one control hydrogel formed through the normal method were imaged at three
different magnifications. The conditions of TIG represent either fast or slow freezing and
fast or slow thawing, using -80 °C or -20 °C and 4 °C or 36 °C, respectively. The control

hydrogel was cross-linked in a bath at 36 “C. Overall, all hydrogels appear to be
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structurally distinct. Between the same TIG freezing condition, slower thawing (4 °C)
resulted in larger pores. Similarly, between the same TIG thawing condition, slower
freezing (-20 °C) had larger pores. For each hydrogel condition, different magnifications

are representative of the same sample.
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4.3.5 Full factorial analysis of freezing and thawing rates

Measurements of the mechanical and swelling properties of alginate hydrogels
formed by TIG were obtained using the different combinations of polymer
concentrations (1% and 2% (w/v)), alginate freezing temperatures (-20 °C and -80 "C),
and calcium solution temperatures (4 °C, 20 °C, and 36 °C). The surface maps depict
the trends in response to freezing and thawing temperatures (Figure 4.6). Consistently,
the highest storage modulus for all alginate concentrations is in the bottom right of these
surface maps, representing faster freezing at -80 "C and rapid thawing in a 36 °C
calcium bath (Figure 4.6A). Specifically, hydrogels thawed at 36 °C with the 2% (w/v)
polymer concentrations were significantly stiffer when frozen in -80 °C than at -20 °C.
Furthermore, all hydrogels formed by freezing polymer at -80 ‘C had a statistically
significant decrease in stiffness due to lower temperatures used in thawing. Overall, the
colder freezing temperatures and warmer thawing temperatures result in higher
hydrogel storage moduli, and the least stiff hydrogels were formed with slower freezing
in the -20 °C freezer. The damping ratio represents the ratio of the loss modulus to the
storage modulus. Interestingly, alginate hydrogels were more elastic when thawed
slowly in a calcium solution at 4 °C (Figure 4.6B). Specifically, the 1% and 2% (w/v)
alginate groups frozen at -80 °C were significantly more elastic when using the calcium
solution at 4 °C than the warmer solution at 36 "C. Most notably, the largest damping
ratios, indicating the least elastic hydrogels, were consistently by freezing in the -80 °C
freezer and thawing in a 36 °C solution. The 2% (w/v) hydrogel prepared from freezing
polymer in -80 °C had significantly more swelling when thawed slowly at 4 °C than if

thawed rapidly at 36 ‘C (Figure 4.6C). However, there was no statistical difference in

137



the swelling ratio of 2% (w/v) hydrogels due to freezing rate changes. Regardless, the
enhanced swelling ratios were consistently generated by the slowest thawing rate (4 "C)
for all polymer concentrations. Across all alginate concentrations, the smallest mesh
sizes were consistently within the area of rapid freezing (-80 "C) and thawing (36 ‘C),
the same conditions that led to stiffer hydrogels with reduced swelling (Figure 4.6D).
Strikingly, the largest mesh sizes were consistently formed when thawed at the
intermediate room temperature (20 °C) from a polymer solution frozen in the -20 °C
freezer. Together, these results elucidate the impact of freezing and thawing rates on

the hydrogel properties.
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Figure 4.6 A full-factorial approach elucidated potential trends with TIG.
Specifically, differing freezing and thawing conditions were used to form hydrogels of
different polymer concentrations formed via TIG. The response surface maps of
resulting hydrogel effect on storage moduli (A, G'), damping ratios (B, tan(6)), swelling
ratios (C, Qv), and mesh sizes (D, ¢). While altering polymer concentration does have
expected effects on hydrogel properties, potential trends due to freezing and thawing
temperatures were not always conserved across polymer concentration. However, a
lower freezing temperature consistently led to stiffer hydrogels with a smaller mesh size.
Additionally, a slower thawing rate led to more elastic hydrogels with more swelling,
represented by a reduced tan(§) value. Samples of varying alginate concentrations

were generated using two freezing temperatures (-20 °C and -80 ‘C) and three thawing

temperatures (4 °C, 20 °C, and 36 'C) (A-D, n = 6).
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4.3.6 Alginate hydrogel stability

The stability of hydrogels was evaluated by measuring changes in the storage
moduli, damping ratios, and swelling properties over three weeks. Additionally, various
hydrogels prepared via TIG were measured after a year in non-frozen cold storage.
Strikingly, all hydrogels produced by TIG showed an uncharacteristic increase in
stiffness from day 0 to day 2, which did not occur in the control group (control) formed
by normal gelation (Figure 4.7A). Coincidently, the 1% (w/v) hydrogel formed by TIG
had a similar storage modulus as the 2% (w/v) control hydrogel during this time. After
21 days, only the control hydrogel had a statistically significant loss in stiffness (Figure
4.7B). However, this decrease appears to be primarily in the first week. Although not
statistically significant, the hydrogels formed via TIG also had a downward trend in
storage moduli over three weeks. Overall, the assay shows a time-dependent decrease
in the stability of the hydrogels' storage moduli over time, with hydrogels formed via TIG
being more resistant to these changes.

Paralleling changes in hydrogel storage moduli, TIG hydrogels had a statistically
significant decrease in the damping ratio between days 0 and 2, representing an
increase in elasticity (Figure 4.7C). In contrast, the control hydrogels had a significant
loss in elasticity over this same period, as the damping ratio increased. Both 1% and
2% (w/v) alginate hydrogels produced by TIG became significantly more elastic over 21
days (Figure 4.7D). Notably, the hydrogels formed by TIG start significantly less elastic
than the control hydrogel; however, with the opposing trends between the control and
TIG methods, the TIG hydrogel became significantly more elastic after three days.

Together these data indicate potential structural changes that initially occur with TIG
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hydrogels that do not occur with the control hydrogels formed by the normal gelation
method.

Despite initial fluctuations between all groups, only the control hydrogel
significantly decreased swelling after three weeks (Figure 4.7E & F). Remarkably, TIG
hydrogels had no statistically significant change in swelling after three weeks. Unlike the
storage modulus and damping ratio, there is no significant difference in swelling over
the initial two to three days between the TIG hydrogels. Furthermore, there is no clear
indication that the hydrogels continue to swell to the equilibrium swelling ratio between
the day of gelation and day one. Generally, these results point to TIG imparting more
stability to the hydrogel's swelling than the control hydrogel.

Furthermore, a set of samples formed by TIG with differing freezing and thawing
conditions was kept at 4 °C for over a year before being measured. Notably, the TIG
hydrogel frozen in the -80 °C freezer and thawed in a 4 °C solution did not have a
significant decrease in stiffness (Figure 4.8A). This hydrogel was the only condition that
did not retain the increase in elasticity observed in the previous figure (Figure 4.8B).
Additionally, after a year of cold storage, the swelling of TIG hydrogels significantly
increased, except for that hydrogel formed by TIG with polymer frozen in the -80 °C
freezer and thawed in a 4 “C solution (Figure 4.8C). Despite these mechanical and
swelling properties changes, most hydrogels retained the surface topography they
initially had after gelation (Figure 4.8D). The formation of these hydrogels from frozen
alginate results in ridges from the ice, which can still be seen after a year. In contrast,
hydrogels formed by the control method typically lost their integrity, swelled until they

disintegrated in solution after a couple of months.
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characterized by measuring the storage moduli (A-B), damping ratios (C-D), and
swelling ratios (E-F). Hydrogels formed by TIG were prepared by freezing polymer in
the -80 °C freezer and thawing in a cross-linker solution that was 36 °C due to their
contrasting damping ratio compared to the control hydrogels. The hydrogels prepared
via TIG had better stability in storage modulus and swelling ratio than the control
hydrogel. Additionally, changes in elasticity over time followed opposing trends between
the control and TIG hydrogels. Lastly, all hydrogels formed via TIG had an
uncharacteristic increase in stiffness and a decrease in damping ratio over the first three
days. Data for figure panels A, C, and E represent the mean + SD (indicated by shaded
areas) over 21 days (n =5 — 7). For figure panels B, D, and F, the bar represents mean,
scatter dot plots display individual measurements, and error bars represent standard
deviation (n =5 — 7). A line between groups represents statistically significant
differences (P < 0.05) between days 0 and 21 of the same hydrogels, assessed by a

two-way ANOVA and a Tukey's multiple comparison test.
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Figure 4.8 Stability of various TIG hydrogels over a year. TIG hydrogels formed by
freezing in -20 °C and -80 °C and thawed in a solution at 4 °C and 36 'C were kept at 4
°C for over a year (383 days) in a saline solution, and their storage modulus (A), damping
ratio (B), and swelling ratio (C) were measured. An image of a sample hydrogel displays
ridges from the initial frozen polymer structure after over a year (D). While all hydrogels
had some significant change in properties over a year, the hydrogel prepared by freezing
in -80 "C and thawed in 4 °C had no significant change in stiffness or swelling. Additionally,
the change in damping ratio for this group opposes the change observed in the other
groups. The bar represents mean, scatter dot plots display individual hydrogel
measurements, and error bars represent standard deviation (n = 3 — 4). Lines connecting
groups represent statistically significant differences (P < 0.05) assessed by performing a

two-way ANOVA and a Tukey's multiple comparison test.
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4.3.7 Osmolarity effects on hydrogel formation

Hydrogels were evaluated by their storage modulus, damping ratio, and swelling
ratios with different cross-linking solution osmolarities and cross-linker concentrations to
examine potential variations in cross-linking behavior due to TIG. There were no
statistical differences in stiffness due to differences in cross-linker solution osmolarity for
both gelation methods (Figure 4.9A). Furthermore, both hydrogels were significantly
more elastic with the isotonic cross-linker solution (Figure 4.9B). Lastly, there was
significantly more swelling of the control hydrogel in the isotonic cross-linker solution
(Figure 4.9C). Generally, hydrogels produced via TIG had similar trends as the control
hydrogels for the varying osmolarity and cross-linker concentrations. Similarly,
increasing the concentration of calcium ions led to significantly stiffer (Figure 4.9D) and
less elastic (Figure 4.9E) hydrogels for both gelation methods (Figure 4.9D). However,
the swelling properties trends differed between hydrogels formed via TIG and the
control (Figure 4.9F). Regardless, the TIG method generally responded similarly to

solution osmolarity and cross-linker concentration as the control.
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Figure 4.9 Alterations in osmolarity and cross-linker concentration had similar
outcomes for hydrogels, regardless of gelation method. Hydrogels formed by TIG
were prepared by freezing polymer in the -80 °C freezer and thawing in a cross-linker
solution that was 20 °C. Specifically, both gelation methods had similar trends in
stiffness with solution osmolarity (A) and cross-linker concentration (D). Furthermore,
both groups had smaller damping ratios with an isotonic solution (B) and lower cross-
linker concentrations (E). However, TIG did result in an opposing swelling trend with
respect to cross-linker concentration, despite similar swelling trends with solution
osmolarity. The bar represents mean, scatter dot plots display individual measurements,
and error bars represent standard deviation (n = 6). A line between groups represents

statistically significant differences (P < 0.05).
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4.3.7 Buffer and pH effects on hydrogel formation

The effect of pH changes when freezing a phosphate solution and the role of pH
of the cross-linker solution on the formation of hydrogels were assessed. Specifically,
2% (w/v) alginate solutions were prepared using a PBS or NaCl solution and cross-
linked with an acidic or neutral calcium solution. These hydrogels were characterized for
their stiffness, damping ratio, and swelling properties in line with previous experiments.
Alginate hydrogels were significantly stiffer when formed with a neutral cross-linking
solution (Figure 4.10A-C). TIG hydrogels appear stiffer with alginate dissolved in PBS,
although this outcome was not statistically significant. Overall, these data do not
indicate significant changes to hydrogel formation via TIG due to the buffers or solution

pH used in this experiment.
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Figure 4.10 Buffer and pH changes are expected to alter hydrogel properties.
Specifically, phosphate buffers change their pH when freezing, potentially impacting
TIG. Hydrogels were formed via TIG with alginate polymer dissolved in NaCl or a
phosphate-buffered saline (PBS) and frozen in a -80 "C freezer. These samples were
thawed in a cross-linker solution that was 20 "C at pH 5 or 7. The acidity of the cross-
linker solution had a significant impact on stiffness and swelling, but not the damping
ratio. Similarly, the use of a phosphate solution did not significantly impact the resulting
hydrogels. The bar represents mean, scatter dot plots display individual hydrogel
measurements, and error bars represent standard deviation (n = 6). A line between

groups represents statistically significant differences (P < 0.05).
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4.3.9 Hydrogel cryoprotective outcomes

The potential cytotoxicity and cryoprotective capacity of the alginate hydrogels
were investigated by using HUVECSs. Influences on proliferation were determined by
normalizing to cells culture in N media. The addition of hydrogels to the cell culture wells
resulted in no significant difference with N media (Figure 4.11A). Although the addition
of hydrogels to cells cultured in complete media led to a similar decrease in the resulting
proliferation after three days, there was no difference in how the hydrogel was produced
for both media conditions. Notably, with cells cultured in complete media, there were
visibly fewer cells underneath the hydrogels. As expected, complete media led to
significantly more proliferation than N media; overall, the thaw-induced gelation did not
significantly reduce proliferation compared to the control hydrogel. Next, cells were
exposed to a mitogenic factor, VEGF. Similar to proliferation in complete media, there
was no significant difference between hydrogel conditions when VEGF-stock solution is
frozen in an alginate solution (Figure 4.11B). Interestingly, there was significantly less
proliferation if the VEGF-stock solution was not frozen in the polymer solution. When
VEGF was refrozen in the stock vial, the resulting proliferation was comparable to the N
media condition. These data indicate that alginate hydrogels formed via TIG are just as
non-cytotoxic as more traditional gelation methods and that freezing the VEGF-stock
solution in alginate led to more proliferation than refreezing the stock solution in the vial

provided by the supplier's kit.
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Figure 4.11 Alginate hydrogels formed via TIG had comparable metabolic activity
per culture well as the control hydrogel. In N media (N), there was no significant
difference in metabolic activity between no hydrogel (NG), control group (CG) hydrogel,
and hydrogel formed by TIG (TIG) (A). However, using complete media (All), NG had
significantly more metabolic activity than CG and TIG groups due to cell proliferation.
Freezing the VEGF stock in an alginate solution (+/+) led to significantly more metabolic
activity compared to no VEGF (-) and refrozen VEGF stock (+/-) (B). Data are
normalized to the average untreated control cells cultured in N media (indicated by the
dashed line). The bar represents mean, scatter dot plots display individual
measurements, and error bars represent standard deviation (n = 6). A line between
groups represents statistically significant differences (P < 0.05) assessed by performing

a one-way ANOVA and a Tukey's multiple comparison test.
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4.4  Discussion
4.4.1 The formation of a unique alginate hydrogel: a homo-IPN

This chapter demonstrates an enhancement of toughness and stability with the
TIG strategy while displaying promising cryoprotective capacity. The hydrogel's
mechanical properties indicate a dependence on the rate the polymer solution is frozen,
which supports the soluble aggregation of eutectic structures via cryostructuring persists
through the subsequent melting in the cross-linker solution [47, 48]. While aggregation
of polymers from freezing a solution has been previously described as the mechanism
for forming cryogels [49, 50], alginate does not form stable cryogels like polyvinyl
alcohol [51-53]. Specifically, freezing alginate in a saline solution alone does not create
a hydrogel; additional steps are required, such as ionic cross-linking. Additionally, the
dependence of hydrogel stiffness and elasticity on thawing rate suggests the
importance of ionic cross-linking and the potential impact this step might have on
redissolving the potential aggregated eutectic structures. These dependencies freezing
and thawing rates in the context of gelation time and altering molecular weight of the
alginate polymer suggest the formation of hydrogels that embody gelation schemes and
outcomes comparable to a semi-IPN that is sequentially formed [16, 24-26]. Specifically,
within the context of TIG, the distinct structures formed from one polymer composition
are representative of a homo-IPN [26, 33]. Furthermore, the formation of these previous
homo-IPNs led to a decrease in swelling and increase in stiffness, paralleling the results
observed in this chapter [26, 33]. To our knowledge, the formation of an alginate homo-
IPN has not been previously described, suggesting the potential novelty TIG not only

has for encapsulation and mechanical stability within the context for cold storage and
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cryopreservation but also for forming a unique hydrogel structure with potential

applications for interrogating cell responsiveness to IPNs from one polymer source.

4.4.2 SEM elucidates TIG impact on network structure

SEM images presented the structural differences between a conventional
method to form alginate hydrogels, our control group, and TIG. While our control group
hydrogel has a similar mesh structure observed in previous SEM images of alginate
hydrogels [41, 43, 44, 54], all TIG hydrogels appear distinct from the control groups.
Moreover, the wall thickness and pore size of TIG hydrogels were smaller than what
was expected from alginate sponges [44, 55], suggesting the networks do not wholly
replicate the cryostructuring observed in sponges. Notably, the networks formed by TIG
were dependent on the utilized freezing and thawing rates. Compared to the control
hydrogel group, the larger polymer clusters and pore sizes from the TIG hydrogels
parallel previous studies with alginate sponges that described a slower freezing rate
creating larger ice crystals that result in thicker polymer aggregations [29, 47, 55].
Adjacently, faster freezing leads to smaller amorphous ice crystals [56-58], potentially
causing the wave patterns found in hydrogels formed by freezing in -80 °C but not in -20
°C. Broadly, these results suggest that the freezing rate alters the structure of the
resulting hydrogel regardless of the thawing rate. Notwithstanding, the cross-linker
solution temperature would affect the solubility of alginate, diffusion of calcium, and
cross-linking efficiency of alginate [6, 59]. Succinctly, the thawing rate is expected to
alter any aggregated alginate polymer's redissolving and ionic cross-linking. Therefore,

the slower thawing rate leading to larger pores suggests thawing rate has a potential
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role in preserving structures dependent on the freezing rate. Regardless, the SEM
images suggest unique structures likely to influence the overall hydrogel's mechanical

and physical properties.

4.4.3 Freezing and thawing rates impact hydrogel mechanical properties

TIG hydrogels had physical and mechanical properties depending on the freezing
and thawing rates utilized. While larger alginate concentrations enhance stiffness and
decrease swelling ratios agreed with many other alginate hydrogel studies [36, 41, 60-
62], these hydrogels becoming stiffer with faster freezing rates matches a previous
study with alginate sponges [29]. Moreover, the thawing rate also altered hydrogel
properties, highlighting the importance of ionic cross-linking. Specifically, a warmer
thawing temperature resulted in stiffer hydrogels consistent with previous reports where
warmer gelation temperatures increase alginate calcium content [30, 59].
Correspondingly, hydrogels formed by TIG were more elastic and had more swelling
when thawed slowly at 4 °C. While this outcome could result from the temperatures
used in the thawing bath, these data could be described by the forming entanglements
commonly associated with IPN [24, 26, 63]. Tentatively, if these TIG hydrogels could be
described as a homo-IPN, an interpenetrating polymer network formed from polymers
that are chemically identical [32, 34], it would be expected that this hydrogel would have
different stiffness, elasticity, swelling, and mechanical stability compared to a hydrogel
without reinforcing entanglements between networks formed by cryostructuring and

ionic cross-linking.
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As the process of TIG is sequential and each step appears to influence the
hydrogel's network structure and the resulting mechanical properties, the results
discussed previously support the formation of a homo-IPN. Specifically, the combination
of data suggests the TIG hydrogel is distinct from using the normal gelation scheme. At
a minimum, the overall decrease in temperature and phase transition would result in
less ionic cross-linking in the same ten-minute period than the control gelation method
[6, 64]. However, our results categorically illustration that TIG leads to stiffer, more
elastic hydrogels where weaker, more viscous hydrogels would be expected. Notably,
the increase in storage modulus and decreased elasticity with more gelation time and
high molecular weight polymer indicate additional ionic cross-linking. The viscoelastic
properties of an alginate hydrogel come from the ability to break and reform the ionic
cross-links [65], and ionic cross-links represent anchor points where energy can be
transferred to heat by breaking the bonds [66]. Furthermore, additional ionic cross-
linking of alginate reduces swelling [36, 67-69]; however, TIG hydrogels would have
less time and thermal energy for ionic cross-linking but have lesser swelling than the
control hydrogel. Lastly, from SEM images of TIG hydrogels formed by freezing in -80
°C, the decrease in the mesh size when thawing at 36 °C further supports redissolving
of alginate polymer by greater local concentration of polymer between aggregated
regions. Fundamentally, these smaller meshes act as numerous small springs that,
according to Hooke's law, are less capable of transmitting forces due to their short
lengths than larger mesh sizes. Consequently, we confirm there were more elastic
hydrogels formed with slower thawing rates. Therefore, the data support the existence

of a cryostructured and an ionically cross-linked network entangled as an IPN.
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4.4.4 TIG enhances mechanical stability of alginate hydrogels

The mechanical stability of hydrogels formed by TIG was superior to the control
hydrogel group. This difference is expounded by the differences in mechanical
properties and the swelling ratio between these hydrogels. Previous studies have
shown that the damping ratio increases with increased ionic cross-linking of alginate
polymers [62, 70]. Although TIG hydrogels initially had a greater damping ratio than the
control hydrogel group, hydrogels formed by TIG had a striking increase in hydrogel
stiffness and elasticity over the first three days. This outcome directly contrasted the
decrease in stiffness and elasticity of the control hydrogels. This initial change in elastic
behavior could represent the irreversible dissociation of aggregated polymers [66],
resulting in entanglements that enhance the hydrogel's elasticity.

Additionally, the swelling of the control group decreased over three weeks, likely
from the dissociation of alginate polymer from the hydrogel from salting-out [22].
Despite being exposed to the same favorable sterile conditions, hydrogels formed by
TIG did not have a significant change in swelling. In the context of the previous data
supporting cryostructured polymer, the dissociation of aggregated alginate would
increase the swelling ratio [71, 72]. Countering this increase in swelling, additional
entanglements, such as with an IPN, would be expected to reduce swelling [73-75].
Therefore, the entanglements within a hydrogel prepared via TIG could be reinforced
during these first couple of days and reenforces the changes in stiffness and elasticity.

Moreover, physical entanglements are a characteristic attribute of materials with

outstanding stability in stiffness and swelling properties [22, 24, 76, 77]. This longevity
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of the TIG hydrogels (>1 year) occurs despite the expected thermodynamic loss of the
divalent cation cross-linker [22], suggesting the existence of structures beyond ionic
cross-linked polymer. Regardless of the underlying structure, the improved long-term
elastic and swelling stability may prove advantageous for the therapeutic delivery of
cells within a hydrogel that uses an alginate solution as an extracellular
cryopreservation agent [19]. Together, these results suggest that the TIG method's

compliance with frozen storage enables its stability for long-term cold storage.

4.4.5 TIG and control gelation scheme is similarly influenced by osmolarity, cross-
linker concentration.

In this chapter, hydrogels prepared by TIG were consistently stiffer than the
control gelation method under the same osmolarities, cross-linker concentration, and
buffer acidities. Hydrogel trends due to osmolarity, cross-linker concentration, and
solution acidity were consistent between the TIG and control gelation methods. Broadly,
these observations between TIG and the control group hydrogels agree with
enhancements observed in IPN hydrogels [15; 16; 69] and suggest similar mechanisms
used to modulate alginate hydrogels applicable with TIG. However, it has been
previously described that freezing a phosphate buffer makes the solution more acidic,
and acidic solutions reduce the ionic cross-linking capacity for alginate polymers [51;
78; 79; 80; 81; 82]. While the significant decrease when using an acidic-calcium solution
agrees with previous work [6; 83; 84], there appears to be little effect from freezing

polymer in the phosphate buffer on the resulting hydrogel. Further work could
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interrogate the amount of calcium bound to the hydrogels through a calcium-specific

colorimetric assay.

4.4.6 TIG hydrogels are cryoprotective for VEGF

The function of TIG hydrogels for cells was assessed in two stages: metabolic
activity during exposure to alginate hydrogels and proliferation with exposure to VEGF,
a key factor for the mitogenic activity for vascular endothelial cells [43, 78, 79].
Specifically, an MTT assay was performed to determine cytotoxicity or enhancement of
proliferation from the alginate hydrogel and the VEGF cargo [80, 81]. The alginate
hydrogel prepared by TIG, like the control hydrogel, was not cytotoxic and agrees with
previous research with alginate hydrogels [40, 43, 82]. The lower level of proliferation in
complete media coinciding with fewer adherent cells between the culture well and
hydrogel suggests the hydrogel could be sterically hindering proliferation, likely due to
the lack of cell binding modalities on the alginate polymer [82-84]. Regardless, the
alginate hydrogels had no detrimental effect on cell viability with N media.

Moreover, the potential cryoprotective nature of alginate is reinforced by the
increased metabolic activity in the tissue culture wells in response to VEGF exposure,
suggesting greater proliferation. Previously, freezing has been shown to have adverse
degradation effects on VEGF protein [85]. Although the cryoprotective capacity of
alginate has never been explicitly tested with VEGF, alginate has been described to
promote the efficacy of vaccines and survival of cells as a cryoprotectant [18, 19, 86-
88]. The overall mechanism of alginate preventing osmotic transients and ice formation

would support the outcomes shown here and suggest the benefit of loading cargo in a
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frozen polymer solution [19, 89-91]. Together, the lack of cytotoxicity with TIG and the
cryoprotective outcome with the VEGF protein suggests the alginate hydrogels
produced via TIG are biocompatible, maintaining the ability of the material to perform
with an appropriate host response similar to the control hydrogel formed by the normal

gelation scheme [92].
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45 Conclusion

This chapter characterizes the alginate hydrogels produced by thaw-induced
gelation (TIG) through the freezing and thawing rates utilized. Not only did the alginate
hydrogel produced by TIG have enhanced stiffness and stability of its mechanical and
swelling properties compared to the control hydrogel, but the gelation process has
potential cryoprotective benefits for growth factor proteins. Overall, the expected
cryostructuring and ionic cross-linking mechanisms are supported by the dependence
on freezing and thawing rated during TIG and similar trends to the control group with
changes in alginate and cross-linker concentration. With these two steps that structure
the hydrogel, an aggregated polymer, and ionically cross-linked regions, we propose the
hydrogel could represent a semi-IPN composed from the same initial alginate polymer
solution, a homo-IPN. Advantageously, a homo-IPN formed by TIG represents a unique
method for generating semi-IPNs from one polymer species. Regardless of the
underlying structure, the gelation scheme could be applied ubiquitously to other ionically
cross-linked polymeric hydrogel systems to enhance their mechanical and swelling
stability and potentially provide some cryoprotective benefit. With the evidence of
biocompatibility with TIG, further work could incorporate the cryopreservation and
subsequent delivery of cells and growth factors with alginate acting as the

cryopreservation agent and polymeric scaffold.
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CHAPTER 5
Encapsulation of previously cryopreserved cells in alginate hydrogels via TIG and

an alginate cryogel

51 Introduction

In the previous chapter, we discuss the formation of hydrogels formed by thaw-
induced gelation (TIG) and its potential application as a carrier of protein therapeutic
cargos that undergo frozen storage. We described the molecular structure of these
hydrogels; however, utilizing TIG with cryopreserved cells necessitated the addition of a
cryopreservation agent (CPA). Consequently, we expect the controlled slow freezing of
cryopreservation to alter the molecular structure of the hydrogel, resulting in a different
hydrogel than those described in the previous chapter. Interestingly, by incorporating
one of the most widely used CPAs, dimethyl sulfoxide (Me2S0O), also abbreviated as
DMSO, alginate hydrogels were formed without the calcium ionic cross-linker during
TIG. Coincidently, this hydrogel could be considered an alginate cryogel formed.

The work in this brief chapter will mirror those in later chapters to address supply
chain demands for future commercial cell therapy products. Some aspects of this supply
chain are the mass production, transport, and storage of cellular products. Specifically,
this work and those in later chapters will address the utility of cryopreservation for
transporting and storing cells and potentially improving post-cryopreservation outcomes
with instructive hydrogels. Critically, suboptimal freezing protocols can increase batch
variability, reduce cell functionality and yield, and induce genetic drift [1]. For example,

cryopreservation has repeatedly demonstrated negative consequences for MSC viability

175



and function [2, 3], diminished cadherin and integrin-binding efficacy [4], and remodeling
of actin [5]. Despite this, over 80% of MSC clinical trial submissions were found to use
cryopreservation as part of the manufacturing protocol [6]. Therefore, cryopreservation-
induced changes to cell function should be addressed in research to prevent it from
being a potential bottleneck during clinical trials.

One method to improve cellular outcomes from cryopreservation is using multiple
cryoprotecting agents (CPASs) that enable different layers of protection of cells. For
example, Me2SO and alginate represent both intracellular and extracellular
cryopreservation agents to protect against ice formation and osmotic shock [7].
Previous research has noted that the primary source of cell death after cryopreservation
occurs via apoptosis [8-11]. Furthermore, this apoptosis can result from osmotic shock
[12-15]. Therefore, this chapter explores the encapsulation of human embryonic kidney
293 cells (HEK-293) within alginate hydrogels in which alginate acts as a CPA. HEK-
293 cells are an immortalized cell line of mesenchymal origin that can readily self-
aggregate and form spheroids [16]. Here, we use this cell type with unmodified alginate
to interrogate the effects of encapsulation via TIG and with the formation of a unique
alginate cryogel.

As mentioned in previous chapters, TIG is a process that forms a hydrogel
through ionic cross-linking that occurs when melting a frozen solution. Here, the frozen
solution contains the alginate polymer, as well as HEK-293 cells and Me2SO. When
submerged in a calcium chloride bath, the frozen solution melts, calcium diffuses down
the concentration gradient into the alginate polymer solution, and the alginate polymer is

ionically cross-linked with calcium ions [17]. Alginate is a biocompatible polymer that
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offers controllable mechanical properties, making it widely used in biomedical research
and medicine [18]. Particularly important for the work presented in this chapter, alginate
does not mediate cell attachment without chemical modifications [19-22]. Given the
biocompatibility of alginate and its previous use as a cryoprotective agent [23-26], we
hypothesized that HEK-293 cells could be encapsulated within alginate hydrogels while
thawing from the cryopreserved state. HEK-293 cells were previously used in studies
involving cryopreservation with alginate hydrogels [27, 28]. As part of this hypothesis,
we expect the HEK-293 cells to grow within the alginate hydrogels as aggregates within
the hydrogel. With this chapter, we start to lay the foundation of using post-
cryopreservation gelation techniques to encapsulate cells using the methods described
in chapters 3 and 4. The following chapters expand upon this work with
cryopreservation with the alginate capsules described in chapter 3, pivoting away from a

cryopreservation solution containing alginate.
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5.2 Materials and methods
5.2.1 Cell culture and cryopreservation

Human embryonic kidney (HEK-293; ATCC) cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Invitrogen) and 1% penicillin-streptomycin (Invitrogen) to form our
complete media (DMEMCc) as previously described [29]. Cells were cultured in tissue
culture plates (12-well; Falcon) at 37 °C and under 5% CO2. The cryopreservation of
cells was performed using freezing solutions containing 10% (v/v) Me2SO (also known
as DMSO0), 20% (v/v) FBS, and the complete media. With the addition of hydrogel
formation, the freezing solutions also contained dissolved alginate polymer. All samples
were frozen within a custom cryopreservation vessel made of Styrofoam. The
Styrofoam vessel was first pre-chilled in a 4 °C refrigerator along with the
cryopreservation solution. Cells were quickly added to the cryopreservation solution and
placed in molds of approximately 100 uL to avoid prolonged exposure to the CPA and
room temperatures. Next, the molds were placed in the vessel and moved to a -80 °C,
where the cells underwent cryopreservation. Frozen disks were submerged in thawing
solutions depending on whether the sample underwent TIG or not, breaking the cells
out of cryopreservation. The temperatures of the thawing solutions were 4 or 36 °C to

interrogate the impact of thawing rate on cell survival post-cryopreservation.

5.2.2 Hydrogel formation
The LF10/60 alginate polymer (molecular weight ~ 50 kDa and > 60% G-block)

used in this study was purchased from FMC Biopolymers. Alginate was dissolved in
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DMEMCc used for culturing the HEK-293 cells. Alginate was prepared at 1% directly with
the other components of the cryopreservation solution. Calcium chloride (Sigma) was
the divalent cation source for cross-linking alginate, prepared at 100 mM with a pH of 7.
The formation of alginate hydrogels via TIG parallels the process described for
cryopreservation. As the cells are cryopreserved in the -80 °C freezer, the alginate
solution transitions to a glassy solid, i.e., ice. The cryopreserved cells in the alginate-
containing solution are submerged into a pre-warmed calcium chloride solution, starting
TIG. During gelation, the 37 °C calcium chloride solution was periodically replaced to
prevent cooling between samples. After gelation, samples were submerged in pre-
warmed phosphate buffer solution (PBS) to remove excess calcium chloride from the
hydrogel. Notably, the frozen solutions were moved directly from a -80 °C temperature
to a thawing bath to induce rapid thawing. To help enable this process, dry ice near the
biosafety cabinet kept samples at approximately -80 °C until the samples could be

submerged and thawed.

5.2.3 Characterization of post-cryopreservation cell viability

100k HEK-293 cells were cryopreserved in 100 pL volumes within rubber wells.
Rubber molds were the same as described in chapters 3 and 4. Conditions included
cryopreservation solution without alginate, which was designated the control, and with
alginate. A subset of alginate-containing samples also underwent TIG by submerging
into a 100 mM CacCl2 as described previously. Additionally, different thawing

temperatures were utilized to challenge post-cryopreservation outcomes, 4 and 36 °C.
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After 18 hours post-seeding, media was changed to remove residual cryopreservation
agent solution.

Post-cryopreserved cells were imaged within the alginate hydrogels three days
post-cryopreservation using phase-contrast microscopy (Zeiss Axio Vert A.4). HEK-
293T cells that express GFP were used to visualize their position within the hydrogel
better. Additionally, the metabolic activity within the ionically cross-linked alginate
hydrogels or cell culture wells was measured via MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay (MTT assay) three days post-
cryopreservation, with some modifications. Briefly, 25 pL of 5 mg/mL tetrazolium dye
MTT was added for an approximate 0.5 mg/mL concentration per well. Cells were
incubated for three hours within the hydrogel. Next, the media was replaced with
isopropanol, and the hydrogels were mechanically destroyed within the wells. The
plates were then agitated on a shaker for 15 minutes. The absorbance of the solubilized
formazan was measured at 570 nm via the Spectramax ® i3 plate reader (Molecular

Devices) and averaged per condition.

5.2.4 Statistical analysis

Results in this chapter are shown as mean values with standard deviations.
Sample sizes are provided with each experiment and shown in figures as individual data
points where applicable and listed in the figure legends. Statistical significance was
asserted at p < 0.05 after performing a two-way ANOVA and Tukey's multiple
comparison test. All analyses were performed using Graph-Pad Prism software

(GraphPad Software Inc.) and JMP software (SAS Institute).
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53 Results

5.3.1 Post-cryopreservation cell expansion in alginate hydrogels

This chapter briefly expands on the work in chapter 4 with the incorporation of
cryopreserved cells. Specifically, cryopreservation agents were required to ensure the
viability of the HEK-293 cells post-cryopreservation. Me2SO was used as an intracellular
cryopreservation agent. Additionally, alginate was utilized as an extracellular
cryopreservation agent that is cross-linked when thawing the cryopreserved cells with
TIG. One of the groups we included was a subset of cryopreserved cell samples in
alginate that did not undergo TIG. To our surprise, this condition led to alginate that
formed a hydrogel without the divalent cation, calcium. After three days, the cells within
this hydrogel formed more prominent and numerous aggregates than the TIG hydrogel
(Figure 5.1). Overall, all cells proliferated post-cryopreservation, with those in alginate

forming small aggregates, like spheroids, within the hydrogels.

5.3.2 MTT assay of post-cryopreserved HEK-293 cells in TIG hydrogels

Three days after thawing the cryopreserved HEK-293 cells, an MTT assay was
performed to visualize the location of cells within the tissue culture plates and quantify
metabolic activity. From these images, purple formazan salt indicates that the control
group successfully permitted the growth of cells on the bottom of the treated tissue
culture plate (Figure 5.2A). Alternatively, both conditions with alginate have the dark

purple localized to an area approximately the same size as the starting frozen disk of
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the cryopreservation solution. Roughly, the hydrogels that underwent TIG were trended
to be slightly smaller than those that did not experience ionic cross-linking. Notably, few
cells escaped the hydrogels as the purple color is primarily within the hydrogels. After
imaging, the formazan salt was solubilized, and absorbance was quantified for the

control and TIG hydrogel samples thawed under 4 or 36 °C temperatures.

Interestingly, while thawing in a 4 °C bath led to significantly greater metabolic
activity in the control group than the TIG hydrogel (alginate + Ca?*), this temperature
also had significantly greater metabolic activity than thawing at 36 °C (Figure 5.2B). In
contrast, a thawing temperature of 36 °C led to a slight, non-significant, increase in
metabolic activity for TIG hydrogels compared to 4 °C. Similarly, but not significantly,
these TIG hydrogels formed at 36 °C appeared to have a slightly more metabolic activity
than the control group. Together, the data indicate the formation of an unexpected
hydrogel that could be better for post-cryopreserved cells than the ionically cross-
crosslinked hydrogel. Moreover, the data suggest the hydrogel could be slightly

advantageous for rapidly thawed cryopreserved cells.
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Day O

Day 1

Day 3 -

Figure 5.1 HEK-293 cells proliferate post-cryopreserved. Previously frozen cells
were plated in 12-well plates and imaged over three days to observe proliferation on the
tissue culture wells as well as in ionically cross-linked alginate hydrogels. Interestingly,
the non-cross-linked alginate did not redissolve. Consequently, both alginate conditions
resulted in small aggregates of HEK-293 cells by the third day. These aggregates

appear larger and more numerous in the alginate condition without ionic cross-linking.
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Figure 5.2 Cells are metabolic active within tissue culture wells 3-days post-
cryopreservation. The thawing of cryopreserved cells occurred at 4 or 36 °C for the
control group and ionically cross-linked hydrogel, but only 36 °C for the non-cross-linked
alginate. Representative images of samples thawed at 36 °C after the addition of
tetrazolium dye MTT indicated the location of cells via the production of purple formazan
salts (A). Quantifying this MTT metabolite, there was significantly greater metabolic
activity in the control group than ionically cross-linked alginate if thawed at 4 °C (B). In
contrast, there was a non-significant trend of the ionically cross-linked alginate
performing slightly better than the control. The bar represents mean, scatter dot plots
display individual measurements, and error bars represent standard deviation (n = 8). A

line between groups represents statistically significant differences (P < 0.05).
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54 Discussion

5.4.1 Encapsulation of post-cryopreserved cells in an alginate hydrogel

The results in this chapter demonstrate the viability of post-cryopreserved cells
encapsulated within alginate hydrogels formed by TIG. Concerning our hypothesis, the
resulting hydrogel did encapsulate viable cells capable of proliferating within the
hydrogel. Notably, the cells within the hydrogels formed aggregates, an expected
observation considering that alginate does not support cell attachment without chemical
modifications to the alginate polymer or the incorporation of other polymers [19-22].
While these results parallel those observed in previous research with alginate hydrogels
and cryopreserved cells [23, 27, 28, 30-34], the overwhelming majority of these studies
use alginate hydrogels that are already cross-crosslinked. Here, our results suggest that
the ionic cross-linking of alginate might spatially hinder the proliferation of cells.
Nevertheless, freezing an ionically cross-linked hydrogel could result in permeant
cryostructuring that creates larger pores for cell proliferation [31]. Consequently, the
previous studies using ionically cross-linked alginate hydrogels often reference the
formation of a sponge or cryogel with large pores [35, 36]. In contrast to these studies
that might seed cells onto the scaffold after forming the sponge or cryogel, the methods
described here resulted in two different hydrogels where cells were distributed
throughout. Fundamentally, this work promotes the additional utility of the hydrogels
described in chapter 4, indicating TIG can be performed with cryopreserved cells.
Specifically, this work suggests alginate hydrogels are biocompatible, supporting a

specific response from the cells to aggregate and proliferate post-cryopreservation
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within the hydrogel. Moreover, the work presented in this chapter also describes an

additional hydrogel not formed by TIG but due to freezing and thawing.

5.4.2 The formation of a unique alginate cryogel

As previously mentioned, most studies using alginate with cryopreserved cells do
by forming an alginate hydrogel, cryopreserving the encapsulated cells. Although there
are some studies where alginate is only used as a cryoprotective agent, one publication
appears to create a hydrogel post-cryopreservation by submerging a mold containing
frozen cells and alginate in a solution containing calcium [30]. Notably, the alginate
polymer was immersed in the calcium solution to cross-link for an hour, making the
process similar to TIG, except the samples were within molds during gelation. Given the
concentrations of calcium used and the timeframe of exposure, it should be expected
that calcium could detrimentally affect cell viability [19], especially for post-
cryopreserved cells [10, 11, 37]. Interestingly, despite having similar starting
ingredients, this study did not describe the formation of an alginate hydrogel without

calcium ions.

Notably, another study was able to form an alginate hydrogel without calcium
ions and use Me2SO [38]. Although this work was performed at room temperature and
gelation was not as rapid as TIG, the group generated 2% (w/v) alginate hydrogels with
similar elasticity and stiffness as those cross-linked with 100 mM CaClz. Their
computational models show that Me2SO cannot compensate for the repulsive forces
between carboxylate groups of the alginate polymer; but rather, Me2SO could stabilize
the alginate networks through hydrogen bonding [38]. However, to accomplish gelation

under these conditions, a 1% (w/v) alginate solution required a 50% (v/v) Me2SO
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concentration, an unfeasible concentration to use for the slow cooling cryopreservation
techniques. Given the concerns of Me2SO toxicity, a significant effort would need to be

taken to ensure the intracellular cryopreservation agent is wholly removed [39].

In the context of the hydrogel formed here, the freezing results conditions that
can improve the ability of Me2SO to stabilize alginate polymers through hydrogen
bonding. Mainly, the formation of a hydrogel during freezing through the stabilization of
hydrogen bonds is the standard mechanism for forming cryogels with polyvinyl alcohol
(PVA) solution [40-42]. Unlike PVA, the carboxylate groups of the alginate polymer
prevent hydrogen bond stabilization alone [38]. However, with Me2SO, freezing can
similarly stabilize the hydrogen bonding of alginate polymers within the unfrozen regions
during cryopreservation. Therefore, the hydrogel we describe here during the
cryopreservation of HEK-293 cells in a cryopreservation solution containing alginate
polymer would be classified as a cryogel. Strikingly, this appears to be the first
description of alginate cryogel stabilized with Me2SO without additional polymers or
cross-linking with a divalent cation [31, 43, 44]. Together, these data presented in this
chapter support that the hydrogel formed after freezing 1% (w/v) alginate solution with
10% (v/v) Me2SO led to the formation of cryogels that can encapsulate post-
cryopreserved cells and maintain their viability in culture. Combined with the work
described in chapter 4, the TIG process could be cryoprotective for both cells and
growth factors. Consequently, this process designed for cryopreservation can combine

three aspects of tissue engineering: cells, signaling molecules, and material.
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55 Conclusion

This chapter describes cryopreserved HEK-293 cells encapsulated within
alginate hydrogels formed via TIG. Although the hydrogel formed via TIG was able to
maintain cell viability and proliferation post-cryopreservation, the cells appear to perform
better in the hydrogel we believe is an alginate cryogel. Consequently, this outcome
raises essential questions regarding the properties of this potential alginate cryogel.
Specifically, if Me2SO and cryopreservation are fundamental for the hydrogel formation,
is the Me2SO retained within the hydrogel after thawing? Regardless of the potential
construction of a cryogel, if it results in sequestered Me2SO, this will also occur in the
samples undergoing TIG. Future work in this area should address how Me2SO is
removed from the hydrogels and perform additional testing to determine how the
polymer alters apoptosis post-cryopreservation. In future chapters, the use of TIG will
be exclusively tested in the context of freezing the cryopreserved cells with the divalent
cation cross-linker of alginate, calcium, which forms an alginate-hydrogel capsule.

These liquid-core capsules can encapsulate cells that can form larger spheroids.
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CHAPTER 6
Encapsulation of post-cryopreserved cells within alginate hydrogel capsules

promotes the rapid formation of spheroids

6.1 Introduction

Chapter 5 described work with encapsulating cryopreserved HEK-293 cells. In
parallel with this work, the alternative pathway of thaw-induced gelation (TIG) was
performed to encapsulate cryopreserved cells within the liquid core of alginate hydrogel
capsules. Inherent in how the components are prepared, the formation of capsules is
fundamentally different from the TIG hydrogels presented in chapters 4 and 5. In
contrast to submerging a frozen alginate solution in a calcium chloride bath to induce
melting and cross-linking, capsules are formed by immersing a frozen calcium chloride
solution into an alginate polymer-containing bath. This distinction is critical as calcium
diffusion is away from the initial source, down the concentration gradient. This diffusion
leads to rapid dilution of the cross-linker, as well as other elements that were in the
frozen solution. This chapter will highlight that the alginate capsule gelation can be
accomplished when thawing cryopreserved cells, the properties of these capsules can
be modulated, and these cells form viable spheroids. One important finding was how
cell survival and aggregation depended on the local concentration of cells within the
hydrogel capsules.

The future commercial demands of cellular therapy products are expected to
require cryopreservation to meet the regulatory requirements within manufacturing and

transportation to clinics. Optimizing cryopreservation for novel cell therapies has been
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suggested to be as important as improving cell culture [1]. Suboptimal freezing
protocols can increase batch variability, reduce cell functionality and yield, and induce
genetic drift independent of the optimized culture condition post-cryopreservation [1].
For example, for clinical trials with mesenchymal stromal cells (MSCs), cryopreservation
has been shown to negatively impact cell viability and function [2, 3], binding efficacy
[4], and cytoskeletal remodeling [5]. Nevertheless, the majority of MSC clinical trial
submissions do not incorporate cryopreservation protocol as part of the manufacturing
plans (> 80%) [6]. To address this potential challenge towards the success of cell
therapies, research into new manufacturing protocols should integrate the
cryopreservation perspectives.

One method to improve cellular function is using 3D aggregates of cells, known
as spheroids, which better recapitulate the native in vivo environment through cadherin-
and integrin-binding. Notably, using spheroids and organoids has been of growing
interest within cellular therapy research. However, there have been relatively few
studies in this area with respect to cryopreservation (< 150 studies when using search
terms "cryopreservation” and "spheroid” on pubmed.gov). Nevertheless, there has been
a recent growth in the number of published studies utilizing spheroids to improve the
viability and function of the post-cryopreservation cell within the last five years. One of
the earlier studies (2015) suggested spheroids promoted anti-apoptotic behavior from
post-thawed human adipose-derived stem cells [7]. Despite not stating their
cryopreservation protocol, the results from this study with cryopreserved spheroids
match previous studies where cell-cell interactions generally improved cellular function

[8-10]. Fundamentally, as apoptosis is the main pathway of cell death from
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cryopreservation [11-14], the use of aggregated cells appears promising for reducing
apoptosis and enhancing cellular-functional recovery. However, we hypothesize that
when and how spheroids are used with cryopreservation matters and can be cell-type
dependent. Notably, spheroids limit the diffusion of the cryopreservation agent (CPA)
during cryopreservation and thawing. Not only can this impact cell viability, but residual
CPA has been shown to have clinically significant side effects [1, 3, 15-18].
Furthermore, this diffusion limitation can cause an osmotic shock by increased CPA
exposure [19]. These are the common challenges noted in the literature as previous
studies improve the cryopreservation of whole spheroids, cellular aggregates, and
tissues. Here, we present an alternative to cryopreserving spheroids, forming cell
aggregates from previously cryopreserved cells. Although the TIG method described
can be used with cryopreserved spheroids, the encapsulation of cells within hydrogel
capsules provides a unigue opportunity to instruct spheroid formation in a permeable
membrane.

Chapter 3 characterized a process that simultaneously generates an alginate
permeable hydrogel capsule by submerging and melting a frozen calcium chloride
solution in a liquid alginate solution (Figure 6.1A) [20]. Alginate, a biocompatible
polymer with easily controllable physical and mechanical properties, is widely used in
biomedical research and medicine [21]. The alginate polymer is permissive to ionic
cross-linking with divalent cations, rapidly cross-linking into an insoluble hydrogel with a
calcium chloride solution [21, 22]. One significant feature relevant to this chapter is that
cells do not adhere to the hydrogels. Consequently, previous studies using alginate

hydrogels to encapsulate cells often bioconjugate an RGD-peptide sequence to the
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alginate polymer [23, 24]. However, with the application of TIG, these hydrogels
encourage cell-cell interactions from the absence of cell-environment binding sites [8,
23, 25, 26], potentially forming spheroids. Therefore, we hypothesize that spheroids can
be formed from cryopreserved cells within these alginate capsules by utilizing a cellular
freezing solution that contains calcium chloride (Figure 6.1B) without inducing significant
cryopreservation-induced damage. To explore this hypothesis, we examine the ability of
post-cryopreserved HEK-293 cells to aggregate. HEK-293 cells are a commonly utilized
cell line for in vitro model systems because they are low maintenance, metabolically
active, and rapidly dividing, previously used in studies involving spheroid mechanics,
cryopreservation, and alginate hydrogels [27, 28]. First, the influence of the modified
cryopreserving solution on hydrogel formation was characterized. Next, the effect of
calcium on cell cryopreservation viability was interrogated. Lastly, hydrogel properties
and cell concentration were optimized for spheroid formation. Together, the
simultaneous thawing of cryopreserved cells while encapsulating within a permeable
capsule represents a novel approach for potentially incorporating hydrogels with the

cryopreservation of cell therapies.
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Figure 6.1 Alginate capsule formation via TIG. The gelation scheme to form alginate
hydrogel capsules involves a frozen cross-linker solution thawed in a polymer-
containing solution. Specifically, in this application, a frozen cryopreservation solution
containing calcium chloride is submerged in a warmed alginate solution leading to heat
to transfer into the frozen solution causing it to melt (A). In the liquid state, the calcium
ions diffuse down the concentration gradient into the alginate solution. Consequently,
ionic cross-linking occurs around the previously frozen solution to create a capsule.
Notably, thawing a frozen solution containing cryopreserved cells would encapsulate
them within the hydrogel capsule (B). Once the capsule forms, the contained cells can

consolidate and preferentially aggregate together.
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6.2 Materials and methods
6.2.1 Hydrogel capsule formation

LF10/60 alginate polymer (molecular weight ~ 120-150 kDa and >60% G-block;
purchased from FMC Biopolymers) was used in this work. All alginate hydrogels were
formed with purified and sterile filtered alginate polymer, prepared as previously
described [23, 29]. Briefly, one gram of alginate was dissolved in 100 mL of deionized
(DI) water. Next, 0.5 grams of activated charcoal (Sigma) was added and mixed for 30
minutes via a magnetic stirrer. Then, the alginate solution is sterile filtered (0.22 um,
Thermo Fisher Scientific), lyophilized, and stored in a freezer. A 2% (w/v) alginate
solution was prepared by mixing the dry polymer in an isotonic saline solution (0.9%
(w/v) NaCl). This alginate solution was then diluted to 0.5% and 1% (w/v) if needed. The
standard-cryopreserving solution contains calcium chloride (Sigma), dimethyl sulfoxide
(Me2SO0; Sigma), also commonly abbreviated as DMSO, fetal bovine serum (FBS;
Invitrogen), and cell media (Dulbecco’'s Modified Eagle Medium (DMEM); Invitrogen). As
the baseline, 10% (v/v) Me2SO and 20% (v/v) FBS were added to DMEM to generate
the cellular freezing solution recommended for human embryonic kidney (HEK-293)
cells. In experiments, 5, 10, and 20% (v/v) Me2SO and 0, 20, 40, and 80% (v/v) FBS
were also used to interrogate cryopreservation agent (CPA) effects on hydrogel
formation and cryopreservation of cells. Calcium chloride was added to the cellular
freezing solution from a 6 M stock to create final concentrations ranging from 75 mM to
300 mM.

Gelation of the alginate hydrogel capsules was performed as previously

described using TIG [20]. Briefly, the modified cryopreserving solution containing
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calcium chloride, FBS, and Me2SO was pipetted into wells formed from circular-cut
rubber holes placed onto a glass plate. The rubber molds had holes with diameters 3, 6,
and 8 mm, representing final freezing solution volumes of 10, 50, or 100 pL,
respectively. The filled molds were then placed in a custom cryopreservation vessel
made from Styrofoam and moved to a -80 °C freezer overnight. A 37 °C alginate
solution in a wide-mouthed beaker was used to thaw the cryopreservation solution (> 50
mL). First, the rubber mold was removed from the glass backing using a sliding motion
to ensure the frozen disks remained in the rubber mold. Then, the rubber mold was
flexed over the alginate solution to release multiple frozen disks. Once in the alginate
solution, ionic cross-linking of the hydrogel capsules begins. We briefly swirled the
alginate-containing beaker with a circular motion by grasping the beaker or with a
spatula to sink the frozen disk. If samples are not entirely submerged, the hydrogel will
not be sealed and form a bowl structure. The solution is typically finished melting and
cross-linking after two minutes. Completed melting can be visualized by increasing
transparency throughout the sample. Successful encapsulation was judged on whether
the samples remained intact when lifted with a spatula. The capsules were then
scooped out of the beaker and placed in prewarmed media to remove uncross-linked
alginate polymer from the outer surface and promote dilution of the cryopreservation
agents. Notably, the thawing of multiple frozen samples will cool the alginate solution,
primarily if small volumes (< 50 mL) were used. We reduced this change by placing the

alginate-containing beaker in a larger container with warm water (> 200 mL; 37 °C).

6.2.2 Cell culture and cryopreservation
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Human embryonic kidney (HEK-293; ATCC) cells were cultured in Dulbecco's
modified Eagle's medium (DMEM,; Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Invitrogen) and 1% penicillin-streptomycin (Invitrogen) to form our
complete media (DMEMCc) as previously described [30]. Cells were cultured in tissue
culture plates at 37 °C and under 5% CO2. The cryopreservation of cells was performed
as described in the previous section and using a freezing solution containing only 10%
(v/v) Me2SO0, 20% (v/v) FBS, and the complete media. For experiments without
hydrogels, cells were frozen within cryopreservation vials placed into a Mr. Frosty ™
(Thermo Fisher). These vials were filled with 500 pL at a concentration of 200,000

cells/mL.

6.2.3 Alginate hydrogel characterization

Alginate hydrogel capsules were characterized under varying concentrations of
the polymer, cross-linker, FBS, and Me2SO. First, the capsule shell thickness was
measured from microscope images using ImageJ software (NIH). After being stored in
saline for 24 hours, the hydrogels' storage moduli and swelling ratios were measured.
Wet weights were obtained after draining the capsule's liquid core by slicing the
capsules in half with a scalpel. Next, rheology was performed on a sectioned half of the
hydrogel samples placed between parallel plates of an HR3 rheometer (TA
instruments). The samples were strained from 0.5 - 5% at a frequency of 10 rad s*. A
minimum of six points within the linear range was averaged to obtain the storage
modulus, G'. Lastly, the hydrogel samples were lyophilized to acquire the dry weight.

The volumetric swelling ratio was calculated using the following equation:
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where pw is the density of water and pr is the polymer density (Alginate: 1.6 g/mL, [31,
32]). Ws and Wbo represent the hydrogel's swollen and dry weight, respectively.
Mesh size (¢) was estimated for the anionic hydrogels by Flory—Rehner calculation
using swelling ratio and storage modulus, as previously described [20, 23, 29, 30]:
£= Qs1CEy 2,
Here, | is the length of the repeating unit, or Kuhn length (5.15 A). M: is the molecular
weight of the repeating unit (194 g/mol). Cn is the characteristic ratio (21.1), which is a
measure of chain stiffness. Q is the volumetric swelling ratio, which was defined in the
previous section. Mc is the molecular weight between cross-links, which was
determined via the following equation using the measurements of the shear storage
modulus (G') and polymer concentration (Cp), the gas constant (R), and sample

temperature (T):

CpRT
G-

M: =
Lastly, a solution containing 200 nmol of fluorescein isothiocyanate (FITC) and 100 mM
calcium chloride solution, 10% Me2SO, and 20% FBS was loaded into 50 pL molds. TIG
was performed with a 1% (w/v) alginate polymer thawing bath, and after two minutes of
gelation, samples were moved to the washing bath for 5 or 10 minutes. The timing of
the gelation and removal from the washing bath was performed such that the release of
FITC from hydrogel capsules into 1 mL saline solutions began at approximately the

same time. The fluorescence of FITC in each well was measured via the Spectramax ®

i3 plate reader (Molecular Devices) every five minutes for an hour. The saline solution
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was replaced after each measurement. Together, these measurements provide details

on the capsule size, stiffness, water content, and permeability.

6.2.4 Post-cryopreservation cell viability

After thawing cryopreserved cells, cell viability was determined with a trypan blue
exclusion assay, and metabolic activity was evaluated via an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay (MTT
assay) three days post-cryopreservation. The effects of CaClz and FBS on cell survival
were interrogated by altering their concentration in the modified cryopreserving solution.
Specifically, cell freezing solution groups included 0, 75, 100, 150, and 300 mM CacCl:
with 20% (v/v) FBS. Additionally, groups with 100 mM CacCl2 were made with varying
FBS concentrations of 0, 20, and 80% (v/v). For both experiments, HEK-293 cells
(200,000 cells/mL) were cryopreserved using cryopreservation vials within a Mr.
Frosty™. Cells were thawed in a hot water bath at 37 °C and underwent a 1/10™ dilution
once thawed by placing the cell-containing solution into cell media. For initial cell
viability, cells were equilibrated for ten minutes at 37 °C before starting the trypan blue
exclusion assay. Cell viability percentage was averaged per condition (n = 6) from
measurements determined by a Countess automated cell counter (Life Technologies).

HEK-293 cells were seeded at 2,000 cells per well (20,000 cells/mL) in 96-well
tissue culture plates for the metabolic activity assay. Before cell seeding, the number of
viable cells post-cryopreservation was calculated via the Countess automated cell
counter. Uncryopreserved cells were obtained from a confluent cell culture dish; the

cells were detached with a 0.05% Trypsin-EDTA (Invitrogen) solution and seeded into
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the 96-well tissue culture plates. After three days post-seeding, 10 pL of 5 mg/mL
tetrazolium dye MTT (Sigma) was added to each well and incubated for three hours.
The media was then aspirated away and replaced with100 pL of isopropanol (Sigma).
Next, the plates were placed on a shaker for 15 minutes, protected from light by
covering plates with aluminum foil. The total absorbance of formazan salt was quantified
via the Spectramax ® i3 plate reader at 570 nm and averaged per condition (n = 8).
From these values, a percentage of reduced metabolic activity from cryopreserved cells
was calculated. Specifically, the absorbance from the unfrozen groups was subtracted
from the cryopreserved group. This value was divided by the absorbance of the

uncryopreserved control group. Succinctly,

. Uncryopreserved Group—Cryopreserveed Grou
Absorbance Reduction (%) = yop p—-1op 2 %100% .

Uncryopreserved Group

6.2.5 Spheroid characterization

The characterization of spheroid formation within alginate capsules was
performed under various conditions, including different alginate polymer concentrations,
calcium chloride concentrations, capsule volumes, and cell concentrations. Specifically,
the effect of alginate concentration on spheroid formation was assessed with 0.5, 1, and
2% (w/v) alginate polymer solutions. Second, calcium chloride concentrations of 75,
100, and 150 mM were used to examine its effect on cryopreservation and spheroid
formation from the HEK-293 cells. For experiments altering the alginate and calcium
chloride concentrations, 10k cells were cryopreserved in 50 pL volumes. This number of
cells was chosen from values used in hanging drop and agarose microwell techniques

[10, 33, 34]. Lastly, cell concentration was adjusted by altering the number of cells
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frozen per disk and the volume of the frozen disk. Groups include 10k cells in 10, 50,
and 100 pL volumes and 5k cells in 50 pL volume. These groups compare different cell
concentrations, a different number of cells (5k and 10k cells) within the same 50 pL
volume, and the same cell concentration (100 cells/uL) with 50 and 100 pL volumes.
Spheroids were imaged within the alginate capsules three days post-
cryopreservation using phase-contrast microscopy (Zeiss Axio Vert A.4). Spheroid
diameters were then measured using ImageJ (NIH) and summarized in histograms with
fitted Gaussian curves to characterize size distribution. The overall metabolic activity
within the alginate capsule was determined via an MTT assay with some modification.
Briefly, 25 pL of 5 mg/mL tetrazolium dye MTT was added for an approximate
concentration of 0.5 mg/mL per well. Cells were incubated for three hours within the
hydrogel capsule. Next, the media was carefully removed from the hydrogel capsules
and the wells and replaced with isopropanol. The plates were then agitated on a shaker
for 15 minutes. The absorbance of the solubilized formazan was measured at 570 nm
via the Spectramax ® i3 plate reader and averaged per condition (n = 2 - 6). These
values were then normalized to the initial number of cells frozen and the initial volume of

frozen solution within the rubber wells.

6.2.6 Statistical analysis

Results are shown as mean values with standard deviations. Sample sizes are
provided with each experiment, displayed in figures as individual data points where
applicable, and listed in the figure legends. Statistical significance was asserted at p <

0.05 after performing t-tests, ANOVAs, and Tukey's multiple comparison tests where
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appropriate. All analyses were performed using Graph-Pad Prism software (GraphPad

Software Inc).
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6.3 Results
6.3.1 Alginate hydrogel capsule formation is tunable

The alginate hydrogels were characterized by their swelling ratio, stiffness, mesh
size, and capsule shell thickness. Expectedly, the doubling of the alginate solution
concentration from 1% to 2% (w/v) led to an increase in the shell thickness (12%; Figure
6.2A) and a decrease in mesh size (46%,; Figure 6.2B) that were both statistically
significant. Although there was a statistically significant increase in stiffness by doubling
the alginate polymer concentration (Figure 6.3A), the swelling ratio did not significantly
change (Figure 6.3B). Furthermore, all calcium concentrations tested had statistically
different capsule thicknesses (Figure 6.2C). Specifically, there was an approximately
linear trend with shell thickness (R? = 0.9650). Similarly, calcium concentrations also
significantly decreased mesh size as the concentration increased from 75 mM,100 mM,
and 300 mM (Figure 6.2D). However, hydrogel mesh size did not have a strong trend
with CaCl2 concentrations (R? = 0.6832). Additionally, the stiffness (Figure 6.3C) and
swelling ratio (Figure 6.3D) were statistically different between 75 and 300 mM CaClo.
Notably, it was difficult to recover intact capsules using lower calcium concentrations (<
50 mM). Together, the hydrogel capsules’ controllability of shell thickness and mesh

size is demonstrated by changing the polymer and calcium concentrations.
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Figure 6.2 Hydrogel capsules can be controlled through polymer and cross-linker
concentrations. Specifically, when using a cell freezing solution containing 20% (v/v)
FBS, 10% (v/v) Me2SO, and 100 mM CaClz, the shell thickness increases slightly with a
doubling in alginate concentration from 1% (w/v) to 2% (w/v) (A), and also results in a
significantly smaller mesh size (B). Similarly, as the calcium concentration increased,
the capsule's shell thickness increased (C), and mesh size decreased (D). Bar graphs
represent the mean = SD with individual data points shown (n = 6 for shell thickness
and n =5 for mesh size measurements). Lines between groups represent select
statistically significant differences (P < 0.05) assessed by performing a one-way ANOVA

and a Tukey's multiple comparison test.
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Figure 6.3 Alginate polymer and calcium chloride concentrations alter hydrogel
properties. With a cell freezing solution containing 20% (v/v) FBS, 10% (v/v) Me2SO,
and 100 mM CacClz, the storage modulus approximately doubles with a doubling in
alginate concentration from 1% (w/v) to 2% (w/v) (A); however, there was no significant
change in swelling (B). As the calcium concentration increased, so did the capsule's
storage modulus (C). Furthermore, a higher calcium concentration, increasing from 100
mM to 300 mM, led to a significant increase in swelling (D). Bar graphs represent the
mean + SD with individual data points shown (n = 5). Lines between groups represent
select statistically significant differences (P < 0.05) assessed by performing a one-way

ANOVA and a Tukey's multiple comparison test.
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6.3.2 Permeable alginate capsules support dilution of the cryopreservation solution
The washing bath enables the diffusion of previously frozen molecules out of the
hydrogel capsules, leading to their dilution. Mainly, doubling the amount of time the
capsules were in the washing solution (5 and 10 minutes) led to a significant increase in
the initial amount of FITC released from the capsules after 1 minute (Figure 6.4).
Specifically, the FITC released was approximately 50 and 70% for the 5- and 10-minute
times, respectively. Notably, both rinse times led to over 90% of the FITC being
released after one hour. This experiment highlights the permeability of the hydrogel

capsules for enabling the release of relatively small molecules (< 400 Da).

6.3.3 Alginate hydrogel formation is affected by the cryopreservation agents

The mechanical and physical properties of the hydrogel capsule were measured
for the potential effect of Me2SO and FBS in the modified cryopreserving solution on
alginate cross-linking. The 20% (v/v) Me2SO concentration resulted in statistically
thinner capsule shells than the lower concentration (5% v/v), but with a similar mesh
size (Figure 6.5A-B). Interestingly, the 20% (v/v) Me2SO concentration that resulted in
slightly thinner shells led to significantly stiffer hydrogels that had more swelling than the
lower concentration (5% (v/v)) (Figure 6.6A-B). Generally, there were no significant
differences in shell thickness, stiffness, swelling, or mesh size between no FBS and
20% (v/v) (Figure 6.5C-D and 6.6C-D). However, 80% (v/v) FBS led to a significant
decrease in shell thickness, increased mesh size, and a decrease in storage moduli
compared to no FBS. These data indicate that Me2SO and FBS influence hydrogel

properties but do not prevent hydrogel formation.
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Figure 6.4 Release of FITC from alginate hydrogel capsules. 200 nmol of
fluorescein isothiocyanate (FITC) was frozen in a 50 pL mold. Gelation in alginate
occurred for 2 minutes before being moved into the washing-saline buffer for 5 or 10
minutes. About 200 mL of wash buffer was used to solubilize the high concentration of
FITC before hydrogel capsules were moved to individual wells containing 1 mL of
saline. Overall, most of the fluorescent molecule was removed from the capsules after a
total elapsed time of 12 minutes (2 minutes for gelation, 5 minutes in the wash bath, and
5 minutes in 1 mL saline). Additionally, over 90% of FITC was removed within an hour.

Data represent the mean + SD (indicated by shaded areas) (n = 8).
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Figure 6.5 CPAs, Me2SO and FBS, indicate some influence over hydrogel capsule
formation. A 100 mM CaCl: solution and a 1% (w/v) alginate solution were used as the
frozen and thawing solutions, respectively. First, the intracellular cryopreservation
agent, Me2SO0, did not have a significant effect on capsule shell thickness (A) or the
hydrogel mesh size (B). Similarly, the extracellular cryopreservation agent fetal bovine
serum (FBS) did not have a statistically significant impact on shell thickness (C) or
mesh size (D) at a concentration of 20% (v/v) compared to no FBS. However, higher
concentrations of FBS led to a significant change in gelation. Specifically, 80% (v/v) had

a significantly larger mesh size than the other concentrations. Furthermore, the 40%
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and 80% (v/v) FBS concentrations had a significantly thinner shell than the 0% and 20%
(v/v) FBS concentrations. Bars graphs represent the mean + SD with individual data

points (n = 6 for shell thickness and n = 5 for mesh size measurements). Lines between
groups represent statistically significant differences (P < 0.05) assessed by performing a

one-way ANOVA and a Tukey's multiple comparison test.
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Figure 6.6 Me2SO and FBS affect swelling ratios and storage moduli of capsules.

A 100 mM CaCl2 solution was used in the freezing solution and a 1% (w/v) alginate

solution as the thawing solution for each group. Both the storage modulus (A) and

swelling ratios (B) of the hydrogel significantly increased between 5% and 20% (v/v)

Me2SO concentrations. There was a significant decrease in the storage modulus of

hydrogels formed with a freezing solution containing 80% FBS compared to no FBS and

20% FBS. However, there was no significant difference in swelling with the different

concentrations of FBS. Bar graphs represent the mean + SD with individual data points

shown (n = 5). Lines between groups represent statistically significant differences (P <

0.05) assessed by performing a one-way ANOVA and a Tukey's multiple comparison

test.
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6.3.4 Modified cryopreserving solutions can augment post-cryopreservation cell

viability

Comparable to the cryopreservation agents Me2SO and FBS affecting hydrogel
formation, the alginate cross-linker, calcium, could influence the post-cryopreservation
viability of the HEK-293 cells. Therefore, initial cellular viability and day-3 metabolic
activity were measured post-cryopreservation using various calcium and FBS
concentrations in the modified cryopreservation solution. Adding calcium chloride did
not have a statistically significant effect on initial viability (Figure 6.7A). Similarly, there
was no statistically significant difference in initial viability from increasing the FBS
concentration (Figure 6.7B). However, concentrations of CaClz above 100 mM had
significantly less metabolic activity than concentrations at and below 100 mM (Figure
6.7C). Notably, a cryopreserving solution of 100 mM CacCl2,10% (v/v) Me2SO, and 20%
(v/v) FBS was more metabolically active compared to no FBS and 80% (v/v) FBS
(Figure 6.7D). Overall, the influence of calcium in the freezing solution on post-
cryopreservation cell viability appears marginal if below 150 mM and might be

augmented by FBS concentration.
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Figure 6.7 The addition of higher calcium concentrations into the freezing
solution had an impact on cells post-cryopreservation. Specifically, initial cell
viability post-cryopreservation, via a trypan blue exclusion assay, and metabolic activity
3-days post-cryopreservation, via an MTT assay, was measured for cells whose
freezing solution had supplemental concentrations of calcium chloride (A and C) and
fetal bovine serum (FBS) (B and D). Cell recovery was measured as the reduction in
metabolic activity with respect to a control group that was not cryopreserved.
Interestingly, there was no significant change in initial cell viability due to changing

calcium concentrations (A) and FBS (B), with average viability being above 85%. There
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is a ubiquitous decrease in cellular metabolism because of cryopreservation (C and D).
Although the higher concentrations of calcium hindered the cell recovery, 75 mM and
100 mM concentrations of calcium chloride were not significantly different from the
control group (C). Furthermore, with a freezing solution containing 100 mM calcium
chloride, the addition of FBS did have a significant benefit to cell recovery, but only at
the lower concentration (20% (v/v)) (D). Bar graphs represent the mean + SD with
individual data points (n = 6 for viability, and n = 8 for metabolic activity). Lines between
groups represent statistically significant differences (P < 0.05) assessed by performing a

one-way ANOVA and a Tukey's multiple comparison test.
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6.3.5 Alginate polymer concentration augments spheroid formation

Three concentrations of alginate polymer in the thawing bath were examined for
the resulting capsules' ability to promote aggregation of post-cryopreserved cells into
spheroids. Overall, the ability of the HEK-293 cells to form spheroids within the alginate
capsules was enhanced by higher concentrations of alginate in the thawing-bath
solution. The average diameter of spheroids increased from an average of 75.75 um
with 0.5% (w/v) alginate solution to 91.73 pum with 2% (w/v) alginate solution (Figure
6.8A-C). Additionally, the spheroid formation appeared to follow an approximately
normal distribution. While 0.5% and 1% (w/v) alginate concentrations had stronger
correlating distributions than the 2% (w/v) concentration, this higher concentration had a
few spheroids over 3-times larger than the average. Representative images from the
inside of the capsules show spheroids with irregular shapes, indicating a consolidation
of multiple spheroids into these larger aggregates (Figure 6.8D). Furthermore, these
images highlight that spheroids form from single cells at the bottom of the alginate

capsule after three days post-cryopreservation.

6.3.6 Cross-linker concentration within the cryopreservation solution modifies spheroid
formation
Spheroid formation from post-cryopreserved cells was interrogated from different
cryopreservation solutions containing CaClz. Similar to the results with different alginate
polymer concentrations, multiple spheroids formed per capsule in Gaussian-like
distributions (Figure 6.9A-C). While the average spheroid diameter formed from the

modified cryopreserving solution containing 75 mM CacClz was significantly smaller than
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those produced with 100 and 150 mM, the coefficient of determination was superior (R?
= 0.96). Additionally, there was evidence of aggregates consolidating into larger
spheroids three days after thawing (Figure 6.9D). Overall, these data suggest that
calcium impacts post-cryopreserved cells' ability to form spheroids within the alginate

capsules.

6.3.7 Cellular concentration dictates the effectiveness of spheroid formation

The capability of cells to form aggregates was defined by the cell concentration in
the cryopreserved solution. Specifically, the largest observed spheroids were in
capsules formed from 10k cells within the 10 and 50 pL frozen volumes (Figure 6.10A-
D). Additionally, on average, only 13 spheroids were generated within the 100 pL
volume. In contrast, 38 and 118 spheroids developed within the 10 and 50 pL volumes,
respectively. Consequently, the metabolic activity per hydrogel capsules was enhanced
using the smaller volumes of the cryopreserved cells (Figure 6.10E). Next, the starting
concentration of the cells was maintained constant (100 cells per pL) for different sized
alginate capsules (50 and 100 pL). Although the cell concentration was the same, the
smaller volume of 50 pL had more than five times the spheroids as the larger volume of
100 pL (Figure 6.10F) and significantly larger spheroids (Figure 6.10D & G). However,
there was no significant difference in metabolic activity (Fig 8H). However, doubling the
initial number of cells frozen, from 5k to 10k in 50 pL, resulted in an almost 4-fold
increase in metabolic activity per cell (Figure 6.10I). Strikingly, the doubling in initial
cells did not lead to a significant difference in average spheroid diameters (Figure 6.10C

& G). Furthermore, although the number of cells initially frozen doubled from 5k to 10k,
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the number of spheroids formed after three days only increased by about 64%, from 72
spheroids to 118. Together, these data indicate that a higher concentration of cells

results in better cellular outcomes via aggregation and metabolic activity.
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Figure 6.8 Post-cryopreserved cells formed spheroids within 72 hours inside
alginate capsules. Alginate capsules were formed by submerging frozen cell solutions
within 0.5% (A), 1% (B), and 2% (C) (w/v) alginate solutions. There is an apparent trend
of increasing spheroid diameters with increasing alginate concentration. The difference
in the average spheroid diameters is statistical significance between 0.5% and 2% (w/v)
alginate. Importantly, a few larger spheroids are formed within the 2% alginate group
(C), indicating consolidation of smaller spheroids (D). Images highlight how the
capsules facilitate the formation of multiple spheroids along the bottom inner surface of
capsules. Spheroid diameters were measured from images within the capsules.

Histograms represent over 200 individual spheroids with bin centers every 20 um. Red
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text lists the mean diameter (X), standard deviation (0x), and coefficient of determination
(R?) about a Gaussian curve, shown in black. A vertical red line also displays the mean
diameter. Statistically significant differences between groups were assessed using a

one-way ANOVA and a Tukey's multiple comparison test.
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Figure 6.9 The formation of spheroids was impacted by the concentration of
calcium chloride within the freezing solution. Alginate capsules were formed by
submerging frozen cell solutions containing either 75 (A), 100 (B), or 150 (C) mM
calcium chloride into a 1% (w/v) alginate solution. While there was a statistical
difference in spheroid diameters between 75 mM and the other two concentrations of
calcium chloride, these groups had a lower coefficient of determination. The
consolidation and aggregation of multiple spheroids occurred more often in the group
using 100 mM calcium chloride, as observed by the oblong spheroids at day 3 (D).

Spheroid diameters were measured from images within the capsules. Histograms
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represent 100 individual spheroids with bin centers every 20 um. Red text lists the mean
diameter (X), standard deviation (ox), and coefficient of determination (R?) about a
Gaussian curve, shown in black. A vertical red line also displays the mean diameter.
Statistically significant differences between groups were assessed using a one-way

ANOVA and a Tukey's multiple comparison test.
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Figure 6.10 Spheroid formation is impacted by the proximity of neighboring cells.
The proximity of neighboring cells was controlled by either changing the internal volume
of the alginate capsule (10, 50, and 100 pL) or by altering the number of cells
cryopreserved (5k and 10k cells). The number of spheroids and their size were
impacted by capsule volume (A-E). With the smallest internal volume of 10 uL, the
largest spheroids were formed (B). Furthermore, capsules with a 50 pL internal volume
had more spheroids formed, 118 spheroids, and a more normal distribution of the
spheroid sizes than the other volumes (C). In contrast, the 100 pL not only had the
smallest spheroids but the least formed in the capsule, 13 spheroids (D). The metabolic
activity per capsule, indicating the optical density from an MTT assay normalized to the
initial number of cryopreserved cells, indicates how the 100 pL volume had substantially
less activity than the other two volumes (E). This loss of cellular activity is further shown
in images inside the capsules where the same initial cell concentration is used with
between 50 and 100 pL volumes (F). Similarly, a halving of cells within the 50 pL
volumes led to 72 spheroids within the capsule (G). Despite this apparent effect from
capsule volume, the impact on metabolic activity is unclear (H). Interestingly, the
metabolic activity per cell more than doubles with a doubling in initial cell number from
5k to 10k cells within a 50 pL volume capsule after normalizing to initial cell number (I).
Spheroid diameters were measured from images within the capsules. Histograms
represent total spheroids in a representative capsule with bin centers every 20 um with
the mean diameter (X), standard deviation (ox), and coefficient of determination (R?)
about a Gaussian curve, listed in red. A vertical red line also displays the mean

diameter. Metabolic activity measurements represent the activity per capsule
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normalized to the initial cell number prior to cryopreservation or the internal capsule
volume. Bar graphs represent the mean + SD with individual data points. Lines between
groups represent statistically significant differences (P < 0.05) assessed by performing a
one-way ANOVA and a Tukey's multiple comparison test or a Student's t-test. Similarly,
average spheroid sizes between data presented as histograms were assessed via a

one-way ANOVA and a Tukey's multiple comparison test.
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6.4 Discussion
6.4.1 Formation of encapsulating alginate hydrogel capsules via TIG

The work described in this chapter is the application of the hydrogel capsules
presented in chapter 3 with cryopreserved cells. The alginate hydrogels used in the
experiments reported in this chapter are formed by melting a frozen cross-linker solution
into a liquid. Once in the liquid state, the cross-linker and other components of the
freezing solution can diffuse into an alginate solution. This process of forming alginate
capsules by submerging a calcium solution into alginate has previously been
characterized as inverse gelation and reverse spherification [35-37]. While in agreement
with our previous work where hydrogel capsule thickness increased with higher polymer
concentrations, studies with inverse gelation showed a contrasting decrease in shell
thickness with higher polymer concentrations [20, 38, 39]. However, this discrepancy
could be explained by inverse gelation not using a frozen calcium solution. Therefore,

TIG maintains its distinct hydrogel formation, despite the addition of CPAs.

6.4.2 Influences of the cryoprotectants on hydrogel gelation

Given the similar trends with and without Me2SO and FBS, we do not expect
these CPAs to impact alginate hydrogel gelation detrimentally. Me2SO and FBS
represent common CPAs utilized in the cryopreservation of cells [40-42]; however, if
other CPAs or hydrogels are to be used, they would need to be tested for their impact
with TIG. Specifically, in Appendix B, we briefly describe the dual gelation of alginate
hydrogel capsules with a fibrin core. Despite the evidence of a fibrin hydrogel formation

within the capsules, Me2SO has been shown to hinder fibrin formation [43]. Regardless,
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the release of FITC from the capsules suggests that molecules smaller than the FITC
would similarly be released from the capsules. Specifically, Me2SO would be expected
to diffuse down the concentration gradient, reducing the concentration within the
capsules. The dilution of Me2SO could be essential for reducing osmotic shock and
bringing the Me2SO concentration to non-cytotoxic levels more quickly than traditional
post-cryopreservation techniques [3, 16, 40, 44-49]. Collectively, these results suggest
that the hydrogel properties can be controlled with minimal impact from the addition of
Me2SO and FBS and supports that the CPAs might be diluted during the gelation and
washing steps. Additionally, trends in stiffness, swelling, and mesh size with polymer
and cross-linker concentrations are in agreement with other alginate hydrogel studies
[21, 29, 30, 50]. Nevertheless, the calcium added to the freezing solution and hydrogel

formation can still impact cell survival post-cryopreservation.

6.4.3 Effects of alginate hydrogel formation via TIG on post-cryopreserved cells

We showed that the alginate cross-linker did influence the recovery of
cryopreserved cells; however, cell viability and metabolic recovery remained relatively
unchanged between 75 and 100 mM CaCl2 compared to the control without any CaClz.
Previous studies have employed similar calcium concentrations for producing an
alginate hydrogel to encapsulate viable cells [8, 23, 26]. However, cryopreserved cells
can be more sensitive to changes in local ion concentrations due to the exposure to
osmotic shifts inherent with cryopreservation [51-54]. Contextually, the calcium chloride
is added to an already hypertonic solution designed to promote cellular dehydration

when cooling [42, 55, 56]. When freezing, cell damage can result from dehydration,
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intracellular ice formation, and cryopreserving agent cytotoxicity [16, 55, 57]. Generally,
membrane disruption from ice leads to necrosis, while osmotic shock and dehydration
could follow apoptosis pathways [3, 58, 59]. The trypan blue exclusion assay used in
this study does not suggest additional necrosis, even from adding 300 mM of CaCl..
Nevertheless, the metabolic activity reduction three days post-cryopreservation with 300
mM CaClz in the freezing solution was nearly double that of the unmodified freezing
solution, suggesting more moribund cells post-cryopreservation [60]. The addition of
calcium might be worsening osmotic shock or over dehydrating the cells [55, 57, 59].
Therefore, while calcium added to the cell freezing solution might not cause initial
necrosis, it is expected to impact cell recovery in culture. Together, these results
motivate the importance of future work to explore the role of calcium and
cryopreservation on cell-cell binding and recovery from cryopreservation-induced

damage [12, 53, 54, 61, 62].

6.4.4 Formation of spheroids from post-cryopreserved cells within hydrogel capsules
Cryopreserved cells encapsulated within alginate capsules formed multiple
spheroids after three days. Higher polymer density hydrogels resulted in larger
spheroids. These results agree with previous work that produced human intestinal
organoids with alginate hydrogels [25]. Likewise, the optimal concentration of CaCl:
being 100 mM CacCl2 suggests a balance between the effects of calcium on
cryopreservation and how the resulting hydrogel capsule supports cell survival and
aggregation. Together, altering the polymer and cross-linker concentrations change the

hydrogel's permeability for cryopreservation agents, cell debris, and media [20, 30].
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Appropriately, previous studies suggest osmotic shock can be lessened by
imposing additional drag forces on the solutes and solvent [57, 63-65]. We directly
observed this non-instantaneous release with FITC diffusing out of the alginate
capsules over an hour. Therefore, the alginate hydrogel could potentially reduce the risk
and damage of osmolarity shock, similar to the common practice of multiple dilution
steps during thawing [11, 19, 66]. Moreover, this dilution would be continuous in a large

enough thawing bath, as the capsules trap the cells inside.

6.4.5 Comparison of cryopreserved and post-cryopreserved hydrogels

In previous chapters, we discussed cryostructuring as a method to generate
aggregates of alginate polymer during freezing. Particularly in chapter 5, we discuss
how the combination of cryostructuring and Me2SO led to an alginate cryogel. Notably,
this cryostructuring can be a detrimental process for cryopreserved cell viability. [56, 57,
59, 67-69]. Slow freezing cryopreservation protocols represent a balance between
dehydration and ice formation, and although a hydrogel can reduce extracellular ice
damage to post-cryopreserved cells, the ice that does form can structurally damage the
hydrogel [70-72]. Additionally, the drag forces preventing large shifts in osmolarity when
thawing also prevent the CPAs from diffusing into hydrogels to be cryopreserved. The
cryopreservation of larger tissue-engineered constructs with hydrogels will need to
consider the challenges of cryopreserving large tissue samples [58, 69, 73]. In contrast,
cells encapsulated in hydrogels while thawing bypass these effects of freezing the
hydrogel: no cryostructuring of the polymer or limitations to CPA permeability during

cryopreservation. Overall, future work should explore and optimize how changes to the
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capsule's shape and hydrogel mesh size will influence how cells aggregate within the
hydrogel due to effects on solution osmolarity and diffusion of intra-capsular

components [74, 75].

6.4.6 Spheroid formation is dependent on cell concentration

Both the size of the alginate capsules and the number of cells affected the
efficiency of spheroid formation. Specifically, larger spheroids were created with a
higher cell concentration. These results are in agreement with previous studies that
describe larger spheroids resulting from more cells being available to aggregate [26, 33,
76]. Moreover, our data suggest that too low cell concentrations resulted in cells being
unable to aggregate efficiently, indicated by the reduced number and size of spheroids
in the 100 pL capsules than the 50 pL capsules with the same cell concentration.
Although there could be some confounding effects on the effectiveness of
cryopreservation with the different solution volumes and the resulting cell viability [1],
the freeze-thawing of cells has also been shown to reduce cell-binding efficiency and
lead to apoptosis [4, 12, 62]. Therefore, we suspect that cells within the alginate
capsules at low concentrations became apoptotic from being unable to form cell-cell
contact [12, 62], resulting in fewer and smaller spheroids after three days. Notably, the
enhancement of cell-cell interactions has been previously described as improving cell
survival post-cryopreservation [77-80]. Overall, these results suggest that using an
appropriate cell concentration to promote cell aggregation post-cryopreservation is

critical.
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6.4.7 TIG enables unique internal geometries of hydrogel capsules

The internal geometry of capsules formed in this chapter closely replicates the
shape of the frozen solution, i.e., a flat disk. Consequently, multiple spheroids are
formed per capsule as cells aggregate with their nearest neighboring cells at the bottom
of the capsule's internal surface. Previously, we have found that TIG enables the use of
a wide variety of shapes. For example, tubes can be created from frozen sticks and
hollow donut-like structures from frozen toruses. Using a convex shape generates a
concave well, similar to hanging-drop and round-bottom wells [26, 81, 82], reducing the
cell concentration required for spheroid formation within the alginate capsules.
Therefore, controlling the geometry of the frozen solution is an appealing parameter for

controlling spheroid formation in future work.
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6.5 Conclusion

This chapter described the formation of spheroids from post-cryopreserved HEK-
293 cells within an encapsulating alginate hydrogel. To our knowledge, this is the first
description of a technique to encapsulate cryopreserved cells in an alginate hydrogel
while thawing. Therefore, we established the procedures for controlling the hydrogel
capsule and optimizing cell viability by adjusting a modified cryopreserving solution and
the alginate-containing thawing solution. Overall, the modified cryopreserving solution
led to viable cells that formed metabolically active spheroids from HEK-293 cells post-
cryopreservation. Unlike traditional spheroid formation techniques, this method uses a
permeable alginate hydrogel that not only isolates the cells but, importantly, enables the
diffusion of waste and nutrients [75, 83-85]. Additionally, cells aggregating within a
hydrogel post-cryopreservation bypasses damages caused by freezing whole spheroids
or cells encapsulated within hydrogels [15, 72]. The work in this chapter also suggests
substantial opportunities for using instructive hydrogels to improve post-cryopreserved
cell function in clinical therapies requiring frozen storage, thereby addressing a potential

bottleneck in cell therapies caused by cryopreservation-induced damages.
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CHAPTER 7

Cell cycle evaluation during the multicellular spheroid formation of previously

cryopreserved cells

7.1 Introduction

This chapter describes a transition of the internal geometry of the alginate
hydrogel capsules from chapter 6. Specifically, we shifted from using a rubber mold that
created frozen disks to a PDMS mold that enabled the formation of a convex frozen
disk. When this frozen disk is used with thaw-induced gelation (TIG), the alginate
hydrogel capsule recapitulates the convex ice as a concave microwell, more analogous
to the typical geometries used for spheroid formation [1-3]. To interrogate the formation
of spheroids from post-cryopreserved cells within capsules and microwells, we
incorporate a unique evaluation system, fluorescence ubiquitination cell cycle indicator
(FUCCI) expressing human embryonic kidney cells (HEK-293T). Specifically, we
hypothesized that the capsules could improve metabolic recovery due to the ability of
the capsules to promote steady diffusion of cryopreservation agents (CPAs). Therefore,
we evaluate the changes in spheroid formation, metabolic activity, and cell cycle stage
for post-cryopreserved cells that were immediately plated in microwells, diluted after
pelleting via centrifugation and encapsulated within alginate hydrogel capsules using
TIG. While the results in this chapter suggest the HEK-293T cells are robust to potential
damage from post-cryopreservation osmotic stress, this chapter highlights a method for
forming spheroids in capsules formed by TIG analogous to microwell, hanging drop, and

Aggrewell™ systems typically employed in spheroid formation.
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Multicellular spheroids have been utilized as models of the 3D tissue
environment for several decades, ranging from tumor models to brain organoids [4-8].
However, the formation of spheroids from cryopreserved cells remains understudied.
Most studies investigate methods to cryopreserve spheroids, including employing
hydrogels [9, 10]. Regardless, these studies often highlight the need to address the
same challenge to industrial and clinical applications: the need for large-scale culture
and cryopreservation of organoids and spheroids. One challenge these studies might
address is how the spheroid size, and any accompanying encapsulating hydrogel,
become an obstacle to the successful diffusion and saturation of the cryoprotectant [11].
Contrarily, encapsulating the organoids in a polymeric material can also be
cryoprotective by reducing intracellular and extracellular ice formation [9, 12, 13].
Therefore, in addition to the balance between ice formation and cell dehydration, the
cryopreservation of spheroids and cells in hydrogels also involves a balance between
CPA penetration and ice formation.

One alternative to cryopreserving spheroids is to form spheroids post-
cryopreservation. Similarly, the alternative to cryopreserving cells encapsulated in a
hydrogel would be to encapsulate them after thawing. Notably, cryopreservation is
known to reduce cadherin binding and reduce the deposition of extracellular matrix
proteins [14], indicating a pertinent challenge in developing spheroids from previously
cryopreserved cells. Despite this challenge, cell-cell adhesion initiates survival and
proliferation for anchorage-dependent cells [15]; therefore, post-cryopreservation

formation of spheroids might offer unique advantages for post-cryopreserved cell
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function recovery compared to 2D culture. Furthermore, this perspective could
represent an appealing alternative to cryopreserving tissue-engineered constructs.

In this chapter, we postulate that the FUCCI system can provide information on
the recovery of cells from the cryopreserved state. FUCCI is a set of red and green
fluorescence probes tagging Cdtl and geminin, respectively [16-18]. These degrade at
different cell cycle phases, resulting in cell nuclei appearing red in G1 and green in the
S/G2/M phase [19]. Using FUCCI-expressing HEK-293T cells, we further interrogate the
ability of post-cryopreserved cells to form spheroids within alginate hydrogel capsules
that are crosslinked when thawing. While the utility of FUCCI-expressing cells with
spheroids has been briefly explored, this is the first instance of this method being

extended to study changes in cell cycle from previous cryopreserved cells.
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7.2  Methods
7.2.1 Cell culture

Human embryonic kidney cells, specifically HEK-293T cells, were cultured in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin-streptomycin (Invitrogen), forming our
complete media (DMEMCc) as previously described [3]. Cells were expanded in tissue
culture plates at 37 °C and under 5% CO2. An initial experiment was carried out to
compare the formation of spheroids on tissue culture plates (TCP), agarose, and the
alginate hydrogel capsules formed by TIG. These agarose and capsule conditions will
be described below. Additionally, cell-adherent tissue culture plates and ultra-low
attachment surface round-bottom 96-well plates (Corning) were used for 2D and
spheroid culture, respectively. For brevity, the round bottom 96-well plates will be
referred to as microwells (uWells). Cells were cryopreserved using a freezing solution
containing 10% (v/v) dimethyl sulfoxide (Me2SO, Sigma) and 20% (v/v) fetal bovine
serum (FBS; Invitrogen). For conditions where cells were encapsulated in alginate

hydrogel capsules, the freezing solution also contained 100 mM CacClo.

7.2.2 Transduction of HEK-293T cells with a FUCCI encoding lentivector

Transduction of cells with FUCCI encoding lentivectors was specifically
performed with HEK-293T (ATCC) as previously described [16]. Briefly, HEK-293T cells
were seeded into a 24-well plate (3 x 10* cells/well) and cultured in DMEM. Next, HEK-
293T cells were cultured with approximately 9000 TU (MOI 0.3) of FUCCI lentivectors

for four hours before the vector-loaded media was aspirated and replaced with fresh
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media. Cell media was changed every day until cells were confluent. FUCCI transduced
HEK-293T cells were then passaged and underwent a serial dilution protocol as
previously described for selecting a pure FUCCI expressing HEK-293T line [20].
FUCCI-positive wells were determined via fluorescent microscopy (Axio Vert.Al; Zeiss)
and chosen for expansion. These FUCCI-positive wells received media changes every
other day until confluent. After which, the cells were passaged and seeded on 24-well
plates. This process was repeated sequentially for a 6-well plate and finally a T75 flask.
Cells were continually monitored in culture for both FUCCI activity and morphological

stability.

7.2.3 Agarose-coated plates for spheroid formation

HEK-293T spheroids were formed in agarose-coated 96-well plates as previously
described [21]. Following the liquid overlay method, a thin film of autoclaved 1% (w/v)
agarose (Sigma) was used to coat the bottom of 96-well plates. Agarose was warmed to
achieve a liquid state. Next, 75 pL of sterile agarose was dispensed into the 96-well
plates to form a slightly concave shape. These plates were then allowed to cool and
stored in the fridge before use. Before being seeded with cells, plates were exposed to
UV light for 15 minutes to sterilize the plates further. Ten thousand cells were seeded
per well with 100 pL of cell media. Spheroids were formed from post-cryopreserved

cells over three days before analysis.

7.2.4 Alginate hydrogel capsule formation via TIG
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LF10/60 alginate polymer (molecular weight ~ 120-150 kDa and >60% G-block;
purchased from FMC Biopolymers) was used in this chapter for hydrogel formation via
TIG. All alginate hydrogels were purified, and sterilized alginate polymer was prepared
as previously described [22, 23]. Briefly, one gram of alginate was dissolved in 100 mL
of deionized (DI) water. Next, 0.5 grams of activated charcoal (Sigma) was added and
mixed for 30 minutes via a magnetic stirrer. Then, the alginate solution is sterilized
using a filter (0.22 ym, Thermo Fisher Scientific), lyophilized, and stored in a freezer. A
1% (w/v) alginate solution was prepared by mixing the dry polymer in an isotonic saline
solution (0.9% (w/v) NaCl). The modified-cryopreserving solution contained 100 mM
calcium chloride (Sigma), 10% (v/v) Me2SO, 20% (v/v) FBS, and DMEM, unless stated
otherwise. Only one other condition was used, in which a 75 mM calcium chloride
concentration was used. Calcium chloride was added to the cellular freezing solution
from a 6 M stock to create the final concentrations.

Gelation of the alginate hydrogel capsules was performed using TIG, as
described in previous chapters [24], with some modification. Specifically, the freezing
solution was pre-chilled to 4 °C prior to mixing with cells to minimize cytotoxic exposure
to Me2SO. Next, the cell-containing cryopreservation solution was pipetted into wells.
Wells were formed from either rubber molds placed on a glass plate or wells made from
polydimethylsiloxane (PDMS; Sylgard). The rubber mold was made by cutting out holes
6 mm in diameter, resulting in a mold that held 50 pL. The PDMS mold was designed by
3D printing a positive mold with the geometry of each well being a cylinder topped with
a cylinder. The 6 mm in diameter cylinder met with the base of the cone. The height of

the cylinder and cone was 1.5 and 1 mm, respectively, for a total of 2.5 mm.
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Consequently, the PDMS negative mold could hold 50 pL. Once frozen, the
cryopreservation solution matched the shape of the positive mold's geometry.

Cells were encapsulated with the alginate hydrogels through TIG. Gelation was
initiated by submersion and melting the cryopreserved cell solution within a 1% (w/v)
alginate solution at 37 °C. After melting and crosslinking (approximately 2 minutes), the
capsules were then scooped out of the beaker and placed in prewarmed cell media to
remove excess alginate polymer and promote dilution of the CPA. Subsequently,

hydrogel capsules were moved to tissue culture plates filled with DMEM.

7.2.5 Fabrication of PDMS molds used as cryopreservation vessels

The 3D printed negative mold used to fabricate the positive mold made of PDMS
was designed in Autodesk Fusion 360 (Autodesk). The geometry that will hold the ice
was spaced out a minimum distance of 2 mm. The layer height was approximately
0.1mm. The walls to hold in the uncured PDMS were a minimum of 5 mm. We printed
the design in polylactic acid (PLA) at a flow temperature of 190 °C. A 9:1 mixture of
polymer to curing agent was created, placed under a vacuum to remove bubbles, and
poured over the 3D printed negative mold. Samples were cured overnight at 40 °C to
prevent warping of the 3D-printed mold at higher temperatures. PDMS positive molds
were removed from the PLA container using a surgical knife and spatula. PDMS molds
were then placed back in an oven at 70 °C to continue curing. After curing, PDMS
molds were washed, dried, and autoclaved before use. During use, PDMS molds
loaded with cells to be cryopreserved were placed in Petri dishes (Corning) to prevent

contamination and then moved to our custom cryopreservation vessel.

258



7.2.6 Post-cryopreservation characterization of cells

Metabolic activity of post-cryopreserved cells was performed via an MTT assay
and measuring spheroid diameter where appropriate. For all experiments, 10,000 post-
cryopreserved cells were seeded per well or within the hydrogel capsules. MTT assays
were performed three days post-cryopreservation. Specifically, 10 pL of 5 mg/mL
tetrazolium dye MTT (Sigma) to each well and incubating for three hours. Next, 100 pL
of a solubilizing solution was added. The solubilizing solution contained 40% (v/v)
dimethylformamide (DMF; Sigma), 2% (v/v) glacial acetic acid (Sigma), and 16% (w/v)
sodium dodecyl sulfate (SDS; Sigma) [25]. Samples were protected from light by
covering plates with aluminum foil and placed on a shaker for one hour. The total
absorbance of formazan salt was quantified via the Spectramax ® i3 plate reader
(Molecular Devices) at 570 nm and averaged per condition (n = 8). The spheroid
formation was characterized by measuring the diameters of cell aggregates over three
days. Spheroids were imaged within the microwells or alginate capsules using phase-

contrast microscopy (Zeiss Axio Vert A.4) and measured using ImageJ (NIH) (n = 8).

7.2.7 Quantitative analysis of FUCCI-expressing HEK-293T cells

Estimation of proliferation within spheroids was quantified via the fluorescence of
FUCCI-expressing HEK-293T cells. Specifically, the mean gray fluorescence value was
obtained from images taken with a phase-contrast microscope and calculated with
ImageJ. The mean gray value represents the average gray value between 0-255 of

each pixel within the selection. The selection used is a field of view that was 1.02 x 0.77
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mm. Furthermore, the focus was adjusted to maximize the mean gray value for green
fluorescence. The same exposure of 4095 ms was used for both red and green

fluorescence.

7.2.8 Statistical analysis

Sample sizes are provided with each figure legend and visualized in figures as
individual data points, where applicable. Results are presented as mean values with
standard deviations. Statistical significance was asserted at p < 0.05 after performing a
Student's t-test, one-way ANOVA, two-way ANOVA, and Tukey's multiple comparison
tests where appropriate. All analyses were performed using Graph-Pad Prism software

(GraphPad Software Inc).
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7.3 Results
7.3.1 Post-cryopreserved cells on different culture substrates

We used a frozen disk with TIG which generated a flat surface with multiple
spheroids formed from post-cryopreserved cells. Notably, while cells adhere to TCP,
allowing for media changes without disturbing the cells, it is challenging to change
media with the agarose wells without disturbing the spheroids. Consequently, there was
noticeable debris surrounding cellular aggregated in the agarose wells than in other
conditions (Figure 7.1A). Although the alginate capsules formed by TIG did not have
this debris, the geometry does not have the lowest point for cells to settle. Regardless,
spheroids continue to grow over time (Figure 7.1B), even aggregating together into
large spheroids (Figure 7.1C). Although the aggregation and growth of cells suggest
their viability, cells on these non-adherent surfaces had less absorbance from an MTT
assay than cells cultured on TCP (Figure 7.1D). However, we noticed spheroids did not
completely break apart and solubilize the formazan salt during the MTT assay.
Together, these data raise two concerns: 1) alginate capsules formed via TIG are not as
analogous to non-adherent microwell systems often used for spheroid formation, and 2)

MTT assays face challenges with solubilizing the signal with aggregated cells.
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Figure 7.1 Metabolic activity of post-cryopreserved cells on various culture
surfaces. Post-cryopreserved cells were seeded in tissue culture plates (TCP), wells

containing agarose, or encapsulated in an alginate (Alg) hydrogel capsule. Over three
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days, cells within the agarose well and capsules formed multiple spheroids (A). There is
noticeable debris in the agarose wells surrounding the spheroids, which is not apparent
in the alginate capsules. Spheroids in alginate capsules grew over time (B), often
through the aggregation of multiple spheroids (C). Three days post-cryopreservation, an
MTT assay was performed. The TCP condition was significantly more metabolically
active than the other conditions (n = 6) (D). Violin plot presents the mean, interquartile
range, whiskers, and individual data points. The bar graph presents the mean + SD with
individual data points. Lines between groups represent select statistically significant
differences (P < 0.05) assessed by performing a one-way ANOVA and a Tukey's

multiple comparison test.
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7.3.2 TIG of capsules with a microwell structure

To generate the hydrogel capsules via TIG that better recapitulate the microwell
structure, commonly utilized in spheroid-forming techniques, we modified the geometry
of the frozen cryopreservation solution. The new ice geometry was accomplished by
first 3D printing a mold for PDMS (Figure 7.2A). Notably, infill percentage, layer height,
and PDMS curing temperature were essential in maintaining the cone geometry with a
fused deposition modeling (FDM) 3D printer. Specifically, too much infill (>40%) led to
destructive warping when curing at temperatures above 50 °C. Alternatively, too little
infill (<10%) led to pillowing that would not necessarily damage the mold but could
cause leakage of the uncured PDMS. We found a balance with low initial curing
temperatures (35 — 40 °C), 20% infill, and 0.0875 mm layer heights. These conditions
created smooth-surfaced PDMS molds that held cryopreserved cells (Figure 7.2B).
Incredibly, the 3D printed mold layers were copied over to the PDMS mold and then
onto the inner surface of the alginate hydrogel capsule (Figure 7.2C). Furthermore, after
TIG, the capsules had a shell thickness between 550 and 650 nm (Figure 7.2D), which
was not statistically different from the capsules formed using the rubber molds with the
same solution volume containing the identical concentrations of alginate and calcium.
Importantly for our objective, the new internal geometry of the capsules facilitated the
formation of a single primary spheroid similar to the condition we observed with the
agarose wells (Figure 7.2E), despite the visible layers from the 3D-printed mold.
Furthermore, these capsules did not have debris surrounding the spheroids, as was
observed with the agarose wells. These new capsules were used for all following

conditions using TIG.
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Figure 7.2 New mold for alginate capsules generates a single primary spheroid.
Using a 3D printed positive mold (A), a PDMS negative mold can be generated and used
as the vessel for cryopreserving cells (B). The alginate capsule accurately recapitulates
the geometry of the 3D printed positive mold, seen by the ridges on the inner surface of
the hydrogel capsule, representing the individual 3D-printed layers (C). Overall, these
capsules had a shell thickness between 550 and 650 pum (D). Three days post-
cryopreservation and encapsulation, a single large spheroid was formed (E). Box plot
represents the mean, interquartile range, and range of individual capsules, whose specific

values are also shown.
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7.3.3 Characterization of FUCCI-expressing HEK-293T cells

After transduction of the FUCCI-expressing HEK-293T cells, we set out to
characterize the signal they produced. First, we confirm that the transduction did not
significantly impact the metabolic activity of these cells compared to non-transduced
cells of a similar passage (Figure 7.3A). Next, we cultured these cells for a week,
measuring the fluorescence from fields of view full of cells. The magnitude of green and
red fluorescence did not greatly change over this period. Specifically, green
fluorescence increased by about 17% after thawing, and red fluorescence increased by
about 11% from day one to day four. However, there was a dip in green fluorescence
when the cells became about 80% confluent (Figure 7.3B). Representative images of
the cells at different times post-cryopreservation indicate the cell-cycle state of
individual cells (Figure 7.3C). Most cells initially expressed red fluorescence, which
became green as cells proliferated. As the cell culture became about 80% confluent,
more cells fluoresced red. Notably, the green fluorescence was much brighter than the
red under identical conditions. The brightness for images was adjusted, but no
adjustments were made for quantitative analysis.

Next, we attempted to quantitatively compare fluorescence signal over three
days between HEK-293T cells on TCPs and microwells. There was no significant
difference in either red or green fluorescence over these three days for cells on TCP.
However, there was a significant increase in green fluorescence for cells in microwells,
where spheroids formed. Interestingly, there was a significant difference in green
fluorescence on day two between microwells initially loaded with 5k cells versus 10k

cells. Specifically, there was brighter green fluorescence with the lower initial cell
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number. Nevertheless, there was no significant difference between the initial seeded

number of cells by the third day.

7.3.4 Post-cryopreservation dilution of CPA for HEK-293T cells in microwells

To compare assessment strategies of post-cryopreserved cells, we interrogated
the role of CPA dilution via centrifugation after thawing cells into DMEMc. Spheroids
formed in microwells had comparable spheroid diameters of similar structures over
three days (Figure 7.4A & B). Despite this similarity, cells centrifuged to replace the
media containing Me2SO with fresh DMEMc and resuspended were significantly more
metabolically active than cells seeded directly into the microwells (Figure 7.4C).
Additionally, microwells containing cells that underwent this dilution had significantly
more red fluorescence at day two than cells directly seeded (Figure 7.4D). The directly
seeded cells also had significantly more green fluorescence at day three post-
cryopreservation than the diluted cells. Together, this data indicates that despite similar
spheroid formation, dilution of CPA led to slightly more metabolic cells that, on the third

day, were potentially less proliferative than the directly seeded cells.

7.3.5 Spheroid formation from post-cryopreserved cells

Spheroid formation was assessed by their size and metabolic activity from an
MTT assay three days post-cryopreservation in microwells and alginate hydrogel
capsules formed by TIG. Each condition resulted in significantly different spheroid sizes
(Figure 7.5A). Within microwells, cells that were not cryopreserved resulted in the

smallest spheroids in microwells, and the largest spheroids were formed from
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cryopreserved cells. Cryopreserved cells within the hydrogel capsules were of
intermediate size with the other two conditions. The metabolic activity in the microwells
or alginate capsules reflected the trends observed with spheroid size (Figure 7.5B).
When normalizing this data to the average spheroid volume, both cryopreserved cell
conditions are significantly less metabolically active than the group with cells that were
previously passaged. Overall, these data indicate uncertainty due to cell density in

spheroids and the resulting metabolic activity due to cryopreservation.

7.3.6 FUCCI-expression of post-cryopreserved HEK-293T spheroids

HEK-293T cells transduced with the FUCCI system were seeded into microwells
or encapsulated in alginate hydrogel capsules post-cryopreservation. Overall, capsules
had greater fluorescence from cells than microwells, a statistically significant trend at
days one and three for red fluorescence and days two and three for green fluorescence
(Figure 7.6A & B). Similar to the previous measurement of FUCCI signal from
spheroids, spheroids in capsules had a significant increase in green fluorescence
between days one and three. Unlike the MTT assay, the difference in green
fluorescence was amplified when normalized to average spheroid volume (Figure 7.6B).
After normalization, the brightness of green fluorescence was over two times greater in
the capsules than in the microwells. From the representative images, both conditions
creased similarly round spheroids (Figure 7.6D). Spheroids within the capsules were
smaller but had localized areas of bright green fluorescence that the spheroids in the
microwells did not. Together, these data highlight how FUCCI-systems can be used to

measure cell states of spheroids post-cryopreservation.
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Figure 7.3 FUCCI-expressing cells reveal their state in the cell cycle. After
transducing HEK-293T cells to express the FUCCI system (T), the metabolic activity of

these cells was similar to non-transduced (non-T) cells of a similar passage (A). When
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culturing these cells, they could adhere to the surface of culture dishes, reaching
confluency around day five. Interestingly, around the time of confluency, there was an
appreciable increase and dip in the measure mean absorbance value of green
fluorescence (B). At the level of individual cells, post-thawed from a cryopreserved
state, most cells appear to present red fluorescence, representing the G1 phase (C,
left). As cells proliferated (middle) to confluency (right), cells transitioned from mainly S,
G2, and M phases (green) back to the G1 phase (red). There was little difference
between cell number and fluorescence (D). There was a significant difference between
5k and 10k cells only on the second day. Although cells on tissue culture plates (TCP)
did not have a change in fluorescence magnitude over time, cells within non-adherent
microwells (uWell) did have a significant increase in green fluorescence between the
first and last day for both 5k and 10k cell conditions. Bar graphs represent the mean +
SD with individual data points shown (n = 8). Lines between groups represent select
statistically significant differences (P < 0.05) assessed by performing a Student's t-test

(A) or a two-way ANOVA and a Tukey's multiple comparison test (D).
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7.4 Post-cryopreservation dilution of CPA effects on spheroid formation. There
was no significant difference in spheroid diameters over three days for post-
cryopreserved cells that were either directly seeded (Direct) on non-adherent microwells
or diluted via centrifugation (Diluted) (A). Spheroid characteristics also appear similar in
roundness and a lack of cell debris in the microwell (B). However, directly plating the
cells did result in a significant decrease in metabolic activity compared to diluted

conditions. Fluorescence from FUCCI indicate the diluted condition had significantly
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more cells in G1 phase (red) at day 2 and less cells in S, G2, and M phases (green) at
day 3 compared to directly seeded cells. Bar graphs represent the mean £ SD with
individual data points shown (n = 8). Lines between groups represent select statistically
significant differences (P < 0.05) assessed by performing a student's t-test (C) or a two-

way ANOVA and a Tukey's multiple comparison test (D).
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7.5 Post-cryopreserved cells in microwells appear to have similar metabolic
activity as alginate capsules. Three days post-cryopreservation (CryoP), the
spheroids in microwells (uWell) were significantly larger than those formed from
uncryopreserved cells (Cultured) and post-cryopreserved cells in alginate capsules
(Capsules). Additionally, these previously cryopreserved cells seeded in microwells
appear more metabolically active via an MTT assay (B), but when normalized to the
spheroid volume, the condition with uncryopreserved cells appear more metabolically
active than the cryopreserved cell groups. Bar graphs represent the mean + SD with
individual data points shown (n = 8). Lines between groups represent select statistically
significant differences (P < 0.05) assessed by a one-way ANOVA and a Tukey's

multiple comparison test (D).
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Figure 7.6 Post-cryopreserved cells in microwells displayed less FUCCI-derived

fluorescence than cells in alginate capsules. Although both culture conditions had
similar trends over three days post-cryopreservation, cells within the alginate capsules
(Capsule) had significantly greater fluorescence signal than microwells (uWell) at day
one (red), day two (green), and day three (red and green) (A & B). When normalized to
spheroid volume at day three, these differences were amplified (C). Images of
spheroids and a composite image of fluorescence signal at a higher magnification
focused on the center of the spheroid highlight localized bright green fluorescence in the
alginate capsules (D). Bar graphs represent the mean + SD with individual data points
shown (n = 8). Lines between groups represent select statistically significant differences
(P < 0.05) assessed by a multiple t-tests for each day between conditions (A & B) or for
each fluorescence color (C). Not shown is the ANOVA and Tukey's multiple comparison

test between days for the same condition and fluorescence.
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7.4  Discussion
7.4.1 Alginate capsules were comparable to microwell systems

In this chapter, we compare the alginate hydrogel capsules to microwell systems
for their ability to form spheroids. To start, we compare the geometry of alginate
capsules described in chapter 6 to microwell made from agarose in a 96-well TCP.
Although both formed multiple spheroids, those in the agarose wells had one primary
spheroid because of the rounded bottom that forms [26, 27]. Notably, although multiple
spheroids were formed, the overall metabolic activity of the non-adherent conditions
was similar. Referencing the work in the previous chapter, we recognized that a
sufficient number of cells was required for spheroid formation. Here, the mechanistic
cause of that point is emphasized by the filipodia-like structures of the cells linking
spheroids together as they aggregate into a larger spheroid. Regardless, the technique
cannot make single spheroids of similar size in each capsule, like microwells or hanging
drop methods [2, 28]. Although it should be able to maintain an encapsulated
cryopreserved spheroid as a single aggregated, modifying the geometry of the frozen
disk was explored as an alternative. Moving forward, we plan to use alginate hydrogel
capsules as a condition to understand optimal processes to obtain spheroids post-
cryopreservation. Therefore, it was essential to enable the technique to have a similar
geometry as the more commonly used microwell systems, like 96-well plates, hanging

drop, AggreWell™, and custom designs [2, 3, 29-32].

7.4.2 Formation of specialized capsule geometries using PDMS
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Starting with the same initial geometry with a PDMS mold, we compared the
initial viability of cells cryopreserved in cryopreservation tubes and PDMS. In a
preliminary experiment, we found no significant loss in viability from using the PDMS
vessel with human umbilical vein endothelial cells (HUVECS). In agreement, in a recent
study, a research group used PDMS as a heat transfer fluid for cryopreserving and
thawing biological tissues [33]. The computational simulations described in that study
found that PDMS enables rapid cooling and thawing, highlighting its potential use as a
cryopreservation vessel. The use of Me2SO has not had a thorough investigation for its
capacity as a cryopreservation vessel, with only about a dozen studies used
cryopreservation and PDMS (pubmed.gov, 2021). Of these approximatley twelve
studies, the research objective is to determine if cells can be cryopreserved within
microfluidic devices [34, 35], rather than interrogating the use of PDMS. Regardless,
Me2SO has low solubility with PDMS, being considered compatible and recommended
for microreactor systems [36]. Therefore, PDMS shows promise as a cryopreservation-

vessel material that we can use for TIG.

7.4.3 Using FDM 3D printers for rapid prototyping of cryopreservation vessels

Next, we set out to make patterned capsules using the easily accessible tools at
our disposal. Using an FDM 3D printer, we printed the negative mold for the
cryopreservation vessels. FDM 3D printers work by bringing a thermoplastic to a flow
temperature and patterning the melted material on a surface, stacking the layers. The
PDMS and frozen cryopreservation solution were able to maintain the features due to

the resolution of the 3D printer, highlighted by the lines between the individual layers
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showing up in the alginate hydrogel capsule. Overall, we were able to create microwell-
like structures holding a volume of about 50 pL. While testing the feasibility of shaping
the internal and external features of the capsules, we were also able to generate long
tubes (about 20 mm in length), hollow donuts, and cubes. Generally, the outer geometry
is rounded due to the outwards diffusion of the calcium ions. While we suspect this
outcome represents a promising method for micropatterning tissue constructs, we focus

on the formation or maintenance of spheroids for these initial studies.

7.4.4 Limitations and benefits encountered with 3D printing

As with much of rapid prototyping, the quality of the outcome is dependent on the
equipment available. Our personal FDM 3D printer was used to create the negative
molds. Distinctly, the FDM 3D printer deposits multiple layers to create a cone
geometry. Consequently, the cone had a step structure that also could warp due to the
relatively low flow temperature of PLA. We went through several iterations until we
settled on the geometry of the 3D printed negative mold and curing temperature for
PDMS. Although previous studies have used FDM 3D printers to generate complex
features in PDMS or as microfluidics themselves [37, 38], refined angles are challenging
to accomplish. While other 3D printing methods, such as stereolithography (SLA), could
result in less of a step structure and warping, the true advantage of 3D printing is
simplistic, fast, and efficient prototyping [39, 40]. The prototypes we created were
modeled, printed, and used to make a PDMS cryopreservation vessel within the same

working day.
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Similarly, the process could be expanded to design specialized cryopreservation
vessels for TIG to create specialized cell constructs post-cryopreservation. Utilizing
thermal changes to create 3D structures is the fundamental basis for FDM 3D printers.
Additionally, alginate has been an appealing material for bioinks in tissue engineering
3D printers [41]. Together, using alginate to create 3D tissue constructs could be
expanded with the use of TIG. For now, this process represents a potential budding

technique that needs further validation with cryopreserved cells.

7.4.5 Motivation for using FUCCI-expressing HEK-293T cells to study cryopreservation

To interrogate the formation of spheroids from post-cryopreserved cells, we
employed real-time cell cycle imaging techniques. Specifically, we used FUCCI-
expressing cells to study spheroids, a process that at the time was performed in less
than a dozen other studies [16, 42, 43]. Likewise, no studies have incorperated FUCCI-
expressing cells to investigate cryopreservation. Here, the use of these cells indicates
cell state and recovery of metabolic processes post-cryopreservation. In the previous
chapter, we have noted in previous studies and our own how the metabolic activity is
reduced post-cryopreservation. Therefore, we suspected the fluorescence from FUCCI-
expressing cells would change in both colors with cell state and magnitude with the
recovery of metabolic activity. Given the objective of cryopreservation to maintain cell
function after being frozen, FUCCI-expression in cells has promise in studying novel
methods for improving post-cryopreservation cell proliferation and spheroid cell packing.
While we did not observe a change in fluorescence intensity over time post-

cryopreservation with the HEK-293T cells on TCP, there was an increase in microwells,
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suggesting its potential use could extend beyond individual cell states via FACS or

confocal microscopy [44].

7.4.6 FUCCI-expression in post-cryopreserved cells

We investigated the role of CPA dilution post-cryopreservation in microwell
systems using FUCCI-expressing cells. Despite similar spheroid size and shape, the
spheroids formed from diluted cells were slightly more metabolically active at day three
than the directly plated cells. Seemingly in contrast, the cells directly plated had
significantly more green fluorescence than the diluted groups. However, in spheroids
that are 500-600 pm in diameter, proliferation is primarily limited to the cells on the
surface of spheroids [45]. Similarly, diffusion limitations through the spheroid could
impair analytes from working as intended with aggregates of cells. Consequently,
procedures such as an MTT assay might not release all of the metabolized analytes
during solubilizing and could be impacted by cell packing density. Alternatively, as cell
confinement alters cell division by constricting mitotic spindle formation, the arrest in the
S/G2/M phase would also leave FUCCI-transduced cells expressing the green
fluorescence [17]. Therefore, a combination of real-time cell imaging with post hoc
metabolic activity and DNA quantification could provide essential information on post-
cryopreservation cell recovery. With both techniques combined, the data could indicate
independent information that the CPA-diluted cells are more metabolically active and
are not proliferating as much as the cells seeded directly into the microwells.
Meaningfully, the FUCCI-expressing cells permit observation of the spheroids without

disruption before destructive testing.
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7.4.7 Spheroid formation in capsules versus microwells

Lastly, we use these FUCCI-expressing cells to determine if there is any
significant detriment to using TIG for encapsulating post-cryopreserved cells in alginate
capsules compared to the more traditional microwell systems. Overall, the combinatory
results represent information on overall cellular recovery post-cryopreservation.
Spheroids formed in microwells were larger and appeared more metabolically active
than even the uncryopreserved control, a result that does not agree with the loss in
metabolic activity observed in the previous chapter. However, this result could be due to
the density of cells in the spheroid, enabling better solubilization of the metabolized
MTT. After normalizing to spheroid volume, both cryopreservation conditions were less
than the unfrozen group. After this normalization, the spheroids in the microwells were
similar to the capsules. Previously, studies either cryopreserve the whole spheroid or
culture on 2D tissue culture plates for three days before seeding in microwells [46].
While previous work has shown a reduced capacity for cell-cell interactions post-
cryopreservation [14], the utility of spheroids is derived by an organization that better
recapitulates the native in vivo environment. These influences on cell adhesion and
actin formation from cryopreservation could impact the structuring of spheroids.

Further interrogation with fluorescence from the FUCCI-expressing cells showed
that the spheroids formed within capsules had greater fluorescence than those in
microwells. While this could indicate better metabolic recovery, we have substantial
reservations about any conclusion. Specifically, without a significant difference from the

MTT assay, it would be unclear what differences would be expected in fluorescence.
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Therefore, the FUCCI data in this chapter determined that the green fluorescence of
FUCCI-expressing cells is expected to increase over time post-cryopreservation,
showing promise for future evaluation of cryopreserved cells if used in combination with

metabolic activity, apoptosis, and DNA quantification assays [47, 48].

281



7.5 Conclusion

This chapter presents the formation of unique internal geometries of alginate
hydrogel capsules formed by TIG and suggests that the FUCCI expression can be
informative of cell aggregation post-cryopreservation. Specifically, post-cryopreserved
cells were proliferative while having an increase in both red and green fluorescence on
TCP. Furthermore, as post-cryopreserved cells aggregated into spheroids, green
fluorescence increased for both microwells and the alginate capsules. While the work in
this chapter breaks ground on the utilization of 3D printing to create PDMS
cryopreservation vessels and the use of the FUCCI-system to interrogate cryopreserved
cells, the development of new geometries for TIG-formed constructs with 3D printing

enables creativity for research into post-cryopreservation cell encapsulation.
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CHAPTER 8

Optimal conditions for obtaining HUVEC and MSC spheroids post-

cryopreservation

8.1Introduction

In this chapter, we transition to using cells with therapeutic potential with proper
cryopreservation to determine optimal conditions for acquiring spheroids post-
cryopreservation systematically. In previous chapters, we discuss the alternative to the
common practice of cryopreserving spheroids, organoids, and tissue fragments forming
cell aggregates from post-cryopreserved cells [1-7]. Although we had success with the
human embryonic kidney cells (HEK-293 and HEK-293T), this cell line of mesenchymal
origin would be expected to behave differently from primary endothelial cells. Therefore,
verifying post-cryopreservation cell encapsulation via TIG was viable in instructing
spheroid formation. The work described in this chapter attempts to determine whether
spheroids should be formed pre- or not post-cryopreservation from human umbilical
cord endothelial cells (HUVECS). Expanding on this work, we also incorporate primary
mesenchymal cells, human mesenchymal stromal cells (MSCs) to broaden our
understanding of how different cell types respond to cryopreservation. Fascinatingly,
these two primary cells had flipped responses to pre- or post-cryopreservation spheroid
formation. Therefore, the work in this chapter highlights the importance of

understanding and optimizing cryopreservation strategies for the cell type.

The use of spheroids as a model of 3D tissue has been widely adopted as it is

accepted as better recapitulating the native in vivo environment better than tissue
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culture plastics [8-15]. Moreover, spheroids have been suggested to improve the
efficacy of potential cell therapies. Spheroids can act as functional building blocks to
build tissue or repair damaged tissue [14]. Regardless, clinical-minded perspectives
typically address large-scale culture and cryopreservation as a challenge to be

overcome [16-18].

By cryopreserving cells, their shelf-life of cell therapies can be expanded through
decades. Moreover, the technology enables cell therapies to reach clinics outside of
research settings as treatments can be produced off-site, stored, and transported [19].
Specifically, biobanking of cell samples could enable cells taken during birth, such as
HUVECSs, to be used to repair tissue at later stages of life or act as a model system to
study prospective treatments [20, 21]. With these perspectives, the use of spheroids is
an appealing approach for developing functional units for research and cell therapies,
making a woven motivation for studying cryopreservation in the context of spheroids.
Significantly, cryopreservation is known to reduce cadherin binding and deposition of
extracellular matrix proteins [22]. This inhibition could counter the improved survival and
proliferation cell-cell interactions have for anchorage-dependent cells [23].
Nevertheless, the alternative being cryopreservation of preformed spheroids could
result in structural damage from intracellular and extracellular ice formation, osmotic

shock, and cryopreservation agent cytotoxicity [24-28].

In this chapter, we take a step back from studying hydrogel encapsulation of
cryopreserved cells to address another aspect of cryobiology that has not been
previously studied: the optimal procedure for obtaining spheroids post-cryopreservation.

While we postulate that MSCs will form aggregates from post-cryopreserved cells, like
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the HEK-293T cells in previous chapters, we expected to face challenges with forming
HUVEC spheroids from previously frozen cells. Therefore, we also include in the work
presented in this chapter the cryopreservation of spheroids. Succinctly, we have two
hypotheses that might only be appropriate for specific cells or their combinations: 1)
cryopreserved spheroids recover faster from cryopreservation than dispersed cells, and
2) the formation of spheroids post-cryopreservation results in less cryodamage to cells
than cryopreserved spheroids. While studies typically study the impact of
cryopreservation on preformed spheroids or post-cryopreservation formation of
spheroids, this work represents one of the first instances of comparing both processes
together. The knowledge gained by this work could be applied to TIG-based

encapsulation.

293



8.2 Methods
8.2.1 Cell culture

Human umbilical vein endothelial cells (HUVECS; Lonza) from pooled donors
were expanded in endothelial cell growth medium (EGM-2, Lonza) under standard
conditions (37 °C and 5% CO3), exchanging media every two days. EGM-2 was
prepared as defined in the vendor's EGM-2 BulletKit™ medium with and without the
addition of the growth factors, with N media being defined as the cell culture media
without growth factors. Cells were used between passages 4 — 6. Human mesenchymal
stromal cells (MSCs; Lonza) were also expanded in EGM-2 under the same conditions
as the HUVECSs. These cells were also used between passages 5 — 8 with, at most, one
passage after thawing. Expansion and initial experiments were carried out on tissue
culture plates (TCP). Additional experiments were primarily carried out using ultra-low
attachment surface round-bottom 96-well plates (Corning), which will be referred to as
microwells. We also carried out a brief experiment with TIG to form alginate hydrogel
capsules.

Cells were cryopreserved using a freezing solution with a final composition of
10% (v/v) dimethyl sulfoxide (Me2SO, Sigma) and 20% (v/v) fetal bovine serum (FBS;
Invitrogen), and 70% (v/v) EBM-2. To avoid potential confusion, Me2SO is more
commonly abbreviated as DMSO outside the field of cryobiology. For all conditions
except for samples undergoing TIG, cells were cryopreserved in cryovials (VWR) at a
concentration of 10° cells per mL. After thawing cryopreserved cells to a 1:10 dilution,
the cell solution was centrifuged at 300 RCF for 5 minutes to pellet the cells. The

supernatant was replaced with fresh media to minimize the remaining Me2SO. 100 pL of
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cell solution was pipetted into each microwell at a concentration of 10° cells per mL. The
same concentration and volume were used to seed cells on 96-well tissue culture
plates. For conditions in which MSCs and HUVECSs are used together, cells are either
cryopreserved separately and seeded into wells or cryopreserved together. Under both
conditions, each cell type was used at the same concentration and volume, a 1:1 ratio.
For conditions where spheroids are cryopreserved, previously passaged cells were
seeded at a concentration of 10° cells per mL into the microwells. Spheroids were
formed over three days, then cryopreserved using the same freezing solution described
above. Notably, ten spheroids were cryopreserved per cryovial. For post-
cryopreservation seeding of spheroids on microwells, steps followed those described

above, except single spheroids, which were pipetted into each well individually.

8.2.2 Alginate hydrogel capsule formation via TIG

LF10/60 alginate polymer (molecular weight ~ 120-150 kDa and >60% G-block;
purchased from FMC Biopolymers) was used in this chapter for hydrogel formation via
TIG. All alginate hydrogels were purified, and sterilized alginate polymer was prepared
as previously described [29, 30]. Briefly, one gram of alginate was dissolved in 100 mL
of deionized (DI) water. Next, 0.5 grams of activated charcoal (Sigma) was added and
mixed for 30 minutes via a magnetic stirrer. Then, the alginate solution is sterilized
using a filter (0.22 ym, Thermo Fisher Scientific), lyophilized, and stored in a freezer. A
1% (w/v) alginate solution was prepared by mixing the dry polymer in an isotonic saline
solution (0.9% (w/v) NaCl). The modified-cryopreserving solution contained 75- or 100-

mM calcium chloride (Sigma), 10% (v/v) Me2SO, 20% (v/v) FBS, and EMB-2. Calcium
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chloride was added to the cellular freezing solution from a 6 M stock to create the final
concentrations.

Gelation of the alginate hydrogel capsules was performed using TIG from
polydimethylsiloxane (PDMS; Sylgard) molds used in chapter 7. Specifically, the
freezing solution was pre-chilled to 4 °C prior to mixing with cells to minimize cytotoxic
exposure to Me2SO. Next, the cell-containing cryopreservation solution was pipetted
into wells. The PDMS mold was designed by 3D printing a positive mold using a
geometry of a 6 mm in diameter cylinder topped with a cone. The height of the cylinder
and cone was 1.5 and 1 mm, respectively, for a total of 2.5 mm. Consequently, the
PDMS negative mold held 50 pL. Once frozen, the cryopreservation solution matched
the shape of the positive mold's geometry. Cells were encapsulated with the alginate
hydrogels through TIG. Gelation was initiated by submersion and melting the
cryopreserved cell solution within a 1% (w/v) alginate solution at 37 °C. After melting
and crosslinking (approximately 2 minutes), the capsules were scooped out of the
beaker and placed in pre-warmed cell media. Subsequently, hydrogel capsules were

moved to 12-well tissue culture plates filled with EMB-2.

8.2.3 Cellimaging and staining

Phase-contrast microscopy was used to image cells using an inverted
fluorescence microscope (Zeiss Axio Vert A.4) and processed with ImageJ (NIH). From
brightfield images, spheroid diameters were measured by the Feret diameter from
perimeter traces around each spheroid. Notably, Feret diameter can become biased for

samples that have low circularity. Cell viability was assessed with live/dead staining for
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HUVECSs encapsulated in alginate hydrogel capsules. 12-well plates containing EBM-2
and cell-containing capsules were replaced with a 1x phosphate buffer solution (PBS;
Life Technologies) and placed back in the cell incubator for thirty minutes. Next, calcein
AM (1 pM, live cells, Fisher Scientific) and ethidium homodimer-1 (EthD-1, 2.5 pM,
Marker Gene Technologies) were added to each well, incubating for thirty minutes in the
cell incubator. After incubation, PBS containing calcein AM and EthD-1 was replaced
with fresh PBS. Cells were imaged with a fluorescence microscope. Composite images

of each channel and brightfield were made in ImageJ.

8.2.4 Cell viability and proliferation

Cell viability was determined through a trypan blue exclusion test. This assay
also was used to determine viable cell concentration for cryopreservation and cell
seeding. An aliquot of cell suspension was mixed with 0.4% trypan blue (Sigma) ata 1:1
ratio. Quantification occurred using the Countess automated cell counter (Life
Technologies). Proliferation was determined using the change in DNA content.
Specifically, the Quant-iT PicoGreen DNA Assay Kit (Invitrogen) was used to determine
the DNA content of cells after forming a calibration curve from known cell
concentrations determined with the Countess. To acquire DNA from samples, cells were
lysed in a 1x passive lysis buffer (Promega). Samples were then pipetted to
centrifugation tubes and centrifuged to pellet cell debris at 5000 RCF for five minutes. A
sampling of DNA was taken from the supernatant and mixed with the PicoGreen
working solution. Fluorescence was measured at 485 nm (excitation)/ 528 nm

(emission). For one experiment, a ROCK inhibitor, Y-27632 (STEMCELL Technologies),
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was added to each microwell at a final concentration of 10 uM, as previously utilized

[31-34].

8.2.5 Cell metabolic activity and caspase 3/7 activity

Metabolic activity of post-cryopreserved cells was performed via an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay (MTT
assay) three days post-cryopreservation. Specifically, 10 pL of 5 mg/mL tetrazolium dye
MTT (Sigma) to each well of a 96-well plate and incubating for three hours. Next, 100
pL of a solubilizing solution was added. The solubilizing solution contained 40% (v/v)
dimethylformamide (DMF; Sigma), 2% (v/v) glacial acetic acid (Sigma), and 16% (w/v)
sodium dodecyl sulfate (SDS; Sigma) [35]. Samples were protected from light by
covering plates with aluminum foil and placed on a shaker for one hour. The total
absorbance of formazan salt was quantified via the Spectramax ® i3 plate reader
(Molecular Devices) at 570 nm.

Additionally, metabolic activity was assessed via an Alamar Blue (Invitrogen) and
normalized to DNA content. Alamar Blue was added at a 1:1 ratio from the
manufacturer's supplied stock solution to cell solution. This combinatory solution was
incubated for three hours in the cell incubator. Next, the fluorescence was detected on
the Spectramax ® i3 plate reader and normalized to DNA content from the same
samples using the Quant-iT PicoGreen DNA Assay Kit. In contrast to proliferation, the
normalization of metabolic activity was done per nanogram of DNA. Normalization to
DNA content was determined using a standard curve from the supplied DNA stock

provided by the manufacturer.
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Apoptosis was quantitatively measured by analyzing 50 pL of lysate per sample
using a Caspase-Glo 3/7 assay (Promega), as described previously [36]. This cell lysate
was the same used for the DNA quantification used to normalize the metabolic activity.
Luminescence was detected on a microplate reader and normalized to the DNA
content, as described earlier. Notably, the same DNA content was used to normalize

both the metabolic activity and apoptosis.

8.2.6 Statistical analysis

Sample sizes are provided with each figure legend and visualized in figures as
individual data points, where applicable. Results are presented as mean values with
standard deviations. Statistical significance was asserted at p < 0.05 after performing a
Student's t-test, one-way ANOVA, two-way ANOVA, and Tukey's multiple comparison
tests where appropriate. All analyses were performed using Graph-Pad Prism software

(GraphPad Software Inc).
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8.3 Results

8.3.1 Effects of cryopreservation on HUVECs

HUVECSs were cryopreserved (cryo) with various concentrations of calcium
chloride and compared to non-cryopreserved cells (passaged). These cells were
seeded into microwells simultaneously, allowing each to form cellular aggregates from
the same individual cell suspensions. Unsurprisingly, cryopreserved cells had
significantly less metabolic activity than the previously passaged cell group (Figure
8.1A). This difference is exemplified in the approximate doubling in measured
absorbance with twice the initial seeded number of passaged HUVECSs, but only about a
50% increase with the cryopreserved cells. Regardless, the addition of calcium chloride
to the cellular freezing solution did not significantly impact post-cryopreservation
viability, determined via a trypan blue exclusion assay (Figure 8.1B), nor spheroid size
3-days after seeding (Figure 8.1C). However, there was a significant difference in
spheroid size when comparing passaged cells to cryopreserved cells without calcium.
Interestingly, adding calcium chloride to the freezing solution might have resulted in a
positive trend in spheroid diameters. Spheroids' representative images with a live/dead
stain have a similar distribution of live and dead cells. Together, these data indicate that
cryopreservation does influence HUVEC cell metabolic activity and capacity to form
spheroids. The influences of calcium ions could still impact metabolic activity but do not

detrimentally impact post-thaw viability nor prevent spheroid formation.
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Figure 8.1 Effect of cryopreservation solutions containing calcium for HUVECs.
Post-cryopreserved and passaged cells were seeded into microwells to characterize the
influence of cryopreservation of spheroid formation. Cryopreservation resulted in
significantly reduced metabolic activity in microwells (A; n = 6 — 8). However, adding
calcium chloride to the freezing solution did not significantly impact initial cell viability for
concentrations up to 150 mM (B; n = 6). Although cryopreserving cells resulted in a
significantly smaller spheroid with no calcium, the addition of calcium chloride to the
freezing solution led to a non-statistically significant increase in spheroid diameter.
Regardless, HUVECSs did form aggregates from post-cryopreserved cells with the
addition of calcium, seen in live/dead stained spheroids (D). Bar graphs present the
mean + SD with individual data points. Lines between groups represent statistically
significant differences (P < 0.05) assessed by performing a one-way ANOVA and a

Tukey's multiple comparison test.
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8.3.2 TIG encapsulation of HUVECS resulted in loss aggregates

Spheroid formation by HUVECs encapsulated in alginate hydrogel capsules via
TIG was briefly evaluated for its feasibility. First, the cryopreservation process was
assessed for cells cryopreserved in cryovials versus the custom PDMS vessels
described in chapter 7. Astonishingly, cells cryopreserved on PDMS performed vastly
better than with the cryovial (Figure 8.2A). Notably, cells within cryovials are thawed
until a sliver of ice is left. In contrast, frozen samples in the PDMS vessels are
immediately dislodged and melted via submersion in fresh pre-warmed cell media. After
culturing for three days, the resulting aggregates did not form a sphere shape (Figure
8.2B). Regardless, DNA content suggests greater proliferation in hydrogels crosslinked
by a cryopreservation solution containing 100 mM CacCl: (Figure 8.2C). Although not
statistically significant, cells from the 100 mM CacClz conditions had a slightly higher
trend of metabolic activity (Figure 8.2D). Together, the DNA content and metabolic
activity normalized to DNA suggest better recovery with the greater concentration of
calcium used. This outcome is emphasized by the lower average caspase activity
(Figure 8.2E). Nevertheless, the data indicate challenges for the formation of spheroids

from post-cryopreserved HUVECS.
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Figure 8.2 HUVECs could form aggregates after encapsulation via TIG. Despite the

promising increase in metabolic activity for cells cryopreserved in PDMS compared to

cryovials (A; n = 8), only loose aggregates formed in the alginate hydrogel capsules (B).

Regardless, as we compared DNA content (C; n = 8), metabolic activity (D; n = 18), and

apoptosis activity (E; n = 4) between capsules formed with cryopreservation solutions

containing 75- or 100- mM CacClz, the higher concentration of the salt appears to lead to

better outcomes. The bar graph presents the mean + SD with individual data points.

Lines between groups represent statistically significant differences (P < 0.05) assessed

by performing a Student's t-test.
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8.3.3 Characterizing HUVEC spheroids from post-cryopreserved cells

To better understand the optimal conditions for obtaining spheroids from
cryopreserved cells, we cryopreserved either individual HUVECS in suspension or
whole spheroids. These cryopreserved conditions were compared to individual cells
previously cultured on TCP. After two days post-seeding, neither cryopreserved cells
nor the passaged cells formed one cohesive aggregated (Figure 8.3A). Meanwhile, the
cryopreserved HUVEC spheroid remained aggregated, appearing to shrink slightly over
two days. Attempting to measure the largest spheroids formed three days post-seeding,
the aggregates formed by previously cryopreserved cells in suspension were
significantly smaller than the cryopreserved spheroid (Figure 8.3B). The cryopreserved
spheroids had a similar diameter after three days, possibly maintaining the size through
cryopreservation. However, the metabolic activity of the previously cryopreserved
spheroid was greater than the other two conditions (Figure 8.3C). Unsurprisingly,
between individual cells in suspension, the cryopreserved cells had a significantly lower
metabolic activity than the unfrozen cells. Despite this, both individual HUVECs in
suspension conditions had a significantly greater caspase activity. Overall, these data
suggests that HUVECs formed more viable spheroids post-cryopreservation if they were

cryopreserved as spheroids.

The effects of cryopreservation of HUVECs were further interrogated using a rho-
associated kinase (ROCK) inhibitor, Y-27632, to determine if post-cryopreservation
outcomes were consequential of apoptosis from dissociated HUVECSs. Indeed,
proliferation was significantly increased when the inhibitor was used with previously

frozen dissociated cells but not in cryopreserved spheroids (Figure 8.4A). Interestingly,
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these data also indicate how these dissociated cells were more proliferative than the
cryopreserved spheroid group. Notably, the cryopreserved spheroids were significantly
smaller than the HUVECSs that formed spheroids post-cryopreservation (Figure 8.4B), a
result inconsistent with the previous figure. However, each experiment represents its
batch from a later passage. More importantly, previously cryopreserved spheroids have
a much smaller variance than spheroids formed from cryopreserved cells, a result that
is consistent with data in Figure 8.3. Although there was no other statistically significant
difference with using Y-27632, cryopreserved spheroids had significantly greater
metabolic activity (Figure 8.4C) and less caspase activity (Figure 8.5D) than the
cryopreserved individual cells in suspension. Together, the addition of Y-27632 might
increase proliferation slightly. However, overall, the results between experiments
consistently suggest HUVEC spheroids are likely to be more active and undergo less

apoptosis if from a previously cryopreserved spheroid.
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Figure 8.3 Preformed HUVEC spheroids enabled healthier spheroids post-
cryopreservation than forming spheroids from post-cryopreserved cells. Two
days after seeding into microwells, neither dispersed cell conditions (Spheroid -)
resulted in spheroid formation (A). Alternatively, the cryopreserved spheroid (Spheroid

+) remained aggregated, although the boundaries appear less smooth. The spheroids
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formed after three days from the non-cryopreserved cells were similar to the
cryopreserved spheroid (B). However, the pre-aggregated cells had significantly greater
metabolic activity (C) and less caspase activity (D) than the dispersed cells. Brightfield
images were taken via an inverted phase-contrast microscope. Bar graphs present the
mean = SD with individual data points (n = 8). Lines between groups represent
statistically significant differences (P < 0.05) assessed by performing a one-way ANOVA

followed by a Tukey's multiple comparison test.
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Figure 8.4 Treatment of cryopreserved HUVECs with a ROCK inhibitor, Y-27632,
did not significantly impact post-cryopreservation outcomes. Only the proliferation
of dispersed cells (Spheroid -) had a statistically significant change due to the addition
of 10 uM Y-27632 (A). Additionally, proliferation was much higher in the dispersed cell
groups than in the preformed spheroids. Preformed spheroids had less spheroid size
variance (B), more metabolic activity (C), and less caspase activity (D) than the
dispersed cells that formed spheroids. Bar graphs present the mean + SD with
individual data points. The violin plot displays the mean, quartiles, and individual points.
Lines between groups represent select statistically significant differences (P < 0.05)

assessed by performing a one-way ANOVA and a Tukey's multiple comparison test.
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8.3.4 Characterizing MSC spheroids from post-cryopreserved cells

In contrast to HUVECSs having difficulty forming spheroids two days after seeding
in a microwell, dispersed MSCs could form spheroids, regardless of whether the cells
were cryopreserved or not (Figure 8.5A). Although the cryopreserved spheroid remains
intact after thawing, it appears to lose the defined boundary. Overall, spheroids had
similar sizes, although the variance of spheroid sizes was much larger than the HUVEC
spheroids (Figure 8.5B). Crucially, the cryopreservation of MSC spheroids led to a
significant reduction in metabolic activity, whereas there was not a significant decrease
in metabolic activity between dispersed cell conditions (Figure 8.5C). Caspase activity
appears elevated in previously cryopreserved cells, but there is no apparent difference
between the groups (Figure 8.5D). These data indicate potentially opposing trends in

what is optimal for post-cryopreserved MSCs versus the HUVECSs.

8.3.5 Comparing effects of cryopreservation between MSCs and HUVECs

MSCs and HUVECs were directly compared to understand the differences in
spheroid formation after cryopreservation. Fundamentally, the MSCs are more
metabolically active than the HUVECs (Figure 8.6A) when quantified via an MTT assay.
As a potential consequence, the MSC spheroids tended to be larger than HUVEC
spheroids; however, this trend was only statistically significant for the non-
cryopreserved cells (Figure 8.6B). For cryopreserved cells, MSCs had more metabolic
activity and less caspase activity than HUVECs when cryopreserved as individually

dispersed cells (Figure 8.6C & E). Nonetheless, HUVECs had greater metabolic activity
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than MSCs when preformed spheroids were cryopreserved (Figure 8.6D). Although
HUVEC caspase activity was less in preformed spheroids than spheroids formed post-
cryopreservation, caspase activity between MSCs and HUVECs was similar with

preformed spheroids.

8.3.6 Altering post-cryopreservation outcomes by combining MSCs

With the diverging outcomes from cryopreserved MSCs and HUVECSs, we next
combined both cells after being cryopreserved or cultured separately. Immediately, the
data indicates that with both cell types, spheroids can effectively form two days after
seeding with dispersed cells (Spheroid -) (Figure 8.7A). Notably, after two days, the
cryopreserved spheroids did not aggregate together post-cryopreservation, remaining of
similar size and placement. Specifically, the smaller spheroid was made from HUVECS,
and the larger spheroid was made from MSCs. The HUVEC spheroid retained a sharp
contrasting boundary, but the MSCs lost their initially defined boundary. These
outcomes were consistent with what was observed with each spheroid in isolation
(Figure 8.3A & Figure 8.5A). Despite the representative images suggesting that
between dispersed cells forming spheroids, cryopreserved cells formed smaller
spheroids, no significant difference was found in our study. However, the combination of
two preformed spheroids did have a larger diameter than the other two conditions
(Figure 7.7B). More revealing, with the combination of both cell types, cryopreservation
led to less metabolic activity and less caspase activity (Figure 8.7C & D). Overall, the
combination of MSCs and HUVECSs reduced the differences in metabolic activity,

caspase activity, and spheroid formation due to cryopreservation.
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Figure 8.5 MSCs formed healthier spheroids from post-cryopreserved cells

compared to cryopreserved spheroids. Dispersed cells seeded into microwells

formed spheroids within two days (A). While the cryopreserved spheroid initially had a

high contrasting boundary as the spheroids formed from dispersed cells, the boundaries

became less sharp after two days. There was no significant difference in spheroid

diameters (B) or caspase activity (D). Metabolic activity was significantly lower in the
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condition where a spheroid was cryopreserved (C). Brightfield images were taken via an
inverted phase-contrast microscope. Bar graphs present the mean = SD with individual
data points (n = 8). Lines between groups represent statistically significant differences
(P < 0.05) assessed by performing a one-way ANOVA followed by a Tukey's multiple

comparison test.
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Figure 8.6 MSCs and HUVECSs respond differently to being cryopreserved as
single cells or as spheroids. Generally, the MSCs had greater metabolic activity than
the HUVECSs (A), also forming larger spheroids when not cryopreserved (Cryo -) (B). As
a potential consequence, cryopreserved MSC had more metabolic activity than

HUVECs when seeded as dispersed cells in microwells (Spheroid -) (C). However,
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when spheroids were cryopreserved, the HUVEC spheroids had greater metabolic
activity than the MSC spheroids (D). Caspase activity was significantly lower in MSCs
than HUVECs when seeded as dispersed cells (E); however, both cell types had similar
apoptosis activity when cryopreserved as spheroids. The line graph presents the mean
value as middle points connected via a line. Standard deviations are represented
through the shaded area, connecting these values between each number of cells (n =
8). Bar graphs present the mean = SD with individual data points (n = 8). Lines between
groups represent statistically significant differences (P < 0.05) assessed by performing

Student's t-tests.
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Figure 8.7 The combination of MSCs and HUVECSs enabled the spheroid formation
of post-cryopreserved cells in microwells. Similar to MSCs, dispersed cells seeded
into microwells formed spheroids within two days (A). While the cryopreserved

spheroids initially had a high contrasting boundary as the spheroids formed from
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dispersed cells, after two days, the boundaries became less sharp in the larger MSC
spheroid. Cryopreserved spheroids were significantly larger than the other conditions
(B). Interestingly, as metabolic activity decreased between conditions (C), so did
caspase activity (D). Notably, non-cryopreserved cells had significantly more metabolic
activity and caspase activity. Brightfield images were taken via an inverted phase-
contrast microscope. Bar graphs present the mean £ SD with individual data points (n =
8). Lines between groups represent statistically significant differences (P < 0.05)
assessed by performing a one-way ANOVA followed by a Tukey's multiple comparison

test.
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8.3.7 Assessing the effects of cryopreserving MSCs and HUVECSs together

We next assessed the outcomes from cryopreserving solutions or spheroids
containing both MSCs and HUVECSs. These cells were additionally cultured in EBM-2
media without the supplemental growth factors. As a baseline, the combination of MSCs
and HUVECs was compared to cryopreserved HUVECSs. Similar to previous
experiments (Figure 8.4A), HUVECs were more proliferative from dispersed
cryopreserved cells than cryopreserved spheroids (Figure 8.8A). The addition of MSCs
reduced the difference between these conditions, but the decrease with cryopreserved
cells was still statistically significant. Interestingly, the addition of MSCs led to a
decrease in proliferation with dispersed cells but an increase with cryopreserved
spheroids. Additionally, dispersed HUVECs had a similarly large variance in spheroid
diameters that did not occur with the addition of MSCs (Figure 8.8B). However, there
was no significant difference in spheroid diameters between dispersed HUVECs and the
combination of HUVECs and MSCs. Generally, cryopreserved spheroids were smaller
than spheroids formed from dispersed cells; but this difference was only significant with
HUVECSs alone. The addition of MSCs had a clear impact on metabolic activity (Figure
8.8C), resulting in an increase in activity with dispersed cells and a decrease with
cryopreserved spheroids. Consequently, the conditions that result in more metabolically
active cells depend on the inclusion of MSCs. However, the addition of MSCs did not
guarantee an increase in metabolic activity. Unlike the change in trends between
cryopreservation conditions, caspase activity decreased with cryopreserved spheroids

(Figure 8.8D). Notably, the addition of MSCs further decreased caspase activity.
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Therefore, although the addition of MSCs potentially reduced apoptosis, the addition

could have consequences for proliferation and metabolic activity.
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Figure 8.8 A combination of HUVECs and MSCs might improve the spheroid
formation of HUVECs post-cryopreservation. For this assessment of the combination
of MSCs and HUVECSs, both cells were cryopreserved together, either dispersed in
solution or as a preformed spheroid. These cells were then cultured in EMB-2 without
the supplemental growth factors. While cryopreserved spheroids typically had less
proliferation and smaller spheroids (A & B), the addition of MSC improved the
proliferation with the preformed spheroids. The addition of MSCs significantly reduced
the metabolic activity of preformed spheroids but increased this activity for dispersed
cells (C). Overall, preformed spheroids had less caspase activity than dispersed cells,
with MSCs further reducing this activity (D). Bar graphs present the mean + SD with
individual data points. The violin plot displays the mean, quartiles, and individual points.
Lines between groups represent all statistically significant differences (P < 0.05)

assessed by performing a one-way ANOVA and a Tukey's multiple comparison test.
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8.4  Discussion
8.4.1 Preliminary work for performing TIG with primary HUVECs

The initial work in this chapter mirrors experiments in chapter 6, determining the
effect of the modified freezing solutions for HUVECSs to perform TIG. Overall, the work in
this chapter aimed to address the feasibility of TIG to encapsulate cells and determine
what conditions enable decidedly improved metabolic recovery of cryopreserved cells.
We focus on HUVECSs as they are a valuable model system for studying vascular
biology [37]. Their availability has been improved through cryopreservation techniques
[38-40]; however, cryopreservation optimization often depends on the context in which
cells are utilized. Here, we add calcium chloride to the cellular freezing solution, making
an already hypertonic solution more hypertonic. However, we saw no change in initial
viability or spheroid formation from cryopreserved cells seeded into microwells.
Following established cryopreservation practices, we used a hypertonic solution to
dehydrate cells when freezing [41, 42]. It is well understood that dehydration enabled by
a hypertonic solution containing either intracellular or extracellular cryopreservation
agents reduced the formation of intracellular ice by removing water from inside the cell
[27, 43, 44]. This outcome is the fundamental process for vitrification, which uses
exceedingly hypertonic solutions and rapid freezing rates to ideally prevent ice
formation altogether [45, 46].

Nevertheless, the dehydration of cells can also slow the recovery of cells after
cryopreservation, leading to apoptosis [47]. The tolerance to this dehydration has been
suggested to depend on the cell type [47, 48], likely a consequence of how hypertonic

solutions can induce remodeling of actin [49]. Furthermore, the transition from this
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hypertonic solution to an isotonic one is known to cause swelling, leading to osmotic
shock and possibly lysis [24, 41, 50]. While we do not observe an increase in necrosis
after thawing cells, indicating cells did not lyse due to ice or osmotic shifts, the actin
remodeling could have influenced HUVEC spheroid formation.

The difference between the experiments where calcium was added to the
freezing solution and the following experiment where TIG was performed was how the
calcium was diluted. When seeded into microwells, cryovial-frozen cells were thawed
and immersed in new media to dilute the calcium concentration closer to physiologic
levels. However, samples undergoing TIG likely had further calcium dilution due to
uptake into the hydrogel and dilution into the alginate and washing solutions. We
suspected that dilution of freezing solution components by submersion into media would
be a marked improvement from traditional practices of waiting for the solutions to thaw
within the cryovial, a process we suspected to be in agreement with previous
cryopreservation studies whose results encourage the practice of serial dilution [51].
While this result is promising on its own, the role of calcium suggests a potential benefit
to supplementing freezing solutions with calcium.

Most notably, we had significantly more proliferation when the amount of calcium
chloride in the freezing solution was increased from 75 to 100 mM. Calcium is a
ubiquitous secondary messenger that regulates a wide variety of cellular functions [52].
Previous studies would suggest that the addition of calcium would be harmful to
cryopreserved cells. Notably, many studies involving cryopreservation and the effects of
calcium were with spermatozoa [53-55]. In these studies, spermatozoa had elevated

intracellular calcium post-cryopreservation, which affected hyperactivation and
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capacitation functions. Therefore, cryopreservation influenced calcium homeostasis by
decreasing calcium entry through the membrane and increasing release from internal
stores [54, 56]. This release of calcium from internal stores while cooling was also
observed in platelets, with damage being reduced by adding calcium chelators [57]. For
endothelial cells, there is evidence that cryopreservation activates protein kinase C,
increasing intracellular calcium, but not likely from extracellular calcium influx through
voltage-operated calcium channels [58]. The loss of calcium would impact metabolic
activity, an outcome that could be cytoprotective immediately after thawing
cryopreserved cells. Cytosolic calcium leads to cell death via apoptosis [59]. The
process leads to cas-3 activation, as calcium activation of calcineurin dephosphorylated
Bad [60]. However, the reduction in metabolic processes post-cryopreservation could
further inhibit plasma membrane Ca2+ ATPases [61], potentially providing resistance to
tumor necrosis factor [62]. While extracellular calcium in the freezing solution has not
been previously explored, the results presented here suggest calcium's role could be
more than an osmotic one. More generally, this work in the context of previous literature
highlights the current gap in knowledge for understanding how ion channels influence
post-cryopreservation viability and function. Nevertheless, these perspectives extend
beyond the objectives presented in this chapter. Consequently, we transition to studying
how the aggregation of cells and preformed spheroids are impacted by

cryopreservation.

8.4.2 Obtaining HUVEC spheroids post-cryopreservation
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A better understanding of how spheroids form or respond after cryopreservation
could be immediately applicable to its implementation with TIG techniques. Moreover,
this knowledge can also reveal what processes of cryopreservation are most damaging
towards cell function. Here, we examined cryopreserved spheroids formed over three
days and quantified post-cryopreservation spheroids three days after seeing onto
microwells. These timelines align with previous work in which this time was sufficient to
ensure complete spheroid formation [63] and capturing apoptotic events due to
freeze/thawing of cells [64, 65]. We found HUVECs had more difficulty forming
aggregates from dispersed cells while the cryopreserved spheroids had more metabolic
activity and less apoptosis after seeding. While this result has not been previously
described in the literature, one study from 1999 suggests how cryopreservation alters
the HUVEC cytoskeleton [66], potentially causing similar negative consequences as
observed in MSC, embryonic stem cells, and hepatocytes [27, 67-69].

There was only slight improvement for HUVECs with the addition of the ROCK
inhibitor, Y-27632. According to previous reports, Y-27632 has shown beneficial
outcomes for cryopreserved cells and endothelial cell spheroids formation alone [31-33,
70], but not together. Under both conditions, apoptosis due to inhibition of cell binding
capacity or dissociation can be altered by this inhibitor. Nevertheless, the improved
proliferation with only dissociated cells suggests a potential benefit of adding the
inhibitor compared to cryopreserved spheroids. Because spheroids improve the
relevance of in vitro results and act as building blocks for larger tissues [63; 71],
understanding how cryopreservation affects cell-cell contacts might be crucial for

endothelial-based cell therapies' vasculogenic potential.
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8.4.3 Obtaining MSC spheroids post-cryopreservation contrasts trends with HUVECs
We performed similar experiments as the HUVEC cells with MSCs, which
resulted in a contrasting conclusion. Most pertinent was the apparent damage caused
by cryopreserving MSC spheroids. Not only did the spheroid lose its defined boundary
two days post-thawing, but the metabolic activity was significantly lower than the
dispersed cells despite the similar spheroid size. Notably, cell debris could only be
removed from the microwells with media replacement or autophagy from surrounding
cells. Media replacement was not performed because it removed cells or disrupted
spheroid formation. While the alginate hydrogel capsules could potentially bypass this
issue, here, cells would need to adapt through autophagy or continue down an
apoptosis cascade [71-73]. Regardless, this does not explain the inverse trends in
spheroid formation and metabolic activity. One explanation is that dispersed cells can
better regulate their dehydration during cryopreservation than aggregated or adherent
cells. In accordance with previous reports, MSCs have a high ineffective cell volume,
59% compared to the 30-40% found in other cells, making them sensitized to osmotic
shock [74]. This ineffective cell volume represents an insoluble volume fraction that is
not liquid, and therefore not osmotically active. With this ineffective volume and 3D
structure, the semipermeable membranes become more prone to cryodamage [75].
Furthermore, diffusion of the CPA may be slowed by the semipermeable membranes of
cells, resulting in a further opportunity for osmotic shock or CPA cytotoxicity [76, 77].
Notably, MSCs have been shown to have imperfect osmotic sensing post-thawing [76],

suggesting the cause of the differences between dispersed cells and cryopreserved
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spheroids to be from osmotic damages in addition to cryodamage from ice formation.
Overall, spheroids formed from MSCs exhibited enhanced therapeutic potential and
greater resistance to apoptosis compared to individual cells [36, 78, 79]. Our work
suggests that the optimal pathway for obtaining MSC spheroids is from dispersed cells

placed in aggregation-enabling materials post-thawing.

8.4.4 Comparative analysis of post-cryopreservation outcomes of MSCs and HUVECs
HUVECSs had greater activity post-thawing from cryopreserved spheroids, despite
MSCs being generally more metabolically active. Alternatively, the difficulty of HUVECs
to aggregate likely influenced the reduced metabolic activity and more apoptosis activity
in microwells seeded with previously cryopreserved dispersed cells. Anoikis is the term
describing anchorage-dependent cell death. This process is integrin dependent, such
that integrin clustering promotes cell survival in downstream pathways [80]. While MSCs
were more capable of forming spheroids from dispersed cells, HUVECs likely needed
components of an extracellular matrix to promote aggregation and cell survival. The
deposited ECM of preformed HUVEC spheroids could be the source of integrin
clustering, supporting the improved outcomes from cryopreserved HUVEC spheroids.
Cryopreservation has been shown to disrupt the cytoskeleton in MSCs, potentially
making them distinct from non-cryopreserved MSCs [22], and HUVECSs [66]. Notably,
cell-cell adhesion in endothelial cells is primarily performed by VE-cadherins [81].
However, there is currently no direct evidence of how cryopreservation affects VE-
cadherin expression or performance. Nevertheless, alterations to the actin cytoskeleton

are expected to influence VE-cadherin localization [82, 83]. Moreover, processes
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important for cell-cell and cell-ECM interactions are impacted more with endothelial cells
than MSCs. One study found that while cryoinjury led to a reduced integrin and cadherin
binding capacity, MSCs had a 40% reduction in fibronectin deposition, and human
endothelial cells had an 80% reduction [22]. Consistent with this previous report, the
inability of HUVECS to deposit ECM could be a partial explanation for the outcomes we
observed. Together, the differences in the efficacy of spheroid formation could be

partially explained by different capacities to produce ECM and form cell-cell interactions.

8.4.5 The order-of-operations influence how MSCs and HUVECs perform together
Given the different responses to cryopreservation between MSC and HUVECS,
we then combined both cells post-thawing using the same conditions explored with
each cell independently. Compellingly, single spheroids formed dispersed cells, but the
cryopreserved spheroids remain distinct. The combination of both cells in dispersion
resulted in more effective aggregation compared to HUVECSs alone, but these spheroids
were not as smooth at the boundary as only MSCs. This result suggests a difference in
spheroid packing, which could influence nutrient transport within the spheroid [84].
However, it is unclear how the supporting matrix alters these properties and alters
osmotic transients involved with cryopreservation. The supporting matrix seems
especially relevant for the cryopreserved spheroids that did not aggregate together
despite remaining attached at the same point. Unexpectedly, these spheroids did not
aggregate together, remodeling their ECM and partitioning themselves based on the
differential adhesion hypothesis (DAH) [85, 86], suggesting a potential detrimental

outcome of cryopreservation of spheroids. As previously described, one of the primary
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shortcomings of cryopreservation of spheroids is the inability of the cryoprotectant to
diffuse through thicker samples, resulting in more osmotic stress than in dispersed cells
[87]. While cell-adhesion might reduce anoikis, the outcome could still negatively impact
metabolic activity, EMC remodeling, and cell migration.

When MSCs and HUVECs were cryopreserved together, the detrimental trends
from cryopreserving MSC spheroids dispersed cells or spheroids were also observed.
While this primarily negatively affects metabolic activity, proliferation was enhanced,
and apoptosis was reduced compared to utilizing HUVECs alone. Combining both
MSCs and HUVECSs as spheroids is interesting as it has been shown to accelerate
vascularization in ischemic tissue in vivo [88]. While it is still unclear from this work
which process remains optimal for vascularization, these data could indicate that the
optimal combination is one that we have not tried. Specifically, cryopreserving HUVEC
spheroids with dispersed MSCs. Regardless of the order of operations, immediate
exposure of the cell types to each other did reduce apoptosis activity post-thawing,
suggesting a potential enhancement of therapeutic cells. To facilitate post-thawing
interactions of these cell types, future work could incorporate TIG to encapsulate
HUVEC spheroids and dispersed MSCs. While explored in our concluding chapter, the
permeable alginate capsule could not only promote dilution of cell debris and the CPA,
but the capsule can act as a mini-bioreactor, and transwell inserts to study the paracrine

signaling between cells post-cryopreservation.
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8.5 Conclusion

This chapter described the condition of spheroids either cryopreserved whole or
formed from previously cryopreserved dispersed cells. To our knowledge, this work is
the first to systematically compare the order of cryopreservation to obtain spheroids,
which we performed with both HUVEC and MSCs. Our results described how each
technique could likely dramatically improve post-cryopreservation recovery dependent
on the cell type. Combining both cell types enabled beneficial outcomes observed with
each cell type individually. For example, dispersed MSCs and HUVECSs together
enabled more rapid spheroid formation than with HUVECSs alone. Although we focus on
cell survival, metabolism, spheroid formation, and apoptosis, this work does not address
the function of these cells. The work also does not determine the cause of the different
outcomes for MSCs and HUVECSs. Therefore, future work should address what is the
sources of this cryopreservation; how is integrin and cadherin clustering impacted by
cryopreservation; and if the optimal outcomes for metabolic recovery confer similar
improvements to cell functions. These will be further addressed in the following

concluding chapter.
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CHAPTER 9

Conclusions, challenges, and future directions

9.1 Results and implications

The key themes of the experimental findings in this thesis are the establishment
of alginate gelation protocols that align with the cryopreservation of cells. Several
different hydrogels were developed and characterized for application with cryopreserved
cells and potential therapeutic cargo, such as growth factors. Not only were these
hydrogels being applied within the perspective of cold storage, but these outcomes
appear to be the first of their kind in the field of biomedical engineering. While it will not
be apparent which system works best for any specific application, we hope that the

variety described in this thesis will enable further creativity to flourish in this area.

These studies establish a potential benefit towards developing hydrogels with
tunable release profiles based on the expected electrostatic interactions between
polymers comprising the scaffold and the cargo. Because the process would likely
incorporate at least one polymer to electrostatically interact, there is also a potential
cryoprotective outcome with frozen storage. Specifically, we observed this protection by
the improved efficacy of refrozen VEGF in alginate. Moreover, we could reduce the
diffusive release rate of various test cargos smaller than our hydrogels' calculated mesh
size when the polymer and cargo with opposing net charges were frozen together.
Hydrogels are generally appreciated for their capacity to protect the efficacy of the

loaded cargo [1, 2]. More recently, the logistic cold chain for delivering mRNA vaccines
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for COVID-19 has renewed motivations to improve the stability of therapies. The
stability of these vaccines in a non-frozen state can be as short as five days, whereas
frozen storage can be up to six months [3]. Therefore, the new hydrogel systems
presented in this thesis addresses two aspects of protecting the efficacy of cargo,
frozen storage and encapsulation, while also suggesting additional control over

mechanical properties and release profiles.

Our results also indicate a capacity to encapsulate cells in hydrogels formed
while thawing. These permeable hydrogels had controllable shapes and mechanical
properties that resulted in an instructive material that promoted the formation of cell
aggregates. In the context of cryopreservation, the formation of hydrogels while thawing
could enable better control over the post-cryopreservation viability of cells that previous
methods could only accomplish with serial dilutions [4]. Surprisingly, the addition of
additional salts, specifically CaClz, did not detrimentally harm cell viability post-
cryopreservation. Abstractly, the formation of an alginate hydrogel acts as a dynamic
osmotic buffer, which could prevent damaging osmotic transients [5, 6]. Moreover, the
ability to instruct aggregation in a permeable capsule post-cryopreservation could
significantly reduce the time to prepare functional units for regenerative medicine. The
effective long-term cryopreservation of therapeutic cells is an essential prerequisite for
their sustained supply in basic research and off-the-shelf availability to clinics [7]. The
formation of these permeable capsules is the development of small isolated bioreactors
with many avenues for degradation [8, 9]. Therefore, these capsules provide new

opportunities for cell culture without culturing in 2D tissue culture plastic [10-13], new
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methods for spheroid culture without diffusion-limiting well structures [14], and with

implications for priming cells for hypoxia conditions [15].

Lastly, our results indicate the optimal methods to develop spheroids from cells
that will undergo cryopreservation. While we hoped that the HUVECs would aggregate
together post-cryopreservation in a similar efficiency as the HEK-293 and HEK-293T
cells, this was not our observed outcome. Whether TIG was used to encapsulate the
cells in a capsule or after seeding into microwells, the post-cryopreserved state of
HUVECSs suggested it was better to preform spheroids prior to cryopreservation.
However, we observed an opposite trend with the MSCs, which appeared to be
structurally damaged and less viable when spheroids were cryopreserved. These
results could be a crucial foundation for future research trends that seek to incorporate
cryopreservation into their potential regenerative medicine strategies using spheroids.
Significantly, it is well understood in cryobiology that each cell type requires an
optimized cryopreservation strategy due to unique intrinsic intracellular water content,
metabolic activity, and susceptibility to osmotic stress [4, 16-22]. Nevertheless, most cell
providers and the researchers who use those cells follow standardized concentrations
and protocols for cryopreservation. At a minimum, this work indicates that these cell
types are different, and the influences from these differences can be amplified if the

cells are aggregated into a larger construct.

345



9.2 Challenges

Several significant obstacles remain before the strategies presented here can be
translated to clinical applications. Many of these obstacles are based on the need to
better understand biological interactions involved with freezing and thawing cells and
hydrogel formation. However, addressing these hurdles will be engineering challenges
due to the inevitable trade-off between biological outcomes and the desired therapeutic

outcomes.

The work in chapters 3 — 5 revealed the formation of an alginate hydrogel that
was astonishingly stable, imparting a controllable change in the release profiles of cargo
and was potential cryoprotective for VEGF, or at lease potentiating. However, the exact
nature of these hydrogels remains a mystery. This difficulty is partly due to the
complexity in modeling the movement of thermal energy in the context of liquids and
phase transitions. For example, the change in temperature due to conduction-based
heat transfer creates a fluid flow that impacts heat transfer and the diffusion of
molecules. These aspects of heat, combined with the changes in polymer solubility and
diffusion in an environment that changes its temperature, result in confounding
interactions that influence thawing rate and hydrogel formation. While we abstracted
these interactions to understand better what might be occurring, these outcomes will
likely change based on the size scale of the hydrogels. Specifically, we suspect both
micrometer and centimeter-scale hydrogels to be different from the millimeter scale
hydrogels presented in this thesis. As we expanded the frozen alginate solution to 5 cm,
the time to fully cross-link a hydrogel appeared to increase exponentially, coinciding

with size limitations of diffusion. Nevertheless, the formation of the alginate cryogels
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presented in chapter 5 did not require TIG and could bypass the challenges presented
with that technique. Moving forward, firmly identifying the objectives of the proposed
technology will be essential for selecting the best technique that incorporates cold

storage.

Further challenges exist with the utilization of the alginate hydrogel capsules. The
cryopreservation of cells inevitably leads to some level of cell death. While shifting this
death to apoptosis would be advantageous to avoid inflammatory consequences of
necrosis [23-28], it is unclear what happens to cell debris within the capsule. Our data
suggest that large proteins, like albumin, can pass through the hydrogel shell, but what
happens to organelles and apoptotic vesicles is unclear. Therefore, a permeable
membrane is conceptually an improvement for post-cryopreserved cells over microwell

systems without permeable walls.

Nevertheless, to improve post-cryopreservation outcomes regardless of culture
condition, how cells respond to thawing remains a challenge to be addressed. Another
challenge with these capsules is how the additional calcium will influence post-
cryopreservation cell viability. The role of calcium is an engineering challenge due to the
confounding benefit and harm this ion can have. The benefits could include hydrogel
formation, further prevention of intracellular ice formation, and potentially altering
transcellular calcium voltages to promote reestablishing cytosolic homeostasis [29-34].
However, the supplemental calcium could trigger calcium-sensitive apoptotic pathways,
over dehydration during freezing, osmotic shock, and deviations from pre-determined
cooling rates [4, 35-38]. Despite the success observed with the techniques presented in

this thesis, many factors need to be accounted for in the future. The cells' resilience to
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these processes is not a justification to progress without accounting for these

challenges.

On a technical note, crucial timing and order-of-operation considerations are
required to perform the TIG technique adequately. Although the technique is accessible
to perform and was developed on a shoe-string budget, the process requires a
proficient understanding of cryopreservation and alginate hydrogel cross-linking to be
successful. Specifically, the alginate polymer source significantly alters the polymer's
capacity to form cross-linked hydrogels due to the number of G-blocks on each polymer
[2, 39]. Furthermore, the source of the divalent cation is essential. In contrast to our
success with CaClz, CaCOs and CaSOa cross-link alginate too slowly in relation to the
thawing of the frozen solution [40-42]. If the calcium source is frozen to form an alginate
hydrogel capsule, CaCO3 and CaSOa will not work as described in this thesis. Even
though they could potentially still form a capsule by carefully controlling the thawing
rate, cryopreserved cells must be rapid and decisive thawed to prevent ice from
reforming [4, 43, 44]. Consequently, the aspects of cryopreservation are just as
important. For example, the cryopreserved cells must remain frozen prior to thawing.
We accomplish this with dry ice directly outside the biosafety cabinet, but we still need
to move these cells aseptically. While we succeeded in this preliminary work, reducing
the risk of contamination presents a significant obstacle with the products available in
the marketplace. For example, commercially available cryopreservation vessels that
enable the cryopreservation of samples in molds might not currently exist but could

feasibly be developed.
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9.3 Future directions

The work described within this thesis illustrates the utility of engineered alginate
systems that coincide with cold storage techniques. This work provides a foundation of
several techniques that contrast the more prominent trend in biomedical engineering of
cryopreserving the cells in the encapsulated material scaffold. Expectedly, this
groundwork requires additional research to develop and further motivate cold storage

applications in regenerative medicine techniques.

Most apparent is the application of these techniques to a pre-existing application
of tissue engineering. Specifically, the application of HUVEC spheroids as a model for
angiogenesis could be performed from post-cryopreserved cells using techniques
described in this thesis to determine the influences of freezing cells and the potential
implications it would have on the delivery of endothelial cells for cell therapy
applications. Additionally, given the apparent consequences of cryopreserving MSC
spheroids, future studies should further inquire about the mechanism for this damage
and why it is different for the endothelial cells in our studies. The purpose of
cryopreservation research is not only to keep cells viable; cells need to retain their

desired function.

Furthermore, future work should be dedicated to investigating the influence of
calcium ions on cryopreserved cells. Although cryopreservation negatively impacts the
responsiveness of progenitor endothelial cells to hypoxia conditions, impaired plasma
membrane Ca?* ATPase (PMCA) and dysregulation of cytosolic calcium is paradoxically
cytoprotective by reducing responsiveness to apoptotic signals directly post-

cryopreservation [34]. Unlike conditions where extended calcium ion exposure leads to

349



cell death [10], the influence of calcium ions with post-cryopreserved cells might have a
different outcome. Our work and previous studies suggest that the influences of the
calcium ion are osmotic; however, future work investigating the influences of calcium
signaling post-cryopreservation could discover novel cryoprotective methods or at least
determine how intracellular calcium and metabolic disruption differs with
cryopreservation. Notably, this work could establish for the first time how calcium ion
channels in endothelial cells are influenced by cryopreservation and how this can
impact their efficacy as therapies. Therefore, these future studies would elucidate best

practices for incorporating hydrogels into cryopreservation applications.

On a similar theme, future work could also be directed towards modeling
cryopreservation and encapsulation to enhance our understanding of the phase
transition of polymer, calcium ions, and cryoprotectants in solution. The movement of
thermal energy is dependent on the temperature gradient, consequential convective
flow due to density changes in solution, and the conductivity of the material. Likewise,
the solute diffusion in solution depends on temperature, the concentration gradient, the
permeability of the solution and can be impacted by any osmotic pressure. With the
addition of a phase transition, changes in solubility due to changes in ionic strength with
dilution and temperature changes, and binding kinetics of calcium to alginate also
changing due to changes in concentration and temperature, many complex processes
are interacting within the process of TIG. Adding cells increases the intricacy, as cells
need to be dehydrated and rehydrated throughout the freezing and thawing steps. The
outcomes from altering these parameters are addressed within this thesis, but the

complex interactions remain a significant challenge that should be addressed in future
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research. Understanding this would assuredly also apply to understanding the effects of
cryopreserving spheroids or hydrogel-encapsulated cells, providing the insight required

to determine optimal standard operation procedures for future cell therapies.

Moreover, some chapters motivate future research into specific areas. In chapter
3, we explored how TIG could enhance the electrostatic-based release of various cargo.
Specifically, improving the electrostatic interactions between alginate and chitosan
could improve the oral delivery of hydrogels by enhancing their stability through the
gastric system to deliver cargo to the small intestines. In chapter 4, we described the
formation of what we describe as a homo-IPN. To confirm the potential interpenetrating
polymeric networks, techniques that use confocal microscopy could determine any
localized differences in the hydrated network [45, 46]. In chapter 5, we discovered that
the freezing of alginate with dimethyl sulfoxide led to the formation of an alginate
cryogel. Combining these components to form a hydrogel has been previously
described [47]. However, our results from freezing indicate that a reduced concentration
of dimethyl sulfoxide is required. Additional work should address what happens to the
cryopreserving agent since it stabilizes hydrogen bonding between the alginate
polymers. While we already discussed some potential future directions with chapters 6 —
8, further research into possible two independent gelation events, as described in
Appendix B with alginate and fibrin, could expand the potential application of the

techniques described in this thesis.

Additionally, new internal geometries of the capsules could promote different
outcomes, as is observed with microwell systems [14, 48-51]. We also explored the use

of cell cycle indicators in chapter 7. Given the challenges with assessing spheroids
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without destructive techniques, such as fixing and staining or digesting the spheroid,
this technique shows promise for spheroidal analysis. We could not develop a protocol
for using the FUCCI system with spheroids with the resources at our disposal and time
constraints. Nevertheless, the system is likely to have a higher chance of success as an

informative assay with confocal imaging.

Overall, this thesis generated a foundation for future cryobiology research,
bridging cryopreservation and tissue engineering perspectives to potentially improve the

therapeutic potency and efficacy of future research in regenerative medicine.
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Appendix A

Open-source 3D printed air-jet for generating monodispersed alginate

microhydrogels

The 3D model is available at https://3dprint.nih.gov/discover/3dpx-012141

Introduction

Researchers, funding agencies, and publishers recognize the importance of
reproducibility in scientific publications [1-3]. Several tools, including a growing number
of online repositories: Github, Figshare, and Protocols.io, are being developed to
encourage replicable science [4-6]. Specifically, FOSH encourages participation in
science by reducing supply limitations, fostering new research opportunities, and
facilitating translation of these tools for educational purposes [7]. For example, open-
source tools are currently available on the National Institutes of Health (NIH) website for
cell cultures, microfluidics, drug delivery systems, and clinical safety [8]. The open-
source license benefits researchers and clinicians because building equipment yields a
deeper understanding and allows modifications of designs [9]. One appealing strategy
for creating FOSH is designing for 3D printing because of its potential for rapid
prototyping and customization. The accessibility of 3D printing has translated into
increasing inventiveness within different communities: from amateur hobbyists to

aerospace engineers [9-14]. Furthermore, the reduced cost of 3D printers in the past
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couple of years results in their increasing availability to the public at Makerspaces,
public libraries, and universities [15].

An air-based system to generate microbeads would benefit from a FOSH design
due to the diverse application of these hydrogels for drug and cell delivery,
cryopreservation, and as scaffolds for tissue engineering strategies [16-18]. These
microbead generators commonly employ polymer and crosslinker solutions to form
microscale hydrogel [18-21]. Alginate is a desirable polymer for microbeads in
biomedical science, as it is biocompatible, undergoes rapid gelation under cell-friendly
conditions, and has controllable mesh size [22]. Alginate, a copolymer comprised of
(1,4)-linked B-D-mannuronate (M) and a-L-guluronate (G) residues, crosslinks in the
presence of divalent cations, such as Ca?*, resulting in the formation of a 3D polymeric
network characteristic of hydrogels [23-25]. Alginate microbeads are commonly
generated using droplet microfluidics, coaxial airflow units, two-channel air-jackets, and
electrostatic forces [17, 26-28]. Specifically, our group has previously used alginate
microhydrogels generated by microfluidics to deliver lentivectors, encapsulate stem
cells, and guide the morphogenesis of endothelial progenitor cells [26, 27, 29]. Itis
common to use alginate microhydrogels to encapsulate probiotics [30-32]. The wide
range of applications further motivates the benefit of an available air-jet system to

ensure the reproducibility of the work in different lab environments.

To generate alginate microbeads, we designed a 3D printable air-jet system that
generates microdroplets by focusing an airflow that shears the solution from the needle.
This axisymmetric air-jet is similar to commonly employed air bifurcation or electrostatic

bead generators [17, 28, 33]. The polymer solution is extruded via a needle attached to
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a syringe, forming droplets that fall into a calcium bath and generate hydrogel beads.
Our design objective was to create a device that could be entirely 3D printed and
reliably generate microdroplets. The proposed design permitted modularity and sterility
while having low complexity and manufacturing cost. We hypothesized that controlling
airflow, pump speed, and needle size for the 3D printed air-jet can control alginate
microbeads characteristics similar to other extrusion systems that use airflow.
Specifically, the design needed to generate monodispersed beads, which we defined as
beads with a coefficient of variation of less than 10%. The device was characterized via
a design of experiments (DOE) methodology using a definitive screening design. We
expect this system to be reasonably reproducible between experiments and laboratories
due to well-defined setup parameters in this report than other publications using air-

based droplet generating methods [33-35].

Materials and Methods
Device design and manufacture

The air-jet was designed using Fusion 360® software (Autodesk, Inc) and
prepared for 3D printing using the open-source slicer program, Cura software
(Ultimaker). The device was split into three components: the air-jet, the air intake, and
supports. The intake component of the device was printed with the air inlet parallel to
the plane of the printing bed to prevent the nozzle from fracturing along the printed
layers due to the air tubing. The air-jet was oriented for printing with the exit orifice
normal to the plane of the printing bed, such that the designed geometry does not

require support material and no bridging at the area where the air is compressed around
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the needle. Components were printed on an MP Select Mini V2 (Monoprice, Inc) with
poly (lactic acid) (Hatchbox®) at a layer thickness of 0.0875 mm and a printing speed of
50 mm/s. The extrusion temperature was 190 °C, and the heat bed temperature was 60

°C.

Generation of alginate microbeads

LF 10/60 alginate polymer (~120-150 kDa) with higher G-block content (>60% as
specified by the manufacturer) obtained from Novamatrix (FMC) was used to generate
the microbeads. Alginate solutions were prepared by dissolving alginate polymer in
either deionized water (diH20) or phosphate buffer solution with added magnesium and
calcium (PBS**; Life Technologies), as previously described [36]. The open-source air-
jet and a syringe pump (Braintree Scientific) were run in parallel in a vertical position
above a calcium bath. Syringes (Becton Dickinson) with varying needle sizes
(PrecisionGlide™; Becton Dickinson) were positioned within the syringe pump and air-
jet. The distance from the needle to the calcium bath was constant at 15 cm [37]. The
air-jet was then centered over the needle to generate a uniform airflow across the
needle. The tip of the needle was placed slightly protruding from the outlet of air-jet.
Nitrogen gas was then run through the air-jet before starting the syringe pump to
prevent alginate from getting stuck in the air-jet chamber. After activating the syringe
pump, the direction of droplets was checked using a flat surface. Adjustments were
made in response to poor alignment of the needle through the center of the air-jet to
ensure alginate droplets fell directly downwards. Finally, 5 mL of 200 mM calcium

chloride (CaClz) (Sigma) was used as the calcium bath for all experiments and placed
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underneath the air-jet, in line with the flow of alginate droplets after performing needle
alignment. Alginate microbeads were generated for one minute with this setup before
being analyzed directly from the wells using ImageJ software (NIH). Microbead
diameters, coefficient of variation of diameters, and circularity were analyzed. The
coefficient of variation is the standard deviation normalized to the mean and was used
to quantitatively examine bead uniformity [37, 38]. The circularity was defined below in

the following equation:

Bead Circularity = 4 1 % (—mt

),

Perimeter?

where the value of bead circularity varies between 0 to 1, with 1 being a perfect circle.

Design of Experiments: Definitive Screening Design

A definitive screening design (JMP software) was performed to identify the
factors influential on the microbead characteristics of bead size, coefficient of variation
(CV), and circularity. This screening design permitted the factors of buffer type, needle
diameter, air pressure, alginate concentration, and pump speed to be studied from a
relatively small experiment. Eighteen groups were used for the screening design, with
n=10 per group, representing different combinations of the potential factors influencing
microbead. In contrast, a full factorial design would involve examining 162 groups to

encompass all the values used for this initial analysis.

The effect of polymer solution viscosity was investigated using alginate dissolved
at different concentrations (1, 2, and 3% (w/v)) and in different solvents (PBS** and
diH20). The various needle gauges of 27, 21, and 18 were tested, which have an
internal opening diameter of approximately 0.210, 0.524, and 0.840 mm, respectively.
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Nitrogen gas pressure was adjusted between 200 to 800 kPa using a pressure gauge
attached to a compressed nitrogen gas tank as a method to alter the flow rate of air.
Syringe pump speeds were also varied between 100, 250, and 400 pL/min.

The analysis includes a fit-definitive screening to determine the main effect
estimates effects on the bead diameter, coefficient of variation for bead diameters, and
circularity [39]. The fit-definitive screening report incorporates the following estimates:
main effect, even order, and combined model parameter using the average of n = 10 for
each of the 18 groups determined by the definitive screening design. Briefly, the main
effect estimates list factors that are considered active via a p-value less than the
threshold (p < 0.05); even order effect estimates list second-order effects that are
considered active, and combined model parameter estimates list the factors considered
active in the final model. The Prob>|t| represents the computed p-value using the t Ratio
and the degrees of freedom for error.

Characterization of Microbeads resulting from tunable factors: Nitrogen Gas Pressure

and Pump Speed

Additional experiments were performed to determine how the influence of airflow
rate and pump speed on microbead formation. Nitrogen gas pressures were used from
0 to 800 kPa in 100 kPa increments to vary the rate of airflow, with higher pressures
resulting in more airflow. For O kPa, the air-jet was removed to prevent alginate solution
from getting stuck within the device, and droplets were formed by gravity. The pump
speeds of 10, 50, 100, 150, and 200 pL/min were used with a calcium bath. Both

experimental setups utilized a 27G needle with 2% (w/v) alginate and 100 mM CacCl2
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baths. Bead diameter, diameter coefficient of variation, and circularity were determined

using ImageJ (NIH).

Encapsulation of Bacteria and alginate lyase in alginate microbeads

Green fluorescent protein (GFP) expressing Escherichia coli (E. coli) were loaded into
2% (w/v) alginate solution and dropping into 100 mM CacCl2 solution containing 0.25%
(w/v) chitosan (Sigma). Chitosan was initially dissolved at 4% within 0.066 M glacial
acetic acid (Sigma) before being diluted to the final concentration. Microbeads were
made by passing alginate solution through a 25G needle at 100 pL/min with the air-jet
fed by nitrogen gas at 600kPa. E. coli loaded microbeads were cultures in Lysogeny
broth (LB; VWR). For the generation of Alginate lyase, an enzyme that cleaves
glycosidic bonds in alginate polymers was added at the concentrations of 0, 5, and 50
muU/mL to the alginate polymer solution to make degradable microcapsules [40]. The
alginate solution containing alginate lyase was loaded into a syringe with a 27G needle,
and microbeads were generated with the air-jet as described above. These alginate
microbeads were left to crosslink for 15 minutes, washed in DI water, and approximately
100 microliters of beads were transferred to 12 well plates, topped in 4 mL of EGM-2MV
media (Lonza), and incubated at 37 °C. Microbeads were imaged at 1 hour and 1, 3, 5,
7, 14, and 21 days. The size of the beads was analyzed with ImageJ. The initial
distribution of microbead sizes at 1 hour is reported as a histogram, and the change in

microbead size was reported over 21 days (n = 50).

Statistical analysis
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Comparisons were assessed by Student's unpaired t-tests. Differences between
conditions were considered significant if P < 0.05. All analyses were performed using

GraphPad Prism software (GraphPad Software) and JMP software.

Results

Design of a 3D printed air-jet

The open-source air-jet system was designed from known systems that utilize
the flow of gases to induce shear forces on a liquid for microdroplet generation (Figure
1A). Specifically, we used a flow-focusing design to isolate the airflow chamber from our
polymer solutions. Additionally, this method increases the air pressure due to the air
jacket. The design of the air-jet was optimized for use with a Fused Deposition Modeling
(FDM) 3D printer, including an objective to be printed as one piece without internal
support material (Figure 1B). First, the distance between the internal cylinder that
orients the needle, and the outer wall (teal) was set to 1 mm to increase the air pressure
and prevent fusion between features while printing. The air around this ring (teal) has a
cross-sectional area of approximately 33 mm?2. Second, the airflow chamber expands
outwards to a maximum of 103.9 mm? before being focused to an area of 7.1 mm? at
the air jacket (green). Initial iterations did not have this focusing outlet, being more
similar to a coaxial-flow design and resulted in larger droplets. Third, the needle inlet
(orange) has a cross-sectional area of approximately 1.77 mm?, which is further
reduced with the needle inserted. The small area reduces the backflow of gas and helps
orient the needle to the center of the airflow. Furthermore, including a chamfer needle

inlet (red) permitted smaller needles to be used without decreasing the length of the air-
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jet. The air-jet was directly aligned with the syringe pump in the setup we employed,
using an inverted syringe pump such that the needle pointed downwards (Figure 1C).
Next, the air-jet was raised until the needle was through the air jacket by adjusting the
supports. The air source was attached via tubing that was in-line with the syringe pump.
Alternative setups should include compressed gas and a method to have the polymer

solution reach the edge of the air jacket.

Design of Experiments: Definitive Screening Design

A definitive screening design was performed to identify the factors altering the
microbead characteristics of bead size, coefficient of variation (CV), and circularity. This
screening design included the factors of buffer type, needle diameter, air pressure,
alginate concentration, and pump speed to be studied from a relatively small
experiment. Microbead size, CV, or circularity values were used to calculate potential
first-order or second-order relationships using the JMP software. Representative images
of the beads under similar conditions are shown as well (Figure 2A-E). Analysis from
the DOE software suggests alginate has a non-linear trend with microbead diameter
(Prob > |t|, 0.0107). There was no effect on bead characteristics due to the buffers used
to dissolve the alginate polymer; however, beads formed with alginate dissolved in
diH20 appear more uniformly round compared to alginate dissolved in a phosphate
buffer (Figure 2C). Additionally, needle diameter had no significant effect on bead
diameter; however, images show smaller needle diameters creating smaller beads
(Figure 2C). A faster pump speed of 400 pL/min led to more uniformly round beads that

appear slightly larger than those formed with a pump speed of 250 pL/min (Figure 2D).
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Indeed, pump speed had a significant effect on bead circularity (Prob > |t|, 0.0401).
Although similar trends as increasing alginate concentration were observed with a
decrease in nitrogen gas pressure (Figure 2E), there was only a significant difference
found from with circularity in combination with alginate concentration (Prob > |t|, 0.0071)
and pump speed (Prob > |t|, 0.0455). In summary, alginate concentration and pressure

of nitrogen gas had the largest impact on microbead properties.

Characterization of Microbeads resulting from tunable factors: Nitrogen Gas Pressure

and Pump Speed

Next, airflow and syringe pump speed were investigated as possible methods for
controlling bead size. A 27G (0.21mm) needle made hydrogel beads from 2% (w/v)
alginate. The nitrogen gas flow was adjusted by altering the pressure on the tank
regulator. The resulting change in airflow through the air-jet had a drastic effect on the
bead size (Figure 3A). From the initial addition of airflow using nitrogen gas, the bead
diameter decreased from 789 um to 188 um, suggesting a wide dynamic range of bead
sizes through pressure changes with a statistically significant negative correlation (r = -
0.9060). However, increasing nitrogen gas pressure increased the coefficient of
variation to be above 5% as the gas pressure went above 400kPa (Figure 3B).
Regardless, no nitrogen gas flow creates hydrogel beads with the largest coefficient of
variation, highlighting the difference due to gravity and airflow. The coefficient of
variation in bead diameters has a statistically significant positive correlation (r = 0.8249),
increasing nitrogen gas pressure above 500 kPa, having a CV above 5% (Figure 3B).

An increase in nitrogen gas pressure beyond 500 kPa also led to a decrease in bead
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circularity, with a statistically significant negative correlation (r = -0.7581) (Figure 3C).
Representative images of these beads show these drastic changes in bead diameters
with the addition of nitrogen gas flow through the air-jet and loss of circularity of

hydrogel beads at higher nitrogen gas pressures (Figure 3D).

A
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Compressed
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Figure 1. 3D Printed Air-jet design and setup. Air-assisted generation of
microdroplets typically falls under three categories: cross-flow, coaxial-flow, and coaxial
chambers with flow-focusing (A). The present design shifted to flow-focusing, shown in
an engineering drawing of the internal dimensions (A, left). Cross-sectional model
renderings show how the needle is inserted into the air-jet and how air focuses over the
needle tip due to the air jacket, shearing off microdroplets (A, right). The 3D printed air-
jet can be manipulated into different positions via the adjustable leg supports (C, left) or
through other custom arrangements; however, at minimum in addition to the air-jet, a
beaker of crosslinker, a compressed gas source, a needle, a syringe, and a syringe

pump are required (C, right).
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Figure 2. Representative images of microbeads formed during the Definitive
Screening Design of Experiments. Comparable groups of microbeads generated from
the definitive screening design of experiment groups were imaged and displayed
together to highlight differences due to the condition of each factor. A 27G (0.21 mm)
needle with 200 kPa of nitrogen gas was used to dispense alginate at a rate of 400

pL/min using concentrations of 1 or 3% (w/v) (A). Different buffers were tested with a
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21G (0.534 mm) needle supplied with 2% (w/v) alginate at 250 pL/min with 500 kPa of
nitrogen gas (B). Next, 18G (0.838 mm) and 27G (0.21 mm) needles were tested with
100 pL/min of 3% (w/v) alginate with 200 kPa nitrogen gas pressure (C). Additinally, an
18G (0.838 mm) needle with 200 kPa of nitrogen gas was used to dispense 1% (w/v)
alginate at 250 or 400 pL/min (D). Lastly, an 18G (0.838 mm) needle was used to
dispense 3% (w/v) alginate at 200 and 100 pL/min using 100 kPa or 800kPa of nitrogen

gas pressure, respectively.
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Figure 3. Characterization of air pressure effect on alginate microbeads. Beads
were generated using a 27G needle (0.21 mm) with 2 % (w/v) alginate 10 cm from the
calcium bath. The microbeads were generated with changing nitrogen gas pressure with

a constant syringe pump speed (100 pL/min). Generally, an increase in nitrogen gas
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pressure led to a decrease in the microbead diameters (A) and circularity (C). The
coefficient of variation was calculated from bead diameters (B). The mean is
represented by the central line with the shaded areas denoting the error envelope of the
standard deviation (n = 11) (A). The coefficient of variation of microbead diameters is
the standard deviation normalized to the mean from the samples in panel A. In figure
panel C, each data point represents the circularity of an individual microbead (n=11),
with the mean of each condition represented by the central connecting line.
Representative images of microbeads from air pressures 100-600 kPa are displayed

with red outlined to highlight the resulting change in diameter and uniformity (D).

The speed in which polymer solution is fed through the air-jet using a syringe
pump was also examined to tune the size of hydrogel beads. Alginate microbeads were
created with various pump speeds using a 2% (w/v) alginate polymer solution and 400
kPa nitrogen gas pressure. There was a correlation for bead diameters to increase with
pump speed, r = 0.9814 (Figure 4A). The bead diameter increased by approximately 40
pm per 100 uL/min change in pump speed in the range tested and with the specific
alginate concentration, alginate source, and solvent. Pump speed has no statistically
significant correlation with a coefficient of variation nor circularity (r = -0.3208 and -
0.7689, respectively) (Figure 4B-C). Together, these data demonstrate how the bead
formation is dependent on controllable factors that occur at the air-jet rather than the

composition of the polymer solution.
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Figure 4. Formation of consistently monodispersed microhydrogels under
varying syringe pump speeds. The diameter of microbeads increased with faster
syringe pump speed at a constant nitrogen gas pressure (A). The coefficient of variation
(B) and circularity (C) remains relatively constant, with circularity decreasing with faster
syringe pump speeds. In figure panel A, the mean is represented by the central line with
the shaded areas denoting the error envelope of the standard deviation (n = 16). Figure
panel B represents the coefficient of variation of microbead diameters, calculated with
the standard deviation normalized to the mean. In figure panel C, each data point
represents the circularity of an individual microbead (n = 16), with the mean of each

condition represented by the connecting line.
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Validation of the Open-Source Air-jet System for Encapsulation Strategies

Alginate microbeads generated from the air-jet could be utilized for potential
biomedical applications. Bacteria were successfully encapsulated in alginate
microbeads of varying diameters by changing the nitrogen gas pressure (Figure 5A).
Furthermore, these bacteria were viable and proliferated within the alginate microbeads
(Figure 5B). The air-jet could also generate degradable alginate microbeads. Alginate
microbeads containing various alginate lyase concentrations were initially found to have
similar distributions of bead diameters, with CV < 6% (Figure 5C). Initial differences in
bead diameters for each condition of enzyme concentrations are statistically significant
from each other. However, this difference does not follow a trend with increasing
enzyme concentration. Regardless, the alginate microbeads containing more alginate
lyase were observed to decrease in size over 21 days, with the largest change
occurring within the first few days (Figure 5D). An approximate 27.3% reduction in

microbead diameter was observed with 50 mU/mL of the enzyme.
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Figure 5. Encapsulation of bacteria and alginate degrading enzyme. GFP
expressing E. coli were encapsulated in alginate microbeads through the air-jet with
varying air pressures, 600kPa (A) and 800 kPa (B), and imaged for the change in
fluorescence between 24 hours. In both cases, enhanced distribution of the bacteria is
observed over this timespan. In addition, varying concentrations of alginate lyase were
encapsulated in alginate microbeads utilizing the air-jet system. The diameters of 50
microbeads per alginate lyase concentration suggest these hydrogels are
monodispersed (C). As expected, there was more reduction in microbead diameter due
to enzymatic degradation with larger enzyme concentrations (D). In figure panel D, the
mean is represented by the central line with the shaded areas denoting the error

envelope of the standard deviation (n = 50)
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Discussion

The designed air-jet reliably generated monodispersed microbeads. To our
knowledge, this is the first fully 3D printable air-jet system. This device provides a
distinct improvement to setup reproducibility compared to previously described
alternatives, including focusing air over a syringe at a 90-degree angle or aligning a
needle into the airflow tubing [20, 34, 41, 42]. Notably, the presented device's design is
outlined by its 3D file, resulting in an easier to decipher setup and controls for needle
placement and airflow, permitting reproducibility not available with other custom air-jet
systems [20, 41]. Furthermore, the geometries of internal features take advantage of
FDM 3D printers to generate the air-jet as one piece, benefiting the accessibility and
affordability of the design. In comparison, specific geometries of microfluidics are not
often provided. Without the soft lithography mask design, details of the device can be
lost, creating additional practical challenges to replicating microfluidic devices and
specialized fabrication equipment [43]. Overall, the described air-jet system controls
microbeads characteristics due to defined setup parameters while ensuring

reproducibility.

The DOE allowed us to dramatically reduce the total number of groups to test,
from 162 to 18, where a group represents a specific combination of different conditions.
Specifically, the definitive screening design determined the influences of polymer
concentration, air pressure, needle diameter, and buffer type on microbead formation.
The results suggest that a higher alginate concentration, larger needle diameter, or
lower air pressure leads to larger circular beads. This is consistent with alginate

microbeads formed via other extrusion dripping and air-jet systems [19, 20, 44, 45].
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However, this approach did not accurately describe the dynamic range of bead
diameters and their monodispersity. Regardless, alginate microbead properties can be
controlled through known methods employed by other described extrusion dripping
methods.

Pump speed and air pressure were further interrogated as methods to control
microbead characteristics due to the accessibility to tune these factors with a syringe
pump and pressure regulator. While air pressure could control the size of beads from 2
mm to 200 um, adjusting pump speed changed bead sizes from 350 to 425 um,
suggesting air pressure provides a greater dynamic range of bead sizes. However, both
methods generate beads in the range of 200-800 microns in diameter. Furthermore,
these beads had a coefficient of variation of less than 10%, which is often desired for
encapsulation of cell applications [37]. Although microbeads smaller than 200 microns
can be made with higher air pressures, tear-shaped droplets could form without
sufficient time for the droplet to become round [46]. Other factors that could be adjusted
to improve circularity include the addition of a surfactant to the calcium solution [45].
Overall, the designed open-source system generates microbeads with desirable
characteristics. To further reduce bead size, customization will be required by the user
to reduce the backflow of air.

The encapsulation of bacteria is promising for numerous biomedical applications,
including probiotic delivery, where the bacteria must safely pass-through gastric acid
[16, 30-32, 47]. Furthermore, using the air-jet system with nitrogen gas in a nitrogen-
enriched chamber could generate microbeads for anaerobic bacteria that cannot

tolerate atmospheric oxygen concentrations. The growth of bacteria over 24 hours in the
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hydrogels results in pockets of bacteria. Additionally, the use of enzymes to degrade
alginate has been previously used by our group to control the delivery of endothelial
progenitor cells and adeno-associated vectors [48, 49]. Similarly, degradation of
alginate in probiotic delivery applications could be beneficial to free the bacteria from
the hydrogel. The rapid degradation of microbeads observed here suggests the
microbeads can undergo enzymatic degradation similar to microbeads generated with
microfluidic methods [26]. The air-jet would be less prone to clogging than microfluidics
and does not require washing to remove oil. Washing steps could lead to a loss of
enzyme or expose anaerobic bacteria to oxygen. Furthermore, the air-jet can generate
monodispersed alginate microbeads from a highly viscous polymer solution faster than
oil-emulsion microfluidics [26, 45]. Herein, we demonstrate the utility of this open-source
air-jet system to generate monodispersed microbeads for encapsulation applications.
The open-source air-jet described here provides an advantage in ensuring
reproducibility and reliability by defining and controlling setup parameters. Specifically,
the separation from the needle and the airflow is comparable to other air-jets that shear
droplets off a needle tip [18, 35, 44]; however, the needle is positioned by the
chamfered needle inlet, ensuring central alignment with the airflow. Consequently, the
3D printed air-jet requires consideration of needle size to prevent the backflow of
solution or air. Appropriately, by nature of being 3D printable, a CAD program can be
used to adjust the geometries of the design. We encourage the modification of the air-
jet design presented here to improve the microbeads' reproducibility or make it more

applicable to each lab's specific needs.
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In conclusion, we present an open-source air-jet with simple features printed on a

low-budget 3D printer. The system's modular design allows easy cleaning,

interchangeability to customized setups, and rapid replacement. We have demonstrated

that alginate microbeads can be generated using this open-source air jet system with

reasonable microbead diameters and dispersity. We expect that this device will enable

other research labs and other fields to generate polymer microbeads.
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Appendix B

Dual thaw-induced gelation of fibrin and alginate hydrogels as a core-shell

hydrogel capsule

Introduction

In this brief appendix, we will discuss our preliminary work with applying TIG to
create alginate hydrogel capsules that surround a fibrin gel's precursors while the frozen
solution is thawing from a frozen state. We then specifically use a cellular freezing
solution with these components to encapsulate outgrowth endothelial cells. Three says
post-cryopreservation, we observe cells sprouting within the capsules, suggesting the
fibrin gel was formed and that the previously cryopreserved cells remain viable and
functional.

The application of cryopreserved cells with fibrin is commonly studied in platelet-
rich plasma and cell encapsulation. However, dimethyl sulfoxide (Me2SO) has been
known to hinder fibrin gel formation since the 1970s [1]. With one search on
pubmed.gov, we found only 27 results relating to fibrin and Me2SO, but over 150 results
for fibrin and cryopreservation. Of these studies, those using cryopreservation often still
incorporate dimethyl sulfoxide (Me2S0O), also abbreviated as DMSO, but cells are
encapsulated in the fibrin gels prior to cryopreservation [2, 3]. While this bypasses the
cryopreservation agent's potential hindrance, the cryopreservation of encapsulated cells
is known to damage the polymeric structure and potentially reduce cell viability if the

sample size is not adequately accounted for [3-6]. As an alternative, we hypothesized
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that the formation of hydrogel material during the phase transition of frozen-
cryopreserved cells to a liquid solution would encapsulate viable endothelial cells and
promote their sprouting. Mainly, this will be using TIG as previously described to form
alginate hydrogel capsules. However, in addition to a freezing solution containing
calcium chloride to form the alginate capsule, the solution will also contain precursors
for a fibrin gel, fibrinogen and thrombin. Given the relative size of these molecules with
respect to the gelation time and release profiles described in chapter 3, we
hypothesized that a fibrin gel should form within the first half-hour post-thawing, creating
an alginate hydrogel shell encapsulating a fibrin core. To determine the sprouting
behavior of post-cryopreserved endothelial cells, we used outgrowth endothelial cells
that expressed green fluorescence protein. If the cells were viable to produce that

protein, we suspected this choice to enable facile observation of sprouting behavior.

Select materials and methods
Outgrowth endothelial cell (OEC) culture
e EGM-2MV medium (Lonza) supplemented 5% FBS, ascorbic acid, hydrocortisone,
GA-1000 antibiotic, hEGF, VEGF, hFGF-beta, and IGF-1 as supplied by the vendor
e Detach cells with 0.05% trypsin
e P8 cells were used for this experiment
Alginate solution for TIG thawing bath
e A 1% sterile charcoal filtered alginate solution prepared in phosphate buffer
solution (PBS) was created as previously described in chapter 6.
e A PBS washing bath was also prepared to rinse hydrogels after alginate gelation

via TIG.
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OEC freezing solution for alginate and fibrin gelation

10% (v/iv) Me2SO, 80% (v/v) FBS, 100 mM CaClz, and EMB-2 media were used
as a control freezing solution without a fibrin gel. FBS and Me2SO concentrations
were selected based on previous lab members' protocols (Pricilla Williams and
Kevin Campbell). The use of 10% (v/v) Me2S0O is a common concentration for slow
freezing techniques with these cells [7].

10% (v/v) Me2SO, 100 mM CacCly, fibrin gel precursors, and EMB-2 media were
used as the fibrin-forming freezing solution. The fibrin-forming reagents were
fibrinogen and thrombin. Fibrinogen solution was prepared in a saline solution by
first adding 0.9 g of NaCl to 100 mL of diH20. This solution was used to make a
final concentration in the freezing solution of 1.5 mg/mL. Before adding to the
freezing solution, the concentrated stock solution was sterile filtered with a 0.22
pum syringe filter. These solutions were prepared fresh and stored at 4 °C until
ready to use. Thrombin solutions were prepared at 25 U/mL in PBS. These were
added to the freezing solution to obtain a final concentration of 2.5 U/mL. For
mechanical and physical measurements, samples did not contain cells or thrombin

to determine how those components affected hydrogel formation.

Cryopreservation

The cryopreservation vessel was precooled in a 4 °C refrigerator along with the
cryopreservation solution.
100k cells were cryopreserved per 100 pL frozen volumes in rubber molds

described in chapter 6.
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e For thawing, cells solutions were submerged in the alginate thawing bath for 2
minutes. Next, the samples were scooped into the washing bath for 5 minutes
before moving to tissue culture wells filled with EMB-2. All solutions were pre-

warmed to 37 °C.

Results and discussion

Here, we present the next step to the TIG process: forming a fibrin core within
alginate hydrogel capsules. The alginate hydrogels form rapidly during thawing; the
fibrin hydrogels take significantly longer, about 30 minutes. Consequently, we believed
that the alginate hydrogel could sufficiently encapsulate the fibrin precursors long
enough to form a fibrin gel. While the fibrin gel formation was not visible, mechanical
testing compared to a capsule without fibrin precursors suggested the capsules became
stiffer with fibrinogen and thrombin (Figure 1). Because fibrinogen is the polymeric
component of the fibrin gel, this data indicates that the additional strength is likely due to
the formation of a fibrin gel. An interesting interaction that is possible with this process is
the three calcium-binding sites on fibrinogen and can improve the stiffness of fibrin gels
[8-11]. Specifically, it has been suggested that calcium ions alter gelation kinetics by
affecting the fibrinopeptide release rate from thrombin. However, Me2SO has been
shown to inhibit fibrin gel formation: a linear dependence between fibrin coating rate and
DMSO percentage was found, where 10% Me2SO led to a 50% reduction in gelling [1].
This study concluded that DMSO influenced thrombin's ability to break fibrinogen to
fibrin. 1t is possible that immediate dilution of Me2SO to the surrounding medium can
allow for further gelling of fibrin despite this known influence of Me2SO and could even

have protective effects on the individual components during cryopreservation. Notably,
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thrombin was not inhibited itself, but the binding of Me2SO to fibrinogen was suggested
to be inhibiting. Although there has been no characterization of the combined effects of
Me2SO and calcium ions on fibrin formation, both additives' role on fibrinogen binding

sites suggests the divalent cation might prevent the hindering effects of Me2SO.
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Figure 1. Storage moduli results support the formation of a fibrin hydrogel within
the alginate capsules. The addition of fibrinogen alone does appear to increase the
storage moduli slightly from the freezing solutions without any precursors; however, the
addition of thrombin also led to a significant increase in the capsule stiffness. Bar
graphs represent the mean and SD from n = 3 samples. Measurements were
normalized to the average measurement from an alginate hydrogel capsule without any

precursors (n = 3).

We next wanted to determine if the formation of the fibrin gel and the addition of
cryopreserved cells had a significant impact on the formation of alginate hydrogel
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capsules. Overall, it appears that the addition of additional components did reduce the
shell thickness. While there does appear to be a downward trend with capsules
containing fibrin gels, the decrease was not statistically significant after a one-way
ANOVA followed by a Tukey's multiple comparison test (p > 0.05) (Figure 2). This is a
similar observation we had in chapter 6, where an increasing concentration of FBS to

the freezing solution resulted in a reduction in the capsule's shell thickness.
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Figure 2. There was no significant change in alginate hydrogel shell thickness
due to fibrin precursors and fibrin formation or cells. Phase-contrast images
measured shell thickness. There is potentially a decreasing trend in alginate hydrogel
gelation with more additives to the freezing solution. Bar graphs represent the mean
and SD of each condition. Individual sample measurements are also shown as symbols

(n=4-6).
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One day after thawing the cryopreserved OECs via TIG, sprouting behavior was
observed. While the majority of cells appear to retain their rounded shape, small
clusters of cells exhibited sprouts, branching out multiple times within the capsules
(Figure 3). While we believe this to be a positive indicator for fibrin formation, there is
also a possibility of fibrinogen molecules becoming interlocked with the alginate
hydrogel on the inner surface of the capsules. Indeed, the cells primarily appeared at
the bottom of the capsules. While this could have multiple causes, the two more
probable causes are that fibrin gelation took significantly more time than OECs to fall to
the bottom of the capsule, or the fibrin gel did not form. To further determine the cause,
capsules could be placed in a rotator, spins the capsules, preventing OECs from
settling. Beneficially, this process would induce shear forces that the OECs are not

exposed to because of the alginate capsules.
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Figure 3. OECs begin sprouting one day post-thawing within the alginate

hydrogel capsules formed by TIG. These images suggest the formation of a fibrin gel

that enables cell sprouting of recently thawed OEC. This work suggest that the fibrin gel
does form, and the post-cryopreserved cells are functional. Representative images were
taken on an inverted fluorescence microscope (Zeiss) and composite images of

brightfield, and green fluorescence were prepared in ImageJ (NIH).

Conclusion

This work suggests the formation of a fibrin gel after TIG of an alginate hydrogel
capsule. This process was able to support the post-thaw encapsulation of OECs that
sprouted within the capsules. Notably, because of the dynamic nature of the
cytoskeleton and no apparent need to prevent fibrinolysis, aprotinin was not added to
the freezing solution. If necessary, we believe this protein could be added to the cell
culture post-cryopreservation. Not only could this protein denature or loss efficacy due
to being frozen, but there is limited evidence of how aprotinin will impact previously

cryopreserved cells. Only two studies have explored the use of this protein with
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cryopreservation: one of the studies added aprotinin as a supplement to previously

cryopreserved blood products with some potential benefit [12], and the second study

was for cold, not frozen, storage of organs in Euro-Collins and University of Wisconsin

solutions, where aprotinin decreased organ injury [13]. Future work into this technique

should address the interplay between Me2SO and calcium ions on fibrin gel formation,

the role of aprotinin, and any cryoprotective potential the fibrinogen polymer in the

freezing solution might have on cryopreserved cells.
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