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Abstract

There is a need for understanding and recreating salivary gland stromal and epithelial
cell interactions to enable simulation of the process of branching morphogenesis to create
gland structure and induce polarization of salivary epithelial cells to enable gland function.
Previously our lab designed a method to create biocompatible “off-the-shelf” alginate hydrogel
microtubes to mimic the microenvironment of salivary gland cells. Alginate hydrogels provide a
useful option for a 3D scaffold due to their biocompatibility and proven use for 3D cell culture
and tissue engineering. However, alginate hydrogels, in particular, those crosslinked by Ca%* are
not especially stable in the presence of phosphate, which exists in cell culture media and is
required for cell growth. To address the instability of alginate hydrogels due to
degradation/disassociation in the presence of phosphate, CaCl, is needed to supplement the

cell culture medium.

This need leads to our current focus on addressing the following two questions: i) What
is the optimal minimal concentration of CaCl; to stabilize alginate hydrogel microtubes; and ii)
What is the maximal CaCl, concentration that allows cells to continue to grow once released
from these microtubes? In this study, CaCl, was supplemented at various concentrations
between 0 mM and 50 mM (i.e., 0, 1, 2, 3.125, 6.25, 12.5, 25, and 50 mM) to determine the
lowest effective concentration to stabilize alginate hydrogel microtubes while supporting cell
growth and organization. The purpose of this project is to focus on the effect of CaCl, on
alginate hydrogel microtube porosity and stability, as well as its effect on cell growth and
regrowth after release from alginate hydrogel microtubes. We used mouse NIH 3T3 fibroblasts

as model stromal cells and salivary gland epithelial SCA-9 cells as model epithelial cells to



evaluate the effects of CaCl, concentration in monoculture and also in co-culture of these cells
in alginate hydrogel microtubes. By determining the optimal CaCl, concentration, we were able
to maintain the structural integrity of our alginate hydrogel microtubes while allowing stromal
and epithelial cells to grow, interact, and organize into cell clusters. This work lays a foundation

for future organoid culture in alginate hydrogels for the salivary gland and beyond.



CHAPTER 1. INTRODUCTION
1.1. Background and Significance
1.1.1 3D Cell Culture to Better Mimic Cellular Microenvironment

The cellular microenvironment, which consists of extracellular matrix (ECM), soluble
factors, and neighboring cells, plays a pivotal role in influencing cell development, organization,
proliferation, differentiation and organoid formation (Watt and Hogan, 2000; Discher et al.,
2005; Tortorella et al., 2022). To study cells in an environment that resembles their natural
microenvironment as closely as possible, 3D cell culture techniques offer the best opportunities
to study the ECM and cellular constituents of tissues, recapitulate tissue physiology and
engineer functional tissues or diseased tissue models (Alsberg et al., 2002; Griffith and Swartz 2006;
Hofer and Lutolf et al., 2021). Using 3D cell culture permits the study of cell behavior in vitro by
mimicking the cellular microenvironment and helps to predict how the cells would behave in
vivo. 3D cell culture also helps us better understand cell biology and predict clinical outcomes
when compared with conventional 2D culture (Bao et al., 2018). Many of the functions of the
native microenvironment, such as cell organization, cell-cell interactions, stem cell fate
decision, mechanical integrity and nutrient utilization are facilitated by biomimetic ECM (Lutolf

and Hubbell, 2005; Lutolf et al., 2009; Green and Elisseeff et al., 2016; Gao et al., 2022).

Cell culture has been widely used in biological studies, biomedical research, tissue
engineering, regenerative medicine, and industrial use. Despite a long tradition of 2D culture,
recent research has emphasized the use of 3D culture. In comparison to 2D culture, 3D culture
enables cells to form structures (e.g., cellular clusters, aggregates, spheres, organoids), allowing

for increased cell-to-cell contact and enhanced 3D cell-cell interaction (Fontoura et al.,2020).



3D structures are important for numerous reasons, including allowing cells to form unique
aggregate structures and mimicking the cells in natural microenvironment more closely than
conventional 2D culture. Cells react to chemical and biological signals as well as physical cues
from their surrounding microenvironment, which imparts our ability to study cells outside of
their natural environment. Therefore, 3D culture allows observations of cell-cell interactions
and cell behaviors and predictions of what occurs in vivo to enable our ability to engineer

tissues for regenerative therapies.

1.1.2 Natural Hydrogels for 3D Cell Culture and Tissue Engineering

Engineering a biomaterial-derived microenvironment is one of the strategies for 3D cell
culture and tissue engineering. A biomaterial is a material that is designed to interact with
biological systems such as cells, microbes, or tissues. Biomaterials can be used to control,
adjust, or act on the various parts of a living system, for example, to promote wound healing or
repair tissue damage. Biomaterials can be designed to mimic the ECM in the cellular
microenvironment that surround cells in the tissue and to provide mechanical support and
space for cell growth to form a new tissue (Lutolf and Hubbell, 2005). The use of biomaterials is
spreading not only for therapeutic purposes but also for studying cellular processes and
interactions between cells and materials in vitro since they provide control over relevant
mechanical and chemical properties (Augst et al., 2006). Natural materials are gaining
popularity due to their inherent biocompatibility (Lee and Mooney, 2012). The biocompatibility
of biomaterials is crucial to use in a number of fields, including 3D cell culture and tissue

engineering.



For 3D culture and tissue engineering, biomaterials are designed to match the bulk
mechanical and structural requirements of the target tissue and to enable cell-ECM interactions
at the molecular scale and promotes 3D cell growth and tissue regeneration (Place et al., 2009).
Many biological interactions are difficult to study in vitro as they rely on surrounding ECM and
physical interactions between the matrix and cells. Tissue engineering is a growing field with a
demand for ideal biomaterials and corresponding structures to meet the needs of modeling
human disorders for drug development as well as needs for human testing (Langer and Vacanti,
1993; Griffith and Naughton, 2002; Langer and Vacanti, 2016; Shafiee and Atala, 2017; Khalil et

al., 2020).

In the context of biomaterials, a hydrogel is a colloidal gel in which water is the
dispersion medium of the polymers. These hydrogel-forming polymers in biomedicine allow for
mimicking the surrounding microenvironment of living cells and can be used in cell
transplantation, tissue engineering, organ manufacturing, drug release, and pathology analysis
(Jiao et al., 2022). Hydrogel can behave like the natural ECM in that they are highly hydrated 3D
networks that provide a place for cells to adhere, proliferate, and differentiate (Lee and

Mooney, 2001).

Hydrogels have been used in many tissue engineering applications as scaffolds to
support cell attachments and provide microenvironmental cues for 3D cell culture for use in
tissue regeneration, proliferation, differentiation, and function (Annabi et al., 2014).
Additionally, the mechanical properties of hydrogel scaffolds can be altered by incorporating
growth factors (Chu et al., 2016). Scaffolding materials are critical in guiding cell adhesion,

growth, and formation of new tissues in 3D (Kuo and Ma, 2001). A hydrogel's mechanical



properties can affect both the stability of the material and the behavior of interacting cells,
such as spreading, migration, and differentiation; for example, cells can sense mechanical
signals through mechanosensing and transduce mechanical signals into biochemical responses

(Li et al., 2018).

Natural hydrogels are the most obvious choice for scaffolds as they are naturally
occurring and frequently biocompatible. Polysaccharide hydrogels are among the most
explored and developed as biomaterials due to their abundance, structural diversity and
functionality (Stokke, 2019). Polysaccharide hydrogels, such as alginate, chitosan, cellulose, and
hyaluronic acid are derived from a wide range of natural sources, are generally biocompatible,
and can be biodegraded enzymatically or through chemical hydrolysis, and can be further

engineered to mimic the properties of biological tissues (Teng et al., 2021).

Hydrogels, such as alginate hydrogels that can be formed by mild gelling reactions with
divalent cations (e.g., calcium ions), have been frequently used as biomimetic ECM for vascular
and neural scaffolds (Raus et al., 2021) and widely used for 3D culture of homogeneous and
heterogeneous mixtures of cells (Xie et al., 2022) . These alginate hydrogels are widely
available, biocompatible and easily manipulated to create unique structures (Jiao et al., 2022).
Hydrogels made from alginate can be prepared by various crosslinking methods, and their
resemblance to glycosaminoglycan component of ECM of living cells makes them ideal for use
in 3D cell culture, tissue engineering, drug and protein delivery as well as cell transplantation

(Lee and Mooney, 2012).



1.1.3 Alginate Hydrogels as a Platform for Biomedical Research

Alginate hydrogels are used widely in the biomedical field and have garnered attention
for their use as biomimetic ECM and in cell encapsulation for many reasons. These reasons
include abundance, biocompatibility, permeability, and a rapid gelation process under mild
conditions in the presence of cells (Namgung et al., 2021). Alginate is also inexpensive, non-
toxic and compatible with cell survival, making it the perfect scaffolding material for cell
encapsulation and 3D cell culture (Hunt et al., 2010). All of the above properties make alginate
an ideal candidate for continued research with various cell types on 3D platforms that can

advance the tissue engineering field and biomedical research.

Alginate generally refers to alginic acid and it salt (mostly sodium alginate). Alginic acid
is insoluble, but sodium alginate is water soluble. Therefore, alginic acid is usually dissolved in
sodium solution, such as 0.9% sodium chloride (physiological saline), for cell culture and
biomedical application. Once encountering Ca?*, sodium alginate solutions under mild

conditions, forming alginate hydrogel.

Alginate is a naturally anionic polysaccharide, which is derived from brown algae's cell
wall and intercellular mucilage. There are two monomeric units in the alginate polymer: (1,4)-
linked B-D-mannuronate (M) residues and a-L-guluronate (G) residues (Aderibigbe and Buyana,
2018). Alginate molecules tend to have three zones, namely the "M zone" (rich in mannuronic
acid), "G zone" (rich in guluronic acid), and "MG zone" (rich in both types of uronic acids) (Jiao
et al., 2022). The alginate polymer may contain regions consisting exclusively of one type of
monomer (M-blocks or G-blocks) or an alternating sequence of M and G residues (MG-blocks)

(Ching et al.,2017). Ca?* can readily bind to the "G-zone", leading to chemically crosslinking



alginates into a 3D network (Jiao et al., 2022). The gel is formed due to the affinity of alginate
molecules to divalent cation ions (such as calcium ions), which cooperatively bind between G-
blocks of alginate molecules, resulting in reversible ionic crosslinking described via the “egg-
box” model (Sergeeva et al., 2019). This simple “egg-box” model is true for initial association
and certain conditions (such as low fractional Ca?* saturation and low G content) (Grant et al.,
1973). Other models include co-existing lateral associate modes with increasing the fractional
Ca?* saturation of guluronic acid (Stokke et al., 2020) and two-component broken rod-like

modes for competitive ligand exchange of chelated Ca%* gelation (Yamamoto et al., 2019).

Alginate hydrogel’s structures are very diverse, ranging from spherical structures,
tubular structures, and scaffolding matrix structures (Xie et al., 2022). These alginate hydrogels
can serve as functional substrates for cell-ECM and cell-cell interactions, providing an excellent

platform for studying cell-microenvironment interactions.

The ultimate goal in tissue engineering is to allow patients suffering from loss or organ
failure to obtain man-made tissue and organ replacements. In the field of tissue engineering,
alginate hydrogels are promising as a scaffold for cell transplantation and the growth of the
corresponding tissue or organ. Alginate hydrogels are used to deliver cells to the desired site in
this approach. Their function is to provide a space for new tissue formation and to control the
structure and function of engineered tissue. Their unique properties have the potential for an
off-the-shelf solution for organ replacements since they have the potential to encapsulate the
specific type of cells, provide appropriate ECM-mimics for the cell to form the desired tissue,

and be degraded enzymatically without producing toxic waste products.



Alginate has many uses in the biomedical field for a variety of reasons which have been
extensively studied, including wound healing, drug delivery, and tissue engineering applications
(Lee and Mooney, 2012; Grijalvo et al., 2019; Xie et al., 2022; Zdiri et al., 2022). Since it is a
naturally occurring anionic polymer and can be obtained from brown seaweed, it is naturally
biocompatible and presents low toxicity when incorporated for biomedical purposes. Additional
benefits of the use of alginate include relatively low cost and mild gelation by the addition of

divalent cations such as Ca%* (Wee and Gombotz, 1998).

The development of in vitro 3D models reconstituting in vivo physiology is essential for
better understanding cell biology and predicting clinical outcomes and for designing
appropriate therapeutic strategies (Namgung et al., 2021). 3D cell culture is important to
accurately study cells under condition that closely resemble their natural environment. By
mimicking the 3D ECM in vitro, we can better study the behavior of cells and learn how they
might act in vivo (Tibbitt, Mark W., and Kristi S. Anseth.,2009). Some of the current cutting-edge
techniques include utilizing alginate microtubes, microbeads or microcapsules (Zhang et
al.,2009), microfibers (McNamara et al.,2017), core-shell microfibers or microtubes (Jorgensen
et al. 2022), as well as other constructs (e.g., alginate electrospun nanofibers (Xue et al.,2019),
porous cryoelectrospun scaffolds (Ramesh et al., 2022), cryogels (Razavi et al., 2019) and porous

matrices (Lawrence and Madihally,2008).

1.1.4 Merit of Alginate Hydrogel Microtubes for 3D Cell Culture and Tissue Engineering

Within the field of alginate hydrogels, alginate hydrogel microtubes are especially useful
and interesting as a vehicle to promote high density cell growth (e.g., 2108 cells/mL) and mass

production of cell aggregates or organoids with uniform size. Alginate hydrogel in the form of a



microtubes have advantages over other structures such as spherical or bulk hydrogel structures
due to easier handling, retrievable cell delivery, as well as improved 3D cell culture and tissue
engineering applications. Alginate hydrogel microtubes with thin walls (< 200 um) are best for
these purposes and promote cell growth by facilitating the transport of oxygen and nutrients to
cells from their surrounding environment. The creation of one long alginate hydrogel microfiber
or microtube is ideal as it will allow for handling and retrievability compared with individual
microcapsules or microbeads.

Alginate microtubes created from microfluidic blending of alginate and hyaluronic acid
have been shown to consistently support long-term cell culture, producing a variety of cells in
large quantity with high viability, high expansion rate and high yield. This long term culture has
been demonstrated in a multitude of cell types, including human pluripotent stem cells (hPSCs),
iPSC-derived cells, therapeutic T cells, and tumor-initiating cells (Li et al., 2018a; Li et al., 2018b;
Lin et al., 2018a; Lin et al., 2018b; Lin et al., 2019). Alginate microtubes have shown additional
benefits by their ability to facilitate cell differentiation, co-culture, or tissue reconstruction (Xie
et al., 2022). The therapeutic potential of alginate hydrogel microtubes has been demonstrated
by delivery of cells or implantation of hepatic fibers secreting albumin at a therapeutic level in
rats (Nagata et al., 2020), islet-fibers normalizing blood glucose in diabetic mice (Onoe et al.,
2013; Jun et al., 2013), MSC-fibers undergoing endothelization in mice (Liu et al., 2017) and
osteogenesis in rats (Song et al., 2017), and hiPSC-derived neural ribbons exhibiting
neuroprotection in rats even at the delivery dose as low as ~5,000 cells in 3-4 mm microfibers

(Olmsted et al., 2020).
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1.1.5 Needs of Salivary Gland Tissue Engineering Approach to Address Xerostomia and
Hyposalivation

The development of functional salivary gland tissue is necessary to address both
xerostomia (dry mouth), which is a common clinical symptom associated with low saliva output
and hyposalivation (Jorgensen et al., 2022). There are various causes of xerostomia, including
Sjogren’s syndrome, autoimmune diseases, radiation therapy for head and neck cancer,
diabetes, aging, and prescription drugs (Ogawa and Tsuji,2015). Patients with Xerostomia can
experience various clinical problems in oral health, including dry mouth, tooth loss, dental
infections, and impaired chewing and swallowing function, which cause a general reduction in
quality of life (Atkinson et al., 2005). The current treatments for xerostomia include
prescriptions for artificial saliva, moisturizers, and medications that induce salivation.
Unfortunately, these treatments provide temporary relief of the symptoms and limited results,
which cannot restore functions of salivary glands (Kagami et al., 2008). In the absence of
effective treatments, there is a clinical need for a permanent solution that could be achieved
using tissue engineering strategies to replace or enhance damaged or diseased salivary gland

functions.

1.1.6 3D Culture to Recapitulate Structure and Function of Salivary Glands

There is great interest in examining salivary dysfunction, whether it is a symptom of a
disease or a side effect of treatment (Humphrey and Williamson, 2001). The end goal of this
research is to provide a platform for growing salivary glands as a treatment option for diseases

impacting salivary glands such as xerostomia, which was previously described. In order to
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design an appropriate platform for this growth, it is important to understand the structure and
growth of the salivary gland in addition to its natural surrounding environment. From a top-
level view, salivary glands consist of three major pairs, the parotid, submandibular, and
sublingual. Salivary flow is primarily accomplished by the parotid and submandibular glands.
While these glands are responsible for over 90% of the salivary flow, several minor salivary
glands located in the oral cavity and pharynx are responsible for contributing less than 10% of
this flow. The secretory unit of the salivary gland is constructed of acinar cells, myoepithelial
cells, intercalated duct, striated duct and excretory duct. The acini are responsible for secreting
serous (protein) and mucous (mucin) constituents of saliva. The parotid gland is a purely
serous-secreting gland, whereas the submandibular is predominantly serous with 10% of the
acinar cells producing mucous secretions (Bhide et al., 2009). Zooming into the cellular level,
salivary gland cells are divided into two major types: epithelial and stromal cells. Salivary gland
epithelial cells include acinar epithelial cells, which are secretory, secrete saliva and 85%
proteins found in saliva, and ductal epithelial cells, which absorb NaCl and secrete 15% of the
proteins found in saliva (Perez et al., 2010). Stromal cells interact with epithelial cells directly to

support cellular organization and secretory function of salivary gland (Piraino et al., 2021).

3D cell culture and tissue engineering strategies have been used to recapitulate the
structure and function of salivary gland tissues, including Matrigel (Maria et al. 2011; Hosseini et
al., 2018; Koslow et al., 2019) and electrospun nanofiber scaffolds (e.g., poly (lactic co glycolic
acid) (PLGA), elastin-PLGA, PLGA/poly (glycerol sebacate) (PLGA/PGS)) (Jean-Gilles et al., 2010;
Sequeira et al., 2012; Cantara et al., 2012; Soscia et al., 2013; Peters et al., 2014; Foraida et al.,

2017a; Foraida et al., 2017b; Sfakis et al., 2018). These cell culture systems provide valuable

12



platforms for studying salivary gland cell morphogenesis and function. However, Matrigel is
derived from mouse tumor tissue, which limited its future applications in vivo, and most of
these electrospun nanofiber scaffolds have mechanical properties that do not match those of
soft tissue. To better mimic the biomechanical properties of soft tissue, alginate-elastin
cryoelectrospun scaffolds and alginate hydrogel microtubes have recently been used for

salivary gland cell culture (Ramesh et al., 2022; Jorgensen et al., 2022).

1.1.7 Challenges for Improving Alginate Hydrogel Stability

Alginate provides a useful option for developing 3D scaffold due to its biocompatibility
and proven use for 3D cell culture and tissue engineering (Afewerki et al., 2019). However,
alginate is not especially stable in the presence of phosphate that exists in cell culture media
and required for cell growth. Our alginate hydrogel microtube fabrication method consists of
combining 6% sodium alginate with 100 mM CaCl,. This solution was used to fabricate sterile
alginate hydrogel microtubes by flowing the solution through a needle-in-needle device.
Alginate hydrogel microtubes were removed from 100 mM CaCl; solution prior to cell injection
to these microtubes. These alginate hydrogel microtubes tended to disassociate in cell culture

media during 7-14 days of cell culture (Shao et al., 2020).

To address the instability of alginate hydrogel during degradation/disassociation in the
presence of phosphate, CaCl, was added to the cell culture medium. Previous work
demonstrated that using 25 mM CacCl; could stabilize alginate hydrogel microtubes and
scaffolds in culture for 7-14 days (Jorgensen et al., 2022; Ramesh et al., 2022). This leads to our

current focus on answering the following two questions: i) What is the optimal minimal

13



concentration of CaCl; to stabilize alginate hydrogel microtubes? ii) What is the maximal CaCl
concentration that allows cells to continue to grow once released from the microtubes. Our
trials consist of supplementing various concentrations of CaCl,, from 1 mM to 50 mM, to find
the lowest effective and optimal concentration to stabilize alginate hydrogels in cell culture

media while allow cells to grow.

To address these questions, this project focuses on the effect of CaCl; on alginate
microtube porosity and stability, as well as its effect on cell growth. We used mouse NIH 3T3
fibroblasts as model stromal cells and salivary gland epithelial SCA-9 cells as model epithelial
cells to evaluate the effect of CaCl, concentration on monoculture and co-culture.
Determination of the optimal CaCl, concentration will allow our alginate microtubes to

maintain their structural integrity as cells grow within them.

1.2 Objectives and Expected Outcomes:

The use of a 3D scaffold can promote the directed growth and organization of stromal
cells and salivary gland epithelial cells into functional organoids. The most common properties
that are used in describing the characteristics and fabrications of hydrogel-based scaffolds are
mechanical properties, swelling rate, pore size, porosity, nutrient exchange (e.g., glucose)
ability, and biodegradability (Li et al., 2018). Alginate hydrogels with adequate properties could
serve as a desirable 3D scaffold for the growth of salivary gland cells. Over the first 7 days of
encapsulation, alginate-based hydrogels tend to lose their integrity due to dissociation of the
divalent cation, Ca®*. Although at an early stage, encapsulated cells might influence the
mechanical properties of the alginate hydrogel compared to that without cells, over a longer
period of culture, the hydrogel could retain sufficient mechanical integrity to exhibit gel-like

14



properties (Hunt et al., 2010). In the presence of supplemental CaCl,, hydrogel microtubes are
more stable and prevented the escape of salivary gland cells from the hydrogel microtubes.
However, salivary gland cells might be sensitive to CaCl,. Our aim is to determine the optimal
CaCl; concentration to be added to the cell culture medium to prevent hydrogel
disintegration/degradation. We studied the effects of CaCl, concentrations (1-50 mM) on
alginate scaffold properties, cell viability and cell cluster formation, as well as scaffold stability
in 3D cell culture. We also determined whether cells can proliferate and re-grow after being
cultured in alginate hydrogel microtubes for 7 days and then released from the microtubes.

Specifically, | have accomplished the following two Objectives.

Objective 1: Evaluate the effect of CaCl, on physical properties of alginate hydrogel
microtubes, as well as effects on stromal and salivary gland epithelial cell growth in these
microtubes.

Objective 1a: Evaluate effects of CaCl, concentration on the connective porosity and water
retention of alginate hydrogel microtubes.

The concentration of CaCl; affects the porous structure, water retention and swelling
characteristics of alginate hydrogel, and therefore, viability and growth of salivary gland cells.
Connective porosity and water retention was measured using our established methods. The
morphology of alginate hydrogel microtubes were examined under scanning electron

microscopy (SEM).

Objective 1b: Evaluate the effect of CaCl, concentration on stromal and salivary gland
epithelial cell growth.

Mouse NIH 3T3 fibroblasts as a stromal cell model and/or salivary gland epithelial SCA-9
cells were mono- or co-cultured in alginate hydrogel microtubes for seven days, which were

supplemented with CaCl; at different concentrations (0, 1, 2, 3.125, 6.25, 12.5, 25, and 50 mM)
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in a cell culture medium consisting of DMEM/F12 with 10% fetal bovine serum and 1%
penicillin-streptomycin (pen/strep, 10,000 U/mL). We measured cell viability using the
Live/Dead reagent and observed cell growth and organoid-like cell cluster formation under an
inverted optical microscope. The effect of CaCl, concentration on cell viability and organization

was discussed.

Objective 2: Determine whether salivary gland stromal cells can regrow once they have been
released from the alginate hydrogel microtubes after 7 days of culture.

In order to demonstrate whether cells released from the microtubes can grow, primary
embryonic day 16 (E16) mesenchymal cells were injected into alginate hydrogel microtubes and
cultured for seven days. These cells were then released and plated in a 24-well plate to grow for
an additional seven days. While previous work tested for mesenchymal markers suggesting that
these cells retain their phenotype and ability to grow in alginate hydrogel microtubes, this work
further tested the ability to regrow primary E16 mesenchymal cells for an additional 7 days
while retaining mesenchymal marker vimentin after release from the microtubes. This study
validates the ability of alginate hydrogel microtubes to retain stromal cell phenotype and

(re)growth potential.

Expected outcomes and impacts

By successful completion of Objective 1, we expect to determine the optimal CaCl;
concentration that stabilizes alginate microtubes, while having the minimum effect on the
growth of stromal and epithelial cells, which will provide guidelines for cell phenotype
depending on the cell line grown in the alginate microtubes. By successful completion of

Objective 2, we expect to demonstrate that once released from alginate microtubes, cells
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continue to proliferate and express characteristics markers, validating the usefulness of alginate

hydrogel microtubes for cell maintenance, growth and organoid-like structure formation.

1.3 Structure of the Thesis

Starting with the abstract, | have laid out the significance and objectives of this research in
Chapter 1 Introduction. Next, Chapter 2 describes the Materials and Methods. Chapter 3
discusses my findings related to the evaluation of the effects of CaCl, concentration on the
properties of alginate hydrogel microtubes as well as the cells encapsulated within after a one-
week encapsulated incubation period. For this section, | focus on the changes to the porous
structure and swelling characteristics of the alginate microtubes. Regarding the effects on the
cells, | focus on changes to both the viability and cellular organization of stromal cells and
salivary gland cells. Additionally, | dig in deeper to the viability of the salivary gland cells as we
track the cells for a longer duration to study their ability to regrow once released from their
surrounding alginate hydrogel microtubes. For this part of the study, | track the potential of the
cells to grow for an additional week once released. Finally, the thesis concludes with a summary
section which is comprised of a summary of findings in addition to conclusions being drawn and
potential future research goals and opportunities being discussed in Chapter 4, Conclusions and

Future Directions.
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Chapter 2 Materials and Methods

2.1. Materials

Sodium alginate and calcium chloride dihydrate (CaCl,:2H,0) were purchased from
Sigma-Aldrich (St. Louis, MO). 3 mL disposable syringes were purchased from Becton Dickinson
(Franklin Lakes, NJ). 17-gauge and 22-gauge blunt-tip needles were purchased from Hamilton
Company (Reno, NV). Multiple gauged premium Kanthal wires were purchased from Amazon

or Walmart.

2.2, Needle-in-Needle Microfluidic Device

A needle-in-needle microfluidic device (Device 17-22) was fabricated by precisely
placing a needle (22-gauge) within another needle (17-gauge) as described previously
(Jorgensen et al., 2021). Briefly, the inner needle was wrapped in properly sized Kanthal wires
to allow the inner needle to be centered within the outer needle. This coiled feature allows for
additional mixing of the sodium alginate solution, if needed, before introduction into the CaCl;

solution.

2.3. Microfluidic Fabrication of Alginate Hydrogel Microtubes.

A 100 mM CaCl; solution (core fluid), 6% sodium alginate solution (sheath fluid), and a
separate 100 mM CaCl; solution (collecting fluid) were prepared in 0.9% NaCl solution, followed
by autoclave sterilization. Syringes were loaded with the sheath fluid (6% sodium alginate) and
core fluid (100 mM CaCl,) and loaded into two NE 1000 syringe pumps (New Era Pump Systems

Inc., Farmingdale, NY) which were set to optimal flow rates for microtube formation. The
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syringes were connected to the needled-in-needle microfluidic device and the extrusion
process was directed to extrude into a collecting pool of 100 mM CaCl; solution contained
within a 50 mL conical centrifuge tube. When the sodium alginate solution converges with the
CaCl; solution, immediate alginate crosslinking occurs, creating an alginate hydrogel
microtube. Upon introduction into the conical tube filled with the collecting fluid (100 mM
CaCl; solution), the “liquid rope-coil effect” occurs (Kuo and Ma, 2001). This effect allowed for
an organized stack of alginate hydrogel microtubes for ease of storage and handling in future
experiments. These pre-formed alginate microtubes were then stored at 4 °C in 50 mL conical
tubes filled with 100 mM CacCl; until needed for cell culture experiments. The amount of time
these microtubes were stored in the 4 °C fridge was varied from 1 to 24 hours prior to cell

culture.

2.4. Connective Porosity

In order to measure the connective porosity, microtubes were extruded into the 50 ml
centrifuge tube. The microtubes were lifted out of the centrifuge tube, placed into a large petri
dish, and cut into 24 equal pieces of 100 mm in length. Twenty-four 35-mm cell culture dishes
were individually weighed and numbered with the weight of each being recorded as WO0. Each
microtube was placed in a 35-mm dish without any water drops on the microtube. The weight
of the 35-mm dish with the microtubes inside was recorded on day 7 (W1). The weight of the
microtube was calculated as (W1-WO0). Measurements in triplicate were performed by adding
DMEM/F12 medium supplemented with different CaCl, concentrations (0, 1, 2, 3.125, 6.25,

12.5, 25, and 50 mM) to three dishes for each concentration. These hydrogel microtubes were
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incubated for 1 hour or 7 days in an incubator with 5% CO,. After removing all the water within
the interconnected pores with a Kim wipe, the 35-mm dish with the microtube was weighed
again and recorded as W2. The weight of the microtube after liquid being wicked away from
connective pores was calculated by (W2-WO0). Therefore, the weight of liquid wicked away from
connective pores = (W1-W0) - (W2-W0) = W1-W2. Assuming the density of cell culture medium
is close to water density that is 1 g/cm3 (i.e., 1 g/mL) (Poon, 2022), the volume of connective
pores = (W1-W2)/(1 g/mL). The volume of these microtubes was calculated by measuring the
outer diameter in um, inner diameter equal to the outer diameter minus 2 times the wall
thickness of the microtube pm, and length of 100 mm. The connective porosity (%) was

calculated by dividing the volume of the connective pores by the volume of the microtube.

2.5. Water Retention

To calculate water retention, the previous measurements of the 35-mm dish (WO0) and
the microtube dish (W2) which were already measured from the connective porosity section
were used again. Next, different CaCl, concentrations of DMEM/F12 medium were added and
the microtubes filled with medium were weighed over time. After a few hours when hydrogels
were saturated with the medium, all of the medium was removed from the 35-mm petri dish
and the weight of the dish with the microtube was recorded as the swelling weight (Wswe). The
microtubes were air-dried overnight. The dish with the dry microtube was weighed and
recorded as the dry weight (Wdry). Next, we calculated the mass of the swollen hydrogel, Ms =
Wswe-WO0, and mass of the dried hydrogel, Mp = Wdry-WO0.

Based on the following equation, the water retention, Qm was calculated:
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2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) imaging was performed using Zeiss Leo 1550 field
emission SEM (Zeiss Leo Electron Microscopy Ltd, Cambridge, UK). This technique was used to
image the alginate hydrogel microtubes to study their morphology with high resolution.
Samples were air dried overnight and mounted on a 1.25 cm2 stub. Samples were then coated
with iridium to minimize sample charging. Images were taken using an in-lens detector, 1-5kV
acceleration voltage and a working distance of 2-6 mm. The microscope annotation software
was used to apply scale bars and most SEM images were captured using 100x - 200x
magnification.
2.7. Cell Culture

Mouse NIH 3T3 fibroblasts were used as a model of stromal cells and salivary gland
epithelial SCA-9 cells were used as a model of epithelial cells. Both NIH 3T3 fibroblasts and SCA-
9 cells were kindly provided by Professor Melinda Larsen from University at Albany, SUNY, and
grown in culture media composed of high glucose Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma-Aldrich), supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich) and
1% penicillin-streptomycin (pen/strep, 10,000 units penicillin and 10 mg streptomycin per mL)
(Sigma-Aldrich). Cells were cultured in a 37 °C, 5% CO; humidified incubator and subcultured by
trypsinization and replating every 2-3 days for NIH 3T3 fibroblasts or every 4-5 days for SCA-9

cells. The medium was typically replaced every other day.
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2.8. Cell Injection and Culture in Pre-formed Alginate Hydrogel Microtubes

For monoculture in alginate hydrogel microtubes, NIH 3T3 fibroblasts or salivary gland
epithelial SCA-9 cells (at a density of 5x10° cells/mL) were transferred into a syringe with a 22-
gauge blunt needle attached. For co-culture in hydrogel microtubes, SCA-9 cells and NIH 3T3
fibroblasts were mixed at a ratio of 1:5 to obtain a final cell density of 3x108 cells/mLina 1 mL
cell mixture. To achieve the epithelial to mesenchymal ratio of 1:5 for co-culture, SCA-9 cells
were mixed with NIH 3T3 cells by combining 0.1 mL SCA-9 (5x10° cells/mL) and 0.5 mL NIH 3T3
cells (5x10° cells/mL) with an additional 0.4 mL culture medium. For each cell solution, the
syringe was positioned so that the needle could be inserted into the open end of the 1 cm long
alginate hydrogel microtube, and then cells were injected into the microtube. After cell
injection, 1 cm hydrogel microtubes were placed in each well of three separate 24-well plates.
Each plate containing alginate microtubes was cultured in DMEM/F12 medium, supplemented
with 10% FBS, 1% pen/strep under a CO, humidified atmosphere at 37 °C. To study the effects
of CaCl,, the media was supplemented with CaCl; to create eight concentrations (0, 1, 2, 3.125,
6.25, 12.5, 25, and 50 mM). The eight concentrations were used in each of the three 24 well

plates. The medium was changed every other day.

2.9. Optical Imaging
A Nikon TS100 inverted microscope (Micro Video Instruments, Foxborough, MA) was
used to monitor cell growth in hydrogel microtubes daily. was used to image alginate hydrogel

microtubes. Images of cell growth in alginate hydrogel microtubes on days 1, 3, and 7 were
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taken with a 4x objective lens using AMG EVOS FL microscope (Thermo Fisher Scientific,

Waltham, MA).

2.10. Live and Dead Cell Assay

After aspirating the medium from each well, cells in the 24-well plate were stained with
Live/Dead cell stain solution, composed of calcein-AM and ethidium homodimer-1 (EthD). The
live/dead cell stain solution was prepared by adding 10 uL of 1 mg/mL calcein AM stock solution
and 12.5 plL of 1 mg/mL EthD solution to 5 mL of DMEM/F12. 500 pul of Live/Dead cell stain
solution was added to each well containing alginate hydrogel microtubes with cell-containing
clusters. The well plates were then incubated at 37°C for 20 minutes. Images were taken using

AMG EVOS FL microscope.

2.11. Culture and Release of Primary E16 Mesenchymal Cell in Alginate Hydrogel Microtubes

Primary E16 mesenchymal cells were isolated from mouse salivary submandibular
glands as described previously (Jorgensen et al., 2022). Primary E16 cells were cultured in Gibco
DMEM/F-12 medium supplemented with 10% FBS, 1% pen/strep (Sigma Aldrich). These cells
were injected into alginate hydrogel microtubes as described in section 2.5. Primary E16
mesenchymal cells were cultured in microtubes for 7 days and on the 7t" day of culturing, cell
clusters were released from the microtube by dissolving the alginate hydrogel with 1.6%
sodium citrate solution (Sigma-Aldrich). The released cell clusters were then collected in a 24-
well plate with a coverslip inside each well and incubated for an additional 7 days with optical

images being taken on the subsequent day 1, day 4 and day 7 using AMG EVOS FL microscope.
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2.12. Immunocytochemistry Analysis of the Mesenchymal Marker Vimentin in Cells Released from

Alginate Hydrogel Microtubes

On day 7 after release from the alginate microtubes, the primary E16 mesenchymal cells
on glass coverslips were fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich) in PBS for 30
minutes at room temperature. Samples were rinsed with 1x PBS-Tween (0.1% Tween 20 in 1x
PBS, Fisher Thermo Scientific, Fair Lawn, NJ) three times and permeabilized using 0.1% Triton X-
100 (Sigma-Aldrich) in PBS for 15 min at room temperature. After rinsing again with PBS-Tween
three times, samples were placed in blocking solution in a 4 °C fridge on a rocker for 1 hour.
The blocking solution was composed of 5% bovine serum albumin (BSA, Sigma Aldrich) in
PBS. After removal of excess blocking solution, the primary antibody Alexa Fluor® 488-
conjugated anti-vimentin (1:100, Cell Signaling Technology, Danvers, MA) prepared in blocking
solution containing DAPI (4',6-diamidino-2-phenylindole, Sigma-Aldrich) was added to samples
and incubated overnight at 4 °C on a rocker. The following day, samples were rinsed three
times using 1x PBS-Tween. Samples were then observed and imaged on a Leica Confocal
Microscope TCS SP-5 controlled by LAS-AF software using 10x (dry) and 63x (oil immersion)
objectives (Leica Microsystems, Mannheim, Germany) excited by the argon 488 laser for

vimentin and excited by the 405 Diode laser at for DAPI detection.
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Chapter 3 Results and Discussion

3.1. Overview

Alginate hydrogel microtubes have great potential to advance 3D cell culture, cell
delivery, and tissue engineering strategies (Xu et al., 2021). However, one of the big challenges
in using alginate hydrogel microtubes is maintaining their integrity and stability due to the
dissociation of Ca?* from alginate hydrogels in cell culture medium. Supplementing with 25 mM
CaCl; in cell culture media was previously observed to stabilize the alginate hydrogel
microtubes (Jorgensen et al., 2021). To further optimize and identify the minimal CaCl,
concentration to maintain alginate hydrogel integrity and support cell culture, we set out to
study the effect of varying concentrations of supplemental CaCl; (1-50 mM) in medium on
alginate hydrogel microtube properties such as connective porosity and water retention as well
as cell growth in these microtubes created from alginate solution that was equilibrated to room
temperature or alginate solution that was chilled to 4 °C prior to the microtube creation

process.

3.2. Effects of CaCl, concentration on physical properties of alginate hydrogel microtubes

First, we created hydrogel microtubes from a room-temperature alginate solution. We
prepared alginate hydrogel microtubes in a sterile manner by infusing 6% sodium alginate and
100 mM CaCl; through a needle-in-needle device (Device 17-22) as described previously
(Jorgensen et al., 2021) into a sterile 50 mL centrifuge tube containing 100 mM CaCl,. These
alginate hydrogel microtubes were transferred into 35 mm Petri dishes with cell culture

medium (e.g., DMEM/F12 medium containing 1.05 mM CaCl,), supplemented with 0 mM, 1
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mM, 2 mM, 3.125 mM, 6.25 mM, 12.5 mM, 25 mM, and 50 mM CaCl,, respectively. The effect
of CaCl, concentration on properties of alginate hydrogel microtubes was studied, including

connective porosity, water retention, and microtube morphology.

The first characteristic that we set out to study was the connective porosity of alginate
hydrogel microtubes at different CaCl, concentrations. One impact of the CaCl, on the porosity
of the hydrogel could be on the mechanical properties, with stiffness decreasing as porosity
increases, and fluid flux caused by deformation affecting the mechanical properties of the
microtubes (Annabi et al., 2010). Another impact of the CaCl, could be that the change in
porosity could affect oxygen and nutrient transport into the hydrogel and the diffusion of cell
products such as proteins outside the hydrogel (Andersen et al., 2015). The results obtained for
connective porosity as a function of increasing CaCl, concentration were evaluated after
incubation for 1 hour (Figure 3.1 A) and on day 7 (Figure 3.1 B). We found that the connective
porosity of alginate hydrogel microtubes decreased from ~75% to ~25% with an increase in
CaCl; concentration from 0 mM to 50 mM supplemented in media for 1 hour. After 7 days of
incubation the connective porosity of alginate hydrogel microtubes decreased from ~65% to
~20% when CaCl, concentration in media increased from 0 mM to 50 mM. When CaCl,
concentration was at 6.25 mM, the connective porosity of alginate hydrogel microtubes was
around 40% for 1-hour incubation and decreased to 25% for 7-day incubation. When CaCl;
concentration was higher than 6.25 mM, there was no significant change in the connective
porosity, which is ~20% after 7 days of incubation. The relationship between the pore size and
crosslinking divalent cations, such as Ca%*, Sr>*and Ba?* ions has previously been investigated. It

was demonstrated that Ca?* could bind to G- and MG-blocks, Ba?* to G- and M-blocks, and
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Sr?* to G-blocks solely; Ba?* produced hydrogels with reduced pore size due to its higher affinity
for G-blocks (Kierstan et al., 1982) while Sr?* gave rise to alginate hydrogels with characteristics
lying between Ca?* and Ba?* (March et al., 2006). Our results with Ca?* reinforce the decreased

porosity as the concentration of a crosslinking divalent cation is increased.
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Figure 3.1. Effect of CaCl, concentration on connective porosity of alginate hydrogel
microtubes. (A) After incubation for 1 hour. (B) After incubation for 7 days.
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To further evaluate the effect supplementary of CaCl, concentration in the medium, we
next studied the water retention of alginate microtubes as a function of the concentration of
supplemented CaCl,. We then measured 100 mm alginate hydrogel microtubes samples in pre-
weighed 35 mm Petri dishes. Next, these hydrogels were immersed in either medium alone or
medium supplemented with CaCl; at eight different concentrations (0, 1, 2, 3.125, 6.25, 12.5,
25, and 50 mM) at 37°C for 1 hour (Day 0) or seven days (Day 7). Following the 1-hour or seven-
day incubation, these hydrogels were removed from the medium and their mass was
measured. These hydrogels were air-dried for 24 hours to obtain the mass of the dried hydrogel

microtubes. Based on the following equation, the water retention was calculated:

Qm = Ms = Mo o 100%
My

In this equation, Qm represents the water retention, Ms represents the mass of the swollen
hydrogel after 1 hour or 7 days of incubating in DMEM at 37°C, and Mp represents the mass of

the dried hydrogel.

We evaluated the water retention as a function of CaCl, concentration supplemented to
media after 1 hour or 7 days (Figure 3.2). After 1 hour of incubation, the water retention was in
the range of 2.5% to 7% (Figure 3.2 A). When the CaCl, concentration was lower than 6.25 mM,
the water retention stayed around 3-4%. When CaCl, concentration was higher than 6.25 mM,
the water retention rate increased with the increasing CaCl, concentration. After 7 days of
incubation, the water retention ratio of alginate hydrogel microtubes increased from 2.5% to
8% with the increase of CaCl, concentration as well (Figure 3.2 B). We found that low CaCl,

concentrations, between 0 mM and 6.25 mM, resulted in a low amount of water retention
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possibly due to a low crosslinking density in the alginate hydrogel. This lower crosslinking
density results in easy loss of water inside the microtubes and allows for disassociation of the
alginate hydrogel to readily occur. As CaCl, concentrations increased in the medium, between
12.5 mM and 50 mM, a greater amount of the water was retained due to a higher crosslinking
density. Overall, when CaCl, concentration was increased, the water retention generally
increased. In particular, these data suggest the ability of 12.5-50 mM CaCl; to stabilize alginate

hydrogel microtubes.
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Figure 3.2. Effect of CaCl, concentration on water retention by alginate hydrogel microtubes.
(A) After incubation for 1 hour. (B) After incubation for 7 days.
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To confirm the influence of CaCl, on pore structure at different concentrations, we
further used SEM to observe the surface morphology of alginate hydrogel microstrands after
incubation with 0-50 mM CacCl; for 1 hour (Figure 3.3 A) and 7 days (Figure 3.3B). Without any
CaCl; supplementation into the medium, the alginate hydrogel microtube showed a smooth
surface morphology (Figure 3.3A, 0 mM). After incubation in medium supplemented with CaCl,
(1-50 mM) for 1 hour, obvious changes in surface morphology of the alginate hydrogels were
observed (Figure 3.3A), suggesting the interaction of supplemented CaCl; with the alginate
hydrogel. In particular, CaCl, at concentrations of 12.5-50 mM exhibited less pore structures
compared to 1 mM CacCl,, which may partially explain lowered connective porosity with
increased CaCl, concentration as seen in Figure 3.2A. After 7 days of incubation, alginate
hydrogel microtubes were not stable enough for SEM sample preparation when CaCl; was
3.125 mM and below. When incubated with CaCl, at the concentration of 6.25 mM and above,
alginate hydrogel microtubes on day 7 maintained their integrity and showed more crosslinked,
denser structures at higher CaCl, concentration (Figure 3.3B) compared to their counterparts at

1 hour (Figure 3.3A).
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3.125mM

Figure 3.3. SEM images of alginate hydrogel microtubes incubated with 0, 1, 2, 3,125, 6.25,
12.5, 25, and 50 mM CacCl,. (A) After incubation for 1 hour. Scale bar = 100 um. (B) After
incubation for 7 days. Scale bar = 100 pum.
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3.3. Effect of CaCl; concentration on cell growth and organization in alginate hydrogel
microtubes

In our next set of experiments, we examined the effects of CaCl, concentration on the
growth of stromal cells and salivary gland epithelial cells. Alginate-based hydrogels tended to
lose their integrity after 7 days of incubation due to the loss of Ca?* from the hydrogel and
degradation of the hydrogel in media. To reduce the degradation that occurs as alginate-based
hydrogels lose Ca?*, we tested different concentrations of CaCl, supplementation in the cell

culture media used to incubate encapsulated NIH 3T3 fibroblasts and SCA-9 salivary gland

epithelial cells.

The alginate solution was allowed to reach room temperature after being removed from
the refrigerator at 4 °C. By using the previously described method, alginate hydrogel
microtubes were formed and cells were injected into them. These hydrogel microtubes were
then placed in DMEM (containing 1.8 mM CaCl,) supplemented with different concentrations of
CaCl; (0-50 mM) and monitored over the course of 7 days. Microtubes observed under a

microscope were imaged for structural stability and consistency on days 1, 3 and 7 (Figure 3.4),
omm 2mM 3.125mM 6.25mM 12.5mM

25mM 50mM

DAY 1

Day 3

Day 7

Figure 3.4. An optical image on days 1, 3, and 7 illustrating the effect of CaCl2 concentration on
NIH 3T3 cell morphology grown in alginate hydrogel microtubes. Scale bar = 1000 pum.
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demonstrating the feasibility of monitoring the stability of the microtube and organization
behavior of encapsulated NIH 3T3 fibroblasts. Images of NIH 3T3 fibroblasts cultured in alginate
hydrogel microtubes supplemented with CaCl; at 0-25 mM taken on day 1 showed formation of
cell clusters within the microtube. Each subsequent image shows fewer cells within the
microtube, suggesting that the cells might migrate out of the ends of the microtubes over time.
The higher the CaCl, concentration, the more stable alginate hydrogel microtubes, however, 50

mM CaCl; did not support cell growth or cell cluster formation.

The previously described experiment was repeated with the addition of Live/Dead
staining on day 7 to validate cell viability (Figure 3.5). After 7 days of cultivation, most cells
showed the ability to convert calcein AM to positive calcein staining with strong green
fluorescence, indicating that they were viable in all hydrogels. EthD-1 staining revealed only a
few dead cells in red fluorescence, indicating that these microtubes were keeping most cells

alive and viable despite the presence of additional CaCl; at higher concentrations.

Subsequently, three different cell types were used to examine cell organization/cluster
formation in alginate hydrogel microtubes when cultured in media supplemented with 0-50
mM CaCly, including the model stromal cells, NIH 3T3 fibroblasts (Figure 3.5), salivary gland
epithelial cells, SCA-9 cells (Figure 3.6), and a co-culture of SCA-9 salivary gland epithelial cells
and NIH 3T3 fibroblasts at an epithelial to stromal cell ratio of 1:5 (Figure 3.7). Figure 3.5A
shows cell clusters within the microtube on day 7 for 2-25 mM concentrations in the optical

images. Repeated iterations of this experiment have demonstrated cell self-organization forms
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Figure 3.5. Effects of CaCl, concentration on cell morphology and viability of NIH 3T3 cells grown in
alginate hydrogel microtubes made of alginate at room temperature. (A) Optical images on days 1, 3 and

7. Scale bar = 1000 um. (B) Fluorescence of Live/Dead stained cells on day 7. Green: live cells. Red: dead
cells. Scale bar = 1000 um.

as early as the day of injection, but with an undesirable fusion of clusters occurring by day 1.
This undesirable fusion was associated with the likelihood of cell migration outside from the
end of the microtube by day 7. Live/Dead staining showed that NIH 3T3 fibroblasts formed
viable cell clusters on day 7 when supplemented with 12.5 mM CaCl; as well as 25 mM CaCl;
(Figure 3.5B). With CaCl, concentrations lower than 6.25 mM, separated cell clusters appeared
to occur less reliably. This result suggests that higher CaCl, concentration (e.g., 12.5 mM, 25
mM) could provide the best balance of providing Ca%* ions to promote alginate stability, while

also providing a suitable environment for cell growth and organization. However, for this
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experiment, NIH 3T3 fibroblasts did not form uniform cell clusters in alginate hydrogel

microtubes.

In the next iteration of this experiment, when salivary gland epithelial SCA-9 cells were
cultured in alginate hydrogel microtubes as shown in figure 3.6, they did not form clusters on

day 1 except when supplemented with 3.125 mM and 12.5 mM CaCl,. Cells of this type were
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Figure 3.6. Effects of CaCly concentration on cell morphology and viability of salivary gland epithelial
SCA-9 cells grown in alginate hydrogel microtubes made of alginate at room temperature. (A) Optical
Images on days 1, 3 and 7. Scale bar = 1000 um. (B) Fluorescence of Live/Dead stained cells on day 7.
Green: live cells. Red: dead cells. Scale bar = 1000 pm.

found to be least effective at forming individualized and separated clusters. On day 1, there

appeared to be no clusters of cells in the majority of the alginate microtubes; on day 7, only
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small cell aggregates formed in microtubes when CaCl, concentration was 25 mM or below
(Figure 3.6A). In the Live/Dead stain assay, most of salivary gland epithelial SCA-9 cells were

alive but had escaped from the end of microtubes by day 7 (Figure 3.6B).

For the next iteration of this experiment, a co-culture of both salivary gland epithelial
SCA-9 cells and NIH 3T3 fibroblasts with an epithelial to stromal ratio of 1:5 was injected into
microtubes and cultured in media supplemented with 0-50 mM CaCl, as shown in figure 3.7.
Cell clusters were clearly present and lined up on day 1 which appear to break apart into
smaller beaded clusters on day 3. By day 7 cell clusters tended to fuse into large aggregates

when co-cultured in media supplemented with 1 mM or 6.25 mM CacCl;. For the rest of the

CaCl; concentrations, cell clusters seemed to decrease in size on day 7 compared to day 3. The

co-culture experiment had more cell clusters compared to monoculture of NIH 3T3 fibroblasts

or salivary gland epithelial SCA-9 cell, suggesting that co-culture in alginate hydrogel microtubes

could facilitate the stromal-epithelial cell interaction and that stromal cells may have a positive

impact on salivary gland epithelial cell aggregation and cluster formation within the microtubes.
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Figure 3.7. Effects of CaCl, concentration on cell morphology and viability of co-cultured salivary gland
epithelial SCA-9 cells and NIH 3T3 fibroblasts at 1:5 ratio in alginate hydrogel microtubes made of
alginate at room temperature. (A) Optical Images on days 1, 3 and 7. Scale bar = 1000 pm. (B)
Fluorescence of Live/Dead stained cells on day 7. Green: live cells. Red: dead cells. Scale bar = 1000 pm.
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3.4. Effects of low-temperature alginate on stability of microtubes and cell organization in

microtubes

In experiments described in Section 3.3, the alginate solution was equilibrated to room
temperature for the alginate microtube fabrication process. Medium supplemented with 12.5
mM and 25 mM CaCl; allowed cell clusters to form both when NIH 3T3 fibroblasts were

cultured within the microtubes and when NIH 3T3 fibroblasts were co-cultured with salivary

,_

1mM 2mM 3.125mM 6.25mM 12.5mM 25mM 50mM

Figure 3.8. Effects of CaCl> concentration on cell morphology and viability of NIH 3T3 cells grown in
alginate hydrogel microtubes made of alginate at low temperature. (A) Optical images on days 1, 3 and 7.
Scale bar = 1000 um. (B) Fluorescence of Live/Dead stained cells on day 7. Green: live cells. Red: dead
cells. Scale bar = 1000 um.

gland epithelial SCA-9 cells within the microtubes (Figure 3.4 and 3.6). However, the size of the
cell clusters was not as uniform as originally expected. In order to further improve the stability

and efficiency of forming uniform cell clusters in alginate hydrogel microtubes, we also
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examined the effect of using alginate at 4 °C (without equilibration to room temperature) to
fabricate alginate hydrogel microtubes for cell culture in media with supplemental CaCl, at
different concentrations (0-50 mM). In these experiments, we used the same three sets of cell
types used previously, NIH 3T3 fibroblasts alone, salivary gland epithelial SCA-9 cells alone,
and co-cultured SCA-9 cells and NIH 3T3 at an epithelial to mesenchymal ratio of 1:5. We
constructed the alginate microtubes using 6% sodium alginate solution at 4 °C. Cells at a
density of 5.0 x 10° cells/mL were injected into these pre-made hydrogel microtubes. Cells in
alginate hydrogel and microtubes were imaged on day 1, day 3, and day 7 as shown in Figure
3.8 for NIH 3T3 fibroblasts, Figure 3.9 for SCA-9 cells, and Figure 3.10 for co-cultured SCA-9 cells
and NIH 3T3 fibroblasts. On day 1 we observed that differently shaped cell aggregates formed,
and cells in 3.125 mM CaCl; formed rod-shaped aggregates. On day 7, most of the aggregated
cells had escaped the alginate hydrogel, except for those at CaCl; concentrations of 6.25, 12.5,
and 25 mM, which showed some small clusters, as shown in the optical microscope images and

Live/Dead stain assay.

41



Next, we injected salivary gland epithelial SCA-9 cells alone into the alginate hydrogel
microtube made of low temperature alginate that was stored in a refrigerator at 4 °C for 24
hours (figure 3.9) and the cell cluster formation was observed in these hydrogels on day 1,
while these SCA-9 cells grown in hydrogel microtubes formed with room temperature alginate
solution could not form distinct cell clusters. With an increase in CaCl, concentration, the
hardness of the microtube increased, and the resilience and cohesiveness of the hydrogel
increased as well, which makes these microtubes easy to handle and stable, maintaining their
integrity, while keeping cell clusters inside the microtubes. As seen with room-temperature

alginate solution, the SCA-9 cells the SCA-9 cells in alginate hydrogel microtubes cultured with

omM 3.125mM 6.25mM 12.5mM 25mM 50mM

Day 3 DAY 1

Day 7

Live

Dead

Figure 3.9. Effects of CaCl, concentration on cell morphology and viability of salivary gland epithelial
SCA-9 cells grown in alginate hydrogel microtubes made of alginate at low temperature. (A) Optical
Images on days 1, 3 and 7. Scale bar = 1000 um. (B) Fluorescence of Live/Dead stained cells on day 7.

Green: live cells. Red: dead cells. Scale bar = 1000 um. Optical Images of microtube grown SCA-9 cells
at low temp_ EXP#19

50 mM CaCl; showed a decrease in cell growth and cluster formation. The use of low
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temperature alginate to fabricate hydrogel microtubes improved individualized and separated
cell aggregation and cluster formation and the stability of the alginate microtubes. Live/Dead
staining of SCA-9 cells at 6.25 mM, 12.5 mM and 25 mM CaCl; concentrations revealed viable
clusters of cells. The hydrogels showed positive calcein staining, indicating that the cells were
viable. Based on staining results, 6.25 mM, 12.5 mM and 25 mM appeared to have the most

clusters with strong green fluorescence.

omM imM 2mM 3.125mM

Day 3 DAY 1

Day7

Live

Dead

Figure 3.10. Effects of CaClz concentration on cell morphology and viability of co-cultured salivary
gland epithelial SCA-9 cells and NIH 3T3 fibroblasts at 1:5 ratio in alginate hydrogel microtubes
made of alginate at low temperature. (A) Optical Images on days 1, 3 and 7. Scale bar = 1000 um.
(B) Fluorescence of Live/Dead stained cells on day 7. Green: live cells. Red: dead cells. Scale bar =

The following iteration of this experiment consisted of co-culturing SCA-9 and NIH 3T3
cells in a stromal to epithelial ratio of 1:5 in hydrogel microtubes made of low-temperature
alginate. In Figure 3.10, NIH 3T3 fibroblasts and salivary gland epithelial SCA-9 cells were
injected into microtubes and cultured in media supplemented with CaCl; at various

concentrations (0-50 mM). Among the various CaCl, concentrations tested, 12.5 mM and 25
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Day 3 DAY 1

Day 7

mM promoted the most growth and were associated with the formation of small, beaded
aggregates on day 1. We confirmed this correlation by reviewing the optical images and the
Live/Dead staining of co-cultured cells in these microtubes on day 7. Co-cultures of NIH 3T3
and SCA-9 cells in hydrogel microtubes in the presence of 12.5 mM and 25 mM CaCl, showed
the highest cell viability and uniform cell cluster formation, while the co-culture incubated in 1
mM CaCl; showed the poorest results. In the presence of 50 mM CaCl;, cell growth in

microtubes was poor.

This set of experiments utilized low-temperature alginate solution in the creation of
hydrogel microtubes. According to the data from the previous experiments, low-temperature

alginate combined with an environment supplemented with CaCl, in a concentration of 12.5

omM 1mM 2mM 3.125mM 6.25mM 12.5mM

ilandl

Figure 3.11. Optical images on days 1, 3, and 7 illustrating how CaCl, concentration affects cellular
organization of NIH 3T3 fibroblasts and salivary gland epithelial SCA-9 cells co-cultured in hydrogel
microtubes made of low-temperature alginate solution. Scale bar = 1000 um.

mM or 25 mM yields the desired results for NIH 3T3 fibroblasts alone, salivary gland epithelial
SCA-9 cells alone, or co-culture of both cells. This combination yields both high structural
integrity of the alginate microtubes in addition to high viability of the encapsulated cells. In

order to validate this result, the co-culture experiment was repeated as shown in Figure 3.11.
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This experiment confirmed that co-cultured NIH 3T3 fibroblasts and salivary gland epithelial
SCA-9 cells in hydrogel microtubes made of low-temperature alginate that was stored at 4 °C
for 24 hours could reproducibly generate individualized, uniform cell aggregates/clusters for 7
days in the presence of 12.5 mM or 25 mM CaCl,. For short period of co-culture, such as 3 days,
supplementing with 6.25 mM CaCl; allowed uniform cell cluster formation, similar to those in
the presence of 12.5 and 25 mM CaCl,, but tended to grow or fuse into larger aggregates after
7 days; supplementing with 2 mM or 3.125 mM CaCl;, cells tended to fuse into large aggregates
on day 3, but reduce size on day 7; and supplementing with 0 or 1 mM CaCl; cells tended to

form uniform cell clusters on day 3, but reduce in size and appearance on day 7.

In summary, for co-culturing NIH 3T3 fibroblasts and SCA-9 cells in alginate hydrogel
microtubes made of low-temperature alginate for 3 days or less, no additional CaCl, would be
necessary to stabilize the microtube and enable uniform cell cluster formation. One possible
reasons is that the low temperature alginate could result in a slower gelation rate (Kuo and Ma
2001) compared to room temperature and slower gelation could generate more uniform and
mechanically stronger alginate hydrogels than faster gelation. Additionally, the CaCl,
concentration in Dulbecco’s modified Eagles medium (DMEM) is 1.8 mM, which might be

sufficient to stabilize the hydrogel microtubes made from low-temperature alginate.

For longer term co-culture, such as 7 days, supplementing with 12.5 mM or 25 mM CaCl;
is beneficial to improve the stability of alginate hydrogel microtubes and support reproducible,

uniform cell cluster formation.

3.5. Effects of low temperature alginate on physical properties of hydrogel microtubes
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As a result of the improved microtube stability and cellular organization when using low
temperature alginate solution in the microtube creation process, we reopened our
investigation into the impact of CaCl, on both water retention and connective porosity for
microtubes made of low-temperature alginate. Alginate microtubes were created from a low-
temperature alginate solution that was refrigerated in a 4 °C refrigerator for either 1 hour
(Figure 3.12A) or 24 hours (Figure 3.12B) prior to microtube extrusion/fabrication. Once the
elapsed time was reached, alginate microtubes were fabricated and cut into 100 mm tubes and
submerged in DMEM/F12 medium supplemented with 0-50 mM CacCl; for seven days in an

incubator.

The water retention was measured 7 days after incubation. We observed that when
supplemental CaCl, concentration was no more than 12.5 mM, the storage of the alginate
solution at 4 °C for 1 hour (1-hour-storage) or 24 hour (24-hour-storage) did not significantly
affect the water retention of these microtubes, which remains at ~3.5-4%. After incubation in
DMEM/F12 medium supplemented with 25 mM CacCl,, the water retention rate was 6.1% for 1-
hour-storage microtubes and 4.6% for 24-hour-storage microtubes. After incubation in
DMEM/F12 medium supplemented with 50 mM CacCl,, the water retention was 6.6% for 1-
hour-storage microtubes and 7.4% for 24-hour-storage microtubes. CaCl, at higher
concentrations allows for higher water retention, which is comparable to the results for
alginate microtubes formed at room temperature. In fact, the graph of water retention vs. CaCl;

concentration for hydrogel microtubes made of low temperature alginate stored at 4 °C for 1
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Figure 3.12. Alginate microtubes were created from low-temperature alginate solution
chilled in a 4° refrigerator for either 1 hour (A) or 24 hours (B). After the elapsed time,
the alginate microtubes were fabricated and cut into 200 mm microtubes and submerged
in DMEM/F12 medium supplemented with a specified concentration of CaCl, in a 35
mm petri dish in an incubator for 7 days. The water retention was then measured 7 days
later.

hour (Figure 3.12A) was similar to that for hydrogel microtubes made from room temperature
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alginate (Figure 3.2A), implying that storage of alginate at 4 °C for 1 hour might not be enough.
Interestingly, hydrogel microtubes made of alginate solution that were stored at 4 °C for 24
hours resisted significant changes in water retention when the supplemental CaCl

concentration varied from 0-25 mM.

To examine the impact of low temperature alginate solution on connective porosity,
alginate microtubes were created from low-temperature alginate solution that was chilled in a
4 °C refrigerator for either 1 hour (Figure 3.13A) or 24 hours (Figure 3.13B). After the elapsed
time, the alginate microtubes were fabricated and cut into 100 mm microtubes and submerged
in DMEM/F12 medium supplemented with a specified concentration of CaCl; in a 35 mm petri
dish in an incubator for 7 days. Seven days later, the connective porosity was measured.
Similarly, to hydrogel microtubes made of room temperature alginate (Figure 3.1B), the
connective porosity of these hydrogel microtubes made of low temperature alginate decreased
with increased supplemental CaCl; concentration. When the alginate solution was chilled for 24
hours, the connective porosity of the resultant hydrogel microtubes appeared to be lower than
that of the microtube made of alginate chilled for 1 hour after incubation with 1-25 mM CaCly,
respectively. When the CaCl, concentration reached 50 mM, the connective porosity decreased
to the same level (22-23%) for microtubes made of 1-hour-stored alginate and 24-hour-stored
alginate. Relatively lower connective porosity indicated more crosslinking of Ca%* with alginate
molecules, and therefore, higher mechanical stability of alginate hydrogel microtubes.

However, supplementing with 50 mM CaCl; did not support cell growth.
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In summary, in order to produce alginate hydrogel microtubes for longer term culture,
6% alginate chilled at 4 °Cin a refrigerator for 24 hours can be used to fabricate microtubes and
12.5 mM or 25 mM CaCl; can be supplemented to cell culture medium, which will result in
microtubes with connective porosity of 35-40% and a water retention of 4-4.5%, to facilitate

cell-cell interaction and support uniform cell cluster formation.

3.6. Feasibility of cell re-growth after release from alginate hydrogel microtubes

After determining the best CaCl, concentration for improving alginate microtube
stability, the next goal was to determine if salivary gland stromal cells can continue to grow
once they have been released from alginate hydrogel microtubes. In order to demonstrate that
stromal cells could continue to grow after culturing in microtubes, mouse primary E16
mesenchyme cells isolated from submandibular salivary gland tissues were injected into
alginate hydrogel microtubes and cultured in the presence of 25 mM CaCl; for seven days. On
the seventh day, E16 cells were released and plated in a 24-well plate for an additional seven
days to see if these cells could re-grow after being cultured in alginate hydrogel microtubes.
After 7 days growth in the 24-well plates, cells were stained for the mesenchymal marker,
vimentin, to see if cell phenotype was also retained.

After mouse primary E16 mesenchymal cells were released from alginate microtubes
and replated, optical images were taken to show the growth of these cells and their progress on
days 1, 4, and 7. The progress of the cell growth was clear as these cells continued to grow and
reach confluence on the 7t" day. The confocal images confirmed characteristic expression of

vimentin, a mesenchymal marker, co-stained with DAPI to show the nuclei of
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Figure 3.13. Alginate microtubes were created from low-temperature alginate solution chilled in
a 4°C refrigerator for either 1 hour (A) or 24 hours (B). After the elapsed time, the alginate
microtubes were fabricated and cut into 200 mm microtubes and submerged in DMEM/F12
media supplemented with a specified concentration of CaCl in a 35 mm petri dish in an
incubator for 7 days. Connective porosity was then measured 7 days later.
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total cell population on the 7" day. These results continue to validate the usefulness of alginate
microtubes for cell expansion and maintenance since the cells retain the ability to proliferate
and express their characteristic markers after release from the alginate hydrogel microtubes

being cultured, even in the presence of 25 mM CaCl,.

Day 1

Lok , Vimentin

Figure 3.14 Images of primary E16 mesenchyme cells re-plated in a 6-well plate showing that these
cells could re-grow after culturing in alginate hydrogel microtubes for 7 days followed by releasing cells
from the microtube. (a) Optical images showing cell growth on days 1, 4 and 7. (Magnification: 20x)
(b) Confocal images showing expression of vimentin after re-growing in a 6-well plate for 7 days.
(Green: vimentin; Purple: DAPI-stained nuclei, Magnification: 63x).
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Chapter 4 Conclusions and Future Directions
4.1. Conclusions

To study cells and complex organs that naturally form in vivo as accurately and reliably
as possible, it is imperative to mimic the native microenvironment of the region of interest.
Using alginate hydrogels for the functional engineering of soft tissues provides a useful option
for 3D scaffolding and culture due to all the benefits illustrated previously, such as their natural
biocompatibility, biodegradability, porous structure, and tunable physical properties, all of
which make alginate hydrogels a compliant microenvironment for cell migration, interaction,
and organization. The ability to recreate the 3D microenvironment allows greater insight into
cells' in vivo interactions and behavior while using an in vitro platform. There are, however,
significant challenges associated with engineering soft tissues in 3D, primarily due to the
complexity of engineered alginate hydrogels as well as their instability when phosphate is

present in the cell culture media.

Previous work in our lab included developing techniques for producing structurally
uniform alginate hydrogel microtubes by using a needle-in-needle device to mix 6% sodium
alginate with 100 mM CaCl,. However, the stability of alginate hydrogel tended to decrease
during 7-day culture due to the presence of phosphate in the media. Our current study aimed
to determine the optimal CaCl, concentration to be added to the cell culture medium for
stabilization of alginate hydrogel. We also wanted to determine whether cells continue to grow
once released from microtubes. This study was carried out by varying the concentration of
CaCl; in the cell culture medium between 1 mM and 50 mM, using cell culture without CaCl;

supplementation as the control to find the most effective CaCl, concentration for cell culture in

52



alginate hydrogel microtubes. Our research investigated the impact of CaCl, on the physical
properties of the alginate hydrogel microtubes and cell growth. We aim to reveal the optimal
CaCl; concentration supplementation that would create stability and preserve the mechanical
properties of ionically crosslinked hydrogels in a tissue culture environment (an aqueous
medium). Since CaCl, concentration is known to affect the porous structure and the swelling
characteristics of alginate microtubes, the connective porosity and water retention of our

alginate microtubes were studied after supplementation with different concentrations of CaCl..

Our findings allow us to conclude that as the CaCl, concentration was increased from 1
mM to 50 mM, the water retention of the alginate hydrogel microtubes generally increased. In
our study of the connective porosity, we found that as CaCl, concentration increased, the
connective porosity decreased. Our results show that supplementation with CaCl, reduced
connective porosity, which could increase the structure stability of hydrogel, and improve
water retention of alginate hydrogel microtubes, which would create a better aqueous 3D

microenvironment for cell culture.

To study the impact of CaCl, concentration on cell viability and organization, stromal
cells and salivary gland epithelial cells were injected into our alginate hydrogel microtubes for
monocultures and co-culture, respectively. In particular, we found that using 6% alginate
solution chilled at 4 °C for 24 hours, we could fabricate hydrogel microtubes that were stable
and support cell cluster formation for 3 days even in the absence of supplemental CaCl,. For
longer-term culture, such as 7 days, CaCl, concentration was found to impact cell cluster
formation with the ideal CaCl; concentration for consistent, uniform cluster formation being

12.5 and 25 mM. While CaCl; has an impact on the cells being incubated, the desired use is for
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our ability to prevent the degradation of our alginate hydrogel microtubes. When we studied
varying the CaCl, concentration on hydrogel microtubes after 7 days of incubation it was found
that 12.5 and 25 mM again provided a good environment for our hydrogel microtubes to
maintain their physical properties. Through our observations, we have been able to validate
that cells can survive when encapsulated in the hydrogel alginate microtubes. In addition, they
retain the capacity for continued growth once released from the microtubes. Through our
experiments, we have observed that a 25 mM concentration of CaCl; is appropriate and acts as
a "Goldi-locks" level since it is high enough to protect the physical integrity of the alginate
microtubes while not being so high that negative consequences become apparent for growing

cells.

In summary, we have demonstrated a method to control the mechanical properties of
our unique alginate microtubes strengthen their stability as a scaffold for salivary gland stromal
and epithelial cell growth. In addition, we have validated that our hydrogel microtube platform
is capable of functioning as a platform for stimulating formation of 3D cell spheroids that may
behave in a manner similar to how cells behave in vivo, without negatively affecting their ability

to grow and proliferate when released from the 3D matrix.

4.2. Future Directions

In the future, we will examine the growth and organization of cells grown and released
from alginate hydrogel microtubes over a longer period. Cell type appears to play an important

role in cluster formation. Further studies can be done on the interaction between cells and how
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our alginate microtubes might be tuned in the future to allow or even amplify desired cell

signaling.
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