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ABSTRACT

The production of skin equivalents for treating full-thickness wounds has been a long-
standing challenge in the field of skin tissue engineering. Although several techniques (e.g.,
skin substitutes and cell-based therapies) have shown promise in restoring extensive skin
loss, these approaches are cost-prohibitive and require a large number of autologous cells
to accelerate wound healing. As a result, precision biopatterning approaches have been
used to improve epidermal regeneration. One of the most commonly used biopatterning
approaches for printing cells is extrusion-based bioprinting (EBP). While efficient, the
standard bioinks can result in loss of pattern fidelity on moist and irregular, complex
substrates. This limitation can be overcome using aqueous two-phase systems (ATPSs).
ATPSs involve two or more phase-separating polymers, such as PEG and DEX, that can
pattern cells precisely and retain pattern fidelity. Using this approach, ATPS EBP was
applied as a novel cell delivery method to promote growth and differentiation of human
epidermal keratinocytes cells (HEK001) on both standard tissue culture plates and acellular
dermal matrices (DermGEN™). In order to demonstrate the application of ATPS EBP,
optimal concentrations of PEG and DEX were identified for stable pattern formation and
cell viability. The results from these experiments suggested that 5.0% PEG and 5.0% DEX
resulted in a stable interface and pattern formation on wet substrates. This formulation was
selected for precise patterning of cells. Using 5.0% PEG and 5.0% DEX, cells were
patterned in colonies to promote cell expansion and differentiation in culture. As a control,
the same number of cells were dispersedly-seeded on standard tissue culture plates. The
efficiency of the ATPS EBP method was evaluated by comparing the differences in growth
properties of keratinocytes between the patterned and dispersedly-seeded conditions. Cells
patterned in colonies on tissue culture plates displayed superior cell viability as well as
improved barrier formation than cells in the dispersedly-seeded condition. Finally, the
clinical application of ATPS EBP was demonstrated by patterning the cells directly on
DermGEN™ (an acellular dermal matrix that retains the properties of native dermal tissue)
as a model for patterning cells directly on tissues. Cells patterned in discrete colonies on
acellular dermal matrices were able to preserve their pattern fidelity, suggesting that ATPS
EBP can be used to print biomolecules on complex, non-uniform substrates. Moreover,
cells patterned in colonies on DermGEN™ demonstrated improved cellular engraftment
and stratum basale formation compared to cells in the dispersedly-seeded condition. These
findings suggest that biopatterned cells using ATPS EBP holds promise in promoting
epidermal regeneration, which may be useful for generating functional skin equivalents.
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CHAPTER 1: INTRODUCTION

1.1. Structure and Function of Skin

Skin is the largest organ of the body that accounts for approximately one-tenth of the body
mass. It is the first line of defense that provides an effective barrier against the entry of
toxins and microorganisms, and retains fluid in the body to prevent dehydration. Skin also
plays a crucial role in other important functions including immune surveillance, sensation,
and maintenance of homeostasis (/—4). Skin is primarily comprised of three layers: the

epidermis, dermis, and hypodermis.

1.1.1. Epidermis

The epidermis is the outermost layer of the skin that is separated from the dermis by a
basement membrane. The epidermis is avascular, so it is nourished by diffusion from blood
vessels of the underlying dermis (4-6). It is primarily composed of keratinocytes that
impart structural strength and resilience. In addition to keratinocytes, there are other cell
types that are present in the epidermis, including Merkel cells, melanocytes, and
Langerhans’ cells (4-8). Merkel cells are specialized mechanoreceptors that responds to
light touch. These cells are distributed throughout the basal layer of the epidermis, and can
detect a skin displacement of less than Imm (4-6). Melanocytes reside in the basal layer
of the epidermis, where they contribute to the skin colour and protect the skin from the

harmful effects of ultraviolet (UV) light (4). Finally, the Langerhans’ cells are antigen



presenting cells that play an important role in the immune system (4, J5).

Structure of the Epidermis

The epidermis is a squamous epithelium composed of five strata: stratum basale, stratum
spinosum, stratum granulosum, stratum lucidum, and stratum corneum (SC). The stratum
basale is anchored to the basement membrane by hemidesmosomes, while the
keratinocytes are held together by desmosomes. Both hemidesmosomes and desmosomes
are responsible for providing structural strength to the stratum basale. The stratum basale
harbours highly proliferative cells and self-renewing populations of keratinocytes. The
epidermis undergoes continual proliferation for renewal of the outer layer of epidermis. As
keratinocytes undergo mitosis in the stratum basale, the cells get pushed towards the
surface of the epidermis where they mature and differentiate. These terminally
differentiated cells are important for the development of the stratum corneum, the
uppermost layer of the epidermis (3, 7—9). The process of epidermal stratification is further

discussed below.

Stratification of the epidermis

Stratification of the epidermis can be defined as the formation of several layers of
differentiated cells. As the cells in the epidermis undergo mitosis, one daughter cell
becomes a new stratum basale cell that can divide again, whereas the other daughter cell
gets pushed outward towards the surface. As cells move from the basal to the spinous layer,
they initiate the process of terminal differentiation. As the cells move to the spinous layer,

the expression of genes encoding keratin 5 and keratin 14 (intermediate filament proteins



that are expressed only in the stratum basale layer) subsides and the genes encoding keratin
1 and keratin 10 begin to express. These intermediate filament proteins are interlinked with
the desmosomes to form a robust cytoskeleton network that provides resistance against
mechanical stresses (4, 10—14). Moreover, the lamellar bodies (membrane bound-
organelles containing lipids, keratin fibers, and hydrolytic enzymes) start to appear in the
keratinocytes. The lamellar bodies are eventually secreted from keratinocytes to form an

impermeable, lipid membrane, which protects the skin against water loss (4, 10—15).

During the later stages of terminal differentiation, the cells withdraw from the cell cycle.
The epidermal differentiation process generates proteins such as involucrin and loricrin,
which are cross-linked by transglutaminase (TGase) 1 to form a “cornified envelope”.
Moreover, keratohyalin granules begin to accumulate in the cytoplasm of the cells. The
keratohyalin granules are comprised of keratin filaments and profilaggrin. Profilaggrin
dephosphorylation causes keratin filaments to aggregate. Simultaneously, the nucleus and
other organelles in the cells disintegrate, resulting in dead cells with a cornified envelope
that is mainly composed of keratins. Finally, the lamellar bodies release their lipid contents
around the dead cells to form the outermost layer of the epidermis, i.e, the stratum corneum
(SC). The keratins and the cornified envelope contribute to mechanical resistance of the

SC, while the waxy lipid substance around the cells serves as a water barrier (4, 10—18).

1.1.2. Basement Membrane

The epidermis and the underlying layer of dermis are separated by a porous basement

membrane. The basement membrane is approximately 50 - 70 nm thick and contains two



layers: lamina lucida and lamina densa. The lamina densa is primarily composed of type
IV collagen and perlecans. On the other hand, the lamina lucida consists of laminin and
nidogen. The main function of the basement membrane is to provide structural support to
the epithelium. It also allows the exchange of nutrients and waste between the two layers

(4, 19-21).

1.1.3. Dermis and Hypodermis

The dermis is the middle layer of skin, which contains extracellular matrix (ECM) proteins,
fibroblasts, immune cells, and a variety of other cells that help to impart tensile strength
and flexibility. The strength and toughness of dermis is maintained by collagen fibers,
while elastin provides elasticity and flexibility (/—8). The dermis also houses the skin
appendages (e.g., sweat glands and hair follicles), nerve endings, and sensory neurons that
play a crucial role in regulation of temperature, pain and pressure, respectively (22). The
dermis consists of two layers, the papillary and reticular layers. The papillary layer has
loosely arranged collagen fibers and a large number of blood vessels that provide nutrients
to the epidermis through the basement membrane. The reticular layer is continuous with
the hypodermis. It has a variety of dense and irregular fibers that are resistant to stretching

(1-8).

Finally, the hypodermis or subcutaneous tissue is the deepest layer of skin that separates
the dermis from the underlying muscle and bone. This layer is mainly composed of
adipocytes and loose connective tissue made up of collagen and elastin fibers. It also

consists of other cell types including fibroblasts and macrophages. The hypodermis is



responsible for providing insulation and serves as a reservoir for energy storage (4, 3, 7, 8,

23).

1.2. Skin Injuries and Wound Classification

As previously mentioned, skin plays an important role in maintaining homeostasis and
providing an effective barrier against the outside world. Due to various functions of skin,
any damage to the epidermis and dermis can lead to physiological imbalance, causing
disability or ultimately death in some cases (/). There are several factors that can result in
loss of fluid, infections, and scarring. Both the epidermis and dermis can be damaged by
genetic conditions (e.g., epidermolysis bullosa), complications from surgery, thermal
injuries (e.g., burns), acute trauma, and chronic ulceration (7, 24). Approximately 300
million people worldwide are affected by chronic wounds. This number will escalate due
to increasing prevalence of diabetes and peripheral vascular disease (25). The most
common cause of chronic wounds is thermal injuries i.e., burns. Patients with extensive
burns suffer from psychological, physical, and economical burdens. For instance, in
Canada, in 2010 the cost related to burn injuries was projected at $366 million.
Furthermore, the average healthcare costs per burn patient was estimated at $88,218 as of
2012. Therefore, there is an increasing demand for effective treatments and therapies that

can restore skin loss by promoting wound healing.

1.2.1. Definition and Classification of Wounds

Since skin injuries are prominent in both young and elderly populations, researchers and

clinicians have been seeking treatments for repairing large wounds. Wounds can be defined

5



as “damage or disruption to the normal anatomical structure and function” (26). This can
range from a simple cut in the epidermis to a deeper cut in the skin that can extend to other
structures (e.g., muscles and tendons). Wounds can be classified into two categories: acute
and chronic wounds. Acute wounds can restore the structure and function of the tissue with
minimal scarring within 10-30 days. The primary causes of acute wounds are abrasions
and cuts due to external factors and surgical procedures. Acute wounds can also include
burns and chemical injuries that are caused by electricity, radiation, and chemicals. On the
other hand, chronic wounds fail to progress through the stages of wound healing, and are
characterized by slow and incomplete healing of the tissue. Various factors such as
persistent infection, large wound surface area, hypoxia, and excessive secretion of
inflammatory cytokines can contribute to poor healing outcomes. Diabetes, ulceration,
burns, and vasculitis can result in chronic wounds, which can have a significant impact on

the quality of life of patients and on the healthcare system (26, 27).

1.2.2. Classification of Skin Injuries

Skin injuries are classified into four categories: epidermal, superficial partial-thickness
injuries, deep partial-thickness injuries, and full-thickness injuries. Epidermal injuries
include grazing, which can be regenerated rapidly, while superficial partial-thickness
injuries include the loss of the epidermis and the superficial part of the dermis. Such
wounds heal by re-epithelialization (discussed in section 1.3.3.). Both epidermal and
superficial partial-thickness injuries heal normally by progressing through the various
stages of wound healing. Deep partial-thickness injuries involve loss of a greater portion

of the dermal layer. These injuries heal very slowly and result in evident scar tissues.



Finally, full-thickness injuries are characterized by loss of the epidermis and dermis. Such
wounds cannot re-epithelialize on their own and can only heal by contraction (28).
Therefore, any large injuries greater than 4 cm or more in diameter need grafts or other

interventions to restore and repair the damaged tissue (29, 30).

1.3. Wound Healing

Epidermal and superficial partial-thickness injuries repair themselves by the process of re-
epithelialization, while deep partial-thickness injuries heal by progressing through the
stages of wound healing including granulation tissue formation, contraction, and re-
epithelialization. Wound healing is a dynamic inherent response that restores tissue
integrity. It involves complex interactions among soluble mediators, cells, and the ECM to
restore the integrity of the damaged tissues. Wound healing can be divided into four stages:

hemostasis, inflammation, proliferation, and maturation (3/-33).

1.3.1. Hemostasis

When an injury occurs, hemostasis is the first physiological response that occurs at the
wound site. It initiates a cascade of events that include vascular constriction, platelet
degranulation, and formation of a fibrin clot (37, 34, 35). When an injury occurs, the
exposed collagen interacts with circulating platelets, which activates the platelets.
Activated platelets adhere tightly to each other and to the ECM to form a platelet plug at
the site of injury. The platelets degranulate and release their alpha granules (e.g., ADP,
platelet-activating factor (PAF), and thromboxane Az (TXA:z)) into the blood plasma,

which increases secretion and activation of chemokines such as platelet-derived growth

7



factor (PDGF), interleukin (IL)-1, and transforming growth factor (TGF)-B. Since these
chemokines are continuously released into the blood plasma, more platelets get activated
to form the platelet plug at the injury site. Once the platelet plug has been formed, clotting
factors are activated to form a fibrin mesh. Some of the white and red blood cells get

trapped within the fibrin mesh, and form a clot (27, 36).

1.3.2. Inflammation

Immediately after the clot is formed, neutrophils are recruited to the wound site by various
cytokines, including (IL)-1, tumor necrosis factor (TNF)-a, and TGF-B. Furthermore,
prostaglandins are produced by the COX-2 enzyme in the platelets, which vasodilate the
blood vessels to facilitate the movement of neutrophils and monocytes to the injured sites.
Neutrophils are recruited to the wound within 24-36 hours of injury. Neutrophils release
proteolytic enzymes and phagocytose any foreign materials and bacteria. Within 48-72
hours of injury, monocytes enter the wound site. These cells undergo phenotypic changes
and transform into macrophages. Macrophages secrete IL-1 and TNF-a, and TGF-8 to
stimulate fibroblasts and keratinocytes, respectively. The depletion of macrophages in
wound healing can lead to delayed fibroblast and keratinocyte maturation along with

delayed angiogenesis, resulting in defective wound repair (27, 31, 37, 38).

1.3.3. Proliferation

The proliferative phase starts on the second or third day of the injury and lasts for about
two to three weeks. This stage of wound healing is characterized by angiogenesis,

epithelialization, and granulation tissue formation.



Angiogenesis

Formation of blood vessels also plays a crucial role in the wound healing process. Many
angiogenic factors (e.g., vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF) and basic fibroblast growth factor (bFGF)) are secreted to promote
the formation of blood vessels. These growth factors bind to receptors on the endothelial
cells of existing vessels, which activates a cascade of signaling events. The activated
endothelial cells secrete proteolytic enzymes to degrade the existing vascular basal lamina.
After the breakdown of the basement membrane, the existing endothelial cells are able to
proliferate and migrate towards the wound. Consequently, new blood vessels are formed.
This process is called sprouting. These sprouting blood vessels are directed toward the
ECM by an endothelial tip cell (a non-proliferating cell at the tip of the capillary sprout
that directs migration). Meanwhile, the endothelial cells are still undergoing proliferation
to elongate the newly built sprout, which will eventually form a capillary. The endothelial
cells also release matrix metalloproteinases to degrade or lyse any surrounding tissue that
may interfere with the blood vessel formation. Finally, two or more endothelial tip cells
will fuse to form a continuous lumen through which oxygenated blood can flow. The newly
built vessel will further differentiate into arteries and venules. Moreover, these vessels will

be further stabilized by recruitment of pericytes and smooth muscle cells (27, 39).

Epidermal Restoration

If the basement membrane remains intact after the injury, keratinocytes proliferate and
stratify in their normal pattern. However, in cases of wounds with the loss of basement

membrane, the restoration of epithelial barrier is accomplished by re-epithelialization, a



process where epidermal cells spread across the wounds. Failure to re-epithelialize a wound
results in loss of intact epidermal barrier, and thus, re-epithelialization is a critical and
defining feature of wound healing (40, 41). Wound re-epithelialization is dependent on the
proliferation capacity and migration of epidermal keratinocytes to cover the denuded
surface (40—42). Upon injury, keratinocytes (which are usually non-motile) undergo
phenotypic alterations in cytoskeleton networks and cell surface receptors that disassemble
the keratinocytes from the wound margin and produce a migratory phenotype. This allows
keratinocytes to migrate and proliferate over the wound surface until the cells come in
contact with each other, resulting in restoration of the skin barrier (40—44). However, re-
epithelialization becomes challenging in large wounds (even those treated with dermal
replacement materials) where cells located at the wound edges lack the ability to re-

epithelialize the surface (43).

Granulation Tissue Formation

Granulation tissue formation is the final phase of the proliferative stage. Deep partial-
thickness injuries are usually restored by granulation tissue formation and wound
contraction. During this process, fibroblasts migrate into the wound site where the cells
become activated and synthesize collagen. PDGF, epidermal growth factor (EGF), and
FGF stimulate fibroblast proliferation. PDGF produced from wound fibroblasts (fibroblasts
at the wound site) acts via autocrine and paracrine signaling and further amplifies the
proliferation of fibroblasts. Within the wound site, the fibroblasts proliferate significantly
and synthesize provisional matrix components including hyaluronan, fibronectin,

proteoglycans, and collagen III, which further promote cell migration. Around 7-10 days
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after wounding, the fibroblasts transform into myofibroblasts. Myofibroblasts express a-
actin, which allows the cells to generate strong contractile forces to pull the edges of the
wound together. Finally, once the wound has stopped contracting, the unneeded fibroblasts

and myofibroblasts undergo apoptosis (programmed cell death) (27, 31, 37, 38).

1.3.4. Maturation

The maturation and remodeling stage begins two to three weeks after the onset of injury
and can last up to a year or more. If the collagen deposition is too low, the strength of the
remodeled skin will be greatly reduced. However, if excessive collagen is deposited,
hypertrophic scar or keloid can result. During this stage, granulation tissue transitions from
a disorganized network of collagen III, glycosaminoglycans, and fibronectin to a more
organized network of ECM proteins. Matrix metalloproteinases secreted by fibroblasts,
endothelial cells, neutrophils and macrophages degrade collagen III, thereby promoting the
synthesis of collagen I. The initial collagen fibers deposited on the wound site are thin, but
eventually get replaced by thicker fibers, enhancing the tensile strength of the tissue.
Further remodeling of the tissue causes a decrease in number of cells via apoptosis, blood
flow, and metabolic activity, resulting in a mature scar tissue with a high tensile strength.
However, the scar tissue will never have the tensile properties of the uninjured skin (27,

31,32, 37, 38).

11



1.4. Management of Large and Chronic Wounds

As mentioned earlier, skin injuries can be divided into four categories: epidermal,
superficial partial-thickness, deep partial-thickness, and fill-thickness. In epidermal and
superficial partial-thickness injuries, the skin heals through the natural repair response, as
described in section 1.3. However, in cases of deep partial-thickness or full-thickness
injuries, the normal repair response goes awry, which results in excessive scar tissue
formation and chronic wounds. Wounds that are greater than 4 cm or more cannot repair

on their own and need a graft to help restore the damaged/diseased skin tissues (29, 30).

The current gold standard for repairing large and chronic wounds is skin autografting (28,
45). In skin autografts, the surgeon uses a specialized surgical instrument called a
dermatome to shave a thin layer of skin from the donor site of the patient. The thin skin is
then applied to the wound site to help treat skin injuries. Depending on the type of skin
injury, skin grafts can be classified in two categories: split-thickness and full-thickness
grafts. A split-thickness graft is composed of the epidermis and a portion of the dermis.
These grafts can be further divided into thin, intermediate, and thick grafts, and thickness
of these grafts ranges from 0.15-0.3 mm, 0.3-0.45 mm and 0.45-0.6 mm, respectively (45,
46). In full-thickness grafts, the entire epidermis and dermis are transplanted to the wound
site. These grafts are usually thicker than 0.6 mm (46). Autografts have been used to treat
some serious skin injuries; however, they may not be the ideal treatment for patients with
severe wounds due to limited availability of donor sites. These procedures also create

wounds at donor sites that may result in scar formation and/or other severe complications.
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Therefore, there is a strong demand for an alternative treatment that is able to restore both

the epidermis and dermis in patients with extensive skin loss.

Tissue engineering has shown significant promise in improving the wound healing process.
Tissue engineering aims to fabricate tissues and organs by using a scaffolding material to
provide a supportive matrix for appropriate tissue growth and repair. The goal of many
current skin tissue engineering approaches is to create a functional equivalent skin
substitute that can restore the epidermal barrier. Although there are no ideal skin
substitutes, these engineered constructs should: (1) prevent water loss and form an
epidermal barrier, (2) be cost-efficient, (3) have a long shelf life and be easy-to-use, (4)
participate in a positive host immune response, (5) work on irregular wound surfaces, (6)
require one surgical procedure, (7) have long-term durability and (8) provide permanent
wound coverage. Although we are far from creating a skin substitute that possesses these
ideal characteristics, several attempts have been made to create tissue-engineered products
that may aid in restoring damaged and/or diseased skin. These products are classified into
two categories: skin substitutes and cell-based therapies, which are further discussed below

(24).

1.4.1. Skin Substitutes

Over the years, progress in tissue engineering has led to development of several types of
skin substitutes that facilitate wound healing. The history of skin tissue engineering can be
traced back to the 1970s when the cultured epidermal autograft (CEA) was developed as a

treatment for burn victims (47). O’Connor and colleagues were the first group to
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demonstrate the use of CEA as a skin substitute. In their study, epidermal cells taken from
a 2cm? biopsy were cultured for three weeks and were able to successfully restore skin loss
in adult patients. This breakthrough finding was important for the development of many

commercialized skin substitute products.

One such example is Epicel®: a sheet composed of 2-8 layers of autologous keratinocytes
attached to a petrolatum gauze. It has been recommended for patients that have damage to
>30% of total body surface area. Epicel® grafts are not at risk of rejection by the recipient’s
immune system because they use autologous keratinocytes (48). Patients who received
Epicel® as a potential treatment showed a survival rate of 86.6%; however, some serious
events were observed as indicated by a 13% death rate and 14% infection rate (48). Despite
high survival rates, there are many challenges that prevent the clinical use of CEAs. Firstly,
the timing of CEA is an important concern for surgeons. A CEA takes approximately three
weeks to produce, so it may not be readily available for patients who need immediate
treatment. In some cases, even though the CEA may be ready, the patient may not be ready
to undergo surgery, and thus the efficacy of the keratinocyte sheet is reduced and results in
poor clinical outcomes. Secondly, the CEA sheets are very fragile and are sensitive to
stress, making them inappropriate for use around joints. CEAs also lack the dermal bed
and are of limited value without an already well-vascularized dermal bed. Finally, a CEA

is very expensive to produce, limiting its use in many clinical settings (29, 48, 49).

Since CEAs lack a vascularized dermal bed and have poor mechanical stability, they cannot

be used to treat full thickness wounds without wound contractions and/or scars. Thus,
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attempts have been made to develop other cell-based skin substitutes. For instance,
Dermagraft® (a human fibroblast-derived skin substitute) can help restore the dermal bed
by allowing epithelial cells to migrate over and close the wound (50, 51). Dermagraft® is
composed of fibroblasts, ECM, and a bioabsorbable polyglactin mesh scaffold in which
fibroblasts are cultivated. The cells proliferate and secrete collagen, ECM proteins, and
growth factors to produce a dermal matrix (50, 5/). Gentzkow et al. evaluated the
effectiveness of Dermagraft® in 50 patients with diabetic foot ulcers over a 12-week period
(52). Patients treated with Dermagraft® (50% healed ulcers) had better healing than the
control group (8% healed ulcers). Moreover, this study demonstrated that the patients who
received Dermagraft® every week healed significantly better than the patients who received
it bi-weekly or monthly. Other studies have also indicated that Dermagraft® is effective
for treating wounds like diabetic foot ulcers (50, 57). However, this product failed clinical
trials for venous ulcers as Dermagraft® was unable to completely heal the wound by 16
weeks. Moreover, the product has a prohibitive cost along with inconsistent clinical

outcomes, which makes it unappealing for future use (53-55).

Acellular human dermis (e.g., GraftJacket®) has also been investigated for skin
reconstruction. Graftjacket® is derived from donated human skin that has been processed
to remove any immunogenic components while persevering a matrix that retains the
biochemical and structural components of ECM important for revascularization,
recellularization and reintegration (56). Despite its moderate clinical success, low healing
rates and inconsistent performance have been observed, which is attributed to the failure

to remove donor cellular components (57, 58). DeCell Technologies Inc. have recently
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developed a decellularized tissue scaffold called DermGEN™ derived from human
donated skin in order to address the unmet need for effective treatment for wounds. DeCell
Technologies have developed a proprietary novel decellularization process, which
promises to remove cellular components more effectively than the existing
decellularization techniques (59). The main product from DeCell Technologies
(DermGEN™) will be used in this thesis as an acellular dermal material for engraftment

of epidermal cells.

1.4.2. Cell-Based Therapies

Although biomaterials such as acellular scaffolds have shown significant promise in tissue
engineering, they lack the ability to fully heal cell-rich tissues surrounding some wounds.
Therefore, cell-based therapies have been exploited for wound reconstruction. These cell-
based therapies use autologous cells to accelerate the wound healing process (60). As a
result, researchers have investigated the use of composite skin for permanent wound
coverage. Composite skin involves the combination of a dermal skin substitute along with
a CEA to improve the wound healing process (67). Gallico et al. first reported a case study
in which composite skin was used as a strategy for skin replacement. In this study, the
patient received a collagen-glycosaminoglycans dermal matrix followed by CEA. The
composite skin graft performed well and the patient was able to recover from skin loss
(62). Although these grafts have shown promising results, composite skin grafts have
barely been used for repairing large wounds. One of the main reasons for the limited use
of composite grafts is the cost. Both dermal skin substitutes and CEAs are very expensive,

which makes this more expensive and difficult to use compared to other commercially
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available therapies. Another limitation of using the two step-procedure is the lack of
engraftment. Moreover, like CEAs, the composite sheets are fragile and difficult to handle

(63).

To overcome the difficulties of composite skin, cell seeding and cell spraying approaches
have also been examined to deliver cells on a scaffolding material for restoring the
damaged and/or diseased skin (60, 64). The most commonly used biomaterials include
natural hydrogels (e.g., alginate, gelatin, alginate, and fibrin) and synthetic materials (e.g.,
polycaprolactone (PCL) and poly(lactic-co-glycolic) acid (PLGA) (24). Since these
methods rely on manual cell seeding or spraying, they are unable to emulate the
complexities of native tissue and therefore are unable to reflect accurate physiological
responses. This becomes particularly challenging in fabricating a cell-dense construct such
as the epidermis where the tissue formation is based on cell assembly. Although many
tissue engineering strategies have been utilized to develop skin substitutes, these

techniques are unable to reliably promote cell-cell interactions and cell-matrix interactions.

1.5. Summary of Current Skin Substitutes

The production of skin substitutes has been a long-standing challenge in the field of tissue
engineering. Although many strategies have been developed for skin reconstruction, we
have not been able to successfully generate a multi-layered structure with skin appendages
and other glands. Most of the skin substitutes used for skin reconstruction are
predominantly acellular in nature. These acellular dermal components are beneficial for

stabilizing the dermal wound bed, but are unable to full support epidermal reconstruction
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for chronic wounds. This becomes problematic for large wounds as the cells in the wound
margin lack the ability to re-epithelialize, and are unable to restore the structure and
function of the skin. The most frequently used approach for epidermal reconstruction is to
grow and expand autologous keratinocytes in culture. This process, however, takes weeks
to grow and involves long waiting times, which may not be feasible for patients seeking
immediate medical treatment. Furthermore, when epidermal sheets are combined with
acellular dermal matrices, poor cell engraftment has been observed. As an alternative, cell
seeding and cell spraying options have also been considered for skin reconstruction. These
methods also rely on autologous cells, but are limited by the availability of cells. Moreover,
the low precision delivery of these techniques prevents the cells from being delivered
efficiently, and therefore are unable to generate a complex construct that mimics the
structure and function of skin. Therefore, it is important for researchers to develop
strategies that will allow the cells to expand in culture and promote cell-cell and cell-matrix

interactions once placed at a target site.

1.6. Epithelial Biopatterning Approaches

Advances in biopatterning techniques have allowed researchers to investigate the effects
of homotypic and heterotypic interactions on cell proliferation, growth, and differentiation.
In contrast to cell seeding and cell spraying approaches, biopatterning approaches can be
used to precisely deliver cells in a predefined arrangement with the goal of promoting rapid
re-epithelization. Biopatterning is often interchangeably used with the term “bioprinting”.
In this context, biopatterning allows precise positioning of cells, proteins, growth factors,

and/or bioactive molecules to improve and study cell-cell interactions, cell migration, cell
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proliferation, and cell differentiation (65). Biopatterning was first demonstrated as
cytoscribing in 1988 when Klenn used a Hewlett-Packard inkjet printer to position cells at
a precise location (66). It is one of the emerging techniques that has been utilized in many
fields including regenerative medicine, tissue engineering, and pharmaceutical testing.
Biopatterning has been used to fabricate a wide variety of tissues including bone, skin,
liver, cartilage, and cardiac tissue (67). There are several biopatterning approaches that are
being used for fabricating tissue and/or organs. Cutting-edge approaches currently under
development include inkjet-based bioprinting (IBP), laser-assisted bioprinting (LaBP), and

extrusion-based bioprinting (EBP).

1.6.1. Inkjet-Based Bioprinting (IBP)

IBP is a non-contact patterning method that allows the deposition of cell-rich droplets on
a substrate (68). The working principle of IBP is similar to that of desktop inkjet printers
where the print head can be actuated either thermally or piezoelectrically. In thermally
actuated IBP, a pressure is generated in the reservoir tank that contains the bioink. The
pressure inside the tank forms bubbles that forces the bioink out through the orifice and the
cell-rich bioink gets deposited on the substrate. The thermally actuated inkjet printers are
not expensive and can print a wide variety of low viscosity biomaterials with high speed
(<10,000 droplets/seconds) (68—70). However, the cells have relatively low cell viability
due to exposure to high temperature and mechanical stress. Moreover, the nozzle in IBP
results in frequent clogging, which presents a threat to smooth printing. Finally, thermal
inkjet printers result in non-uniform drop sizes which restricts their use in three-

dimensional (3D) bioprinting (68, 69).
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1.6.2 Laser-Assisted Bioprinting (LaBP)

LaBP uses a pulsed laser beam to position cells onto a substrate. The LaBP set-up consists
of a laser beam, a donor glass slide coated with a laser-energy-absorbing layer (e.g., gold
or titanium) containing a thin layer of biological materials, and a collector substrate. In
LaBP, a laser beam is focused on the donor slide to vaporize the metal layer, which results
in the production of cell containing droplets that get propelled towards the collector
substrate (71, 72). Recently, Michael et al. generated a bilayered skin construct using
LaBP. In this study, 20 layers of NIH-3T3 fibroblasts were printed first followed by 20
layers of HaCat keratinocytes on a sheet of Matriderm® (acellular dermal substitute), and
were assessed for formation of gap junctions and cell proliferation. Michael and colleagues
also demonstrated the use of LaBP by printing fibroblasts and keratinocytes on Matriderm®
(acellular dermal substitute) to create a functional 3D skin substitute as a potential
treatment for burn victims. The researchers found that the printed keratinocytes were able
to initiate differentiation and formed a multilayered epidermis. Moreover, the printed

fibroblasts were able to infiltrate the Matriderm® (73).

LaBP has shown significant promises in the field of skin tissue engineering. Like other
printing techniques, LaBP also offers may advantages. Since LaBP is nozzle-free, it does
not have issues with clogging of biological materials and can therefore print the cells with
higher density — a major limitation of other biopatterning techniques. Moreover, LaBP is
compatible with various viscous biomaterials (68). LaBP can print cell densities up to
10%/ml at a speed of 1600 mm/S. Although LaBP can print cells precisely on a substrate

with high resolution, it is expensive and requires specialized training which may not be
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feasible for translation in life sciences. Also, LaBP deposits cell-rich droplets by vaporizing
the metal film, which may subject the sample to metal particle contamination. Finally, cells

encapsulated in thin layers of hydrogel can dehydrate in air, resulting in low cell viability

(68).

1.6.3. Extrusion-Based Bioprinting (EBP)

EBP overcomes many of the limitations of LaBP and IBP and therefore is the most widely
used biopatterning approach. EBP systems have a dispensing mechanism and a stage that
is capable of moving in X, y, and z. These systems use either pneumatic or mechanical fluid
displacement to extrude a fluid through a nozzle. The pneumatic-based system uses
pressurized air to dispense cells on a substrate, while the mechanical fluid displacement
system relies on piston or screw to deposit cells. The screw-based mechanical system
provides spatial control and can print high-viscosity materials, while the piston-driven

mechanical system offers direct control over the material flow (74).

As compared to the other bioprinting approaches, EBP systems typically require less
complex instrumentation and are compatible with a broad range of viscous bioinks. Due to
the versatility and affordability of this technique, extrusion-based printers have been used
to print a variety of cells (75) and tissue constructs (76). For instance, Kim et al. used a
pneumatic driven extrusion-based system to print a collagen and alginate scaffold on a
cryogenic stage. This scaffold was then co-cultured with keratinocytes and fibroblasts to
fabricate a functional dermal skin substitute (77). More recently, Lee et al. also used EBP

to generate skin-like tissue by printing alternating layers of collagen I, keratinocytes and
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fibroblast (78). EBP can print at a very high cell density, which is essential for generating
complex cell-rich 3D tissues. Despite these benefits, decreased cell viability is observed
when cells are printed using EBP. This might be due to the dispensing pressure which
generates shear forces that may adversely affect cell viability (65, 68). Another major
limitation of EBP is that the printed pattern fidelity is sometimes lost when the bioink is
deposited in cell culture medium or on a wet substrate (79). Thus, there is a need for novel
bioink formulations that allow the cells to retain their viability and can print with high-

pattern fidelity on wet substrates required for many skin tissue engineering applications.

1.7. Aqueous Two-Phase Systems (ATPSs)

A potential bioink for use with EBP is aqueous two-phase systems (ATPSs), which allows
cells to be printed on substrates immersed in liquid without the loss of pattern fidelity.
ATPS-based inks utilize two or more biocompatible water-based polymeric solutions or
polymer-salt solutions that remain separated by a discrete liquid-liquid interface when
combined over critical concentrations (80, 81). ATPSs were accidentally discovered by
Beijerinck in 1896, but the first applications involving the use of ATPSs were demonstrated
by Albertsson for the purification and isolation of various biomolecules such as proteins,
DNA, and other materials (§2). With the multitude of potential applications for ATPSs,
characterization of these systems is necessary to determine the concentrations of each
phase-separating species required to form a biphasic system. The composition at which
phase separation occurs is dependent on the thermodynamic properties of the phase-
separating solutions (81, §3—85). In order to understand the ATPS formation, it is important

to consider the free energy of the system:
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AG = AH —TAS

Where:
AG = change in Gibbs free energy
AH = change in enthalpy
T = temperature

AS = change in entropy

The polymers will only phase-separate if AG > 0. If AG < 0, the process is spontaneous
and the polymers will mix to form one solution with no distinguishable phases (86—88).
Although several thermodynamic models have been developed to predict ATPSs
formation, empirical approaches have also been used to determine the concentrations of
polymers that give rise to single or two-phase systems (§9-91). These empirical approaches
are used to generate a phase diagram that delineates the concentrations at which ATPSs
can form. Phase separation is influenced by a variety of factors including pH, molecular
weight, polarity, viscosity and ionic content of the polymer/salt, and temperature (68, 76,
77). Several methods have been developed to determine polymer concentrations required
for phase-separation, but the turbidimetric titration method and the cloud-point method are
the most commonly used approaches (87, 91, 92). These methods rely on assessing the
points at which the polymer solutions transition from miscible to immiscible phases and
vice-versa. These points are represented on a phase separation diagram, as shown in Figure
1. Points above the curve give rise to immiscible phases, while points below the curve

appear as a single miscible phase.
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An example of a phase separation diagram of PEG 35 kDa - DEX 500
kDA (adapted from Agarwal et al., 2017)

X-axis represents concentrations of blue DEX in %wt, while y-axis represents
the concentrations of PEG in %wt. Two known concentrations were combined
to form an ATPS (tube above the curve). Small amount of buffer is gradually
added to the phase-separating solution until the polymers can no longer phase-
separate (tube below the curve). The process is repeated to generate the rest of
the points on the curve. Any points above the curve gives rise to ATPSs, while
the points below form a single-phase solution.
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The most extensively studied biphasic system is comprised of poly(ethylene glycol) (PEG)
and dextran (DEX) (87). PEG is a synthetic polymer that is synthesized from ethylene
oxide and water, while DEX is a type of a-glucan that is mass produced from fermentation
of sucrose-containing medium by Leuconostoc mesenteroides (93, 94). PEG and DEX are
the most widely used ATPS-forming polymers owing to their biocompatibility and cost-
effectiveness. Moreover, these phase-separating polymers have low interfacial energy (yi12
~ 0.003 mJm?), which allows the formation of stable patterns at a wide range of
temperatures. Finally, the ATPS method uses high molecular weight PEG and DEX, which
separate at low concentrations, and therefore these low concentrations of polymers do not

exert any deleterious effects on cells (81, 95-98).

Liquid-liquid phase-separation of DEX and PEG solutions has been used extensively for
fractionation and isolation of DNA, virus, proteins, and antibodies. More recently, the
partitioning of materials in the DEX-PEG system has been exploited for biopatterning of
biomolecules and cells. This method takes advantage of the interfacial tension of PEG and
DEX and the preferential distribution of reagents to one phase or the other to position
biomolecules and particles such as cells in aqueous environments. ATPS-based cell
biopatterning uses microliter volumes of DEX containing cells, which are dispensed onto
a substrate coated with PEG solution using simple liquid handling devices such as
micropipettes. The interfacial tension between the polymers confines the cells within the
DEX droplets, allowing contact-free cell placement. Unlike other existing approaches that
induce mechanical or thermal stresses on the materials undergoing deposition, ATPS is
driven by ultralow interfacial tension that retains up to ~ 98% cell viability. In contrast to
other biopatterning techniques, ATPS EBP is easy-to-learn, and does not require any

25



specialized equipment or training. It can pattern small volume of droplets (e.g., 0.5 ul)
using simple readily available tools such as micropipettors. ATPS EBP can also be used to
pattern bioparticles of various sizes, which may be difficult to achieve with other
biopatterning techniques. Moreover, it is inexpensive and does not exert any deleterious
effect on biomolecules or cells (99, 100). However, in contrast to other biopatterning

approaches, the printing speed of ATPS EBP may be slow.

Recent studies have demonstrated that ATPS biopatterning can be used to pattern cells into
a range of configurations in vitro including cell islands, exclusion zones, co-cultures,
heterocellular microarrays and cells patterned on a pre-existing monolayer. However, there
have been only a few studies that have explored the effects of biphasic systems on cell
growth, proliferation and differentiation. Here, I hypothesized that patterning keratinocytes
in ATPS will enhance the proliferation and differentiation of keratinocytes in culture,

which would be beneficial for skin tissue engineering.

1.8. Thesis Aims

The overall goal of this thesis is to explore the use of ATPS EBP to address key challenges
in skin tissue engineering. While some tissues are sparsely populated, both the dermis and
epidermis are cell-dense. Therefore, to recapitulate the epidermis and dermis, tissue
constructs must have high cell densities. However, the limited availability of cells makes
it challenging to fabricate large-scale tissue constructs with adequate cell densities to serve
as replacements for damaged or diseased skin. Therefore, it is necessary to implement

strategies that will efficiently use the limited cells that are available while still promoting
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the growth and differentiation of cell dense constructs. In this thesis, I developed a cell
delivery approach that utilizes ATPS EBP to efficiently deliver cells and promote their
growth and differentiation in culture, as well as improve their engraftment on an acellular
dermal matrix. Here, I hypothesized that biopatterning using ATPS EBP would tightly
organize the cells, which would allow the cells to communicate effectively and promote
the formation of intercellular junctions more rapidly than by dispersed cell seeding (Figure
2). In this work, I compared the ATPS EBP approach to the conventional cell seeding
approach and examined beneficial effects on cell growth and engraftment on an acellular

dermal matrix as a strategy for engineering a functional skin equivalent.

1.8.1. Aim 1
To identify the optimal concentration of ATPS-based bioink for cell patterning using a
phase separation diagram and assess the effects of PEG and DEX concentration on cell

morphology and stable ATPSs formation.

1.8.2. Aim 2

To apply ATPS EBP to efficiently biopattern human epidermal keratinocytes (HEK001)
and examine the effects of ATPS EBP on cell viability, proliferation, and differentiation
by biopatterning the cells on standard tissue culture plates and comparing them to the

conventional dispersedly-seeded technique.
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1.8.3. Aim 3

To demonstrate the application of ATPS EBP by biopatterning an array of HEK001 cells
in discrete colonies on an acellular dermal matrix (DermGEN™) and assess cellular
engraftment, proliferation, and differentiation of the stratum basale on DermGEN™ by

comparing the biopatterned condition to the dispersedly-seeded condition.

Cell Seeding Approach ATPS EBP Approach
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Figure 2 Cartoon representation of the cell delivery approaches.
Green cells represent the differentiated keratinocytes that have undergone
contact inhibition of proliferation. The blue cells represent keratinocytes that

are migrating and proliferating.
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CHAPTER 2: MATERIALS AND METHODS

The content of this chapter has been previously reported (/0/7) and has been described here
again for readers. A few sections of this chapter have been adapted from a forthcoming
manuscript. Below is a figure describing the methods used for each aim outlined in this

thesis.

Determination of Optimal

Determination of Phase- Concentrations of ATPSs-based

Separation Diagram Inks*

Cell Viability Assessment

Biopatterning of
Keratinocytes on Standard
Tissue Culture Plates

Cell Proliferation & Formation
of Adherens Junctions
Assessment

Cell Engraftment Assessment
Biopatterning of
Keratinocytes on Acellular

Dermal Matrices Histology &
Immunohistochemistry

Figure 3 Specific methods used for each aim of the study.

In Aim 1, the phase-separation diagram of PEG 35kDa and 500 kDa was
characterized, which was used to determine the optimal concentrations of
ATPSs-based inks. In Aim 2, the cells were biopatterned on standard tissue
culture plates and were compared to the dispersedly-seeded conditions. These
samples were analyzed for cell viability, proliferation, and formation of
adherens junctions. In Aim 3, cells were biopatterned on acellular dermal
matrices. These cultures were analyzed for cell engraftment, cell proliferation
and differentiation using immunohistochemistry. * denotes concentrations of
ATPSs-based ink from Aim 1 was used for meeting the objectives of Aim 2
and Aim 3. Common methods are not included in this figure.
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2.1. Cell Line

The human epidermal keratinocyte cell line (HEK001, ATCC® CRL-2404™) was
purchased from ATCC®. The HEKO001 cell line is derived from a 65-year-old male and
expresses keratin 14, which is only present in proliferating basal-type keratinocytes. For
my thesis work, [ was interested in investigating the effects of my patterning technique on
cellular proliferation, migration, and formation of a basal epidermal barrier. Therefore, I
selected HEKOO1 basal-type keratinocytes for examining the effectiveness of my
patterning technique and establishing a standardized model that could be applied to

different cell lines.

2.2. Preparation of Polymer Systems

PEG 35 kDa and high-purity technical quality of DEX T500 kDa were obtained from
Sigma-Aldrich and Pharmacosmos, respectively. Blue-DEX 500 kDa obtained from
Sigma-Aldrich was also added to the DEX T500 kDa solution as a way to visualize the
DEX droplets immersed in the PEG phase. PEG 35 kDa and DEX 500 kDa were dissolved
in keratinocyte-serum free medium (K-SFM) composed of 1 % antibiotic antimycotic
solution (Sigma-Aldrich). The tubes were left on a shaker overnight to ensure complete
dissolution. Filter units (0.45 pm pore size, Sarstedt) were used to filter-sterilize the

solutions. The concentrations of the polymers were calculated in % wt.
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2.3. Determination of the Phase Separation Diagram

Determination of a phase-separation diagram (also known as the binodal curve) is
important for optimizing the appropriate working concentrations of PEG 35 kDa and DEX
500 kDa for cell patterning. The phase-separation diagram is influenced by a variety of
factors including polymer molecular weight, salt concentrations of the medium, pH,
polymer polarity and viscosity (87). Since PEG and DEX are polydisperse (i.e, they consist
of polymers chains of various lengths), it is necessary to characterize these systems for
each batch of polymer obtained from the manufacturer prior to any application testing.
Polydispersity may influence the phase-separation diagram as the molecular weight may
vary batch-to-batch. The molecular weight of the polydisperse polymer is calculated as the
average of the molecular weight of the chains present in the sample. There has yet to be
any study that characterized the effects of specific salt contents present in K-SFM on the
phase-separation diagram for PEG and DEX. Therefore, I decided to determine the binodal
curve for PEG 35 kDa and DEX 500 kDa in K-SFM before optimizing polymer

concentrations for HEK0O1 cell patterning.

Turbidimetric titration was used to determine the phase separation diagram of PEG 35kDa
- DEX T500 kDa (81). In this method, stock solutions of 20% wt PEG 35kDa and 20% wt
DEX T500 kDa were prepared in K-SFM, as described in Section 2.2. From the stock
solutions, nineteen phase-separating solutions were prepared in 1.5 ml centrifuge tubes
with the following initial concentrations: 19% PEG 35 kDa : 1% DEX 500 kDa, 18% PEG
35 kDa : 2% DEX 500 kDa, 17% PEG 35 kDa: 3% DEX 500 kDa, 16% PEG 35 kDa :

4% DEX 500 kDa , 15% PEG 35 kDa : 5% DEX 500 kDa, 14% PEG 35 kDa : 6% DEX
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500 kDa, 13% PEG 35 kDa : 7% DEX 500 kDa, 12% PEG 35 kDa : 8% DEX 500 kDa,
11% PEG 35 kDa : 9% DEX 500 kDa, 10% PEG 35 kDa : 10% DEX 500 kDa, 9% PEG
35 kDa : 11% DEX 500 kDa, 8% PEG 35 kDa : 12% DEX 500 kDa, 7% PEG 35 kDa :
13% DEX 500 kDa, 6% PEG 35 kDa : 14% DEX 500 kDa, 5% PEG 35 kDa : 15% DEX
500 kDa, 4% PEG 35 kDa : 16% DEX 500 kDa, 3% PEG 35 kDa : 17% DEX 500 kDa,
2% PEG 35 kDa : 18% DEX 500 kDa, and 1% PEG 35 kDa : 19% DEX 500 kDa. The
mass of each solution was recorded. Each tube was vortexed to ensure the solution
appeared cloudy, which indicated the formation of an emulsion. A small volume (10- 20
pl) of K-SFM was then added to each tube. The tubes were vortexed and centrifuged at
1000 x g for 5 mins at 20 °C. After centrifugation, the tubes were observed for interface
formation, which signified the formation of ATPSs. If an interface was observed, 10- 20
ul of K-SFM was added until the two-phase system transitioned to a one-phase solution
and the interface was no longer visible after centrifugation. The final mass of each tube
was recorded. The final concentrations of PEG and DEX were then calculated using the
formula below:
CiVi = C¢ V¢

Where:
C; = initial concentration of polymer
V; = initial volume of polymer
Cr = final concentration of polymer

Vy = final volume of tube

These concentrations were plotted to generate a phase separation diagram, which was used

for identifying the combinations of PEG and DEX solutions suitable for cell patterning.
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2.4. Determination of Optimal Concentrations of ATPSs-based
Inks

Several combinations of PEG and DEX solutions were tested, as listed in Table 1. In order
to determine the optimal concentrations of PEG and DEX for cell patterning, two types of
ATPSs were considered: equilibrated and non-equilibrated systems. In equilibrated
systems, the phase-separated solutions composed of PEG and DEX were prepared in 15 ml
conical tubes. The tubes were centrifuged at 20°C for 20 mins at 3.0 rcf to equilibrate the
polymers. After centrifugation, PEG and DEX solutions were separated in two different
tubes, which were used for patterning. In non-equilibrated systems, pure PEG and DEX
solutions were prepared in 15 ml conical tubes using the protocol outlined in Section 2.2.
These tubes were not centrifuged prior to cell patterning. For each system, one-microliter
droplets of cell-laden DEX were dispensed onto wells coated with PEG solution. These

plates were analyzed for formation of stable ATPSs and uniform cell patterns.

2.5. Cell Culture

The human epidermal keratinocyte cell line (HEK001, ATCC® CRL-2404™) was cultured
in K-SFM containing 2 mM L-glutamine and 10 ng/ml human recombinant epidermal
growth factor (EGF, BioVision) in 100-mm culture dishes. The cells were passaged at ~60-
70% confluence and were used for experiments before 30 passages, as described in the
standard passaging protocols. The cells were maintained in a humidified incubator with
5% COz and 37 °C. The cells were subcultured per ATCC instructions. Briefly, the cells
were washed with 5 ml of 1X filter-sterilized phosphate buffered saline (PBS). Then, 2.0

ml of trypsin-EDTA (0.05% Trypsin/0.53 mM EDTA; Corning) was added to the cell
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culture dish. The cell culture dish was placed in a humidified incubator at 37°C for ~5 - 7
mins to facilitate the trypsinization process. The cell culture dishes were gently tapped to
detach any remaining adherent cells. Approximately 2.0 - 3.0 ml of Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotics antibiotic solution was added to the cell suspension to deactivate the trypsin.
The cell suspension was centrifuged at 20 °C for 5 min at 0.2 rcf and the supernatant was
removed. The cell suspension was re-suspended in fresh cell culture medium and either re-

plated to continue to grow the cells or used for experiments.

2.6. Biopatterning of Keratinocytes on Standard Tissue Culture
Plates

HEKOOTI cells were printed in a colony pattern on standard 24-well tissue culture plates
using the protocol described previously (Figure 4) (/01). The PEG and DEX solutions
were prepared using the procedure described in Section 2.2. Briefly, 500 pl of PEG 35 kDa
solution was added to each well of a standard 24-well tissue plate (Figure 4A (i)). HEK001
cells were passaged as described in Section 2.5 and were re-suspended in 5.0% DEX. Cells
were patterned at a concentration of 5000 cells/pl. A micropipette was used to dispense 1.0
pl cell-laden DEX ink in the center of each well of the culture plate prefilled with 5.0%
PEG solution (Figure 4A (ii)). The steps mentioned above were repeated for the
dispersedly-seeded condition, except these plates were agitated by gently shaking the plate
to disperse the cell-rich DEX droplet across the well surfaces. In both conditions, the
ATPSs-based bioink was used to isolate the effects of patterning condition versus the

dispersedly-seeded condition. All plates were carefully stored in a 37 °C incubator to
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facilitate cell attachment and growth. Plates were left undisturbed overnight. The following
day (defined as day 1), polymers were discarded, and each well was washed with 250 pl
of K-SFM three times. Next, 500 pl of fresh K-SFM medium supplemented with 1%
antibiotic solution and 0.1 mM calcium (Ca®") was added to each well (Figure 4A (iii)).
Calcium chloride was added to enhance intercellular junction formation. The plates were
assessed for cell viability, cell proliferation, and formation of adherens junctions on days
1, 3, 7, and 14. As controls, microliter droplets of either cell-rich culture medium or cell-
rich DEX were dispensed onto substrates coated with either PEG or medium (Figure 4B

and 5C).

CY ®) ©
DEX/PEG Culture Medium/PEG ~ DEX/Culture Medium

N I ]
® - Lﬂﬂ
PEG
| ]
Figure 4 Cartoon representation of the ATPS EBP cell patterning protocol.

(A) depicts the ATPS EBP patterning protocol. In the ATPS EBP patterning
procedure, (1) the surface of the well is coated with PEG. (i1) the cell-rich DEX
droplet is dispensed onto a substrate coated with PEG solution. The plates are
left in the incubator overnight. (iii) polymers are discarded the next day and are
replaced with fresh K-SFM.
(B) and (C) shows the control conditions. (i) the well is coated with PEG (B)
or cell culture medium (C). (ii) cell-rich medium droplet (B) or cell-rich DEX

droplet (C) is pipetted to the well. (ii1) the polymers are washed away and
replaced by fresh K-SFM medium.
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2.7. Cell Viability Assessment

Calcein-AM (C-AM, Biotium, 3 uM) and propidium iodide (PI, Sigma-Aldrich, 3 uM)
staining was performed to assess the cell viability. C-AM was used to identify the living
cells, which were stained green, whereas the PI was used to stain dead cells red. C-AM is
a highly lipophilic molecule that permeates viable cells. Once inside cells, intracellular
esterases hydrolyze C-AM to calcein, which produces a fluorescence signal at 530 nm upon
excitation with blue light (/02). PL, on the other hand, intercalates at guanine and cytosine
base pairs of DNA and cannot enter living cells (/03). C-AM and PI solution were
prepared together in K-SFM. Next, 200 pul of the solution was added to each well and the
plates were incubated for 10 mins in a humidified incubator at 37°C. Images were captured
using a 2X objective lens on a Nikon Eclipse T1 epifluorescence microscope on days 1, 3,
7, and 14. Experiments were repeated three times and all the images were processed using

Fiji image analysis software.

2.7.1. Image Analysis

Regions of interest (ROIs) were selected at the edge, mid-point, and center of each
patterned colony. Similar regions were selected for the dispersedly- seeded conditions. The
number of viable and dead cells were counted manually within each ROI using the cell
counter option in Fiji. The percentage of viable cells were calculated and plotted as mean

values = SD.
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2.8. Cell Proliferation and Formation of Adherens Junctions

2.8.1. Cell Proliferation Analysis

Proliferating cells were identified by Ki-67 immunofluorescence. Ki-67 is a proliferation
marker that is found in the nucleus during the cell cycle (/04). Both conditions were
analyzed for the presence of proliferating cells on days 1, 3, 7, and 14. At each time point,
the cells were fixed by adding 200 pl of 3.7% formaldehyde (Sigma-Aldrich) to each well
for 10 mins. Each well was then washed three times with 1X PBS. Since Ki-67 is an
intracellular marker, cells were permeablized with 25% Triton X-100 (Sigma-Aldrich) in
PBS with Tween 20 (PBST) for 10 mins at room temperature. Each well was washed three
times with 1X PBS for 5 mins per wash. Cells were then blocked with 1 % bovine serum
albumin (BSA) in PBST for 30 mins at room temperature. All samples were then incubated
in primary antibody, Ki-67/MKI67 Antibody (8D5) (NBP2-22112, Novus Biologicals,
1:500) overnight. HiLyte 488-conjugated anti-mouse IgG (NB710-40671, Novus
Biologicals, 4.5 pg/ml) was applied as a secondary antibody for an hour to detect the
fluorescent signal. Once the cultured plates were washed three times with PBS,
bisBenzimide Hoechst 33342 trihydrochloride (B2261-25MG, Sigma-Aldrich, 1:1500)
was applied as a counterstain for 10 mins. Again, all the experiments were replicated three
times and images were acquired at 10X magnification using a Nikon Eclipse TI

epifluorescence microscope.
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Image Analysis

Fiji was used to calculate the proliferation index. Like the cell viability assessment, three
ROIs were selected for each image. Within each ROI, Ki-67 positive cells (stained in
green) and the total number of cells (stained in blue by Hoechst) were manually counted
using the cell counter option. A proliferation index was then calculated using the formula

given below and plotted as mean values + SD.

) o Ki — 67 positive cells
Proliferation index = X 100%
total number of cells

2.8.2. Formation of Adherens Junctions

The formation of adherens junctions was detected by E-cadherin immunofluorescence. E-
cadherins are the major transmembrane proteins in adherens junctions that mediate cell-
cell contact (105). Briefly, all culture plates were fixed in 3.7% formaldehyde for 10 mins
at room temperature. Each well was washed three times with PBS. The samples were then
blocked in 1% BSA in PBS for 30 mins at room temperature, and E-cadherin Antibody
(AF748, Novus Biologicals, 1:500) was applied to the samples overnight. The primary
antibody was removed the next day and each well was washed three times with PBS for 5
mins. Finally, the secondary antibody, Dylight-488-conjugated donkey anti-goat IgG

(NBP1-72843, Novus Biologicals, 1:2000), was used for detecting the presence of E-
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cadherin. Cell nuclei were counterstained with bisBenzimide Hoechst 33342
trihydrochloride (B2261-25MG, Sigma-Aldrich, 1:1500). All plates were imaged at 10X

magnification with the Nikon Eclipse T1 epifluorescence microscope.

Image Analysis

The relative expression of E-cadherin was determined using ImageJ. Three ROIs were
selected within each well of the plates and were imaged at 10X magnification. Bernsen
auto local threshold was used to process all the images. Finally, the percent area fraction
was measured from the resulting images to detect the presence of E-cadherin in each

condition in arbitrary units (AU). These values were then plotted as mean values + SD.

2.9. Biopatterning of cells on Acellular Dermal Matrices

To demonstrate the potential application of the ATPS EBP technique to skin
reconstruction, HEKOO1 cells were biopatterned on DermGEN™ (2 cm x 2 cm, DeCell
Technologies). DermGEN™ is derived from donated human skin that has been processed
to remove any immunogenic components, while retaining the native structure of the dermal
component of the skin. A 3 x 3 array of HEKO0O01 cells were biopatterned in colonies on
DermGEN™ using the procedure mentioned in section 2.6. The cells were dispersedly-
seeded in ATPS on DermGEN™ by gently shaking the plate to disperse the cells across
the surface of DermGEN™. All cultures were monitored for cell engraftment, cell
proliferation, and formation of adherens junctions on days 1, 3, 7, and 14. All the
experiments for both patterned and dispersedly-seeded conditions were performed on

treated plates.
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2.10. Cell Engraftment Assessment

RealTime-Glo™ MT cell viability assay (Promega) was used to assess cellular engraftment
on DermGEN™ in real-time. RealTime-Glo™ MT cell viability assay, a non-lytic cell
assay, measures the reduction potential of cells. It contains NanoLuc Luciferase (also
known as NanoLuc® enzyme) and MT cell viability substrate, which are added to cell
culture medium. The MT cell viability substrate diffuses into living cells and gets reduced
to NanoLuc substrate. Once the substrate is released into the medium, the substrate gets
reduced by the NanoLuc Luciferase enzyme to produce a luminescent signal. The
luminescent signal is directly correlated with number of living cells. The dead cells lack
the capability to reduce the MT cell viability substrate to NanoLuc substrate. In order to
measure cellular engraftment on DermGEN™, 3.0 ul of the 100x MT cell viability
substrate and 0.6 ul of 500x NanoLuc® enzyme were added to each well containing 300 pl
of medium. The plates were stored in an incubator for an hour. Images were taken using
Azure Biosystems imager. Finally, the bioluminescent signal was quantified using a
FilterMax FS5 plate reader. The above steps were repeated on days 1, 3, 7, and 14 to monitor
cellular engraftment in real-time. This experiment was replicated three times and data were

represented in relative light units (RLU) as mean values + SD.

2.11. Histology and Immunohistochemistry

All DermGEN™ samples were fixed in 10% neutral buffered formalin (NBF) for 24 hours
and were washed twice with 70% ethanol. These samples were then embedded in paraffin
and 5 um sections of DermGEN™ samples were cut for immunohistochemistry.

Hematoxylin and Eosin (H&E) were applied to the sections of DermGEN™ to stain the
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nucleus and cytoplasm, respectively. Additional sections were used to evaluate cell
proliferation and differentiation on DermGEN™. As mentioned earlier, Ki-67 and E-
cadherin were used to examine cell proliferation and differentiation, respectively. All the
sections were deparaffinized through two changes of xylenes (histological grade, Sigma-
Aldrich) and a change of 1:1 xylenes: 100% ethyl alcohol anhydrous (Sigma-Aldrich) for
3 mins. The sections were gradually hydrated through graded alcohols in the following
order: two changes of 100% ethyl alcohol (anhydrous) for 3 mins, two changes of 95%
ethyl alcohol for 3 mins each, 90% ethyl alcohol for 3 mins, 70% ethyl alcohol for 3 mins,
and 50% ethyl alcohol for 3 mins. Finally, all the sections were washed in dH2O for 5 mins.
The next step was to retrieve antigens, which may have been masked by chemical
modifications by the NBF. The deparaffinized and hydrated sections were placed in 10 mM
sodium citrate buffer for either 15 min (E-cadherin) or 20 min (Ki-67) at ~99°C. The
sections were then washed three times in 1X PBS for 5 mins/wash. All the sections that
were being stained for E-cadherin were blocked in 1% BSA in PBS, while the sections for
Ki-67 staining were blocked in 1 % BSA in PBST for 30 mins at room temperature. E-
cadherin Antibody in PBS (1:500) and Ki-67/MKI67 Antibody in PBST (1:200) were
applied to the sections and were incubated overnight. The sections were washed three times
with PBS for 5 mins/wash. The sections were incubated in 488-conjugated anti-goat IgG
secondary antibody (1:1500) and a 555-conjugated anti-mouse IgG1 (yl) secondary
antibody (SAB4600302-125UL, Sigma-Aldrich, 7 pg/ml) for an hour for detection of E-
cadherin and Ki-67, respectively. The samples were then washed again with 1X PBS. As a
counterstain, Hoechst 33342 was applied to the sections for 10 mins, and the sections were

washed three times with 1 X PBS. All the sections were imaged at 10X using Nikon Eclipse
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T1 epifluorescence microscope. Brightfield microscopy was used to image the H&E

sections at 20X magnification.

2.12. Statistical Analysis

Two-way analysis of variance (ANOVA) and Tukey multiple comparison test was
performed to compare the impacts of ATPS EBP and dispersedly-seeded approach on cell
viability, proliferation and differentiation over several days. Data are represented as mean

+ SD. Statistical significance was defined as *p<0.05.
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CHAPTER 3: RESULTS & DISCUSSION

3.1. Characterization of ATPS-based Inks for Cell Delivery

3.1.1. Rationale

The first goal of my thesis work was to determine a novel bio-ink for EBP and to optimize
the concentrations of the selected bio-ink for cell delivery. The current bio-inks used for
EBP are unable to print on a wet substrate without a loss of pattern fidelity. Moreover,
patterning cells in air can cause the cells to dehydrate, affecting their viability. Attempts
have also been made to print cells on moist substrates to prevent cellular stress. However,
the subsequent addition of media required for cell attachment washes away any pattern.
Therefore, it is important to determine a novel bio-ink that would maintain the pattern
fidelity when deposited on a wet substrate and provide a nutrient-rich environment to the
cells. To do so, I chose an ATPS as a bio-ink for EBP. ATPSs are comprised of two or
more polymers that separate when combined over critical concentrations. One of the most
extensively studied biphasic systems is PEG and DEX. PEG and DEX are biocompatible,
cost-effective, and easy to handle. Patterned cells can retain up to 98% of cell viability in
this ATPS (81, 95). Furthermore, the interface between PEG and DEX has ultralow
interfacial tension, making it easy to produce stable and uniform droplet patterns. These
features would make the technique more accessible and encourage researchers to use the
ATPS EBP technique for optimizing cell-cell and cell-ECM interactions and producing

more physiologically relevant tissue models.
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My next step was to determine the optimal concentrations of ATPSs for cell delivery. To
achieve this, I had to characterize the binodal curve for PEG 35 kDa and DEX 500 kDa,
which delineates the concentrations at which ATPSs form. Although several phase-
separation diagrams have been reported in the literature previously, the phase separation
properties of the polymers can be affected by several factors including, but not limited to,
ionic content of the medium, molecular weight, and pH (8/). No previous studies have
optimized the concentrations of ATPSs-based ink for HEKOOI patterning. Therefore,
characterization of this system prior to its application was necessary. Based on the phase-
separation diagram of PEG 35 kDa and DEX 500 kDa, several combinations of PEG and

DEX were assessed for formation of stable ATPSs and uniform cell patterns.

NOTE: Portions of this section has been adapted from an MRS Advances publication

(Please see Appendix A) (101).

3.1.2. Optimization of Polymer Concentrations for ATPS EBP of HEK001
Cells

To optimize the appropriate working concentrations of PEG and DEX, a binodal curve was
constructed. Since a wide range of factors (such as the polydispersity of PEG and DEX and
the variation of ionic content in the customized cell culture medium) can have an influence
on the phase separation diagram, it is important to experimentally determine this diagram
(81). There are several methods that can be used to construct the binodal curve, but the
turbidimetric titration method is one of the most commonly used approaches. This method

relies on generating a series of ATPSs forming solutions, and then adding solvent to the
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polymer mixture until the solutions do not phase separate. Using the turbidimetric titration
method, the binodal curve of PEG 35 kDa and DEX 500 kDa was generated (Figure 5)
(81). Any points above the curve signify combinations of PEG and DEX that can be utilized
to form phase-separated solutions, while the combinations of PEG and DEX below the

curve appear as one solution.

PEG 35 kDa (%wt)

——r—
6 7 8

DEX 500 kDa (%wt)

Figure S Phase separation diagram of PEG 35 kDa and DEX 500 kDa determined
using the turbidimetric titration method.
The Y-axis represents the concentration of PEG 35 kDa in % wt, while the
concentrations of DEX 500 kDa in % wt are represented on the X-axis.
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Based on the phase separation diagram shown in Figure 5, various combinations of pure
solutions of PEG and DEX were tested (as listed in Table 1). Once the polymer solutions
were equilibrated with respect to each other, some of the formulations did not form stable
patterns and were not able to maintain colony patterning (as indicated by an X mark in
Table 1). It was observed that 2% PEG : 10% DEX and 14%PEG : 0.6% DEX did not
form stable patterns, and therefore were not used for cell patterning. When cells were
patterned using the 14% PEG : 0.6% DEX formulation, cells appeared very rounded, which
could have been due to the effects of PEG on cells at higher concentrations. Previous
studies have reported that low molecular weight PEG is toxic to cells and can cause
disruption of plasma membrane at high polymer concentrations (99, 106, 107). Therefore,
I selected the ATPSs combination based on the lowest concentration of PEG to avoid or
minimize any deleterious impact of PEG on cell viability. Although 7.5 % PEG : 6.6 %
DEX showed stable pattern formation and did not have an impact on cell morphology, this
formulation was not considered as a potential candidate for further optimization due to the

higher concentration of PEG ( as shown in Table 1).
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Table1  Assessment of ATPS Formulations for Cell Patterning
Formulations that resulted in rounded cell morphology or unstable pattern
formation are represented by X, while the combination of ATPS that formed
stable pattern and retained normal cellular morphology are represented by v .

ATPS FORMULATIONS STABLE PATTERN CELL
FORMATION MORPHOLOY
2% PEG : 10% DEX X v
5.0% PEG : 4.0% DEX X v
5.0% PEG : 4.5 % DEX X/ v
5.0% PEG : 5.0 % DEX v v
5.0% PEG : 5.5 % DEX v v
7.5 % PEG : 6.6 % DEX v v
14%PEG : 0.6% DEX X X

Since 5.0% PEG : 4.0% DEX, 5.0% PEG : 4.5%, DEX 5.0% PEG : 5.0% DEX, 5.0% PEG
: 5.5% DEX showed promising preliminary results (Table 1), these concentrations were
further optimized using two different ATPS formats (equilibrated systems and non-
equilibrated systems), as shown in Figure 6. In equilibrated systems, PEG and DEX were
equilibrated with respect to each other. After equilibration, the two phases were collected
in separate tubes, which were used for cell patterning. Non-equilibrated systems were
comprised of pure solutions and were directly used for cell patterning. Both equilibrated

and non-equilibrated systems were assessed for formation of stable ATPS interfaces and
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uniform patterns, and showed very similar results (as can be seen in Figure 6). Thus, the
non-equilibrated systems were selected for subsequent investigation of cell delivery

approaches due to the relative simplicity of the procedure.

Out of four combination selected for cell patterning, both 5.0% PEG : 5.5% DEX and 5.0%
PEG : 5.0 % DEX resulted in formation of uniformly patterned colonies along with stable
ATPS interfaces after patterning (indicated by arrows in Figure 6). Interestingly, I also
observed that 5.0% PEG : 4.5% DEX and 5.0% PEG : 4.0 % DEX resulted in inconsistent
pattern formation. These concentrations did not form stable ATPSs after patterning. This
effect is most likely seen due to interfacial tension properties of the phase-separating
polymers, but could also result from gradual loss of phase separation as the DEX droplet
equilibrates with the surrounding PEG solution (/08). Since both 5.0% PEG : 5.5% DEX
and 5.0% PEG : 5.0 % DEX showed promising results, I selected 5.0% PEG : 5.0 % DEX
for ATPS EBP because it uses lower amounts of polymers. In addition, low concentrations
of polymers do not alter the media composition as much and are less likely to interfere with

cell adhesion to the substrate (108).
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Equilibrated Systems Non-Equilibrated Systems

5.5% DEX
5.0% PEG

5.0% DEX
5.0% PEG

5.0% DEX
5.0% PEG

4.5% DEX.:
5.0% PEG

4.0% DEX
5.0% PEG

Figure 6 Representative images (2X) of equilibrated and non-equilibrated ATPS

formulations for cell delivery.
Cells were printed at a concentration of 5000cells/ul. Arrow indicates stable

ATPSs formation 24 hours post patterning. Scale bars = 100 pm.

49



Additional experiments not detailed in this thesis were performed to assess the impact of
cell density on the ATPS formulation used for cell patterning. Cell densities ranging from
2,500 to 30,000 cells per microliter were investigated. I wanted to select a combination of
ATPS formulation and cell density that would result in uniform pattern with sufficient
number of cells covering the substrate surface underneath the DEX droplet. I discovered
that cell densities above 10,000 cells per microliter resulted in poor cell attachment.
Further, excess cells tended to collect at the interface. This phenomenon can be explained
by thermodynamic properties of the ATPSs. A study conducted by Tavana et al.
demonstrated that partition of cells in ATPS relies on the interfacial tension of the polymer
as well as the contact angle (8). The cells will only partition to the DEX droplet and form
a stable pattern — if the interfacial tension is small and ATPS formulation are able to satisfy
the following condition: 0<6<90° (/09). When 2,500 cells per DEX droplet were
dispensed in the PEG phase, the cells partitioned to the DEX droplet, but were unable to
fully cover the surface beneath the DEX droplet. Finally, when 5000 cells were patterned
in the PEG phase, cells were able to completely cover the substrate underneath the DEX
droplet. Thus, 5000 cells per DEX droplet was selected as an optimal cell density for

subsequent investigation of cell delivery approaches.

3.1.3. ATPSs as a Potential Ink for EBP

The next step was to investigate if ATPSs could be used to maintain pattern fidelity on a
substrate immersed in culture medium (CM). This was achieved by pipetting a droplet of
cell-laden 5.0% DEX onto a tissue culture plate immersed in 5.0% PEG solution at a
concentration of 5000cells/pl. As shown in Figure 7A, a patterned colony is observed when
both PEG and DEX are used. This is because of the interfacial tension between the PEG
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and DEX solution, which confines the cells to the DEX droplet (99). As controls, cell-rich
PEG and cell-rich DEX droplets were also dispensed onto a well coated with CM (Figure
7B and 7C). As expected, the cells in both conditions were non-uniformly distributed
across the well surfaces and were not able to maintain pattern fidelity. Finally, the cells
were deposited in CM. As expected, cells in CM were also unable to maintain pattern
fidelity (Figure 7D). These results suggested that both PEG and DEX are required for
pattern formation. The results also supported the hypothesis that pattern fidelity is
maintained due to the phase-separating properties of the polymers rather than the effects

of the viscosity of the polymers.

Next, C-AM and PI staining was performed to examine the effects of polymers on cell
viability. The qualitative results suggested that the cell viability was quite high across all
the conditions (indicated by C-AM staining in Figure 7). There were very few dead cells
observed in the cultures, represented by PI staining, which was consistent with previous
observations. These results demonstrated that 5.0% PEG and 5.0% DEX were non-toxic to

cells and had no discernable impacts on cellular activity.
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Figure 7 Representation images (2X) of cells patterned in ATPS, PEG-alone,
DEX-alone, and CM.
Cell were patterned in colony patterns using PEG/DEX (A), PEG/CM (B),
DEX/CM (C), and CM (D). C-AM (green)/ PI (red) stain was used to identify
living and dead cells, respectively. Scale bars = 100 pm.
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In this section, I presented a novel bio-ink for EBP. I also characterized the ATPS systems
along with the optimal cell density number for patterning of HEK001 cells. Stable pattern
formation and uniform patterns were observed at non-equilibrated combination of 5.0 %
PEG and 5.0% DEX at a cell density of 5000 cells/ul. ATPS EBP also showed excellent
cell viability. Furthermore, it allowed patterning of cells in polymer solutions comprised
mostly of cell culture medium to ensure that cells were able to maintain their patterns in a
nutrient-rich environment, overcoming a major limitation of the conventional biopatterning

techniques.

Many patterning techniques (e.g., LaBP and IBP) have been used to localize cells, but these
approaches require complex instrumentation and highly specialized training, which may
not be accessible to life scientists (68, 103). The cost of these highly-specialized techniques
is a major limitation. On the other hand, my ATPS EBP is simple, contact-free, affordable,
and can be performed using tools such as micropipettor that are readily available in life
science laboratories. Of course, it is possible to produce high-throughput, complex patterns
by implementing sophisticated technologies such as the liquid handling robots and acoustic
droplet ejection (ADE) (95, 110). For instance, Fang et al. generated multiplexed pattern
of cocultures by combining acoustic droplet ejection with ATPS patterning to investigate

the response of a signaling pathway that mediates cancer metastasis.

Although ATPS EBP is efficient in patterning a wide variety of biomolecules, there are a
few factors that need to be considered to generate consistent patterns. To generate patterns

of consistent droplet volumes, the pipette tip used for dispensing the DEX droplet should
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be changed after the droplet has been dispensed onto a substrate. Tilting the tissue culture
plate or shaking the plate vigorously should be avoided once the DEX droplets are
dispensed onto a plate coated with PEG solution to minimize droplet disruption. Therefore,

extra care must be taken if the plates are moved being back and forth from the incubator.

Despite these technical issues, ATPS EBP patterning technology has shown significant
promises in a wide variety of applications (///). Recently, Tavana et al. has explored the
properties of ATPS EBP for investigating the effects of microenvironmental interactions
on cell growth and differentiation. Their group demonstrated enhanced neuronal
differentiation when mouse embryonic stem cells (MESCs) were printed on PA6 stromal
cells (109, 112). Since ATPSs were able to improve neuronal differentiation, I thought I
could potentially use this unique feature of ATPS EBP to improve growth and
differentiation of keratinocytes and address a few key challenges in skin tissue engineering,

as discussed in section 3.2.

3.2. Biopatterning of Keratinocytes on Tissue Culture Plates

3.2.1. Rationale

In section 3.1., I presented a promising novel bio-ink for EBP that takes advantage of the
interfacial tension between phase-separating polymers to pattern cells onto a wet substrate.
Recent studies have shown that this ATPS EBP technology is capable of improving cell
growth and differentiation in culture. It has also allowed researches to investigate the
effects of homotypic and heterotypic interactions on cellular behavior. Therefore, my next
step was to use this interesting feature of ATPS EBP and apply it to biopattern
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keratinocytes for skin tissue engineering. As outlined in chapter 1, epidermal
reconstruction approaches use CEA sheet composed of autologous keratinocytes to restore
the epidermis. However, it takes weeks for the cells to grow to form stable sheets for
transplantation. Alternatively, cell seeding and cell spraying methods have been explored
for epidermal reconstruction. These approaches, however, lack precision and are unable to
recreate the complexity of the epidermis. Moreover, the limited availability of autologous
keratinocytes makes it difficult to fabricate a cell-dense tissue construct in an appropriate
time frame. Therefore, it is necessary to implement strategies that will enhance cell

expansion and differentiation in culture.

I utilized the ATPS EBP cell delivery approach to efficiently biopattern cells at a target
site. Here, I hypothesized that the tight organization of cells in the ATPS-based ink would
promote homotypic and heterotypic interactions appropriate for cell growth and
differentiation. Thus, the ATPS EBP approach was used to pattern HEKO0O1 cells in
colonies to better support their growth (99, 713). The effectiveness of the ATPS EBP cell
approach was determined by comparing two conditions: the patterned condition and the
dispersedly-seeded condition (method outlined in section 2.6). Both conditions were

assessed for cell viability, proliferation, and formation of adherens junctions.

NOTE: Portions of this section has been adapted from an MRS Advances publication

(please see Appendix A) (101).
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3.2.2. Cell Viability Assessment

The utility of ATPS EBP for skin tissue engineering was examined by biopatterning
HEKOOTI cells in colonies and comparing them to cells in dispersedly-seeded conditions.
The ATPS EBP cell delivery approach allows patterning of cells in a range of
configurations in vitro including cell islands, exclusion zones, co-cultures, heterocellular
microarrays and cells patterned on a pre-existing monolayer (96, 99, 109). To select the
appropriate configuration for biopatterning in my study, the growth patterns of
keratinocytes were considered. Although the mechanism is not clearly understood,
previous studies have reported the colony-forming ability of keratinocytes (113, 114). It
has also been speculated that colony formation and migration of keratinocytes plays an
important role in re-epithelialization of wounds (//5). Moreover, the colony-forming
ability of keratinocytes is observed when the cells are cultured on tissue culture plates.
Therefore, to better mimic the natural growth environment of keratinocytes, I selected an
ATPS printing procedure that allows the cells to be patterned in discrete colonies. I
hypothesized that patterning cells in their normal growth pattern would result in improved
communication between the cells, thereby improving the growth and differentiation
properties of cells in culture. Using 5.0% PEG : 5.0% DEX, cell-laden DEX droplets were
deposited onto a substrate coated with PEG at a concertation of 5000 cells per microliter.
As a control, 5000 cells per microliter were dispersedly-seeded in ATPS. These cultures
were assessed for cell viability over 14 days to evaluate the efficiency of ATPS EBP cell

delivery over the pre-existing cell seeding approach (Figure 8).
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As shown in Figure 8, C-AM/PI was used to examine the living cells and dead cells in both
conditions, respectively. The C-AM/PI assay revealed that the patterned conditions had
higher cell viability than the dispersedly-seeded condition across all days (Figure 8). These
qualitative results also demonstrated that higher numbers of dead cells were observed at
early time points for the dispersedly-seeded conditions as compared to the patterned
conditions. Similar patterns of cell viability were observed for both conditions on days 7

and 14.
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Figure 8 Cell viability assay.
Representative images (2X) of calcein-AM (green) and propidium iodide (red)-
stained HEKOO1 cells in both patterned (i) and dispersedly-seeded (i)
conditions. Scale bars = 500 pm.
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The cell viability data were further quantified in Fiji. Based on the results in Figure 9, the
patterned conditions demonstrated cell viability of ~95%, whereas the dispersedly-seeded
condition only had a cell viability of ~56% on day 1. A similar trend for cell viability was
observed for both conditions on day 3 of culture. Low viability in early days for the
dispersedly-seeded condition is most likely seen because of the lack of cell-cell contact.
The cells are unable to communicate with each other via juxtacrine (contact-dependent)
signaling, which affects the autocrine (signaling molecule binding to the receptor of the
same cell) signaling pathway. For example, it has been previously reported that
keratinocyte proliferation and migration are mediated by the epidermal growth factor
receptor (EGFR), which gets activated via autocrine and juxtacrine signaling (//6—119).
Thus, it is important for keratinocytes to communicate with their neighbouring cells and

the environment to direct epidermal renewal.

Interestingly, after 7 days of culture, the cell viability in the dispersedly-seeded condition
improved to ~92%, which is close to the viability achieved by cells in the patterned
condition (~99%). Similarly, high cell viability was observed in both conditions for day
14. Although viability was initially low in the dispersedly-seeded condition, enough cells
survived and were able to proliferate, restoring viability by establishing some cell-cell
contacts. The results of the cell viability assay suggest that patterning cells in colonies
using ATPS EBP allows cells to more rapidly establish communication with neighbouring
cells compared to the cells in the dispersedly-seeded condition, resulting in improved cell

viability at early time points and higher efficiency of cell production.
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Figure 9 Quantification of calcein-AM and propidium iodide expression in
HEKO01 cells.
The Y-axis represents % cell viability of total cells and the X-axis represent
the number of days. Values are the mean of three independent experiments
and error bars represent the standard deviation.

3.2.3. Assessment of Cell Proliferation and Formation of Adherens
Junctions

Next, the growth of the patterned colonies was monitored over 14 days. As shown in Figure
10, the size of the colonies increased over time, which can be seen by a gradual decrease
in the scale bar. By day 14, the colonies were densely packed. When observed under the
microscope, it appeared that the cells in the middle of the colony might be beginning to
stratify by day 14. This observation is expected because keratinocytes display contact
inhibition of proliferation (/20, 121). In contact inhibition, when cells are in close

proximity with respect to one another, they cease to proliferate and undergo alterations to

60



form more mature or differentiated cell types. Therefore, contact inhibition is an important
characteristic of differentiated tissues. Although several mechanisms have been proposed
for contact inhibition, cell-cell contact mediated by E-cadherin and B-catenin seems to be
important. E-cadherin is important for formation of adherens junctions, while B-catenin
plays a key role in both cell proliferation and adherens junction formation. Although the
mechanism is not clearly understood, E-cadherin is believed to downregulate the

proliferative genes (122, 123).

Figure 10 Representative images (2X) of the patterned colonies over time.
C-AM (green)/PI (red) were used to stain the living and dead cells,
respectively. Scale bars = 500 pm.
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Cell Proliferation Analysis

As mentioned earlier, keratinocytes exhibit contact inhibition of proliferation. Based on
this knowledge, I hypothesized that cells in the middle of the colony would undergo contact
inhibition, while the cells near the edges of the colony would still proliferate and migrate
to establish cell-cell contact. To investigate my hypothesis, I selected Ki-67, a cell
proliferation marker present in the active stages of cell cycle, to examine the proliferation

rates in both patterned and dispersedly-seeded conditions.

Cell growth was monitored for 14 days and the qualitative results of the cell proliferation
assays are displayed in Figure 11. The representative images shown in Figure 11 were
taken at the center of each well of the tissue culture plate. While it may appear that fewer
proliferating cells (stained in green) are present in the initial days of the dispersedly-seeded
condition, it is important to note that the cells are sparsely distributed across the well
surface. Based on the qualitative results shown in Figure 11, the patterned condition
showed a lower number of cells expressing the Ki-67 marker by day 14 compared to the

dispersedly-seeded condition.
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Figure 11 Cell proliferation assay.
Representative images (10X) of HEK001 cells expressing Ki-67 (green) in
both patterned (i) and dispersedly-seeded (ii) cultures. Scale bars = 150 pum.
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The results of the cell proliferating assay were further quantified using Fiji, as shown in
Figure 12. The proliferation index (% total cells) represents the percentage of cells
expressing the Ki-67 marker. Similar patterns of proliferation were observed for both
patterned and dispersedly-seeded conditions on the initial day (Figure 12). However, the
proliferation rates on days 7 and 14 revealed significant differences between the patterned
and dispersedly-seeded conditions. Patterned conditions displayed lower proliferation rates
as compared to the dispersedly-seeded conditions, suggesting that cells in the middle of the
patterned colony are undergoing contact inhibition, while the cells at the periphery of the

colony are proliferating and migrating to establish adherens junctions.
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Figure 12 Quantification of Ki-67 expression in HEKO001 cells.
The Y-axis represents Ki-67 expression in % of total cells and the X-axis
represent the number of days. Values are the mean of three independent
experiments and error bars represent the standard deviation of the mean
values.
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As mentioned earlier, contact inhibition is mediated by E-cadherin (722, 123). Therefore,
a lower percentage of proliferating cells and a greater percentage of differentiated cells are
observed in the patterned cultures. To further confirm my hypothesis, expression of E-

cadherin was examined in both conditions to measure the differences in barrier formation.

Assessment of formation of adherens junctions

The formation of adherens junction was evaluated by measuring the differences in E-
cadherin expression in both conditions. E-cadherin is a Ca®" (calcium (II) ion) dependent
transmembrane protein that mediates cell-cell contact between the adjacent cells and forms
intercellular junctions throughout the epidermis. Therefore, E-cadherin is commonly used
as a marker for barrier formation in the epidermis. Cultures were monitored for 14 days.
As shown in Figure 13, the patterned condition expressed higher E-cadherin levels than the

dispersedly-seeded condition by day 14.
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Figure 13 Formation of adherens junctions.
Representative images (10X) of Hoechst (blue) and formation of E-cadherin
junctions (green) in both patterned (A) and dispersedly-seeded conditions (B).
Scale bars = 150 pm.



While patterning the cells using the ATPS EBP approach had no impact on the formation
of the adherens junctions on day 1, significant differences were revealed in E-cadherin
expression between the conditions on days 3, 7, and 14 (Figure 14). This is to be expected
as the cells in the patterned conditions readily establish cell-cell contact. However, the cells
in the dispersedly-seeded condition are unable to contact each other, and therefore these
cells continue to gradually proliferate and migrate. From these results, it can be inferred
that the ATPS EBP approach is effective in delivering HEKOO1 cells and can be used to

promote epidermal regeneration for future applications in skin tissue engineering.
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Figure 14 Quantification of relative expression of E-cadherin junctions in HEK001
cells.
Y-axis shows the relative expression of E-cadherin and number of days the
cells are cultured are represented along the X-axis. AU denotes arbitrary units
quantified from the thresholded image in Fiji. Error bars represents the
standard deviation and relative expression values are means of three
independent experiments.
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In this section, I demonstrated the efficiency of my ATPS EBP approach by biopatterning
HEKOO01 cells in colonies and comparing the barrier-forming abilities to the pre-existing
cell seeding approaches Specifically, I compared cell viability, cell proliferation, and
formation of adherens junctions. The cell viability assessment revealed that patterned
conditions had high cell viability in the initial days, whereas ~50% cell death was observed
in the dispersedly-seeded condition. Cell proliferation and formation of adherens junction
were also analyzed. The results showed that cells in the patterned condition had a higher
number of differentiated cells and a lower number of proliferating cells. Moreover, these
conditions were able to develop an intact barrier by day 14, suggesting that ATPS EBP is
useful in promoting keratinocyte growth and differentiation, which may be beneficial for

wound healing and skin reconstruction applications.

A Potential Application of ATPS EBP Cell Delivery Approach

Cell-based therapies are advantageous as they result in rapid re-epithelization of the wound,
increasing the wound closure rate along with a potential reduction in scar contracture.
Conventional cell-based therapy uses autologous keratinocytes, which get transplanted
onto a dermal substitute via cell spraying or seeding approaches. Although promising, these
approaches result in poor cellular engraftment. Moreover, the limited availability of cells
makes it challenging to fabricate a cell-dense construct like the epidermis in a clinically
appropriate time frame. Similar observations were noted in my experiments when the cells
were dispersedly-seeded onto tissue culture plates. The cells were not able to retain
viability and more than 50% cell death was observed in these cultures on days 1 and 3. The

sparse distribution of cells significantly delays the wound re-epithelialization process, as
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the cells are unable to effectively communicate with each other via autocrine signaling.
Despite the high proliferating rates in these cultures, fewer differentiated cells are found
and therefore it takes several weeks for the cells to develop the epidermal barrier required
for wound closure. However, my ATPS EBP technique allows patterning of cells in
colonies, thereby accurately mimicking the natural growth environment of keratinocytes.
Being in close proximity with one another allows the cells to readily establish cell-cell
contact, which promotes growth and differentiation, as shown in Figures 8-14. These
figures also highlight a key benefit of my technique in future clinical applications. The
patterning achieved with ATPS EBP allows for concurrent proliferation and
differentiation, resulting in barrier formation seven days earlier than the dispersedly-seeded
condition. Given the same number of cells (5000 cells per colony), my technique could
accelerate the process of re-epithelialization compared to the standard dispersedly-seeded
condition. Additional studies will be required to determine the number of cells required for
effective closure of wounds. Despite the benefits of ATPS EBP approach, one can
conceivably argue that culture plate stiffness may confound or significantly influence the
experimental results. Therefore, in the next section, I will be demonstrating a future clinical
application of ATPS EBP technique by biopatterning cells directly onto a denuded dermal

tissue to promote cell engraftment and epidermal regeneration.

3.3. Biopatterning of Keratinocytes on DermGEN™

3.3.1. Rationale

Various tissue engineering approaches have been used for restoring extensive skin loss.

Attempts to treat such serious skin injuries involve the use of a skin substitute that helps
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stabilize the wound matrix and supports tissue regeneration. One of the most common skin
substitutes used in skin regeneration is the acellular dermal matrix. Acellular dermal
matrices are decellularized tissues that retain the structure and function of the native dermal
tissues. Although decellularized tissues are very effective in restoring the dermal wound
bed, they are unable to support the epidermal reconstruction. For this reason, several cell-
based therapies have been combined with acellular dermal matrix to repair full-thickness
wounds. As highlighted in previous chapters, the standard cell-based therapies lack
precision and are unable to re-epithelialize the wound surface, resulting in poor healing
outcomes. Moreover, these cell-based therapies have also shown poor cellular engraftment.
As a result, I wanted to assess the efficacy of the ATPS EBP approach in improving cell
engraftment and epidermal regeneration. As demonstrated previously, my ATPS EBP was
effective in promoting epidermal regeneration on tissue culture plates. By patterning cells
using ATPS EBP, the printed cells were able to grow and differentiate rapidly to form an
epidermal barrier. My technique gave much better results than the dispersedly-seeded
condition, where cells proliferated more slowly and took seven days longer than the

patterned conditions to form an epidermal barrier.

I saw that ATPS EBP could be a promising application for generating functional skin
equivalents. I also wanted to demonstrate the clinical application of ATPS EBP as model
for biopatterning directly on tissues. The previous study was conducted on a highly-
uniform substrate (e.g., tissue culture plates) and there has yet to be any studies that
examined the ability of ATPS EBP to maintain pattern fidelity on a topographically

complicated substrate. To examine this, cells were patterned on an irregular decellularized
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dermal tissue in discrete colonies using Blue-DEX and were assessed for pattern fidelity
using a luminescence assay and Hoechst staining. Following this experiment, I
hypothesized that patterning cells directly on a DermGEN™ tissue sample using my ATPS
EBP technique will result in improved cell engraftment and stratum basale formation as
compared to the dispersedly-seeded condition. Cell engraftment was characterized by

luminescence production and stratum basale formation.

NOTE: A few section of this chapter has been adapted from an MRS Advances publication

(please see Appendix A) (101).

3.3.2. Biopatterning of Keratinocytes on DermGEN™

In this aim, I wanted to investigate the ability of ATPS EBP approach to maintain pattern
fidelity on an irregular, complex substrate such as a decellularized dermal matrix
(DermGENT™) as a model for biopatterning directly on tissues. To test this, 5000 cells per
colony were patterned using Blue-DEX droplets onto a 2cm x 2cm piece of DermGEN™
in a 4x4 microarray format (Figure 15). Blue-DEX was used to monitor the location of the
printed colonies. A luminescence assay was used to examine the fidelity on day 3 of
patterned cultures. The data revealed that ATPS EBP droplets were able to hold cells in
their pattern on a topographically-complex substrate (Figure 15 B and C). Moreover, the
cells were able to adhere to the DermGEN™, suggesting that ATPS EBP can preserve

pattern fidelity on an irregular, complex substrate.
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Figure 15 Biopatterning of cells on DermGEN™,
(A) Cartoon representation of cells patterned using Blue-DEX on
DermGEN™. Images (4X) of cell printed on DermGEN™ were taken
immediately post patterning (t=0) and 24 hours post patterning (t=24). (B)
Representative image of 4x4 array of cells patterned on DermGEN™. ATPS
EBP approach enabled cells to maintain pattern fidelity. (C) Representative
luminescence images of cells engrafted on DermGEN™.

To further build upon the preliminary work, HEK0O01 cells were biopatterned in colonies
on DermGEN™ constructs. As a control, the same number of cells were dispersedly-
seeded onto DermGEN™ in each condition. Both conditions were monitored for cell
engraftment and epidermal regeneration over 14 days (discussed in section 3.3.3 and
3.3.4.). The top-view images of Hoechst-labelled cells growing on DermGEN™ were also
taken on day 14, as shown in Figure 16A. As can be seen in Figure 16B, the cells in the
dispersedly-seeded condition were not uniformly distributed. This is most likely observed
because of the irregularity and uneven surfaces of DermGEN™, which causes the cells to
either localize at the edges of the matrix or fail to adhere to the DermGEN™ matrix,
causing the cells to attach to the underlying tissue culture plates. In comparison, cells

biopatterned on DermGEN™ construct using ATPS EBP were able to preserve their
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fidelity and the cells were uniformly distributed across the denuded dermal surface, as
shown in Figure 16B. These results indicate that the ATPS EBP technique is highly
promising at confining cells and promoting cell attachment on irregular, complex

substrates.

Middle

Figure 16 Representative images (10X) of Hoechst-labelled cells growing on
DermGEN™,
(A) Cartoon representation of the top-view of DermGEN™. The cells on
DermGEN™ were imaged at the middle and edge of the matrix. (B)
Representative images (10X) of Hoechst-labelled cells (blue) in both

patterned and dispersedly-seeded condition. Images were taken on day 14.
Scale bars = 100 pm.
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3.3.2. Cell Engraftment Analysis

As outlined previously, poor cell engraftment is one of the major challenges faced by the
standard cell-based therapies. To address this issue, I further investigated the potential of
ATPB EBP in promoting cell engraftment on DermGEN™. The efficacy of ATPS EBP in
promoting cell engraftment was evaluated using the RealTime-Glo™ luminescence assay,
which measures the reduction potential of cells and is directly correlated to the number of
the living cells (refer to section 2.10.). Further, the luminescence assay enabled the imaging
of cells growing on opaque substrates in real-time. As shown in Figure 17A, the cells in
the patterned condition were able to retain their fidelity. It was also observed that the size
of the printed colonies increased over time. The interspaced colonies eventually merged
with each other to cover the entire surface of denuded dermal matrix by day 14 (Figure
17A). On the other hand, the cells in the dispersedly-seeded condition were unable to
establish cell-cell contact, and as a result were unable to form a cell monolayer over the 14
days of the cultures (Figure 17A). The lack of luminescence in the dispersedly-seeded
condition is mostly like observed because fewer cells engrafted on DermGEN™, Further
quantification of the RealTime-Glo™ assay revealed that the patterned cells displayed
higher luminescence production than the cells in the dispersedly-seeded condition (Figure
17B), suggesting that our ATPS EBP approach results in enhanced cell engraftment and

growth of the engrafted cells on the dermal matrix.
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Figure 17 Cell engraftment on DermGEN™ using patterned and dispersedly-
seeded cell delivery approaches.
(A) Representative luminescence images of HEK001 cells growing on
DermGEN™ in both patterned and dispersedly-seeded conditions. These
cultures were performed on treated tissue culture plates. (B) Quantification of
luminescence in relative light units (RLU) for cells in both patterned and
dispersedly-seeded conditions.
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3.3.3. Cell Proliferation and Formation of Adherens Junctions on
DermGEN™

The utility of the ATPS EBP approach was further investigated by monitoring cell
engraftment and stratum basale formation on DermGEN™. The stratum basale is
established by the basal cells, which proliferate and form a monolayer that further
differentiate into suprabasal layers. To determine the efficiency of ATPS EBP in stratum
basale formation, samples of acellular dermal matrix engrafted with patterned or
dispersedly-seeded cells were processed and stained for H&E, Ki-67, and E-cadherin (refer
to section 2.11.). H&E was used to stain the nucleus and cytoplasm, respectively (Figure
18). The H&E stain revealed that the cells in the patterned condition were able to form an
intact stratum basale containing several layers of cells by day 14. It also appeared that a
greater number of cells in the patterned condition were able to partially migrate into the
decellularized matrix. On the other hand, the cells in the dispersedly-seeded condition were
unable to cover the surface of the dermal matrix, and only a single cell layer was observed

for these conditions (Figure 18).

Finally, we examined the ability of ATPS EBP to augment the growth and differentiation
of keratinocytes on an acellular dermal matrix. Ki-67 and E-cadherin stainings were used
to assess the tissue samples. The Ki-67 data revealed that the proliferation rates decreased
after day 3 for the cells in patterned condition, while the proliferation rate for cells in the
dispersedly-seeded condition did not decrease until after day 7 of the cultures (Figure 19).
This is similar to what we observed when the cells were patterned on standard tissue culture
plates. Next, E-cadherin was used to evaluate barrier formation capabilities of ATPS EBP
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on dermal matrix (Figure 20). Similar results for E-cadherin expression to those noted in
Figure 14 and 15 were observed for both condition. Figure 20 showed higher expression
of E-cadherin for the cells patterned on days 7 and 14 using ATPS EBP approach than the
control condition. The improved stratum basale formation for the patterned condition stems
from the fact that the engrafted cells are presumably undergoing differentiation due to
proximity of neighboring cells. Consequently, a higher number of differentiated and lower
number of proliferating cells were found in the patterned condition. These result from
biopatterning cells on dermal matrix further confirm the effectiveness of ATPS EBP in

enhancing the growth and differentiation properties of keratinocytes in culture.
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Figure 18 Representative images (20X) of Hematoxylin (purple) and Eosin (pink)
(H&E) comparing cell engraftment and stratum basale formation in both
patterned and dispersedly-seeded conditions.

Scale bars = 40 pm.
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Figure 19 Representative images (10X) of Ki-67 (red) comparing stratum basale
formation in both patterned and dispersedly-seeded conditions.
Scale bars = 40 pm.
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Figure 20 Representative images (10X) of E-cadherin (green) and Hoechst (blue)

comparing stratum basale formation in both patterned and dispersedly-
seeded conditions.
Scale bars = 40 pm.
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Future work with ATPS EBP

Work demonstrated using ATPS EBP to deliver cells on acellular dermal matrix shows
promising results. When the cells were patterned in colonies on the dermal matrix via
ATPS EBP, the patterned colonies were able to retain their fidelity along with the enhanced
engraftment of cells on the matrix. Although stratum basale formation was observed in the
patterned cultures, the ability of ATPS EBP to complete differentiation of keratinocytes
for epidermal construction still needs to be investigated. In this study, all the experiments
were performed in submerged conditions (substrates immersed in culture medium) for 14
days, which may be too short of culture time to observe complete differentiation. Also, the
submerged culture may not be sufficient to trigger the complete differentiation of these
cells. As seen in the native skin tissue, epidermal cells are constantly exposed to air rather
than the culture medium. Thus, the complete differentiation of epidermal cells from stratum
basale to stratum corneum can be triggered by raising the cells from submerged
environment to the air-liquid interface environments to produce more physiologically
relevant tissues (/24). Another factor that may affect the stratification process is the choice
of cell type used for the study. Here, we demonstrated the application of ATPS EBP by
patterning HEKO001 cells. Since HEKO001 cells are proliferating basal cell types, these cells
lack the ability to form a fully stratified epidermal tissue. As an alternative, different cell
lines such N/TERT keratinocytes has shown potential in generating epidermal models
containing stratified layers (/25). Therefore, future work would involve replicating the
study using N/TERT keratinocytes to investigate if ATPS BEP can be used to form a fully
stratified epidermis, which may be beneficial for wound healing and other skin

reconstruction applications.
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CHAPTER 4: CONCLUSION

Any skin injuries larger than 4 cm or more requires a graft to restore the structure and
function of the damaged and/or diseased tissue. Although skin autografts still remain the
gold standard for treating serious skin injuries, they have several drawbacks. To circumvent
these limitations, several skin substitutes have been proposed for restoring extensive skin
loss. While most of these substitutes are acellular in nature and have shown promises in
restoring the dermal bed, these substitutes are unable to reconstruct the epidermis.
Therefore, cell-based therapies (e.g., cell seeding and cell spraying) have been employed,
but these approaches results in poor cellular engraftment. Moreover, the cell-based
therapies lack precision and cannot accurately reflect the homotypic and heterotypic
interactions needed for cell growth and differentiation. As a result, several biopatterning
approaches have been used to precisely position biomolecules to analyze cell-cell
interactions, proliferation, and differentiation. While all of these approaches are efficient,
the versatility and cost-effectiveness of EBP makes it the most widely used approach.
Despite the numerous benefits of EBP, one of the major limitations of EBP is the loss of
pattern fidelity when printing on a wet substrate. Therefore, as a part of my thesis work, I
developed a novel bio-ink for EBP that preserved both pattern fidelity and cell viability. I
selected ATPSs comprised of phase-separating polymers such as PEG and DEX as a novel
bioink for EBP. I used this ATPS EBP approach to address a several challenges in skin
tissue engineering. [ hypothesized that using ATPS EBP as a cell delivery approach would
efficiently use limited numbers of cells and promote the self-assembly of a cell-dense

construct. I also hypothesized that tight organization of cells in ATPS EBP would improve
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growth and differentiation along with engraftment on an acellular dermal matrix. To
achieve my goals, I first characterized the ATPSs-based ink to determine the optimal
concentrations suitable for cell patterning. The combination of 5.0% PEG : 5.0% DEX
resulted in stable and uniform pattern formation with excellent cell viability. These
concentrations were then used to evaluate the effectiveness of my technique by comparing
the growth and differentiation properties of cells in patterned conditions to the dispersedly-
seeded approach. Conditions patterned using the ATPS EBP approach resulted in improved
cell viability and formation of adherens junction, suggesting that ATPS EBP can be used
to improve epidermal regeneration. A future clinical application of ATPS EBP was also
demonstrated in this work. The cells were directly biopatterned on an acellular dermal
matrix, DermGEN™, as a model for printing directly on tissue. The RealTime-Glo™ assay
revealed that cells were able to maintain pattern fidelity on an uneven substrate. Moreover,
the RealTime-Glo™ assay also showed higher number of viable cells in the patterned
condition, suggesting that ATPS EBP improved cellular engraftment on the denuded
dermal surface. Finally, cells patterned on acellular dermal matrices showed improved
formation of adherens junction compared to the dispersedly-seeded condition, indicating
that ATPS EBP is a promising technique that may have future applications in skin

reconstruction and wound healing.
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4.1. Statement of Contributions

1)

2)

3)

4)

5)

6)

I developed, optimized, and characterized a novel ATPSs-based ink for EBP that
maintains pattern fidelity when biomolecules and cells are patterned on to a
substrate immersed in cell culture medium. I also demonstrated that ATPS EBP
retains cell viability and that the optimal polymer formulation is non-toxic to cells.
I applied ATPS EBP to efficiently biopattern human epidermal keratinocytes on
standard tissue culture plates and decellularized dermal matrices. I demonstrated
that ATPS EBP maintains pattern fidelity on a wet substrate.

I demonstrated that the 5.0% PEG and 5.0% DEX bio-ink produced excellent cell
viability and is suitable for cell patterning.

I demonstrated the effectiveness of ATPS EBP by comparing cell growth and
differentiation between patterned conditions and dispersedly-seeded conditions.
My analysis revealed that the ATPS EBP cell delivery approach resulted in
improved cell viability and formation of adherens junctions compared to the
dispersedly-seeded approach.

I demonstrated proof-of-concept of a potential clinical application of ATPS EBP
by biopatterning cells onto DermGEN™. My analysis revealed that ATPS EBP
maintain pattern fidelity on the uneven surface of DermGEN™,

I demonstrated improved cellular engraftment on DermGEN™. My analysis
revealed the formation of an epidermal barrier on both tissue culture plates and
DermGEN™, suggesting the potential use of ATPS EBP in generating functional

skin equivalents.
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4.2. Future Work

1)

2)

3)

4)

5)

The regional variation in cell viability, proliferation and E-cadherin expression
across biopatterned colonies and dispersedly-seeded conditions will require further
assessment. This work will be competed very soon and will be published in
forthcoming manuscript.

As mentioned previously, cells have been patterned in a range of configurations in
vitro. In this work, cells were patterned on DermGEN™ in a 3x3 micorarray format.
However, it would be interesting to pattern cells in range of different configurations
and examine the differences in cell growth and differentiation based on geometric
patterns.

The experiments in this work were performed using simple handheld
micropipettors. However, combining ATPS EBP approach with sophisticated
liquid-handling robots, ADE, or microfluidic devices will allow generation of
complex patterns in a high-throughput manner.

All experiments for biopatterning on DermGEN™ were performed in submerged
cultures. Future work would involve exploring different environmental conditions,
such as air-liquid interface, for stratification of the epidermis.

In this work, HEKO001 was used to examine the efficiency of ATPS EBP approach.
However, this cell line only expresses keratin 14 and therefore HEK001 cell lines
are unable to form a fully stratified epithelium. Smits et al. demonstrated
immortalized N-TERT keratinocytes as an alternative cell source that are capable

of generating human epidermal models (/25). Future work would involve using
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6)

7)

ATPS EBP to biopattern N-TERT or primary keratinocytes from donor tissue to
generate a fully functional skin equivalent.

Skin is a highly complex structure with multiple cell types along with various skin
appendages. This work focuses on only one of the major cell types, keratinocytes.
Future work should involve patterning of co-cultures to accurately mimic the
cellular composition of skin tissue.

Characterization of distance between the droplets along with the droplet sizes will
allow us to determine the appropriate spacing needed for rapid wound re-

epithelialization.
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