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Abstract

Tissue engineering (TE) uses a combination of biomaterial scaffolds, cells, and
drug delivery systems (DDS) to create tissues that resemble the human physiology. Such
engineered tissues could be used to treat, repair, replace, and augment damaged tissues or
organs, for disease modeling, and drug screening purposes. This work describes the
development and use of novel strategies for engineering neural tissue using a combination
of drug delivery systems (DDS), human induced pluripotent stem cells (hiPSCs), and
bioprinting technologies for the generation of a drug screening tool to be used in the process
of drug discovery and development. The DDS consisted of purmorphamine (puro) loaded
microspheres that were fabricated using an oil-in-water single emulsion with 84%
encapsulation efficiency and showed the slow release of puro for up to 46 days in vitro.
Puro and retinoic acid (RA)-loaded microspheres were combined with hiPSCs-derived
neural aggregates (NAs) that differentiated into neural tissues expressing BT-IIl and
showed increased neural extension. hiPCS-derived neural progenitor cells (NPCs) were
bioprinted on a layer-by-layer using a fibrin based-bioink and extrusion based- bioprinting.
The bioprinted structures showed >81% cellular viability after 7 days of culture in vitro
and the expression of the mature motor neuron (MN) markers HB9 and CHAT. Lastly,
hiPCS-derived NPCs were bioprinted in combination with puro and RA-loaded
microspheres and cultured for 45 days in vitro. The microspheres slowly released the drug
and after 30 and 45 days the tissues contained mature neurons, astrocytes and
oligodendrocytes expressing CHAT, GFAP, and O4, respectively. Changes in membrane
potential indicated tissue responsiveness to different types of treatments such as

acetylcholine and gamma-aminobutyric acid (GABA). In the future the bioprinted tissues
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could contain localized regions of varied drug releasing microspheres using a concentration
gradient to promote differentiation into specific cell types in order to create more complex
tissues. Moreover, these tissues will benefit from the presence of a neurovascular unit

(NVU). Upon validation, the engineered tissues could be used as preclinical tools to test

potential drugs and be used for personalized medicine by using patient specific hiPSCs.
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Chapter 1 Introductiona

Tissue engineering (TE) - an integrative, multidisciplinary field - develops biological
substitutes that restore, replace or regenerate defective tissues by combining cells, biomaterial
scaffolds, and drug delivery systems (DDS) 1. These engineered tissues can also be used for disease
modeling and as a tool for drug screening and for elucidating the biological mechanisms. The goal
of TE is to assemble functional constructs that maintain or improve damaged tissues or whole
organs 2. Such engineered tissues could decrease the demand for organ replacement and
significantly fast-track the discovery and manufacturing new drugs for disease and injury.

Examples of TE include artificial skin, muscle, neural tissue 3.

Neural tissue is found in the central nervous system (CNS) and the peripheral nervous
system (PNS). It is comprised mostly of neurons and glial cells and serves the unique function of
integration and communication of electrical signals throughout the body 4. Neurons, highly
specialized nerve cells, generate and conduct nerve impulses known as action potentials across
connected cells. Glial cells are comparatively more abundant non-neuronal cells, and they include
astrocytes, oligodendrocytes, ependymal cells, microglia, and Schwann cells (Figure 1.1). They
are nonconductive and serve supporting functions for neurons such as elimination of debris,
physical support, and electrical insulation s. The CNS generally lacks regenerative capacity, while
the PNS has a higher regenerative capacity, making natural recovery difficult for neural tissue .

Thus, successful neural TE strategies would generate engineered living tissues that could integrate

a The following chapter contains excerpts from: De la Vega L, Lee C, Sharma R, Amereh M,
Willerth SM. 3D bioprinting models of neural tissues: The current state of the field and future
directions. Brain Research Bulletin. 2019;150:240-249.



with the diseased or damaged nervous system to promote regeneration 7. However, engineering
neural tissue remains challenging due to the complex architecture of the brain, spinal cord (SC),
and peripheral nerves s. In particular, the blood-brain barrier (BBB) — the semipermeable interface
between the CNS and circulating blood — works with the neural tissue and the natural extracellular
matrix (ECM) to form the neurovascular unit (NVU) — a complex interface vital for brain
homeostasis and, subsequently, brain health 9,10. As such, engineered neural tissue can range from
single cells constructs, that focus on replicating cell function, to intricate multicomponent models

that attempt to recapitulate the most complex aspects of natural neural tissue.

The selection of cells serves as an important parameter when engineering tissues. Most TE
strategies use one of the following types of cells: 1) primary cells, 2) immortalized cells, or 3) stem
cells. Primary cells are isolated directly from human tissues. While these cells can be cultured in
vitro, the number of times they can be passaged is often limited, capping the number of cells that
can be obtained. Immortalized cells are genetically modified to enable extended passaging, but
often are not suitable for clinical applications as the immortalization procedure changes the
properties of the cell. The third category of cells — stem cells - have significant potential for TE as
all stem cells possess two key properties: they can 1) replicate indefinitely unlike primary cells
and 2) develop into different cell types 11. Stem cells can be derived from tissues, both fetal and
adult, through embryos or by reprogramming other mature cell types back into a stem cell-like
state respectively. While tissue specific stem cells usually only produce the cells found in their
tissue of origin, both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs)
possess the property of pluripotency where they can generate any type of cell in the body. Thus,
these cells serve as valuable tools for TE. ESCs are derived from the inner cell mass of the

blastocyst while iPSCs are adult cells reprogrammed back into pluripotent state. While there are



some ethical concerns with using ESC lines, iPSCs are less controversial and can also generate
patient specific stem lines, which is an important consideration for clinical applications. Disease
specific iPSC lines can recapitulate the disease phenotypes in a dish, making them a powerful tool
for understanding neurodegenerative diseases 12. Accordingly, cell therapies using iPSCs to treat
nervous system disorders remains an area with great potential 13,14. Neural stem cells (NSCs), an
example of tissue specific stem cells, can be used to generate engineered neural tissues as these

cells can differentiate in the mature cells of the CNS 1s.

Another important consideration when engineering neural tissue is the biomaterial
scaffold, which needs to serve as a substitute of the ECM and support the cells through
differentiation and maturation. Therefore scaffolds used in TE must meet several requirements in
order for the cells to perform their specific function 16. Scaffolds must be biocompatible,
biodegradable and non-immunogenic, and possess optimal mechanical properties as well as

adequate porosity and morphology for gas and nutrient transport 17.

1.1. Disease modeling and drug screening tools

This research was focused on the engineering of neural tissues, both the brain and the SC
tissues in the CNS. The CNS receives and processes all the information that comes from the
external environment as well as inside of the body and controls responses 1s. The need for
engineering neural tissues arises from the limited understanding of the complex environment of
the CNS and associated diseases, requiring models to investigate advanced approaches to heal and
repair after injuries or neurodegeneration — the progressive loss of structure and function of the
cells in our brain 19. The CNS possesses a very low regeneration capacity and therefore, TE tools

are needed to create models that can emulate the natural environment of the brain and SC.



Electrospun guidance channels, bridging scaffolds, DDS, hydrogels, 3D bioprinting are amongst

the most popular TE approaches for repairing and mimicking the CNS environment 20-26 22,25,27,2s.

Engineered neural tissues can also be used as drug screening tools for potential
therapeutics. Many diseases and disorders affecting the CNS are uncurable or lack long-term
treatment options. Some of the neurodegenerative diseases and disorders, which collectively affect
over 55-million people in North America, include Alzheimer’s disease (AD), Parkinson’s disease
(PD), Amyotrophic lateral sclerosis (ALS), traumatic brain injury (TBI), stroke, and spinal cord
injury (SCI) 29. SCI is a highly debilitating disorder that occurs most frequently after falls, car
accidents, and sports injuries 30. The SC is the caudal component of the CNS that is in charge of
transmitting signals between the brain and the body 18 (Figure 1.1). Neurons in the SC serve two
purposes; (i) relay cutaneous sensory input to the brain (located in the dorsal half of the SC) and
(ii) transform sensory input into motor output (located in the ventral half of the SC). The cells that
control the motor output are called motor neurons (MNs) 18. When a SCI occurs, the tissue is
compressed or lacerated, causing the loss of neuronal cells and disruption of the ascending and
descending tracts running through the SC 31. In addition, inflammatory events and secretion of
molecules can lead to the creation of a hostile environment, inhospitable for healthy cells 20,24. In
spite of the many years and millions of dollars spent in research focused on the repair of the injured
SC, there is no cure for SCI. A great barrier for the existence of potential treatments for SCI are
the differences in types of injuries, which makes it challenging to raise funding for research. Other
obstacles include the time, cost and rate of failure of clinical trials. The estimated time from the
scientific discovery to the approval of a new drug treatment is about 20 years, and each clinical
trial costs from 1.3 to 1.7 billion dollars s2. Success rate of these trials is very low (8%), which

brings significant implications for public health and drug discoveries 33. Current strategies for pre-



clinical drug testing include the use of animal models, 2-dimensional (2D) cell monolayer cultures
or cadaveric organ slices 34,35. Cadaveric organ slices are a great bridge between animal models
and human outcomes as they possess structural and functional features of in vivo tissues however,
availability is limited ss. In addition, 2D monolayer cultures and animal models do not offer a clear
prediction of in vivo human responses. This is because 2D monolayers are attached to a plastic
hard surface where the cells are forced to proliferate and grow one next to the other and the cell-
ECM interactions, morphology, polarity, are disturbed as opposed to a soft and 3D substrate where
they can interact from multiple points of contact, as observed in a native environment se.
Furthermore, while strict laboratory conditions can be regulated for animal models such as diet,
routine, light exposure, and temperature, there are still many variables that cannot be controlled or
predicted by an individual s4. Notwithstanding, given that animal models are multi-organ and
contain an immune system, they serve as a useful tool for evaluating the overall response of certain
treatments and understand pharmacodynamics. The use of a humanized 3D model can complement

this information and provide a reliable hypothesis of the effects of a potential drug in humans.



A
B Dorsal half
Brain EA Gray matter
White matter

Ventral half :
Sensory input

Spinal Cord ~
a m ‘
’ Motor output
" [

Figure 1.1. Functions of the Central Nervous System (CNS) and spinal cord (SC)
anatomy.

a) The CNS is composed of the brain and SC, together they control the activities and
function of the body. b) cross-section of the SC, the dorsal half controls sensory input
while the ventral half controls voluntary movement. Cells present in the CNS include
neurons, astrocytes, oligodendrocytes, and microglia. Figure created with biorender.com.

1.2. Ongoing research for treating SCI
There is no current cure for a SCI, and most of the approaches for treating this injury are
focused on reduction of pain and inflammation or prevention of a secondary injury — an injury
which occurs from minutes to weeks after the primary injury 22. The secondary injury is
characterized by a series of events that involve inflammation, ischemia, apoptosis, free radical
production, and demyelination 2237. These events lead to the formation of a scar that acts as a
chemical and physical barrier for regeneration. Treatments following a SCI include surgical

approaches, such as decompression laminectomy in order to remove fluid or tissue being



compressed against the SC, or traction which is the alignment of the SC 3s. Ongoing clinical trials
are categorized into (i) neuroprotective approaches, which are focused on understanding the patho-
mechanism followed after a SCI, or (ii) neuro-regenerative approaches that are centralized on
enhancing endogenous repair and alteration of the congenital barrier s9. Strategies focused on
neuroprotection for SCI are shown in (Table 6.1- Appendix A) 39. Most of these studies have
shown significant spontaneous improvements in animals but they have not been shown to bring
recovery to a normal state 40. Furthermore, translation from animal models remains imprecise when
talking about a functional recovery in a clinical setting 40. Moreover, the use of animal models

requires a large amount of expertise and is very costly 41.

In addition to diet and physical rehabilitation, cell transplantation has received a lot of
focus for neuro-regeneration purposes. Many cell candidates have been studied like Schwann cells,
NSCs, neural progenitor cells (NPCs), oligodendrocyte progenitor cells (OPCs), olfactory
ensheathing cells (OECs) and mesenchymal stem cells (MSCs) (Table 6.2- Appendix A) 0. This
research has evolved within the past decade and early phase clinical trials have shown its feasibility
40. However, long-term patient safety still remains questionable given inequality between the
extensive research related to the potential of cellular therapies but limited research associated with

the mechanisms that promote repair and functional improvements 4o.

Tetzlaff et al. reviewed five mechanisms for cell transplantation that can promote recovery
through neuroprotection, immunomodulation, axon sprouting and/or regeneration, neuronal relay
formation and myelin degradation (Table 6.2- Appendix 1) 0. In a clinical trial run by Asterias
Biotherapeutics called SCiStar-Phase I/lla, OPCs derived from human ESCs were transplanted

into patients with cervical SCI. After 90 days of transplantation, the patients shower motor



improvement 42. The 25 patients completed the 12-month follow-up in which magnetic resonance
imaging (MRI) scans showed consistent engraftment of cells at the injury site, 95 % of the patients
showed improved motor on at least one level on at least one side, no evidence of adverse effects,

and no evidence of decreased motor function 43,44.

Despite this neuro-regenerative approach showing promising results, there are still a lot of
caveats for making such treatment available to the general public such as costs of production and
medical care, large-scale production of the OPCs, quality control, regulation, etc. Due to prolonged
production time and expensive cost of cell therapies, the financial cost of development is one of
the major hurdles associated with such therapies. Other obstacles are the regulatory affairs and the
rise in the aging population, the latter resulting in increased health care costs and the need for such
therapies 4s. As for the neuroprotective approaches, long-term evaluations often lack proof of
efficacy, recovery, or safety. These phenomena can be attributed to the lack of pre-clinical model
alignment with a real clinical perspective. Areas where risky complications developed in humans

might not always be reflected in animal models during pre-clinical trials 4o.

For these reasons, the creation of humanized 3D models, that better replicate human
physiology, is needed in order to create safer treatments, because testing will elicit similar
responses between the models and the human body. Such models could be used in early stages of
scientific development and pre-clinical trials as a way to accept or dismiss potential therapeutics.
The development of a robust and reproducible drug screening tool could also prove beneficial in
reducing the financial burden of clinical trials and the time spent testing with pre-clinical models.
Furthermore, the development of a drug to treat a specific condition and the analysis of its effects

could produce more immediate results due to the shorter regulatory pathway and lower cost of



clinical trials compared to cellular transplantation 46. For instance, the chimeric antigen receptor
(CAR) T-cell therapy, in which the patient’s own immune system destroys tumor cells, has been
approved by the Food and Drug Administration (FDA) for diffuse large B-cell lymphoma
(DLBCL) after 50 years of research 46. Patients who have had this therapy administered showed
no further lymphoma recurrences as of yet, however further relapse and potential late toxicities of
CAR T-cell might emerge. Notwithstanding, this product is one of the most expensive existent
therapies ranging from $373,000-475,000 and some governments are already opposing the use of

such therapies due to the elevated healthcare costs 46,47.

1.3. Relevant components used for the generation of neural tissues

1.3.1. Pluripotent stem cells

A popular type of stem cells used in TE in the past decade are human induced pluripotent
stem cells (hiPSCs). These cells were first discovered by Yamanaka et al, in 2007 by
reprogramming somatic cells through the expression of four important transcription factors:
octamer binding transcription factor 4 (OCT4), sex determining region Y-box2 (SOX2), Kruppel-
like factor 4 (KLF4), and myc proto-oncogene protein homolog (C-MYC) 4s. The first two
transcription factors are essential for reprogramming, whereas KLF4, and C-MYC induce

proliferation and colony formation 49.

The reprogramming of somatic cells can occur using retrovirus transduction, the use of
transient gene expression vectors for gene delivery, protein transduction, or activation of
endogenous pluripotent regulators by using small molecules 49. hiPSCs have the same capabilities

as ESCs, such as self-renewal and pluripotency, the ability to differentiate into any type of cell
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found in the body. Under the right conditions, hiPSCs can be directed into any of the three germ
layers; endoderm, mesoderm, and ectoderm. The ectoderm is the germ layer in which neural cells
are emerged from and therefore hiPSCs can be used to generate the cells present in the CNS. The
discovery of hiPSCs opened endless possibilities for applications in the field of TE such as cell-
replacement therapies, patient-specific stem cell lines and disease modeling, as well as drug

screening 49,50.

1.3.2. Differentiation of hiPSC-derived neural progenitor cells

hiPSCs can be differentiated into NPCs by culturing them in monolayer or by creating an
environment that resembles early development 13551,52. The formation of spherical cell aggregates,
called neural aggregates (NAs), allows for the formation of cell-cell interactions and intracellular
signaling that the cells need to survive and begin to differentiate s3-s5. The formation of these 3D
structures is achieved by the aggregation of cells on a non-adhesive AggreWell™800, a plate with
an array of microwells with an inverted pyramidal-shaped bottom (Figure 1.2) s6-s58. The NAs are
then incubated for 3-7 days in the presence of neural induction media (NIM). Directed
differentiation into a specific germ layer can be achieved by the addition of physical cues or
chemical cues in the culture media that will activate specific pathways of differentiation s3,55. These
cues include cell-cell interactions, cell-growth factor interactions, and the cell’s interactions with
the ECM s9. Following the formation of NAs, neural induction is continued by the enzyme-free
selection of neural rosettes where the neural rosette clusters are detached from the NAs 60,61. Neural
rosettes are an arrangement of cells that express many of proteins present in the neuroepithelial
cells in the neural tube 62. Differentiation of NPCs from hiPSCs can be achieved by culturing in
Neural Induction Media (NIM) as it contains molecules that inhibit the small mothers against

decapentaplegic protein (SMAD), which mediates multiple signaling pathways including the bone
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morphogenic proteins (BMPs) and transforming growth factor beta (TGF() related proteins 1s.
BMPs are involved in cell growth, apoptosis, morphogenesis, development and immune responses
63. They act through kinase receptors on ectodermal cells which leads to the suppression of neural
differentiation and promotes epidermal differentiation. The inhibition of the protein expression
levels for these factors can be achieved by the presence of proteins like noggin, chordin, follistatin

or small molecules like LDN193189 (LDN) and SB431542 (SB) 1861 (Figure 1.2).

Once the BMPs are inhibited, differentiation into the neural lineage (formation of neural
rosettes) is directed due to the blocking of the mesoderm and endoderm pathways 1. NPCs then
have multipotency and can be differentiated into the different lineages of the CNS such as neurons
or glial cells (astrocytes and oligodendrocytes) so. Neurons vary in location in the CNS and
morphology. Moreover, depending on their finite differentiated state, they can release specific
neurotransmitters that allow them to perform different actions. For example, MNs are present
mainly in ventral half of the SC and they carry commands from the brain or SC to the rest of our
body, causing muscles to contract and generate movement 1s. MNs can perform this action by the
transmission of synaptic signals by the release of the neurotransmitter acetylcholine. Neurons can
be named by the type of neurotransmitter that they release, e.g. cholinergic, dopaminergic, gamma-

Aminobutyric acid (GABAergic) neurons. Therefore, MNs are also known as cholinergic neurons.
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Figure 1.2 Differentiation of hiPSCs into Motor Neurons (MNSs) via cell aggregate
formation.

hiPSCs can be differentiated by forming cell aggregates that have the capability to differentiate
into any of the three germ layers. In order to induce neural differentiation, the cell aggregates must
be exposed to different morphogens that promote induction into NAS, followed by the formation
of neural rosettes and neural progenitor cells (NPCs). MN differentiation can be achieved by the
addition of a cocktail of small molecules. Figure created with biorender.com.

1.3.3. Differentiation of hiPSC-derived neural progenitor cells into motor neurons

During neurodevelopment, the identity and position of the developing MNs depends on the
activity of the protein sonic hedgehog (SHH). This protein controls aspects of embryonic
development and is secreted by the notochord, which is a mesoderm tissue that influences the
dorsoventral pattering of the neural tube 18. SHH acts as a morphogen that directs the cell fate of

neuronal cells depending on the concentration. SHH performs its activity by interacting with a
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complex of twelve transmembrane receptors called patched homolog 1 (PTCH1) and a signal-
transducing subunit called smoothened (SMO) s2. When SHH binds to PTCH1, the inhibition of
SMO stops, leading to the activation of the SHH genes and the activation of transcription factors
and protein kinases involved in the differentiation of MNSs 1864. As an alternative to using the
protein SHH, the hydrophobic-small molecule purmorphamine (puro) can be used to promote
differentiation of hiPSCs into neural cellses-67. Puro is a purine derivative- SMO agonist that
activates the SHH pathway (Figure 1.2-1.3) 6. Small molecules are drugs that have low molecular
weight — below 1000Da — that have been fabricated using chemical synthesis as opposed to
proteins, peptides, nucleotides, etc. which are produced through biological processes ss. Small
molecules have been widely used for the maintenance, production, and differentiation of PSCs.
Their effect in biological systems can be modulated by varying the concentration. In addition, they
are inexpensive compared to proteins and peptides and they are easy to store which makes them

great tools for research purposes and usage in DDS es.

Another small molecule important during neurodevelopment is the derivative of vitamin
A: retinoic acid (RA), which acts as a BMP inhibitor (Figure 1.2-1.3) es. RA is produced prenatally
and postnatally in the CNS at specific times. It acts specifically on the homeobox (HOX) genes
which is essential in organogenesis and neural development s9. When the neural tube has acquired
a rostro-caudal form, the mesoderm and endoderm secrete additional signals to further define the
pattern of the neural tube. The secretion of RA occurs closer to the caudal levels, establishing the
subdomains of the hindbrain and SC 1s. RA enters the nucleus of the cells and it binds to target

genes via nuclear receptors 7o.
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Figure 1.3 Chemical structures of (a)Purmorphamine (puro), and (b) Retinoic
acid (RA).

1.4. Biomaterials used to build neural tissues

In addition to hiPSCs and morphogen exposure, the fabrication of tissues also depends on
the adequate environment surrounding the cells. This environment can be provided by scaffolds
made of biocompatible and biodegradable materials, also known as biomaterials. Scaffolds must
be analogous to the ECM to provide temporary support for the cells to proliferate, grow,
differentiate, and maintain tissue structure 7. A common tool in the field of TE is the use of
hydrogels, which are polymeric materials that swell extensively in the presence of water 2s.
Hydrogels can be obtained from a variety of natural polymers and polysaccharides such as
hyaluronan, alginate, chitosan, agarose, fibrin, collagen 2s. These materials have been widely used
in the field of TE for the fabrication of soft tissues such as the brain and SC which have a
compressive moduli of ~2000 Pa, which highlights the capability of these tissues to withstand

loads of stress per unit area or change in volume 2s. Mimicking the mechanical properties of the
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native tissues will have a great impact on the proliferation and differentiation of the cells as
different regions of the brain or SC have varied stiffness such as the white and grey matter 2572. A
study performed by Leipzig et al., observed that substrate stiffness has an effect in NPC behavior
73. Substrates with an elastic modulus of <10kPa favored NPC proliferation, while softer scaffolds
with an elastic modulus of <1kPa led to neural differentiation. Stiffer scaffolds with elastic
modulus of 1-3.5kPa led to astrocyte differentiation, while scaffolds with an elastic modulus of

>7kPa favored oligodendrocyte differentiation 7s.

Cell-binding domains, stiffness similar to that of the natural tissue, and pore size are among
the properties that make a hydrogel suitable to sustain a specific type of tissue. Hydrogel
mechanical properties and pore size can be modulated and used to form micro- and macro-
architectures which are extremely important in the generation of neural tissues 74,75. These features
are relevant in the generation of SC tissues which have an overall tubular-shape, but the
microstructures are composed of the white matter, that contains the aligned axon tracts, and grey
matter, that contains the cell bodies of MNs and interneurons 1s,2s. Moreover, many hydrogels have
also shown to direct neural behavior, increase cell viability, and promote cellular differentiation
74. These responses happen as a result of the nature of many natural biomaterials that contain cell-
binding domains such as the RGD motif (arginine, glycine, aspartate) peptide that allow cell
adhesion to the ECM protein laminin that allow cell-adhesion and survival 76. Hydrogels that do
not contain these peptide motifs can be modified to incorporate bioactive domains of ECM proteins
such as fibronectin, vitronectin, or laminin to create biomimetic materials that allow cell adhesion

and survival 77,7s.
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A study performed by Abelseth et al., from the Willerth laboratory used various natural
biomaterials for the creation of a bioink that could support the proliferation and differentiation of
hiPSCs derived neural tissues 79. In this study, a fibrin based bionk was fabricated in combination
with the polysaccharides- alginate and chitosan where hiPSCs-derived NAs were bioprinted and
cultured in vitro for 30 days. The NAs showed high levels of cell viability, differentiation into
neural tissues as observed by the expression of the marker BT-I11 and neurite extension 79. Given
the development and successful results of this fibrin based-bioink to support neural tissues in a 3D
environment, the further sections will focus on revising the nature and properties of fibrin, alginate,

and chitosan.

1.4.1. Fibrin

Biologically-derived proteins can serve as scaffolds for TE and formation of hydrogels so.
Fibrin is a natural protein that serves as an important component in the wound healing process.
The formation of fibrin networks (gel) and platelets are key components to maintain hemostasis
and thrombosis (vascular occlusion) during the coagulation cascade that occurs at an injury site s1.
The serine protease enzyme thrombin cleaves the glycoprotein fibrinogen to initiate fibrin
polymerization s1. Thrombin is a product of the enzymatic cleavage of prothrombin by the
activated factor (Xa). After the fibrinogen is cleaved, the next step is the self-assembly of fibrin
monomers into two stranded oligomers, each of 20-25 monomers. These oligomers aggregate
laterally to form protofibrils. Lastly, the protofibrils aggregate forming a fibrin network s1. Another
component involved in the polymerization and stability of fibrin are the calcium ions (Caz+). Fibrin

contains high affinity binding sites for Caz+ and its binding is necessary for the formation of



17

protofibrils as it increases the extent of lateral aggregation and promotes formation of thicker fibers

(Figure 1.4) 1.
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Figure 1.4 Schematic representation of fibrin formation.
Figure created with biorender.com.

Fibrin has been widely used in TE for both in vitro and in vivo applications s2. Fibrin
hydrogels have been used for bone grafts s3, NSC culture 84, and vascularized tissue production ss.
Willerth et al. successfully cultured ESC derived NPCs seeded in fibrin scaffolds in order to
determine the ideal concentrations of growth factors needed for survival and differentiation sa. Lee

et al. used collagen and vascular endothelial growth factor (VEGF)-releasing fibrin scaffolds to
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bioprint NSCs ss. In addition, fibrin has also been used as a bioink to 3D print different type of
tissues, like microvasculature constructs where endothelial cells showed angiogenesis ss. Fibrin
gels provide a good environment for cell survival and differentiation as it contains several RGD
motifs where the cells can attach and survive 76. However, scaffold printability and degradation
are major concerns when growing neural tissue due to the long periods of time required for its
differentiation and maturation. Previously, Robinson et al, demonstrated that the molecule genipin
manipulates the mechanical properties of fibrin scaffolds by increasing scaffold stability, while
polymerizing and decreasing the degradation rate of fibrin s7. Genipin is a plant-derived blue-
colored cross-linking agent extracted from the fruits of Genipa Americana and Gardenia
jasminoides Ellis found in tropical areas from Mexico and the Caribbeanss. Genipin stabilizes
biopolymers by forming covalent bonds with the primary amine groups s7,gs. It has also been used

in studies to crosslink gelatin, collagen, and chitosan ss.

1.4.2. Alginate
Alginate is a natural polymer obtained from brown seaweed (Phaeophyceae) that forms a gel in
the presence of divalent cations. Is an anionic compound composed by two types of Uronic acid:
the Mannuronic acid (M blocks) and Glucuronic acid (G blocks) (Figure 1.5). These blocks are
covalently linked, and depending on their configuration the alginate presents different gelling
capabilities and strength ss. The arrangement of the M and G blocks can vary depending on the
type of seaweed harvesting method, seasons of harvesting, etc. Alginate has been used in the
pharmaceutical industry and also has been widely studied as a 3D scaffold to encapsulate NSCs
9. Some of the advantages of using alginate as a hydrogel for bioprinting is that it has been
demonstrated to be biocompatible with the CNS, shows low cytotoxic effects and is very low cost

90. Furthermore, the elastic modulus of this hydrogel can be altered and the proliferation and
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differentiation of encapsulated NSCs is increased with a low elastic modulus of ~180Pa in
comparison with hydrogels with elastic modulus of 20,000 Pa. 7s. Alginate can also polymerize
very quickly under normal conditions, which is great for bioprinting purposes as the hydrogel
should be able to maintain its shape after ejection from the print nozzle. Different tissues have

been successfully 3D printed with this hydrogel, such as aortic valves and cartilage tissue 91,92.
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Figure 1.5 Alginate structure.
(a)and (b) show G and M blocks respectively(c) shows G and M blocks

Alginate has been used as a scaffold for mammalian cells as it possess tunable mechanical
properties that can be made similar to different tissues such as smooth muscle 93,94, cartilage 95,96,
bone 97,98, skeletal muscle 99, neural 90,100-103. As previously mentioned, in the presence of divalent
cations, alginate undergoes an aqueous sol-gel transformation 104. The crosslinking of this
biomaterial occurs relatively fast (less than 1 min 100) when exposed to Caz+ ions, where the
carboxyl groups and the G blocks react and change the properties of the gel 89,100. When Caz+ ions

are combined with alginate, they first react with repeating G units that lead to stacking and
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formation of a “box’’-shaped structure 104. The remaining Caz+ ions form a Caz+-alginate complex
by interacting with the other G and M units. This effect happens as a result of unequal affinity of
Caz+ ions for G and M units. Therefore, the mechanical properties of alginate can be modulated by
varying the concentrations of G and M which changes the composition and porosity of the
scaffolds 104. Alginate with higher G content will be more rigid with higher porosities, whereas
higher M contents will lead to less porous scaffolds 104. Given that alginate does not possess cell
binding domains that benefit cell survival, alginate can be functionalized with peptide sequences
in order to promote cell attachment and survival or combined with other materials that can support
cell adhesion and survival 79,100,10s. These properties make alginate a suitable material to use in
combination with fibrin to 3D print SC tissue in order to increase cell viability, differentiation and

have a rapidly polymerizing hydrogel.

In a study performed by Purcell et al, the effects of alginate composition on cell viability
and survival of NSCs were evaluated 90. After 21 days of culture in vitro, murine cortical NSCs
encapsulated in alginate beads survived and proliferated regardless of the composition tested.
Furthermore, their results showed that beads with high L-glucuronic acid content were
significantly more stable when exposed to solutions of low osmolarity 9. Another study used
alginate as a cell scaffold for a variety of cells in the CNS: astrocytes, microglia and neurons 1oo.
The alginate scaffold was functionalized by attaching proteins and epitopes covalently in order to
promote cell attachment 100. After 14 days, astrocyte cells were viable, and no signs of cytotoxicity
was observed. Neural cells showed neural outgrowth of a couple hundred micrometers after 14
days in culture 100. In a study performed by Xu et al., glioma cells were bioprinted in a composite
scaffold that contained alginate, gelatin and fibrinogen. The purpose was to study was to mimic

the in vivo tumor environment. The expression of the neural marker NESTIN, and the malignant
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brain tumor marker VEGF were observed in this model. Moreover, the 3D bioprinted brain tumor

model showed to be more resistant to chemotherapy drugs 10s.

1.4.3. Chitosan

Chitosan is another natural polymer obtained from shells or shellfish from food industry
waste 107. Research for the use of chitosan as a biomaterial has increased in the past 25 years. This
material is obtained from chitin, which an abundant structural polysaccharide and one of the most
abundant organic materials produced by biosynthesis 17,108. Chitosan has the characteristics needed
for TE applications as it is biodegradable and biocompatible, while additionally having
antibacterial, antitumoral and wound-healing activity 17. Chitosan is composed by three main
functional groups; (i) an amino group at the C(2), (ii) a primary hydroxyl group at the C(3), and a
secondary hydroxyl group at the C(6) positions (Figure 1.6). The biological, physical and
chemical properties of chitosan can be tailored through covalent and ionic modifications in these

main functional groups 17.

Biomaterials made from chitosan form porous scaffolds which allows cells to proliferate
and migrate inside the scaffold. Depending on the pore size and orientation of the scaffold, the
mechanical properties will change 17. It has been shown that the tensile strength of the hydrated
scaffolds is reduced with higher porosity 109. In addition, studies performed by Chen et al., showed
that chitosan with lower molecular weight showed less crystallinity and therefore, lower tensile
strength 110. Degradation of chitosan in vivo occurs via enzymatic hydrolysis, a process facilitated
by enzymes where bonds in the molecule are cleaved and replaced by the addition of water 17,111.
The main enzyme involved in the degradation of chitosan is lysozyme — an enzyme present in
secretions, like tears and saliva, that has antibiotic propertiesii2. Lysozyme targets the acetylated

residues 17,108,113. The higher percentages of deacetylation, the lower degradation rates 17.
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Figure 1.6 Chitosan structure.

Combinations of alginate-chitosan have been used in the field of biomaterials and drug
delivery as the presence of chitosan increases the mechanical strength of alginate 104,114,115. When
alginate is combined with Caz+, a negative charged pre-gel is formed followed by the enclosing of
positively charged chitosan 104. At higher concentrations, the Caz2+ ions bind to the alginate

preventing the enclosing of cationic molecules 10a.

Chitosan forms a viscous solution when it is dissolved in acidic conditions with pH below
6.2 8. Raising the pH results in the formation of a gel. However, the pH of chitosan can be
neutralized to physiological standards using a solution of the disodium salt-glycerol phosphate
(GP), allowing it to be in liquid form below room temperature 17,116. The GP increases the pH by
acting as a neutralizer of the phosphate groups 116. This chitosan-GP solution remains in liquid
form at physiological pH of 6.8-7.2. Now, at body temperature, this solution turns into a gel,
making it is ideal for encapsulating cells and proteins. This approach becomes useful for the
formulation of a bioink because it can provide a higher viscosity to the composite material by

forming a gel in situ once it has been crosslinked and the temperature has been raised.
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When chitosan is crosslinked, it forms permanent covalent bonds that enhance the
mechanical properties of the polymer and allow the free diffusion of water and molecules 117.
When crosslinked, chitosan forms 3D interconnected networks. The most common crosslinker for
chitosan is glutaraldehyde, which is a dialdehyde. However, this chemical is neurotoxic and
therefore it cannot be used as a crosslinker for a bioink 118. As an alternative for glutaraldehyde,
chitosan can be crosslinked with genipin 119. Crosslinked chitosan with genipin can be used for

the preparation of elastic and stable gels to carry cells and be used for bioprinting purposes 119.

Chitosan has been used in the field of TE with applications in skin 120, bone 107, cartilagei1,
blood vesselsi22, liverizs, and nerve tissueiz4,12s. In a study led by Nomura, NSCs were seeded in
chitosan channels to treat rats with SCI. Recovery was observed through histological analysis,
which revealed long term survival, tissue bridging, and neural differentiation 2s. In another study,
chitosan microspheres were crosslinked with heparin for the delivery of rat NSCs and growth
factors. After 12 weeks of culture in vitro, cell survival and the neuronal marker NESTIN were
observed 126. Another study performed by Gu et al. used a combination of carboxymethyl-chitosan,
alginate and agarose to bioprint functional neural mini-tissues from human NSCs 127. After 24
days, the NSCs expressed the neuronal marker beta-tubulin class 111 (BT-111) and expressed the
GABAergic neuron markers GABA and glutamic acid decarboxylase (GAD). In addition, the

differentiated neurons formed synaptic connections, and expressed spontaneous Caz+response 127.

1.4.4. Microparticles as a DDS

DDS are commonly made of biodegradable polymers and are widely used in research and
pharmaceutical fields to deliver vaccines, proteins, nucleic acids, and small molecules 12s.
Depending on the need and specifications of the drug or morphogens, DDS can be designed to

provide a time-specific or a continuous delivery. Additionally, DDS can protect the encapsulated



24

molecules from degradation and be localized at the place of interest 12s. In the field of neural TE,
the use of DDS has shown to be an efficient method to differentiate stem cells into the desired cell
type. Moreover, the presence within the tissues overcomes barriers of diffusion and promotes
homogeneous differentiation of the stem cells ss,129,130. The source and types of cells, nature and
mechanical structure of the biomaterial, and combination of drugs needed vary immensely

depending on the tissue of interest 16,131.

Nano- or micro- particles are particles of the nanometer (1x10-o meter) and micrometer
(1x10-6 meter) sizes fabricated from various materials and possess multiple shapes. Their use has
many applications for the delivery of water soluble or insoluble drugs like proteins, small
molecules, nucleic acids, antibiotics, and vaccines 132-134. Their main objective is to improve
biological stability, decrease toxic effects, mediate the distribution of the compounds, achieve a
targeted and slowed release, and finally, interact with biological barriers 132,135. Other types of
DDS include the use of liposomes, proliposomes, gels, prodrugs, cyclodextrins 13s. Drug-loaded
microspheres for use in hiPSC differentiation can be fabricated with the use of biodegradable
polymers like PLGA or PCL 129. As the polymer degrades, the drug or soluble factor needed for

the cells to differentiate into a specific cell type will be released over time in a controlled rate.

PCL is a biodegradable polymer useful for long-term implantable devices due to its slow
degradation. A hydrolysis reaction of its ester bonds is what catalyzes its degradation, making it a
good option of controlled release inside the body 133. It’s also inexpensive, has good solubility,
and a low melting point adding to its attractiveness for use in biomaterial applications. It has been
demonstrated as a potential microsphere-based DDS and shows a promising alternative for future

pharmaceutical purposes 129. Different drugs have been successfully encapsulated in this polymer
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such as: tamoxifen — used for breast cancer treatment, clonazepam — used to prevent seizures, and

insulin 133.

1.5. 3D bioprinting

Bioprinting is the process of fabricating 3D biological tissues, organs and cell constructs
using a combination of biomaterials and 3D printing technology using the specifications created
in a computer-aid design (CAD) file 91. 3D bioprinting is an emerging TE strategy that allows for
a faster and reproducible generation of tissues in vitro 136,137. The process of bioprinting consists
of 1) cells, ii) “bioink” which acts as mechanical and biochemical support of the tissue, often iii)
drug delivery systems, and iv) CAD file 136,138. In contrast with conventional TE strategies, the 3D
printing process offers several advantages including lower amounts of labor in the assembly and
combination of the raw material components, high-throughput, and creation of specific cell

pattering and micro-architectures 136,137,139.

Inkjet, extrusion, and laser-assisted, are the main strategies for bioprinting tissues 136,139.
However, one of the major challenges faced when using these technologies is the amount of shear
stress the cells receive as they are extruded, which leads to low cell viability and lack of long term-
functionally of the tissues 140-143. A novel bioprinting method that combines an inkjet dispensing
bioprinter (RX1) and a microfluidic device called Lab-on-a-printer (LOP™) was developed by
Aspect Biosystems (Figure 1.7) 144145. The RXI1™ allows for the rapid bioprinting of
physiological relevant tissues in a high-throughput and reproducible manner. The use of an inkjet
dispenser allows the user to create programmable patterns to be printed defining the micro-
architecture of the tissue. With the LOP™ technology, all the materials required to produce the

construct, e.g. scaffold material, multiple cell types, and crosslinker, are introduced to the
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microfluidic system and allowed to interact prior to the ejection from a single nozzle. The precise
regulation of fiber composition and print speed is another advantage of the single nozzle, as it
allows for more control over the printing job 144. Hydrogel fibers of a defined diameter can be
generated, and specific components such as more than one type of cells, different materials and

drug delivery systems can be deposited in different locations to fabricate functional tissues 144.

One of the major differences with other bioprinting technologies is that during the
bioprinting process with the LOP™ technology, the cells are protected from shear-stress. This
happens as a result of sheathing the bioink with a cross-linking agent that triggers the formation
of a gel which creates cell-loaded fibers. For these reasons, the combination of the RX1™ and
LOP™ technologies creates a good system for bioprinting neural tissue as neural cells tend to be
very sensitive and once they are differentiated, they become post-mitotic and are no longer capable
of undergoing mitosis 146. Therefore, ensuring a high number of viable bioprinted NPCs is essential

for the survival and differentiation of neural tissues.

Another compelling feature of the RX1 bioprinter is the use of disposable
polydimethylsiloxane (PDMS) modules that are easily switched when using different components
to avoid cross-contamination 144. Moreover, the RX1™ will print the tissue in a layer-by-layer
manner, where the positioning of biological materials and biochemical components are evenly
placed throughout the cells and the 3D structure (Figure 1.7) 147. This approach will allow
manufacturing of structures with micro-architectures and specific designs to promote neuronal
differentiation and axonal extension. After successful generation of 3D printed tissue, further
maturation and in vitro evaluation will be required in order to be used for further research such as

drug screening 147.
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Figure 1.7 Schematic representation of the 3D bioprinting process using the LOP™. p

1.5.1. Use of stem cells when bioprinting neural tissues

The relevance of using stem cells to bioprint tissues relies on their capability to self-renew
and, depending on their potency, to differentiate into any of the three germ layers (endoderm,
mesoderm and ectoderm). In addition to the development of patient -specific cell lines. In this way,
the tissues can be differentiated to further assess their functionality and can be used for
personalized disease modelling and drug screening. Models simulating healthy or diseased tissues

can be created by 3D bioprinting constructs using stem cells 136. Researchers have successfully

b Figure from: de la Vega L, Rosas Gomez D, Abelseth E, Abelseth L, Alisson da Silva V, Willerth
SM. 3D bioprinting human induced pluripotent stem cell-derived neural tissues using a novel
Lab-on-a-Printer technology. Applied Science 2018 In press.
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bioprinted tissues like cartilage, bone, cardiac, liver, vascular and neural tissue 136. A group led by
Gu et al. bioprinted NSCs that differentiated into neural GABAergic neurons and glial cells in a
bioink composed of alginate, agarose, and chitosan 127. Shu et al., bioprinted neural tissue by using
mouse NSCs with a thermo-responsive bioink. The observed cell viability was 50% 24-hours post-
printing. The bioprinted constructs showed recovery in a zebrafish model with TBI 14s. Another
group tried different approaches and bioinks like the combination of collagen to bioprint neurons
and astrocytes in a layer-by-layer manneriass. Stereolithography, low level light therapy (LLLT),
and electrospun fibers are other 3D printing strategies that have been used to create neural tissue

150,151.

1.6. Research aims

As mentioned, many of the studies that focused on neuroprotection or regeneration of
neural tissue following a SCI are inconclusive, lack significant improvement or demonstrate
significant financial or regulatory challenges 4o,152-155. There is a significant need of a drug
screening tool to test potential drugs for disorders in the CNS to accelerate of the process of drug
development. Therefore, this research is focused on the development of a drug screening platform
for SCI. Given that one of the major disruptions when a SCI occurs is the damage of the MN tracts
that transmit signals from the brain to the rest of the body, this research will focus on the

differentiation of hiPSC-derived NPCs into MNSs.

A number of protocols have shown the differentiation of hiPSCs and NPCs into MNs by
the addition of the small molecules puro/SHH, RA, CHIR99021 (CHIR), SB, and LDN e0,65,66,156.

Most of these studies are performed in monoculture or in co-culture with other types of cells ss.
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However, these differentiation protocols lack a 3D environment to produce relevant physiological
tissues in vitro. With the added benefits of reducing time, costs, and the use of animal models to
predict human physiology, 3D bioprinted neural tissues could more accurately reflect human
physiology and help to improve the pipeline of drug testing for neurological diseases and disorders
157. This research determined the conditions necessary for bioprinting neural tissue that resemble
the SC to be used as a platform for drug screening. The proposed work will be performed by
combining hiPSC-derived NPCs, a fibrin-based bioink, and small molecules to promote neuronal
differentiation into MNs. This work will also be tested with puro and RA releasing microspheres
to demonstrate that DDS can be used in combination with 3D bioprinting and serve as tools for
differentiation in situ. The resulted constructs will be characterized to evaluate their neuronal
morphologies, protein markers. Neuronal activity will also be evaluated based on their membrane

potential.

1.6.1. Research aim1l1
We hypothesized that the encapsulated small molecules puro and RA in drug-loaded

microspheres can promote neural differentiation of hiPSCs-derived NAs.

Objective 1: To demonstrate encapsulation and the controlled release of puro in PCL

loaded microspheres.

Objective 2: To demonstrate that the incorporation of both puro and RA

microspheres embedded in NA promotes neural differentiation.

In chapter two, it was studied how neural tissues can be engineered from hiPSCs and drug-

loaded microspheres as an efficient method in comparison with conventional tissue culture
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techniques. We demonstrate that puro can be encapsulated in PCL microspheres using a single
emulsion oil-in-water and determination of encapsulation efficiency and controlled release for 46
days. Furthermore, we observed that after 35 days, the NAs showed morphologies characteristic
of MNs with extensive neurite outgrowth and the expression of MNs markers HB9, ISL-1.
Expression of the cholinergic neuron marker-choline acetyl transferase (CHAT) was observed

after 60 days of culture in vitro, proving their maturation s7.

1.6.2. Research aim 2
We hypothesize that neural tissues can be engineered using hydrogels and bioprinting
technologies using hiPSC-derived NPCs that will survive and further differentiate and mature into

neuronal subtypes.

Objective 1: To demonstrate that hiPSC-derived NPCs can be bioprinted using the

fibrin based bioink, RX1 and LOP™ technologies.

Objective 2: To demonstrate that the bioprinted tissues can survive, differentiate, and

mature into neuronal subtypes.

In chapter three we investigated the use of hiPSC-derived NPCs for bioprinting neural
tissues using a novel bioink composed of the natural biomaterials: fibrin, alginate, and chitosan
using the RX1 and LOP™ technologies. Structures with defined macro-architecture (cylinders of
1cm dimeter) and micro-architectures (~175 pum fiber diameter) were bioprinted. The bioprinted
tissues were treated with a cocktail of small molecules to promote neuronal maturation. Cell
viability was analyzed after 7 days of being bioprinted in which all groups showed above 80%

viability. After 30 days of culture, the differentiated hiPSC-derived NPCs showed the expression
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of CHAT, the newly generated neuron marker BT-I1I, and the glial fibrillary acidic protein

(GFAP)-an astrocyte marker proving their differentiation maturation after being bioprinted.

1.6.3. Research aim 3

We hypothesize that hiPSC-derived NPCs can effectively be differentiated into neural

tissues using drug releasing microspheres and bioprinting technologies.

Objective 1: To demonstrate that drug and fluorescent releasing microspheres can

effectively be bioprinted using the fibrin based bioink, RX1 and LOP™ technologies.

Objective 2: To demonstrate that bioprinted hiPSC-derived NPCs can be

differentiated in situ after being bioprinted.

In chapter four we investigated the incorporation of puro and RA releasing microspheres
in combination with the fibrin-based bioink to differentiate hiPSC-derived NPCs when being
bioprinted using the RX1 and LOP™ technologies. The neural tissues were bioprinted in a
cylindrical structure of 13 mm diameter and height of 2.7 mm. Fluorescent microspheres were
also bioprinted under the same conditions in order to analyze the microsphere distribution within
the construct. The bioprinted neural tissues were cultured for up 45 days where they showed the
expression of the microtubule associated protein 2 (MAP2), and CHAT -indicating differentiation
and maturation into MNS, as well as the expression of GFAP, the oligodendrocyte marker O4 and

myelin-indicating the presence of astrocytes and myelinating oligodendrocytes.

Moreover, in chapter five, discussion and conclusions for each chapter are presented, as
well as a general overview and future work. Future work related to the current project are discussed

in detail.
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2.1. Abstract

Here a novel technique for engineering neural tissue consisting of motor neurons by
combining human-induced pluripotent stem cells (hiPSCs) with small molecules releasing
microspheres is demonstrated. First, the small molecule purmorphamine (puro) is successfully
encapsulated into poly e-caprolactone (PCL) microspheres using a single emulsion oil-in-water
(o/w) method for the first time with an efficiency of (84% + 2.12%). These microspheres release
91% + 1.7% of the encapsulated puro in a controlled fashion over 46 days. Puro microspheres,
along with previously characterized retinoic acid (RA) releasing microspheres, are then
incorporated into hiPSC aggregates to engineer neural tissue. The combination of puro and RA
microspheres promotes hiPSC differentiation as indicated by the expression of multiple neural
markers, including the neuronal marker B-tubulin IIT (BT-111), and the transcription factor Olig2
(7.69 + 8.38%) on day 28. These tissues express the motor neuron marker HB9 (24.85 + 4.51%)
on day 35, and the mature motor neuron marker ChaT (12.35 + 4.17%) on day 60. These
engineered tissues can be used for regenerative medicine applications such as treating SCI, disease

modeling, and drug screening.
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2.2. Introduction

Adult somatic cells can be reprogrammed back into a pluripotent state by expressing a
specific set of transcription factors known as Yamanaka factors, which includes Oct3/4, Sox2,
KIf4, and c-Myc. 48 The resulting cells are known as human induced pluripotent stem cells
(hiPSCs). 48 The discovery of hiPSCs provides intriguing possibilities for applications in
regenerative medicine, TE and disease modeling. hiPSCs can self-renew and differentiate into all
three germ layers like human embryonic stem cells (hESCs). However, using hiPSCs avoids the
controversial ethical issues associated with human embryo derived hESCs. Furthermore, hiPSCs
can be more readily used for clinical treatment, as patient-derived hiPSCs reduce the risk of

immune rejection when transplanted back into the original patient. 26,158,159

Often cell culture conditions are manipulated to direct the differentiation of hiPSCs into
the desired cell phenotypes. One such established differentiation method requires the formation of
hiPSC aggregates to generate specific cell lineages. 65,160-162 These aggregates self-organize into a
structure, replicating the process of embryogenesis. 162 The aggregates can be treated with
morphogens to promote directed differentiation towards target lineages. Thus, ensuring diffusion
of morphogens throughout the aggregate is essential to producing a homogenous population of the
desired mature cell lineage. However, the 3-dimensional nature of the cell aggregates limits
diffusion, meaning morphogens only reach the outer layers of the cell aggregate - resulting in
heterogeneous differentiation. 163,164 Achieving homogeneous differentiation in vitro is necessary
to for many in vivo applications, as undifferentiated stem cells pose a risk of tumor formation. 1es-
167 An inside-out approach to morphogen delivery can address the issues of poor diffusion, and
the resulting heterogeneous differentiation. This method requires embedding morphogen-loaded

microspheres into cell aggregates, allowing for the targeted and controlled release of the required
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morphogen throughout the aggregate. 168 Morphogen-loaded microspheres enable localized drug
delivery in a temporally controlled manner for homogeneous and organized stem cell
differentiation inside of aggregates. 169,170 Our group previously demonstrated that applying such
a strategy by using retinoic acid (RA)-loaded microspheres led to high levels of neuronal
differentiation for hiPSC-derived cell aggregates. 171 Such homogeneous cell populations serve as
a potential platform for in vivo studies to promote recovery and regeneration of cells affected by

neurological disorders such as SCI. 171

The SC, the most caudal component of the CNS, receives sensory information and contains
motor neurons (MNs). These cells control voluntary muscle activity by conducting information
from the CNS to the rest of the body through the ventral horn of the SC. 18,172 The ascending and
descending tracts of the nervous system are disrupted during traumatic SCI, causing major motor
and sensory impairments to the patient. 31 In addition to cell death due to the primary injury, the
resulting inflammatory response produces an unfavorable environment for regeneration and
disrupts the ionic balance of the surrounding tissue, which creates a secondary and irreversible
injury. 173,174 The secondary injury can occur within minutes, day or weeks, and it is characterized
by events such as inflammation, ischemia, apoptosis, free radical production, and demyelination.
22,24 Furthermore, astrocytes surround the injury site, becoming reactive and forming a glial scar
that serves as a physical barrier to regeneration. 31,173,175 Thus, inducing axonal sprouting remains
a major challenge when repairing the injured SC. Transplanting engineered neural tissues at the
site of injury can potentially improve function by bridging the injury site to re-establish

connectivity. 172
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Accordingly, research has focused on deriving MNs by exposing human pluripotent stem
cells (PSCs) to the morphogens RA and sonic hedgehog (SHH) as these factors pattern the SC
during development. 51,65 Puro, a hydrophobic small molecule agonist of the protein smoothened
(SMO), induces SHH signaling, which generates oligodendrocyte transcription factor 2 (Olig2) —
expressing progenitor cells that can become post-mitotic MNs that express the protein homeobox
9 (HB9) and the transcription factor Isletl (ISL-1). Thus, puro serves as a cost effective alternative
to SHH when engineering neural tissue. s5 Also, it is less sensitive to the microsphere fabrication
process where the use of organic solvents can denature proteins like SHH. Additionally, puro
treatment can generate functional MNs from hiPSCs when cultured in a 3D microenvironment —
making it a powerful tool for stem cell engineering. 176 However, no previous studies have
characterized biomaterial-based systems for generating controlled release of puro — which we

address in this work.

The purpose of this study was to generate neural tissues containing motor neurons by
combining novel morphogen releasing microspheres with hiPSCs. Our drug delivery system
addresses the shortcomings of currently existing protocols which rely upon frequent media
changes that results in heterogenous cell populations. Although mechanical cell sorting can address
the issue of heterogeneity in existing protocols, these methods require 3 to 4 additional weeks of
in vitro culture, along with the added costs of cell sorting reagents and equipment. es Drug-
releasing hydrogels can deliver morphogens in an autonomous fashion in vivo, but they only
deliver morphogens to the outer layers of the cells aggregates embedded inside. 54 Building upon
our previous work, we fabricated puro-releasing microspheres from poly e-caprolactone (PCL), a
synthetic low-cost hydrophobic polymer with excellent biocompatibility. 177z We showed for the

first time the successful encapsulation and controlled delivery of the small-molecule puro. These
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PCL-microspheres possessed an encapsulation efficiency (EE) of 84% + 2.12% and they released
91 + 1.7% of the encapsulated puro loaded over 46 days in a controlled fashion. Puro- and RA-
loaded microspheres then were incorporated into hiPSC-derived cell aggregates to generate
engineered neural tissues. Assessment of the differentiated cells was performed at 4 different time
points using flow cytometry, immunocytochemistry (ICC), and measurements of neurite extension
and branching. The microsphere-loaded neural tissues showed extensive and organized neurite
outgrowth in comparison to positive controls in which soluble RA and puro were added directly
to the media on a regular basis. Microsphere-loaded aggregates expressed higher levels of the
transcription factor Olig2 (8.19%) in comparison to the positive control group (2.8%) on day 28
of culture. The microsphere-loaded aggregates expressed the MN related transcription factors HB9
(~24.8%) and ISL-1 expression (~2.6%) on day 35. Finally, these engineered neural tissues
expressed choline acetyltransferase (ChAT) (~12.3%) on day 60, indicating the presence of mature

MNs.
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2.3. Results

2.3.1. Characterization of puro-encapsulated microspheres and their release
kinetics

Scanning electron microscopy showed that puro encapsulated microspheres possessed an
average diameter of 3.4 = 1.17 um and exhibited a smooth rounded morphology (Figure 2.1-a)
similar to unloaded microspheres (average diameter previously reported as 2.24 + 2.04 um)
(Figure 2.1-b). s8 The size distribution for the puro loaded microspheres is shown in Figure 2.1-
c. Analysis determined that the encapsulation efficiency (EE) of Puro into the microspheres was
84 + 2.12%. In comparison, 4 pg/mg (w/w, RA/PCL) RA-loaded microspheres were previously
reported to have an average diameter of 3.59 * 2.48 um with an EE of 60.9 + 1.9%. 171 16% of the
total puro was released in an initial burst of drug release on Day 1 followed by slow, continuous
release over the remaining 45 days. 91 + 1.7% of encapsulated puro was released by day 46

(Figure 2.1- d).
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Figure 2.1 Characterization of the properties of purmorphamine loaded
microspheres.

a) Scanning electron microscopy images showing shape and size of puro-loaded
microspheres which have an average size of 3.4 £ 1.17 um, n= 600, b) and blank
microspheres with an average size of 2.24 + 2.04 um, n = 600. Scale bars are 10 pum. c)
Density histogram showing the distribution of the measured microsphere diameters for
purmorphamine-loaded microspheres. d) Quantification of purmorphamine release over
46 days (n = 3)— (91%) of the drug was released at the end of the time period. The data
are being reported as the average with the error bars representing the standard deviation.

2.3.2. Microsphere directed differentiation of hiPSCs into functional neural tissue

Combining drug releasing microspheres with hiPSCs to generate neural tissue
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A previous study treated PSCs with 0.1 uM RA beginning on day 10 followed by 1 uM
puro from day 15 on. es Our lab tested different ratios for the combination of both drug-loaded
microspheres on the differentiation of hiPSCs into MNs with a 2:1 ratio of puro/RA microspheres
showing the most promising results for differentiation of hiPSCs into neurons as indicated by
staining for the early neuronal marker B-tubulin 111 (BT-I11). The positive control aggregates were
initially treated with 2 um RA and 1 um puro for as previously reported, s followed by a decrease
over time to simulate the amount of drug being released from the microsphere group. Each group
of aggregates was represented by a letter: positive control (P), negative control consisting of
untreated aggregates (N), aggregates combined with unloaded microspheres (U), and aggregates
combined with puro/RA loaded microspheres (M). The appearance of microspheres was evident
in the U and M groups after one day in the AggreWell™ 800 plate. Consequently, U and M

aggregates were larger than N and P aggregates by day 7 (Figure 6.1- Appendix B).

Figure 2.2 shows qualitative images of neurite growth and extension for all groups after
35 days. These aggregates were stained for the neuron-specific microtubule marker BT-I11 and then
imaged using an IncuCytee automated imaging machine. M showed extensive, organized neurites
(Figure 2.2-a). Conversely, N and U showed reduced, disorganized neurite growth (Figure 2.2-b,
c). P possessed a larger aggregate area in comparison with M, and exhibited long, organized
neurites (Figure 2.2-d). Quantitative analysis of neurite growth and branching was performed
using the NeuroTrack and Basic Analyzer configuration software on days 15, 28, and 35 on an
IncuCyte ZOOM® live-cell imaging system (Figure 2.3). U showed the greatest neurite growth
and branching per aggregate area on day 15 in comparison with P (Figure 2.3-a). P and M had
developed greater neurite outgrowth and branching per aggregate area than N and U by day 28

(Figure 2.3-b). This trend continued on day 35, where statistically significant differences in
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neurite branching per aggregate area were observed between P in comparison to the U and N

groups (Figure2. 3-c).
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Figure 2.2 Neurite growth extension after 35 days in vitro for neural aggregates.
All groups (n=3, with 1-5 aggregates per well) were stained for B-tubulin III (BT-111 neuronal

marker, green. a) puro/RA-loaded-microspheres (M), b) unloaded microspheres (U), ¢) negative
control (N) and d) positive control (P). Images are made into montages with Image J software from
36 images taken by an IncuCyte automated imaging machine. Scale bars represents (300 pum).
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Figure 2.3 Quantitative analysis of neurite extension and branching was quantified by
IncuCyte® Neurotrack software by Essen BioScience.

After a) 15, b) 28 and c) 35 days of differentiation in vitro for all groups. n=6, with each replicate
consisting of 1-5 cell aggregates. Aggregates from N were used to normalize the data against U, P,
and M groups. The data being reported as the average with the error bars representing the standard
deviation. One-way ANOVA and Tukey post-hoc analysis was performed for statistical analysis using
a confidence level of 95% (p<0.05). * for p<0.05.
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2.3.3. Analysis of protein expression in Day 15 cultures

ICC was performed on all cultures at day 15 for BT-111, stage-specific embryonic antigen-
4 (SSEA-4, pluripotency marker) and counterstained with 4',6-Diamidino-2 Phenylindole (DAPI,
nucleic acid marker). BT-111 expression was expressed in all the conditions (Figure 2.4-b, f, j, n).
Neurite growth and extension was prominent in P and M. SSEA-4 was expressed in N, U and M.
P did not show SSEA-4 expression (Figure 2.4-c, g, k, 0). On day 15, aggregates were also stained
for the paired box protein (PAX6, neuroectoderm marker) and Nestin (neural progenitor marker)
with all the conditions being negative for these markers (data not shown). Flow cytometry was
performed at the same time point to quantify cell marker expression. The expression of SOX-2
(neural progenitor marker) and SSEA-4 was quantified for all conditions (Figure 2.4- g, r). P

showed an increased expression of SOX-2 (16.61 + 0.26 %).
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Figure 2.4 Analysis of neural cell cultures and engineered neural tissues after 15 days of
differentiation in vitro.
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All groups (n=3) were stained for B-tubulin III (BT-1I1 neuronal marker, green), SSEA-4
(pluripotency marker, red), and DAPI (nuclear stain, blue). a-d) Cell aggregates combined with
unloaded microspheres (U), e-h) negative control (N - untreated), i-l) positive control (P - soluble
puro/RA), and m-p) engineered neural tissues containing puro/RA loaded-microspheres. g-r)
Quantification of cell marker expression with flow cytometry after 15 days of differentiation in
vitro. Each condition was represented by a letter; Positive (P), Negative (N), aggregates combined
with unloaded microspheres (U), and aggregates combined with puro/RA loaded microspheres
(M). All groups were stained for Sox-2 (pluripotent cells and undifferentiated cells in the neural
epithelium) and SSEA-4. n=3 for all conditions. The data being reported as the average with the
error bars representing the standard deviation. One-way ANOVA and Tukey post-hoc analysis was
performed for statistical analysis using a confidence level of 95% (p<0.05) and 99.9% (p<0.001).
*for p< 005 ** for p< 0.001. Scale bar represents (300 um).

2.3.4. Analysis of protein expression in Day 28 cultures

Cell aggregates were stained for BT-111, NeuN (a mature neuronal nucleus marker), and
counterstained with DAPI on day 28 (Figure 6.2- Appendix B). All conditions showed significant
amounts of neurite growth as visualized by BT-I11 expression (Figure 6.2-b, f, j, n- Appendix B).
P showed dense and organized neurites while M showed thinner, organized neurites. By
comparison, neurites formed in N and U appeared disorganized. NeuN expression was positive
for all conditions (Figure 6.2- c, g, k, 0). In addition, cell aggregates were stained for Olig2 and
HB9 (mature MN marker) on day 28 (Figure 2.5). Qualitative Olig2 expression was negative for
N and U, slightly positive for M with high expression for P cultures. Slight HB9 expression was
observed for the M and P groups. Quantitative marker expression was performed for SSEA-4, BT-
1l and Olig2 as well (Figure 2.5-g-r). SSEA-4 expression was negligible for all groups.
Expression of BT-111 was observed for all groups. The quantitative expression of Olig2 for M was

8.19 + 7.99 % with no statistical differences observed.
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Figure 2.5 Analysis of neural cell cultures and engineered neural tissues after 28 days of
differentiation in vitro.

All groups (n=3) were stained for Olig2 (oligodendrocyte transcription factor 2, blue), B-tubulin
1T (BT-11 neuronal marker, green), HB9 (Motor neuron marker, red). a-d) Cell aggregates
combined with unloaded microspheres (U), e-h) negative control (N - untreated, i-1) positive
control (P - soluble puro/RA), and m-p) engineered neural tissues containing puro/RA loaded-
microspheres (M). g-s) Quantification of cell marker expression with flow cytometry after 28 days
of differentiation in vitro. All groups were stained for BT-IIl, GFAP (astrocyte) and Olig2
(oligodendrocyte transcription factor 2). n=3 for all conditions. The data being reported as the
average with the error bars representing the standard deviation. One-way ANOVA and Tukey post-
hoc analysis was performed for statistical analysis using a confidence level of 95% (p<0.05) and
99.9% (p<0.001). * for p<0.05, ** for p< 0.001. Scale bar represents (300 pm).



46

2.3.5. Analysis of protein expression in Day 35 cultures

Expression of Olig2, BT-11l, and Synl (presynaptic marker) was analyzed using 1CC
(Figure 2.6). The expression of Olig2 was slightly positive for P and negative for the other groups.
Synl1 staining was negative for all conditions. BT-I11 expression was observed in conjunction with
neurite outgrowth for all conditions. U exhibited the least neurite growth extension and no
organization. P and M show extensive and organized neurites (Figure 2.6-b, f, j, n). Quantitative
expression of Olig2, HB9 and ISL-1 (mature MN marker) on day 35 was analyzed using flow
cytometry. Increased expression of Olig2 (8.83 + 3.84%) was observed for P in comparison with
day 28. M showed similar levels of Olig2 expression on days 28 and 35. The P group showed
enhanced levels of HB9 on day 35 in comparison to other groups. The N group showed a higher

expression of ISL-1 (6.4 + 2.86) by day 35 (Figure 2.6-s) in comparison to other groups.
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Figure 2.6 Analysis of neural cell cultures and engineered neural tissues after 35 days of
differentiation in vitro.



47

All groups (n=3) were stained for BT-I11 (green), Synl (synapsin, red), and Olig2 (blue). a-d) Cell
aggregates combined with unloaded microspheres (U), e-h) negative control (N - untreated), i-I)
positive control (P - soluble puro/RA), and m-p) engineered neural tissues containing puro/RA
loaded-microspheres (M). g-s). Quantification of cell marker expression with flow cytometry after
35 days of differentiation in vitro. All groups were stained for Olig2, HB-9 (motor neuron) and
ISL-1 (motor neuron). n=3 for all conditions. The data being reported as the average with the error
bars representing the standard deviation. One-way ANOVA and Tukey post-hoc analysis was
performed for statistical analysis using a confidence level of 95% (p<0.05) and 99% (p<0.01). *
for p<0.05, ** for p< 0.01. Scale bar represents (300 pm).

2.3.6. Analysis of protein expression in Day 60 cultures
The expression of mature neural markers, O4 (oligodendrocyte marker), and ChaT (MN
neurotransmitter marker), were quantified on day 60 (Figure 2.7). ChAT expression was similar

for P (12.63 £8.74) and M (12.35 £ 4.17). O4 and Sy38 expression were negligible for all groups.
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Figure 2.7 Quantification of cell marker expression with flow cytometry after 60
days of differentiation in vitro.

All groups were stained for a) O4 (oligodendrocyte marker O4), and b) ChAT (Choline
Acetyltransferase). Data is reported as the mean with the error bars representing the
standard deviation. n=3 for all conditions. One-way ANOVA and Tukey post-hoc analysis
was performed for statistical analysis using a confidence level of 95% (p<0.05) and 99.9%
(p<0.001), * for p< 0.05, ** for p< 0.001.
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2.4. Discussion

In this study, we successfully encapsulated the small molecule puro in microspheres
capable of generating its sustained release over 46 days for the first time. These microspheres were
then incorporated into a novel microsphere-based protocol for the efficient derivation of MNs from
hiPSC aggregates. Compared to previous methods, this protocol avoids selection steps and allows
for the sustained release of puro, lowering the amount of drug required. The EE of puro into the
microspheres (84%) was higher than previously reported of other encapsulated drugs like RA
(60.0%) 171 and guggulsterone (42.4%), ss and similar to Clonazepam (72.6-95.1%) 178 and
tamoxifen. 179 The average microsphere diameter size was (3.4 £ 1.17 yum), similar in size to
unloaded and RA-loaded microspheres with diameters of (2.24 £ 1.04 um) and (3.59 + 2.48 pm)
respectively. ss171 The amount and size of microspheres serve as important parameters for the
sustained delivery of morphogens when combined with cell aggregates. In particular, Carpenedo
et al. reported that smaller microspheres in a range of (2-5 um) allow for a better incorporation
within the cell aggregates, 54 while Gomez et al., reported that an excessive numbers of
microspheres disrupts cell-to-cell interactions required for cell survival, proliferation and
differentiation. 171 The total amount of microspheres per cell aggregate used in this study was
optimized previously based on aggregate formation, survival and differentiation (Figure 6.1-
Appendix B) s8171 The microspheres used (puro, RA, and unloaded) all fell within the ideal size

range for incorporation into cell aggregates.

The release study for puro was performed over 46 days to analyze the effect of the drug
and microspheres on hiPSCs when exposed for > 35 days, which is the time period reported by
Zhang et al. for differentiating immature MNs. 180 An initial burst release of puro was observed

during the first 24 hours. This initial effect often occurs when delivering small molecules from
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polymeric materials, and it can be attributed to the increased surface-to-volume ratio of the small
particles. 128 68 % of the encapsulated puro was released by day 28, which was higher than the
levels of RA released at the same time point (28%). By day 44, (~87%) of puro was released. 91
+ 1.7 % was released by the end of day 46 (Figure 2.1-d) which corresponds to 2.2 pug of puro
released every day from 10 mg of microspheres. 0.3 mg of puro-loaded microspheres were added
to the cell aggregates. Therefore, ~0.0748 g of puro was released on average per day into the

aggregates.

The overall release profile was linear as regression analysis gave an Rz value of 0.95, which
was similar to the observed release profile of encapsulated Taxole in poly (L-lactic acid) (PLLA)
microspheres by Liggins et al. 181 This response is also consistent with other studies where linear
or near-linear release profiles for smaller microspheres 30-50 um, 128181182 While larger

microspheres of 50-100 um generate a sigmoidal release profile as reported by Kim et al. 128

For the P group, an average amount of puro of (0.38 ug) total was used per day of media
change for the first 46 days of the study. Media changes were performed every day from day 0-7,
followed by media changes every third day. Our differentiation method microspheres to deliver
puro requires significantly smaller quantitates of puro than traditional differentiation protocols.
Moreover, microsphere incorporation proves another advantage by leading to efficient
differentiation similar to the protocol reported by Hu et al. 51 This group reported the expression
of HB9+ (10-23%) from the differentiation of iPSCs after selection of neuroepithelial (NE) cells
and treatment with soluble RA and SHH for two weeks. s1 In contrast, by allowing the cell
aggregates to form in combination with the drug-loaded microspheres, the inside layers of these

aggregates are directly exposed to the morphogens that are continuously released. Our approach
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yields tissues with significant expression of HB9 after 35 days. This protocol provides an efficient
method of differentiation by generating similar levels of MN marker expression with less
manipulation and smaller quantities of drug. On the other hand, our P group, where only the outside
layer of the cell aggregates is in direct contact with the drug, resulted in concentration gradients

and less efficient differentiation as indicated by low HB9 expression.

Quantitative analysis of neurite length and branching was performed for days 15, 28 and
35. The number of branches and neurite length were larger for P and M groups on day 28. Results
for neurite growth on day 35 were as expected where extensive, organized neurites extended from
the cell aggregate for both P and M treatments. The length of neurites per aggregate area was larger
for the P group than the M group, while neurite branching was similar for both groups. N and U
groups showed lower levels of neurite length and branching. These results suggest that the constant

presence of both morphogens promotes neurite branching and extension.

The positive control group P stained 10.05 + 9.95% for SSEA-4 on day 15. Negligible
levels of the pluripotency marker SSEA-4 were observed for all groups by day 28 as opposed to
day 15, suggesting that the exposure and sustained release of these morphogens from day 1
contributes to induced differentiation. Elimination of undifferentiated cells is crucial for the
translation of laboratory protocols into clinic. The low expression of SSEA-4 indicates the mature
differentiation of the cell aggregates into neural tissues. The quantitative analysis of SOX-2
(another pluripotency marker) at this stage showed (3.62 + 1.65 %) of total cells in the aggregates
treated with M, (3.17 £ 2.21 %) of cell aggregates with U, (4.09 + 2.16 %) for N, and (16.56 +

0.34 %) in the P. The high expression for P could be attributed to a neuronal precursor state,
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whereas similar lower levels of expression in the other groups can be attributed to a more

pluripotent state on day 15. 183,184

Unlike the results reported by Zhang et al., we did not observe expression of the neural
progenitor markers PAX6 and Nestin, possibly due to a difference in protocols. We used drug
releasing microspheres instead of the addition of soluble morphogens to the culture media.
Furthermore, neural rosettes were not selected in this study as such a selection process could not
be implemented in vivo. Additionally, our study exposed hiPSCs to sustained release of RA and
puro starting from day 1, while Zhang et al. added these molecules at day 10 and 15 respectively.
It is hypothesized that these markers were expressed earlier during this protocol of differentiation.
BT-111 expression was expressed for all groups by day 28, M, P and U showed the higher levels of
expression in comparison with N. In addition, the expression of the glial fibrillary acidic protein
(GFAP) which is a marker expressed in astrocytes was analyzed at this time point. The levels of
expression were (3.28 + 2.98) for M, (5.16 + 0.33) for P, (1.13 £ 0.53) for N, and (15.71 + 2.31)
for U. Other studies have shown that astrocytes can regulate the development and functional
maturation of hiPSCs derived neurons. 18s However, in this study the glial population for P (5.16
+0.33) and M (3.28 + 2.98) was found to be low in comparison with U (15.71 £ 2.31) that had the
highest level of expression for GFAP (Figure 2.5-r). The lower expression of GFAP for P and M
can be attributed to the constant presence of puro and RA in the media that promoted MN

differentiation.

The expression of Olig2, a transcription factor expressed in MN progenitors, was also
analyzed on day 28. The latter occurs when expression of the MN phenotype markers HB9 and

ISL-1 upregulate and Olig2 expression levels downregulate. 65,186,187 The quantitative expression
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with flow cytometry showed (8.19 = 7.99 %) of total cells were expressing Olig2 in cell aggregates
combined with puro and RA loaded microspheres. Olig2 expression is lower in comparison to the
marker expression stated by Zhang et al., potentially due to the differences in protocols and lack
of purification steps in our method. Furthermore, the qualitative ICC expression of Olig2 appeared
to be negative for all groups except for an increased expression for P and slightly for aggregates
with M. By day 35, the quantitative expression of Olig2 was upregulated for P and was similar on
day 28 for M and was followed by the expression of HB9 and Isl1. Zhang et al., have reported 10-
23% B9 positive expression from differentiated IPSCs by day 35 after the addition of RA and SHH
at specific time points and several selection steps. 51 In this study, we report 24.8 + 4.5 % of cells
staining positive for HB9 for the M group. The qualitative analysis of Syn1l, a protein expressed
in the synaptic vesicles required for neurotransmitter release, was negative for all groups. These
results are not surprising, as maturation of MN for another 3-4 weeks is required for

neurotransmitter release and signal transduction. 180,188,189

After 8 weeks of culture in vitro, quantification of the cell marker expression of the
oligodendrocyte phenotype (O4), the myelinating support cells of the nervous system, was
negligible for all groups. On the contrary, the expression of ChaT, an enzyme that catalyzes the
production of the neurotransmitter acetylcholine which is found in cholinergic neurons such as
MNs, was expressed twice as much in M (12.35 + 4.17 %) and P (12.63 £ 8.74 %) in comparison
with other groups. Synaptophysin (Sy38), the most abundant integral membrane protein of small
synaptic vesicles and an important regulator of synaptic plasticity, 188 was not expressed at this
time point. These results suggest that the drug-loaded microsphere treatment has similar
capabilities as the positive group to produce mature MNs derived from hiPSCs after 8 weeks of

culture in vitro, however, further maturation might be required for the expression of Sy38. In the
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future, the expression of ChaT and Sy38 as well as the electrical activity of mature MNs
differentiated with puro and RA loaded microspheres can be analyzed in both monoculture and as
a co-culture in a substrate of myoblast cells as suggested by Zhang et al. to demonstrate their

ability to form functional neuromuscular junctions.

The end goal of this work is to produce an engineered tissue that could be delivered as a
cell therapy for treatment of SCI by combining patient derived-hiPSCs with drug loaded
microspheres. In the absence of in vitro purification techniques, efficient derivation of the desired
cell phenotype is an important limitation to in vivo hiPSC therapies. 190,191 For this reason, any
techniques that could not be implemented in vivo, such as the selection of neural rosettes, were not
performed in this study. We addressed this limitation by using a novel inside-out approach in which
morphogens are released within the aggregates allows for efficient MN differentiation from neural
aggregates. A second major limitation yet to be addressed is the immunogenicity of hiPSCs, which
must be deeply understood prior to implementation of hiPSC-derived therapies. For example, Zhao
et al., has demonstrated differential immune responses to hiPSC-derived smooth muscle cells
versus retinal pigmental epithelial cells, suggesting that immunogenicity of other hiPSC-derived

phenotypes may vary between cell lines. 192

Another potential use for these drug-loaded microspheres is the differentiation in both 2D
culture and in 3D printed tissues, which would avoid the laborious work of frequently adding the
soluble morphogens in the media. Our novel puro loaded microspheres could be incorporated in
bioinks used during 3D printing of tissue. 3D bioprinting has the potential to make TE automated
and replicable while minimizing human intervention. These 3D printed neural tissues can be used

as drug screening tools and to create physiologically relevant disease models.
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2.5. Conclusion

We have developed and characterized the first biomaterial-based system for controlled
release of the small molecule puro. We then successfully incorporated a mixture of puro and RA
loaded microspheres into hiPSC aggregates that differentiated efficiently into mature motor
neurons. This work confirms the value of drug-releasing microspheres as a tool for engineering
neural tissue and illustrates its potential for in vivo applications. Such microspheres can also be
used as an alternative to constantly adding soluble puro during media changes when performing
neural differentiation of PSCs in vitro. Future work includes evaluating these engineered tissues

in vivo as way of promoting regeneration in a pre-clinical model of SCI.
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2.6. Experimental Section

2.6.1. Fabrication of small molecule releasing microspheres

Microspheres were fabricated using a single emulsion oil-in-water (o/w) protocol followed
by the evaporation of the organic solvent dichloromethane (DCM) (Fisher Scientific) as previously
described. 171A poly(vinyl alcohol) (PVA) solution (2%) (Mw ~13,000-2,3000, Sigma-Aldrich)
was made as previously described. ss Briefly, PVA was dissolved in de-ionized water at 50 °C
constantly stirring with a magnetic stir bar. PCL (321 mg) (Mn ~45,000, Sigma-Aldrich) was
dissolved in (3 mL) DCM in a (25 mL) Erlenmeyer flask on a Corning PC-420D magnetic mixer
for 15 minutes at 900rpm. An adapted stopper covered with PTFE tape (TaegalSeal) was placed
on top of the flask to avoid evaporation. Puro stock solution was prepared by diluting the drug in
100% ethanol to make a stock concentration (190.2 uM) (Cayman Chemical). Before adding the
drug, the stock solution was warmed up to room temperature, the drug was added (0.3mg) to the
oil phase to make the final concentration (0.93 pg/mg) of microspheres (w/w, puro/PCL). After
the addition of the drug, 2% PVA (3 mL) was added to the oil phase, the solution was then
emulsified on a vortex mixer for 30 seconds at maximum speed. Once emulsified, the solution was
delivered into the water phase at 35°C and stirred at 500rpm for 4 hours. The solution was
centrifuged at 3000 rpm (Eppendorf 5810R) and washed with de-ionized water to collect the
microspheres. The pellet was and frozen at -20 °C and then lyophilized. RA-loaded and unloaded

microspheres were prepared as previously described. 58,171

2.6.2. Microsphere characterization using scanning electron microscopy
Microsphere characterization of size and shape was performed using the Hitachi S-4800
FE scanning electron microscope (SEM) as done previously. ss,171The microspheres (0.1 mg) were

placed into a microtube with 100% ethanol (50 pL) and mixed vigorously with the vortex mixer.
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The solution was placed on the SEM stub mount (2 pL). The sample was coated using a gold-
palladium using the Anatech Hummer V1 sputter coater. Images were obtained with an accelerated
voltage of (1.0 kV) and a working distance of (8§ mm). The microspheres’ size was determined
using ImageJ software - version 1.48. A minimum of 600 microspheres were analyzed for each
batch of microsphere characterization. The density plot of microsphere data was produced using

R studio software.

2.6.3. Determination of encapsulation efficiency and characterization of controlled
release of purmorphamine

A 46-day release study was performed to determine the release kinetics of puro. Each
sample of microspheres (10 mg) and (1 mL) PBS was placed on microtubes (1.5 mL, Axygen).
Samples for each day of collection (n=3) were placed on a VWR® mini shaker at 330 rpm at 37
°C and were collected every 4 days. After collection samples were washed with de-ionized water
and freeze dried for further analysis. The drug was extracted from the microspheres and then
quantified with high-performance liquid chromatography (HPLC) to estimate puro concentration
in the microspheres. 10 mg of microspheres were placed in microtubes (1.5 mL) by triplicate. To
melt the microspheres, 250 uL of acetonitrile (ACN) was added and mixed with the vortex mixer
at 3000 rpm for 30 seconds (Caledon Laboratory Chemicals). The samples were then placed on
the vortex mixer (Eppendorf @ MixMatee) at 2500 rpm for 5 minutes. 250 pL. ACN was added to
the sample followed by the same mixing procedure to obtain a final volume of 500 pL. The samples
were then placed at -80 °C for 5 minutes, followed by centrifugation (Eppendorf 5424) at (1500
rpm) for 5 minutes. The samples were filtered using 0.2 um PTFE syringe filters (Thermo Fisher
Scientific) before adding the supernatant to amber vials (Agilent). HPLC was performed using an
Agilent 1200 equipped with gquaternary pump and diode-array detector (DAD) to quantify the

amount of puro present in samples. A standard of puro with eleven dilutions of a stock solution
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diluted in ACN was used to determine the concentrations of the samples. The column used was an
Eclipse Plus C18 (Agilent) with 5 um particle size, 4.6 mm internal diameter (ID) and was 150
mm long with similar phase and ID guard column. Samples were analyzed at 300 nm after
determination of the spectrum of puro with mass spectroscopy. Mass spectral information was
acquired using an Ultimate 3000 HPLC system connected to an Orbitrap (Thermo Fisher
Scientific). The system was used in direct infusion mode with no separation. Solvents used for this
analysis were HPLC grade ACN mixed with water dispensed from a Milli-Q integral purification
system (Millipore, ON, Canada). Both contained 0.1 % (V/V) Trifluoroacetic acid (TFA) (Fisher
Scientific). Runs were done isocratic at a 70 %: 30 % ratio respectively with and injection volume
of (20 uL), flow rate of (1 mL/min) at 21°C. ChemStation software was used for data analysis with
auto-integration adjusted manually when needed. EE was determined as previously described ss
by comparing the amount of puro encapsulated (Pencapsuited) to the amount of drug initially added

(Ptheoretical) .

2.6.4. hiPSC culture and formation of engineered tissues

Experiments using hiPSCs were conducted with the approval of the University of
Victoria’s Human Ethics Committee under protocol number: 12-187. hiPSCs (iPS(Foreskin)-1,
Lot 1-DL-01, WiCell) were cultured in 6-well plates coated with Vitronectin XF™ in the presence
of E8™ medium (STEMCELL Technologies) until 80% confluency was reached as previously
described. 193Eleven confluent wells were used for the formation of uniform cell aggregates in
AggreWell™ 800 plate (STEMCELL Technologies) as previously described. ss Four conditions
were tested; unloaded microspheres, 2:1 Puro/RA microspheres, negative control group, and
positive control group 2:1 Puro/RA soluble drugs added from day 1. For the microsphere groups,

a total of (0.5 mg) of microspheres was suspended in STEMdiff™ NIM (STEMCELL
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Technologies) and were incorporated into the aggregates to make a total volume of (2 mL) per
AggreWell™ 800 well. Negative group cultures contained no microspheres, nor soluble drug.
Positive group cultures contained final puro concentration of (1 um) and (0.5 um) RA. Media
changes were performed by replacing (1.5 mL) of STEMdiff NIM with 1% Penicillin
Streptomycin (PenStrep) (Sigma-Aldrich) every day until day 7. On day 7, cell aggregates were
transferred to each well of a poly-L-ornithine (PLO)/laminin coated 24-well plate (Sigma-
Aldrich). The number of cell aggregates in each well ranged from 2 to 5. Cell aggregates were
cultured in (ImL) STEMdiff™ NIM and media changes were performed every third day by
replacing (500 ul) with fresh media. By day 16, puro and RA concentrations for the positive group
were decreased to (0.5 um) and (0.25 um) respectively. BrainPhys™ Neuronal Medium
(STEMCELL Technologies) gradually replaced STEMdiff™ NIM and by day 25 each well
contained 100% BrainPhys™ Neuronal Medium. In order to promote MN differentiation
BrainPhys™ was supplemented with N2(1%), B27(1%), cyclic-AMP (c-AMP) (1uM), Ascorbic
acid (AA) (200ng/ml) (Sigma-Aldrich), BDNF(10ng/ml), GDNF(10ng/ml), 1GF-1(10ng/ml)

(Peprotech), and PenStrep(1%). 51

2.6.5. Analysis of cell cultures using flow cytometry

Cell marker expression was quantified with flow cytometry on days 15, 28, 35 and 60.
Aggregates were enzymatically dissociated with (0.125 %) trypsin-EDTA (Fisher Scientific) for 2
minutes at 37 °C followed by the addition of TNS (ScienCell). The resulting cells were washed
three times by adding PBS (Invitrogen) and centrifuging at (600 g) for 5 minutes. The cells were
then fixed and stained per the manufacturer’s instructions (R&D systems). Expression of SSEA-4
(pluripotency marker) (FAB1435, R&D) and SOX-2 (pluripotent cells and undifferentiated cells

in the neural epithelium) (IC2018P, R&D), was evaluated on day 15. Expression of BT-IlI
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(1C1195C, R&D), GFAP (astrocyte marker) (NBP2-33184PCP, Novusbio), and Olig2 (MN
progenitor marker) (1C2230P, R&D), was evaluated on day 28. Flow cytometry was performed to
evaluate expression of Olig2, HB9 (mature MN) (bs-11320R, Bioss antibodies) and ISL-1 (mature
MN) (562547, BD Pharmingen™) on day 35. Expression of O4 (FAB1326P, R&D), ChAT
(ab2803, Abcam) and Sy38 (ab8049, Abcam) was evaluated on day 60. Isotype controls for flow
cytometry consisted of Mouse IgG: Fluorescein-conjugated Antibody (IC002F), Mouse 1gG2A
PerCP-conjugated Isotype Control (IC003C), Normal Mouse IgM PE-conjugated Control

(IC015P) (R&D Systems) and Isotype Control (ab91366, Abcam).

2.6.6. Analysis of cell cultures using immunocytochemistry

Cell cultures and engineered tissues were stained for various markers according to the ICC
protocol previously published. s8,130,193,194 (Table S1)d shows the antibodies, catalogue number,
vendor and dilution used for ICC analysis on days 15, 28 and 35. Cell aggregates were stained for
BT-111 (1:500), SSEA-4 (1:250), PAX6 (1:500, neural precursor marker) and Nestin (1:500, NSC
marker) on day 15. On day 28 the cell aggregates were stained for BT-111 (1:500), NeuN (1:1000),
HB9 (1:1000), Olig2 (5ug/ml). ICC was performed using BT-I11 (1:500), Synl (1:200), Olig2
(5ug/ml), and HB9 (1:100) on day 35. All the primary antibodies were diluted in 5% normal goat
serum (NGS) blocking solution (Sigma-Aldrich) and incubated overnight. Cells were then washed
three times with PBS and incubated with the secondary antibodies for 4 hours at room temperature.
Finally, the cells were washed three more times and counterstained with DAPI (nuclear stain) with
a 3-minute incubation at room temperature. Cell cultures were imaged with a Leica DMI3000 B
microscope using a XCite Series 120Q fluorescent light source and QImaging RETIGA 2000R
d Table S1 is available as supplemental information from the original publication: De la Vega L,

Karmirian K, Willerth SM. Engineering Neural Tissue from Human Pluripotent Stem Cells
Using Novel Small Molecule Releasing Microspheres. Advanced Biosystems 2018.
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camera with 100X magnification. Captured images were done using QCapture Software 2.9.12.
Composite images were created using the image-processing program ImageJ with the Magic

Montage tool. ss

2.6.7. Analysis of the morphological properties of engineered tissues:

Neurite growth and branching metrics were performed using the IncuCyte® ZOOM (Essen
BioScience) automatic live-cell imaging system as previously reported. ss171 The cells were
imaged by an IncuCyte ZOOMe, and these images were processed using a software module called
NeuroTrack™ that uses an algorithm to mask and analyze neurite length and branching. It has
been validated for a variety of neuronal types with a sensitivity equivalent to that of an
immunofluorescence-based, high content imaging assay. The NeuroTrack™ software module was
used to process the images, previously stained with BT-1I1, on days 15, 28 and 35. For day 15
cultures, neurite aggregate analysis was performed using the Basic Analyzer processing definition.
Briefly, a processing definition was created for the analysis by selecting a collection of images
taken at the same magnification (10X). The settings for adjusting the proper segmentation for the
cell body cluster area were first customized for each of the images selected from the image
collection. Appropriate parameters were adjusted to differentiate cells from the background of the
phase image. These settings were used to mask the entire neural aggregate body (center of sphere
where neurites extend outward from). By masking this region as cell body cluster area, the
algorithm calculates the neurite extension start point from the neural aggregate body. Neurite
mask parameters were defined by adjusting the neurite sensitivity and preventing background
noise and debris for every image of the image collection. For day 28 and 35, the processing
definition was created by adjusting thresholds to mask the cell body cluster area and selecting the

green fluorescence channel to visualize neurite labelling (BT-111). Once all the images were
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previewed, the processing definition was saved, and the metrics of average neurite length and
branch points were recorded. A collection of 36 images per well was taken and the creation of the

montage was done with Image J.

2.6.8. Statistics

All data is reported as the mean * standard deviation of the mean. Puro EE and release
study results (n=3), microsphere size (n=600), flow cytometry and ICC (n=3), neurite extension
and branching (n=6) with 1-5 cell aggregates per well. Cell aggregates from N were used to
normalize the data against U, P, and M groups for the quantitative analysis of neurite extension
and branching. Statistical significance was assessed using one-way ANOVA followed by Tukey’s
post-hoc analysis with confidence levels of 95 % (p<0.05) and 99.9 % confidence (p<0.001).
Statistical analysis for puro EE and release study results was performed using Microsoft® Excel.
The density plot of microsphere data was produced using R studio software. Flow cytometry data
was obtained using the Guava® Incyte software and the statistical analysis was performed using
GraphPad prism 6 statistics software. Statistical analysis for neurite growth and branching was

also performed using GraphPad prism 6 statistics software.
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3.1. Abstract

Most neurological diseases and disorders lack true cures, including spinal cord injury
(SCI). Accordingly, current treatments only alleviate the symptoms of these neurological diseases
and disorders. Engineered neural tissues derived from human induced pluripotent stem cells
(hiPSCs) can serve as powerful tools to identify drug targets for treating such diseases and
disorders. In this work, we demonstrate how hiPSC-derived neural progenitor cells (NPCs) can be
bioprinted into defined structures using Aspect Biosystems’ novel RX1 bioprinter in combination
with our unique fibrin-based bioink in rapid fashion as it takes under 5 min to print four tissues.
This printing process preserves high levels of cell viability (>81%) and their differentiation
capacity in comparison to less sophisticated bioprinting methods. These bioprinted neural tissues
expressed the neuronal marker, BT-I1l (45 + 20.9%), after 15 days of culture and markers
associated with spinal cord (SC) motor neurons (MNs), such as Olig2 (68.8 £ 6.9%), and HB9
(99.6 £ 0.4%) as indicated by flow cytometry. The bioprinted neural tissues expressed the mature
MN marker, ChaT, after 30 days of culture as indicated by immunocytochemistry. In conclusion,
we have presented a novel method for high throughput production of mature hiPSC-derived neural

tissues with defined structures that resemble those found in the SC.
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3.2. Introduction

Spinal cord injury (SCI), a neurological disorder that disrupts communication within the
central nervous system (CNS), can lead to impaired function 195. The World Health Organization
(WHO) reports 250,000-500,000 new cases annually, with the majority (90%) being caused by
traumatic lesions to the spinal cord (SC) 196. The economic burden of SCI in Canadian patients
ranges from $1.5 million to $3 million per patient, depending on the type of injury. These lesions
can result from car crashes, violence-related wounds, and recreational activities 197. The type of
injury determines the effects on essential bodily functions performed by the motor, sensory, and
autonomic systems, which can lead to movement impairment and deficiencies in the
somatosensory system 197,198. Furthermore, SCI increases the risk of developing diseases, such as

multiple sclerosis 199.

Currently, no cure exists for SCI, so treatment methods focus on rehabilitation, reduction
of pain and swelling, and pharmacological interventions. Cox et al. reported research on possible
pharmacological treatments for different aspects of SCI in 2015. These treatments include
Oxycyte, which provides oxygen to the injury site, reducing apoptosis 200. Furthermore, the
inhibition of the nuclear transcription factor, NF-K3, may reduce inflammation, and the antibiotic,
Minocycline, has shown promising results in decreasing apoptosis in animal models 200. The
steroid, methylprednisolone, was used to treat acute SCI, but the side effects outweighed the
benefits and its use has been discontinued 195. One reason for the lack of effective treatments stems
from the fact that the current tools for assessing promising drug targets for treating neurological
disorders, like SCI, do not accurately predict toxicity and efficacy. Thus, the field of TE has been
developing new techniques and methodologies that mimic the pathophysiology and functionality

of the tissue found in the spinal cord.
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TE uses different combinations of cells, biomaterials, and biochemical factors to produce
3D tissues that resemble human physiology 201. 3D models offer a significant advantage over 2D
models. The 3D environments enable cells to develop into their correct morphology, resulting in
more physiologically relevant function 202. They also offer a microenvironment for encouraging
cell-cell and cell-scaffold interactions, similar to how cells would develop normally in vivo 202.
Thus, tissue engineering allows us to study the cell function more precisely in vitro to determine
how they would behave under the influence of certain drugs or varying physicochemical

conditions.

Recent tissue engineering efforts have focused on the use of 3D bioprinting as a novel way
to engineer tissues. 3D bioprinting produces 3D structures, often called constructs, using
biocompatible materials known as bioinks where encapsulated cells can grow and proliferate 202.
Alternatives to 3D printing include freeze drying, gas foaming, mold casting, electrospinning, and
heat compression to create a 3D structure 203. Nevertheless, most of these methods cannot correctly
mimic the necessary micro-architecture for stem cells to differentiate efficiently into neural
phenotypes, as some of the aforementioned methods use toxic solvents that affect cell viability and
function 203. In order for the constructs to correctly mimic the SC tissue and serve as a pre-clinical
model of SCI for drug screening applications, specific biological, chemical, and physical
conditions must be met 202. Bioprinting conditions enable the construction of favorable
biochemical and mechanical environments, as well as the tunable construction of microstructures,
generating an acceptable model to study SCI 203. Nevertheless, it is important that during the
printing protocol, cells remain undamaged. It has been reported that low cell viability can occur

due to shear stress acting upon the cells during the printing process 202. Parameters, such as pressure
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and temperature, may inflict changes on a cell’s phenotype and thus, they should be carefully

managed and their effects assessed 20.

Stem cells, such as human induced pluripotent stem cells (hiPSCs), can play a huge role in
understanding SCI due to their ability to self-renew and to differentiate into any cell type in our
body 205,206. Scientists can design in vitro lab experiments that can directly translate into clinical
studies by creating patient-specific tissues 49. Differentiation protocols for hiPSCs need to ensure
the development of a homogeneous neural cell population, as it has been reported that hiPSCs
develop into neurons with less efficiency and more variability than embryonic stem cells (ESCs)
205,207. Moreover, the use of hiPSC-derived neural progenitor cells (NPCs) limits differentiation to
neuron-specific cell fates. Mothe et al. reported neuroregeneration and neuroprotection after NPCs

transplant in rats with SCI 20s.

Another important component to take into consideration for the generation of neural tissue
is the bioink to be used for printing. For this study, a novel fibrin-based bioink was used to bioprint
NPCs. The use of a fibrin-based bioink promotes neuronal differentiation and survival as it is
biocompatible, human derived, contains cell adhesion signaling molecules, and allows the flow of
nutrients 208. In addition, this material will enable neural differentiation as it can mimic the
biochemical and mechanical environment of the SC 202. Being a naturally-derived material, fibrin
has a decreased mechanical stability and a slow polymerization process 202,208. The polymerization
of fibrin starts with the addition of the enzyme, thrombin 209. Alginate, which polymerizes quickly,
can be mixed with fibrin as a second component and make the bioink suitable for bioprinting 202.
To address the challenge of the lack of mechanical stability of fibrin scaffolds, small molecules,

such as genipin, can enhance the structural properties of the scaffold and promote neural outgrowth
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209. The cationic polysaccharide, chitosan, is the third component of the novel bioink used to
provide mechanical strength to the scaffolds by ionically interacting with alginate and covalently

crosslinking with genipin 17.

Inkjet, extrusion, laser-assisted, and stereolithography are the main strategies for
bioprinting tissues 139,210. However, one of the major challenges faced when using these
technologies is the amount of shear stress the cells receive as they are extruded, which leads to low
cell viability and lack of long term-functionality of the tissues 140. The Lab-on-a-Printer™ (LOP)
technology integrates microfluidic channels with printing technology that allows material
processing prior to printing and programmable parameters to obtain specific compositions in the
printed materials 211. In this study, the RX1™ Bioprinter from Aspect Biosystems™ was used to
bioprint NPCs. This bioprinter offers the possibility of printing 3D scaffolds with cell-laden
bioinks where programmable patterns can be created 212. Speed and fiber composition are regulated
while printing on a layer-by-layer basis. The RX1™ uses a LOP™ microfluidic printhead that
prints complex and heterogeneous structures with different cell types and materials in a
reproducible manner 212. These characteristics lead to the bioprinting of a precise design with
specific micro and macro architectures while the bioink components are evenly distributed in the
3D structure. In the case of SC, it is necessary to mimic precisely the anatomical and physiological
characteristics in order to develop a correct model of the disease to perform drug screening. Tuning
the aforementioned characteristics will enable the differentiation of NPCs into MNs, one of the

main type of neurons affected during SCI and whose functionality needs to be re-established 213.

The objective of this study was to bioprint hiPSC-derived neural tissues that matured into

MNs in combination with a novel fibrin-based bioink using the RX1™ bioprinter in rapid manner.
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Here, we analyze the composition of 30-day cultures of bioprinted hiPSC-derived NPCs exposed
to the small molecules, CHIR99021 (CHIR), SB431542 (SB), LDN-193189 (LDN),
purmorphamine (Puro), and retinoic acid (RA), to promote MN differentiation. Previous studies
have demonstrated that the small molecules, SB431542 and DMHL1, induce dual-SMAD
inhibition, a requirement for neural pattering in stem cells e6,214. The molecule, LDN-193189, is
also a BMP inhibitor and can be used instead of DMH1 214. Moreover, the small molecule,
CHIR99021, activates the Wnt pathway, enhancing neural patterning of pluripotent stem cells e6.
In addition, the combination of RA and puro promote pluripotent stem cell differentiation into
MNs 66,215,216. Cylindrical constructs were printed using the RX1™ bioprinter with seven layers
and a 1 cm diameter in a process that took under 5 min to generate four constructs. Cell viability,
immunocytochemistry (ICC), and flow cytometry studies were performed to analyze the

bioprinted constructs and their differentiation into MNSs.
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3.3. Materials and Methods
3.3.1. Culture and Expansion of NPCs

hiPSC-derived NPCs were obtained as previously described from the hiPSC line, 1-DL-
01, from WiCell 193,209. Experiments using hiPSC-derived NPCs were conducted with the approval
of the University of Victoria’s Human Ethics Committee under protocol number: 12-187. Briefly,
NPCs were cultured in STEMdiff™ Neural Progenitor Medium (NPM) (05834, Stemcell
Technologies, Vancouver, BC, Canada) containing 1 X STEMdiff™ Neural Progenitor
Supplement A (05836, Stemcell Technologies, Vancouver, BC, Canada), 1 X STEMdiff™ Neural
Progenitor Supplement B (05837, Stemcell Technologies Vancouver, BC, Canada), and 1%
Penicillin-Streptomycin (Penstrep) (P4333, Sigma, St. Louis, MO, USA) in 6-well cell culture
plates coated with laminin (L2020, Sigma, St. Louis, MO, USA) and poly-L-ornithine (PLO)
(P4957, Sigma, St. Louis, MO, USA). The cultured NPCs were maintained at 37 °C with 5% CO:2
and media change was performed on a daily basis. Once the cultures reached 80% confluence the

cells were cryopreserved in liquid nitrogen.

3.3.2. Bioprinting Process

NPCs were thawed and resuspended in the bioink solution composed of 20 mg/mL of
fibrinogen (341578, Sigma, St. Louis, MO, USA), 0.5% w/v of alginate (120,000-190,000 g/mol,
M/G ratio 1.56) (180947, Sigma, St. Louis, MO, USA), and 0.3 mg/mL of Genipin dissolved in
de-ionized water (G4796, Sigma, St. Louis, MO, USA) in tris-buffered saline). The conical tube
containing the bioink and NPCs was coupled to the Material 1 channel of the LOP™ printhead
(Aspect Biosystems, Vancouver, BC, Canada). The crosslinking solution contained 20 mg/mL of
calcium chloride (449709, Sigma, St. Louis, MO, USA), 0.075% wi/v of chitosan (C3646, Sigma,

St. Louis, MO, USA), and 1.7 U/mL of thrombin (T7009-1KU, Sigma, St. Louis, MO, USA).
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Cylindrical constructs of 1 cm diameter were bioprinted using the RX1 bioprinter (Aspect
Biosystems, Vancouver, BC, Canada) with 7 layers of ~176 um diameter. The cross-linking
process takes a few seconds as it is initiated inside the printhead at the intersection point between
the bioink and crosslinker channels shown in (Figure 1.7). Specified pressures are applied to each
channel, controlling the flow rate to allow enough time for the crosslinking reaction. Fibers coming
out of the printhead are crosslinked before they are deposited. The printing speed was 20 mm/s
and channel pressures consisted of 20 mbar for the bioink, 40 mbar for the crosslinker, and 100
mbar for buffer solution. Four structures were bioprinted simultaneously in a layer-by-layer

fashion in under 5 min. Figure 1.7 shows a schematic representation of the LOP™ printhead.

Figure 3.1 shows the bioprinted cylindrical construct. All the procedures were performed
under sterile conditions. After bioprinting, the constructs were gently transferred to culture plates
coated with laminin and PLO. 1.5 mL of NPM was added to each well and these cultures were
incubated at 37 °C with 5% CO2. Measurements of fiber diameters were performed using the
software, Image J, after imaging with a Leica DMI3000B (Leica Biosystems, Wetzlar, Germany)
microscope and QImaging RETIGA 2000R camera (QImaging, Surrey, BC, Canada) at 100x
magnification. Imaging and diameter measurement of the bioprinted construct was performed
using Cytation 5™ and the software, Gen5 version 3.05 (BioTek instruments, Winooski, VT,

USA).

3.3.3. Culture of Bioprinted Constructs

The printed constructs were treated with a cocktail of small molecules suspended in NPM
containing 1% Penicillin-Streptomycin to promote differentiation of the bioprinted NPCs into
MNs. Media changes were performed every third day by replacing 750 pL with fresh media from

day 1 to day 15. Table 3.1 shows the five different treatments analyzed with the combinations of
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small molecules added, each treatment is represented by a letter. Treatments consisted of: (i)
Negative (N+); 2 uM of SB, 2 uM of LDN and 1 uM of CHIR; (ii) Puro positive (P+); 0.5 uM of
Puro, 2 uM of SB, 2 uM of LDN and 1 uM of CHIR; (iii) RA positive (R+); 0.1 uM of RA, 2 uM
of SB, 2 uM of LDN and 1 uM of CHIR; (iv) Puro and RA positive (PR+); 0.5 uM of Puro, 0.1
uM of RA, 2 uM of SB, 2 uM of LDN and 1 uM of CHIR; (v) Puro and RA negative (PR-); 0.5
uM of Puro and 0.1 uM of RA +. Starting on day 15, concentrations of Puro and RA were 0.1 uM
and 0.5 puM, respectively. By day 15, the media was gradually replaced as previously reported by
BrainPhys Neuronal Medium (BP) (05790, Stemcell, Vancouver, CA) supplemented with growth
factors; 10 ng/mL of GDNF 10 ng/m (450-10, Peprotech, Rocky Hill, NJ, USA), 10 ng/mL of IGF-
1 (AF-100-11, Peprotech, Rocky Hill, NJ, USA), 1 uM of C-AMP (A6885, Sigma, St. Louis, MO,
USA), 1% of N2 (17502048 Thermo Fisher,Waltham, MA, USA), 1% of B27 (17504001, Thermo
Fisher,Waltham, MA, USA), 200 ng/mL of Ascorbic Acid (Sigma, St. Louis, MO, USA), 10
ng/mL of BDNF (450-02, Peprotech, Rocky Hill, NJ, USA ), and 1% penstrep [27]. The bioprinted

constructs were maintained at 37 °C with 5% CO2.

f Correction made from the original publication from: De la Vega L, Rosas Gomez D, Abelseth E,
Abelseth L, Alisson da Silva V, Willerth SM. 3D bioprinting human induced pluripotent stem
cell-derived neural tissues using a novel Lab-on-a-Printer technology. Applied Science 2018
In press.
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Name Letter code Treatment
Negative N+ CHIR, SB, LDN
Puro P+ Puro + CHIR, SB, LDN
RA R+ RA+ CHIR, SB, LDN
Puro and RA PR- Puro and RA
Puro and RA PR+ Puro and RA + CHIR, SB,

LDN

Table 3.1 Name, letter code, and treatment for each group.

3.3.4. Cell Viability

On day 7, the constructs (n = 3) were degraded by removing culture media followed by
incubation with a solution of 25 mM of Sodium Citrate (Sigma, St. Louis, MO, USA). The
constructs were then placed on a shaker at 25 rpm at 37 °C. Once most of the bioink was degraded,
0.125% of trypsin-EDTA (Fisher Scientific, Pittsburgh, PA, USA) was added for 5 min followed
by the addition of fetal bovine serum (FBS) (10438018, Thermo Fisher, Waltham, MA, USA).
Each treatment was placed on a 15 mL conical tube and centrifuged at 300 gg for 5 min. Preparation
of the cell suspension was performed as previously reported following the Guava ViaCount®
protocol for cell viability determinations 209. The supernatant was removed, and the pellet was
resuspended in 1 mL of phosphate buffered solution (PBS) (10010023, Thermo Fisher Waltham,
MA, USA). 20 pL of the cell suspension was mixed with 380 pL of Guava ViaCount reagent®

(4000-0040, Millipore, Burlington, MA, USA). 100 pL were placed on each of the 96-well plate

¢ Correction made from the original publication from: De la Vega L, Rosas Gomez D, Abelseth E,
Abelseth L, Alisson da Silva V, Willerth SM. 3D bioprinting human induced Plu ripotent stem
cell-derived neural tissues using a novel Lab-on-a-Printer technology. Applied Science 2018
In press.
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and cell viability was determined using the Guava EasyCyte HT (Millipore, Burlington, MA,
USA) flow cytometer. Statistical analysis was done using one-way ANOVA followed by Tukey’s
post-hoc analysis using GraphPad prism 6 statistics software. Confidence levels were 95% (p <

0.05).

3.3.5. Flow Cytometry

Cell marker expression of the early neuronal markers, Beta tubulin-IIT (BT-111) ((1C1195C
R&D), oligodendrocyte transcription factor 2 (Olig2) (1C2230P R&D systems, Minneapolis, MN,
USA), and the protein homeobox 9 (HB9) (bs-11320R, Bioss antibodies), was quantified on day
15. The bioprinted constructs were degraded as previously mentioned using a solution of 25 mM
of sodium citrate, 0.125% of trypsin-EDTA, and FBS. The resulted cell suspension was processed
as previously reported ss216. Briefly, the cell suspension was washed three times with PBS by
centrifuging at 300 g for 5 min. The cell suspension was then fixed and stained per the
manufacturer’s instructions (R&D systems, Minneapolis, MN, USA). Isotype controls consisted
of mouse 1gG2A PerCP-conjugated Isotype control (IC003C R&D systems, Minneapolis, MN,
USA ) and normal mouse IgM PE-conjugated Control (IC015P R&D systems, Minneapolis, MN,
USA). The analysis was performed using the Guava EasyCyte HT flow cytometer (Millipore,
Burlington, MA, USA). Statistical analysis was done using one-way ANOVA followed by Tukey’s
post-hoc analysis using GraphPad prism 6 statistics software. Confidence levels were 95% (p <

0.05) and 99.9% (p < 0.001).

3.4. Immunocytochemistry
Immunohistochemical analysis of protein expression was performed on day 30 for BT-III,
choline acetyl transferase (ChaT), and glial fibrillary acidic protein (GFAP). The constructs were

collected and fixed for 1 h in 4% paraformaldehyde (PFA) (AC416785000, Acros Organics, Geel,
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Belgium) in PBS solution. Three washes were performed by adding fresh PBS and agitating at 25
rpm at 4 °C. The cells were permeabilized by adding 0.1% of Triton-X (HT501128, Sigma, St.
Louis, MO, USA) in PBS for 45 min under agitation at 25 rpm at 4 °C. Blocking was done using
5% Normal Goat Serum (NGS) (NSO2L, Sigma, St. Louis, MO, USA) in PBS for 2 h under the
same conditions. Primary antibodies were incubated overnight under the same conditions at the
concentrations of 1:500 for mouse anti-TUJ1 (60052, Stemcell, Vancouver, BC, Canada), 1:1000
rabbit anti-GFAP (Ab7260, abcam, Eugene, OR, USA) n, and 1:50 goat anti-ChAT (abl44p
abcam). Following three washes with PBS, the constructs were incubated for 4 h under agitation
at 25 rpms and room temperature with the secondary antibodies at the concentrations of 1:500 for
AlexaFluor i Donkey anti-goat (405) (Ab175664 abcam, Eugene, OR, USA), 1:500 AlexaFluor
568 Donkey Anti-Mouse (Ab175700 abcam, Eugene, OR, USA), and 1:500 AlexaFluor 488

Donkey Anti-Rabbit (Ab150073, abcam, Eugene, OR, USA).

ni Correction made from the original _;i)ublication from: De la Vega L, Rosas Gomez D, Abelseth E,
Abelseth L, Alisson da Silva V, Willerth SM. 3D bioprinting human induced Flurlpotent stem
cell-derived neural tissues using a novel Lab-on-a-Printer technology. Applied Science 2018
In press.



3.5. Results
3.5.1. Bioprinted NPCS in Cylindrical Constructs

The bioprinted constructs were printed in a layer-by-layer fashion. The structures consisted
of 1 cm diameter- cylinders with seven layers of fibers with an average diameter of 176 £ 16 um
and the total construct height was ~1.2 mm (Figure 3.1). The NPCs were homogeneously placed
throughout the fibers within the constructs as shown in Figure 3.2 during days 0 to 10. The bioink
provided mechanical and biochemical support for the cells and slowly degraded over time. By day
30, most of the bioink had degraded while the remaining cellular structures remained attached to

the tissue culture well.

Figure 3.1. Bioprinted cylindrical construct.
Bioprinted cylindrical construct consisting of hiPSC-
derived NPCs and our novel fibrin-based bioink.
Scale bar represents 3000 um.
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Figure 3.2 Phase contrast images of bioprinted constructs on days 0, 1, 7, and 10.

(a—d). Negative group (N with small molecules); (e-h) Puro (P+ with small molecules); (i-1) RA (RA+
with small molecules), (m—p) Puro and RA (PR+ with small molecules); (g—t) Puro and RA (PR- no
small molecules). Scale bar represents 300 um.

3.5.2. Cell Viability

Quantitative analysis for cell viability was performed at day 7 using ViaCount assay from
Millipore (n = 3 for all groups) (Figure 3.3). On day 7, cell viability for N+ was (89.2 + 8.9%),
P+ (93.3 £ 5.1%), R+ (90.9 £ 6.3%), PR+ (87.3 + 0.8%), and PR- (81.2 + 1.8%). No statistically

significant differences were observed.
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Figure 3.3 Cell viability of the Neural progenitor cells (NPCs) for all groups on day 7 after
being bioprinted
n = 3 for all groups. Data is reported as the mean with the error bars representing the standard

deviation. One-way ANOVA and Tukey post-hoc analysis was performed for statistical analysis
using a confidence level of 95% (p < 0.05). No statistically significant differences were observed.

3.5.3. Protein Expression of 3D Bioprinted Neural Tissues

3.5.4. Flow Cytometry

On day 15, flow cytometry was performed to quantify cell marker expression of BT-III,
Olig2, and HB9 (mature MN) (Figure 3.4). Expression of BT-111 was the highest for P+ (45 £
20.9%), followed by PR+ (33.1 £ 13.4%), N+ (21.3 + 21.3%) and PR- (4.3 £ 1.6%). No statistically
significant differences were observed for BT-111 expression. Olig2 expression was the highest for
N+ (68.8 + 6.9%), followed by PR- (61.1 £ 9.9%) and R+(46 + 4.8%). The lowest level of
expression was observed in PR+ (3.16 £ 1.10%). Statistically significant differences were observed
between N+ and PR+, R+ and PR+, and PR+ and PR-. HB9 expression was highly expressed for
all groups at this time point. R+ showed the highest level of expression (99.6 + 0.4%), whereas

PR+ and PR- had lower and similar levels of HB9 expression, (76.7 + 10.8%) and (75.5 £+ 10.3%),
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respectively. N+ showed the lowest level of expression for HB9 (61.1 + 5%). Statistically

significant differences were observed for N+ and R+.

3.5.5. Immunocytochemistry

ICC was performed at day 30 for all groups for BT-111, ChaT, and GFAP (Figure 3.5). BT-

Il expression was positive for all groups. ChaT expression was primarily expressed in PR+,

however, N and PR-also showed expression of ChaT. GFAP expression was positive for N, R+,

and PR-.
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Figure 3.4 Flow cytometry of 3D bioprinted NPCs after 15 days of culture in vitro.
n = 3 for all groups. One-way ANOVA and Tukey post-hoc analysis was performed for statistical
analysis using a confidence level of 95% (p < 0.05) and 99.9% (p < 0.001). * represents p < 0.05

and ** 99.9% p < 0.001.
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Merged & “Merged

Merged

Merged

Figure 3.5 Immunocytochemistry after 30 days of culture in vitro.(a) pT-111; (b) Olig2; (c)
HB9.

(a—€) N+; (fj) P+; (k—0) R+; (p-t) PR+; (u~y) PR-. Scale bar for (a—d,f-i,k—n,p—s,u—x) represents
100 pum. Scale bar for (e,j,0,t,y) represent 50 pm.
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3.6. Discussion

Previous studies have extensively explored the use of a 3D environment to create neural
tissue by using natural or synthetic polymers. Such strategies are focused on the creation of
hydrogel constructs, nerve guidance channels, or electrospinning 157,209,217,218. However, those
approaches require a large amount of labor and raw materials while their reproducibility remains
challenging. Bioprinting technologies offer great advantages over conventional TE methods as
they require less labor and materials and can be automated, producing high-throughput and
reproducible processes 139,210. In addition, patterned-specific structures with micro-architectures at
the micrometer size resolution can be created to mimic the native tissues 139,210. Recent studies
have used 3D bioprinting technologies where multichannel scaffolds were 3D printed and NPCs
within a bioink were extruded in a layer-by-layer fashion 219. A different study performed by Gu
et al. created functional mini tissues by bioprinting human neural stem cells (n(NSCs) using a 3D-

bioplotted system where the bionk is extruded, followed by incubation in crosslinking solution 127.

In this study, we successfully bioprinted NPCs using the microfluidic LOP™ and
differentiated these cells into ChaT expressing MNs after 30 days. With this LOP™ technology,
all the components of the bioink are mixed prior to the printing process and crosslinked at the 200
um “Y” junction prior to ejection from the single nozzle. This special feature, where the bioink is
surrounded by two crosslinking channels at the Y junction, initiates the crosslinking process from
both sides and creates a sheath surrounding the bioink that protects the cells from shear-stress
while being extruded. In addition, the 700 pm extrusion nozzle contained in this LOP™ is made
out of PDMS and is therefore flexible and less stiff in comparison with other expression needles

used in other studies 105,127,219. Using a pneumatic pressure driven flow, our fibers are extruded at
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20j mbar for the bioink, and an increased pressure of 40 mbar for the crosslinker, leading to the
creation of printed fiber diameters of (176 + 16 um), with all the bioink components homogenously
distributed. These diameters are similar to those reported previously when bioprinting NPCs using

a point dispensing printing method 219.

On day 7, cell viability was above 81% for all groups, where P+ and R+ showed the highest
levels of cell viability at 93% and 91%, respectively. These percentages are higher than those
reported by Joung et al., where cell viability is reported to be >75% after four days of printing
IPSC-derived spinal neural progenitor cells (SNPCs) and oligodendrocyte progenitor cells (OPCs)
in a 50% Matrigel bioink 219. Flow cytometry analysis was performed to assess the differentiation
of the bioprinted NPCs cultured with combinations of small molecules that have shown to promote
MN differentiation after 15 days of culturess,215. At this time point, P+ and PR+ showed the highest
levels of the neuronal marker, BT-II, expression, with no statistically significant differences
between groups. Expression of the oligodendrocyte transcription factor 2 (Olig2) was also
quantified at this time point, and the overall expression for most groups was higher in comparison,
with BT-111. N+ and PR+ showing the highest levels of expression (>60%), suggesting that either
combination of small molecules (CHIR, SB, and LDN for N+) or (puro and RA for PR-) have a
similar impact on the differentiation of NPCs into Olig2+ cells. These levels of BT-111 and Olig2
expression are significantly higher than that reported by Gu et al., where hiPSC-derived NPCs
were bioprinted and differentiated, with a maximum gene expression of BT-I1l of ~ 2% and 15%

for Olig2 after three weeks of differentiation 127.

i Correction made from the original publication from: De la Vega L, Rosas Gomez D, Abelseth E,
Abelseth L, Alisson da Silva V, Willerth SM. 3D bioprinting human induced Plu ripotent stem
cell-derived neural tissues using a novel Lab-on-a-Printer technology. Applied Science 2018
In press.
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The expression of the mature MN marker, HB9, at this time point was highly expressed for
all groups at >61%. The highest level of HB9 expression was observed in the R+ group, however,
the only statistically significant differences were observed between N+ and R+. Interestingly, P+,
PR+, and PR- showed very similar levels of expression, suggesting that the presence of puro, alone
or in combination with RA, is crucial for differentiating HB9+ neurons from NPCs using our novel
bioink. However, given that PR+ and PR- have similar levels of HB9 expression with a yield of ~
76%, either treatment could be used for future analysis. However, R+ with the combination or RA

and CHIR, SB, LDN is the most efficient, showing 99% yield of HB9+ MNs after 15 days.

Our 3D bioprinted tissues were cultured for up to 30 days in vitro for further maturation,
and characterization of MNs compared with previous studies where 1CC staining was performed
after seven days of culture 219. Nonetheless, Gu et al. cultured their bioprinted constructs for up to
40 days, showing the expression of mature neural markers, such as microtubule associated protein
2 (MAP2), gamma-aminobutyric acid GABA), and Synaptophysin 10s. ICC was performed for 3T-
I11, the astrocyte marker (GFAP), and choline acetyl transferase (ChaT) to assess neuronal and
glial cell differentiation. All of the groups showed BT-11I expression; interestingly, P+ and PR+
self-aggregated into a spheroid structure as previously observed 10s. At this time point, all the
scaffolds had been degraded, demonstrating that our bioink supported the cellular secretion of the
required extra cellular matrix (ECM) components to maintain a 3D structure. GFAP expression
was positive for N, R+, PR+, and PR-. ChaT expression was positive for N+, PR-, and PR+.
Interestingly, PR+ showed the most cell aggregation and expression of BT-11l and ChaT, and the
lowest expression for GFAP, suggesting that the combination of these small molecules provides a

better environment for MN differentiation and maturation.
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Further maturation and characterization of the tissues will be necessary in order to fully
characterize their maturity and electrophysiological characteristics. These bioprinted neural tissues
can be used as a complementary pre-clinical model to assess drug safety and toxicity in the early
development of clinical trials. hiPSCs can be derived from the patient and matured into neural
progenitor cells in order to perform such an analysis with patient specific cells. In the future, drug
releasing microspheres can be deposited along with the cell-suspension within the bioink, where
each fiber contains the required drug-releasing microspheres to promote differentiation into
different cell types. More than one type of cell can be differentiated within these bioprinted tissues
in order to mimic a more defined micro-architecture of the SC tissue along with a blood spinal

cord barrier (BSCB).

3.7. Conclusions
Here, we use a novel bioprinting method for generating hiPSC-derived neural tissues
similar to the tissue found in the SC as indicated by their survival and expression of the MN
markers, Olig2, HB9, and ChaT. Such bioprinted neural tissues can potentially serve as a tool for
screening potential drugs for treating SCI, as well as give insight into developing potential cell

therapies for treating SCI.
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4.1. Abstract

In this study, we show for the first time that responsive neural tissues can be engineered by
combining bioprinting technologies with small molecule-releasing microspheres and pluripotent
stem cells. To generate responsive neural tissues, we used our novel fibrin-based bioink to bioprint
human induced pluripotent stem cell (hiPSC)- derived neural progenitor cells (NPCs), in
combination with purmorphamine (puro) and retinoic acid (RA) releasing microspheres. Such
tissues were bioprinted in a layer-by-layer using the Lab-On-a-Printer (LOP™) associated with
the RX1 bioprinter. With this bioprinting approach, we were able to create reproducible cylindrical
structures with a total 7 layers composed of aligned fibers that provided a defined
microarchitecture to the constructs. Our bioprinted tissues showed high levels of cell viability after
printing (~80%). The expression of cellular markers was analyzed using immunocytochemistry
and flow cytometry on days 15, 30, and 45. By day 45, the bioprinted tissues showed the presence
of neurons (MAP2 and CHAT+), astrocytes (GFAP), and oligodendrocytes (O4). The membrane
potential was analyzed using a voltage sensitive dye on days 30 and 45. The bioprinted tissues
showed an increase in membrane potential when exposed to acetylcholine (Ach) and a decrease in
membrane potential after exposure to gamma-Aminobutyric acid (GABA). Furthermore, the
addition of drug-loaded microspheres to the bioprinted tissues, showed to be an efficient way to
promote neutral tissue differentiation and maturation in situ using a significantly smaller amount
of morphogens in comparison to adding the morphogens to the culture media. This method could

potentially lead to a more cost-effective solution for creating drug screening tools.



86

4.2. Introduction

3D bioprinting is an additive manufacturing technique used in tissue engineering (TE) that
combines cells and bioinks to generate structures layer-by-layer based on the specifications of a
computer aid design (CAD) file 220. 3D bioprinting has a great potential for developing new
strategies to generate viable and functional tissues in vitro 210. Different types of tissues such as
bone, vascular, neural, and skin have been bioprinted using novel bioinks and printing techniques
102,147,221-224. These bioprinted tissues can be used in the process of pre-clinical studies as drug
screening platforms to identify target compounds in order reduce the cost and time of clinical trials

50.

Currently, two main strategies can create bioprinted tissues. The first involves the 3D
printing of the scaffold, followed by the seeding of the cells on top. This process has several
disadvantages as it requires more time to process, more manual work, the cells cannot always get
throughout the scaffold and it is difficult to differentiate into multiple cell types 219,225. The second
strategy combines the cells in the bioink where the fibers are printed with the cell-laden bioink
71,106. A significant challenge when bioprinting neural tissue is achieving adequate mechanical
properties as these tissues are one of the softest with a compressive modulus of 2000Pa 2s.
However, the brain and SC have a range of stiffness depending on the region (white or gray matter)
and a variety of measurements and methods have been reported 139,226,227. Furthermore, studies
have shown that NPC proliferation and differentiation varies depending on the stiffness of the
substrate where scaffolds with an elastic modulus <10kPa favored NPC proliferation 73. This study
conducted by Leipzig et al., mechanical testing was performed using a stress-relaxation test in
uniaxial compression and reported that NPCs differentiated into oligodendrocytes and astrocytes

in substrates of >7kPa and 1-3.5kPa, respectively while neural differentiation was observed in
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substrates <1kPa 73. Consequently, the bioink must produce a structure with similar properties to
those of neural tissues while being viscous enough to be bioprinted 71,228. Other factors to consider
when bioprinting are crosslinking time, print speed, temperature, and shear stress as they can

significantly affect the cell viability and survival of neural tissues 71,220.

Extrusion based bioprinting, one of the main types of bioprinting, uses a pneumatic
pressure driven flow to extrude the bioink 224. One of the advantages of using extrusion based
bioprinting, is that continuous fibers are deposited from the nozzle. However, limitations of this
method include the exposure of the cells to shear stress while being extruded through as the nozzles
are often narrow and made of metal or plastic 141-143.224. Length of the nozzle has been shown to
have an impact in cellular viability post-printing as a result of the exposure time to shear forces
while being extruded thought the nozzle 142,224. Faulkner-Jones et al. showed that when bioprinting
human embryonic stem cells (hESCs), a nozzle of 8.9 mm led to more than 84% cell viability,
whereas a nozzle of 24.4 mm led to more than 71% cell viability142. This group also showed that

increased pressures led to lower cell viability.

The novel microfluidic device called Lab-On-a-Printer™ (LOP), has shown promising
results for the generation of neural tissues 102,103229. In combination with an extrusion based
bioprinter (RX1), the LOP™ technology is a versatile tool where programmable patterns can be
extruded with continuous fibers and defined micro-architectures 102. The LOP™ microfluidic
device is made of polydimethylsiloxane (PDMS) consisting of many microchannels where
different bioinks and a crosslinker can be loaded and dynamically bioprinted. This device contains
a soft nozzle of 28 mm that uses the crosslinker solution to create a protective sheath surrounding

the cell-laden bioink while being extruded. This contributes to increased cell survival and long
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term functionality of the tissues 10s. This feature also allows for the initiation of polymerization

while in the nozzle before being extruded which effectively creates more stable structures 10s.

Combinations of natural and synthetic biomaterials have been used in order to create
bioinks -materials that mimic the ECM for 3D bioprinting 210. Natural biomaterials often contain
desirable physiological and biological properties such as binding sites for mammalian cells to
attach 71,23. Synthetic biomaterials are also widely studied as their properties can be tuned
according and produce more consistent results, however they lack bioactivity. 230. Exampled of
synthetic biomaterials include polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA),
polyethylene glycol (PEG), polycaprolactone (PCL) and Poly(2-hydroxyethyl methacrylate)

(PHEMA) 25,230-232.

Some groups have bioprinted scaffolds using synthetic materials such as silicone in order
to create a multichannel structure for the neural tissues 219. While these structures possess
microchannels that can guide axonal elongation, the biomaterial used is not bioactive and the
method used in this study consists of a two-step process with a 5-hour curing time post-printing
219. Polyurethane (PU) is another example of a synthetic polymer used for bioprinting NSCs where
the cells were embedded in two PU thermoresponsive hydrogels and printed at physiological

temperatures without the use of a crosslinker 14s,224.

Other bioinks have been developed for the bioprinting neural tissues using a combination
of natural biomaterials 105,149,223,233,234. For instance, a combination of 5% alginate, 5% chitosan
and 1.5% agarose was used to bioprint hNSCs. The bioprinted constructs showed mechanical
properties similar to brain tissue and expression neuronal and glial markers were observed 23s.

Alginate is a common biomaterial used in bioprinting as it provides suitable viscosity for
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bioprinting and structural support 103,233. However, large concentrations of alginate have shown to
inhibit neurite extension, and therefore high concentrations of alginate should be avoided when
bioprinting neural tissues 235. A novel bioink for engineering neural tissues also used in this study,

was developed by Abelseth et al. consisting of a combination of natural biomaterials 103. Fibrin,

alginate, and chitosan were combined in order to create a printable bioink while providing a
suitable environment for hiPSC-derived neural cells to survive and differentiate. High levels of
cell viability were observed post printing and the bioink supported neural differentiation from
human induced pluripotent stem cells (hiPSCs) for up to 4 weeks after which neural cell marker

expression and neurite extension were observed 102,103.

In addition to the bioink, 3D bioprinting also requires other components that must be
strategically chosen in order to create the desired type of tissue such as types of cells and
biochemical factors used to promote differentiation, maturation, and survival of the tissues in vitro
71,106,228. Due to the limited availability and passaging limitations of primary neural cells, stem cells
are often a better approach for the development of neural tissues 71. Pluripotent stem cells (PSCs)
can be derived from the inner mas of a human embryo- (ESCs), or reprogrammed from somatic
cells- hiPSCs 12,26,48,49. PSCs have self-renewal capabilities, and pluripotency, which means that
they can become any type of cell in our body 4s. Differentiation of hiPSCs into neural tissue has
been widely studied and used in the field of TE s1,65,66.236. Specifically, hiPSC differentiation into
motor neurons, which are the cells present in the SC that in charge of voluntary movement has
been achieved with a highly pure cell population in a reproducible way es. hiPSCs-derived cells
have also been bioprinted for the generation of neural tissues using a variety of bioinks and
biochemical factors that support their differentiation 102,103219. Such biochemical factors are of

great relevance in order to promote the growth and maturation of the differentiated cells.
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The use of drug delivery systems (DDS) is another component commonly used in the field
of TE. DDS are formulations or devices designed to efficiently convey a therapeutic into the body
or engineered tissue at a controlled rate and over a period of time 237. Drug-loaded microspheres
are a type of DDS that are commonly made of polymeric materials such as PCL, that have been
used to deliver water insoluble drugs, proteins, and small molecules 132-134. In particular, retinoic
acid (RA)- and purmorphamine (puro)- loaded microspheres have been shown to contribute to
efficient differentiation of hiPSCs into neuronal subtypes 102,129. Some of the major advantages of
using drug-loaded microspheres on engineered tissues are the localized, slowed, and controlled
delivery of such morphogens over time 128. Furthermore, the incorporation of drug-loaded
microspheres into the engineered tissues can be used as a cost-effective way to deliver such
morphogens in comparison with the constant media changes where the morphogens, which need

to be soluble, are added to the media in larger amounts 7.

The purpose of this study was to build on our previous work where we show the efficient
differentiation of hiPSCs into neuronal subtypes and bioprinting of hiPSC-derived neural
progenitor cells (NPCs) using a fibrin based bioink 37,58,129. In this study, we show the successful
and homogeneous distribution of the bioprinted puro and RA-loaded microspheres in combination
with NPCs and fluorescent microspheres within the fibers of cylindrical constructs using the
microfluidic device LOP™, Furthermore, we bioprinted hiPSCs-derived NPCs in combination
with drug releasing microspheres to promote motor neuron differentiation for 45 days. Spinal
motor neurons (SMN) were also bioprinted in order to compare cell viability, cell marker

expression and membrane potential.
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All groups showed ~80% viability on days 0 and 1 post printing. Cell marker expression
was analyzed using Immunocytochemistry (ICC) and flow cytometry analysis. Flow cytometry
analysis after 15 days showed that the bioprinted constructs containing drug-loaded microspheres
had 37% expression of beta tubulin 11 (BT-111), 31% expression of the oligodendrocyte marker 2
(OLIG2), 82% expression of the homeobox protein 9 (HB9), and 91% expression of NESTIN. By
day 30, the bioprinted constructs showed the expression of the glial fibrillary acidic protein
(GFAP) (astrocytes), BT-I11, gamma-Aminobutyric acid (GABA), myelin, and choline acetyl

transferase CHAT as observed by our ICC analysis.

After 45 days, flow cytometry analysis revealed the expression of the neuronal marker -
microtubule associated protein (MAP2), astrocytes (GFAP), and oligodendrocytes (O4).
Expression of CHAT was observed at 20% for the drug-loaded microsphere group, followed by
15% and 13% of GFAP and O4 expression, respectively. Electrical properties of the bioprinted
constructs were also characterized using a voltage sensitive dye. All of the bioprinted tissues
showed an increase in membrane potential upon exposure to acetylcholine (Ach) and decreased

membrane potentials after exposure with GABA.



4.3. Materials and Methods

4.3.1. Culture and expansion of hiPSC-derived NPCs

Cell culture and expansion of hiPSC-derived NPCs was performed as previously described
using the 1-DL-01 (male) cell line from WiCell under the approval of the University of Victoria’s
Human Ethics Committee protocol number: 12-187 238. hiPSC-derived NPCs were cultured and
passaged in cell culture plates coated with poly-L-ornithine (PLO- (P4957, Sigma) and laminin
(L2020, Sigma) 102. Culture media consisted of STEMdiff™ Neural Progenitor Medium (NPM)
(05834, Stemcell Technologies) containing 1 X STEMdiff™ Neural Progenitor Supplement A
(05836, Stemcell Technologies), 1 X STEMdiff™ Neural Progenitor Supplement B (05837,
Stemcell Technologies). Media changes were performed every day until reaching 80% confluency
at 37 °C with 5% CO2. Cryopreservation of hiPSC-derived NPCs was performed at a cell density
of 1x1076 cells/ml in STEMdiff™ Neural Progenitor freezing medium (05838, Stemcell

Technologies).

4.3.2. Preparation of the neuro-bioink

The neuro-bioink was prepared was previously described 103,229,238 Briefly, fibrinogen
(341578, EMD Millipore) was prepared at a concentration of ~50 mg/ml in tris-buffered saline
solution (TBS) and sterilized using 0.2 um syringe filters. The final concentration for fibrinogen
was adjusted to 20 mg/ml in the neuro-bioink. Sodium alginate (180947, 120,000-190,000 g/mol,
M/G ratio 1.56 Sigma-Aldrich) was prepared at 2% wi/v by reconstituting in distilled water and
sterilized using 0.2 um syringe filter. The final concentration of alginate in the neuro-bioink was

0.5% w/v. Genipin (G4796, Sigma-Aldrich) was reconstituted at a concentration of 25 mg/ml in
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DMSO. The final concentration of genipin in the neuro-bioink was 0.3 mg/ml. The crosslinking
solution consisted of calcium chloride (CaClz2) (C1016, Sigma-Aldrich), thrombin (T7009, Sigma-
Aldrich), and chitosan (C3646, Sigma-Aldrich). CaCl2 was prepared at a concentration of 20
mg/ml in TBS. Thrombin was reconstituted at a concentration of 1000 units (U)/ml in sterile TBS.
The final concentration of thrombin was 1.7 U/ml in the crosslinker. Chitosan was prepared at a
concentration of 25 mg/ml using 1% acetic acid. The pH was adjusted by using pB-
Glycerolphosphate (B-GP) (G9422, Sigma-Aldrich). The final concentration of chitosan in the
crosslinker was 0.075% wi/v. The crosslinking solution was sterilized by filtering using 0.2 um
syringe filters. For visualization purposes while printing, a solution of phenol red TBS (PR-TBS)
at 0.5 mg/ml was prepared and sterilized using 0.2 pwm syringe filter before being added to the

bioink.

4.3.3. Bioprinting NPCs using the neuro-bioink using the RX1 bioprinter

hiPSC-derived NPCs were thawed by placing in a water bath for 3 min and then
resuspended in warm DMEM and centrifuged at 300 rfc for 5 min. The supernatant was removed,
and the hiPSC-derived NPCs were resuspended at a concentration of 1x1076 cells/ml in fibrinogen,
alginate, genipin, 1% penicillin-streptomycin- amphotericin B (PSA) (A5955, Sigma-Aldrich),
and PR-TBS. For the M+ and U+ groups, drug-loaded and unloaded (no drug) microspheres were
resuspended in the bioink at a concentration of 0.25 mg/ml of bioink. M+ consisted of puro and
RA loaded microspheres at a ratio of 2:1 respectively. Drug-loaded and unloaded microspheres
were made of PCL and fabricated as previously described using a single emulsion oil-in-water
(o/w) 37,129. The puro-loaded microspheres had a puro loading of 0.92 ug/mg PCL with an
encapsulation efficiency (EE) of 84% and an average diameter of 3.4 £ 1.17 um 37. The RA loaded

microspheres had a RA loading of 30pg/mg PCL with an EE 58.4 + 3.3% and an average size of
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3.41 £ 1.6 pum 129. During the bioprinting process, the crosslinker was kept on ice to facilitate
printing as chitosan begins to gel at higher temperatures 17,116. The bioprinted design a consisted
of a cylinder, 13 mm in diameter and 2.7 mm in height. The bioprinting software used was Aspect
Studio v1.2.59.0 and the infill pattern was rectilinear with 40% fiber density, a layer height of 0.4
mm and layer diameter of 0.2 mm. Pressure parameters consisted of 50 mbar for the neuro-bioink
with or without microspheres, 60 mbar for the crosslinker, 100 mbar for the buffer and printing
speed was 25 mm/s. All procedures were performed under sterile conditions. Four structures were
bioprinted at a time in ~5 min. After printing the structures were gently placed in previously coated

PLO/laminin plates and cultured with the appropriate NP media.

4.3.4. Bioprinting of drug-loaded microspheres and fluorescent microspheres

Puro and RA-loaded microspheres were fabricated as previously described 37,129. Red
FluoSpheres™ (F8842, Thermo Fisher), and green FluoSpheres™ (F21010, Thermo Fisher) were
also used for bioprinting to show the microsphere distribution within the construct. Several
combinations of microspheres were bioprinted to replicate their printability and distribution. A
total of 0.25 mg/ml of microspheres were bioprinted for every combination. The final ratio was
2:1 for the groups containing red and green fluorescent microspheres. Red microspheres were
combined with puro microspheres in a 1:1 ratio and RA microspheres were combined with green
microspheres on a 1:1 ratio. For bioprinting the puro-red:RA-green microspheres the final ratio
was 2:1. For the groups containing NPCs the cell density was 1x10s cells/ml bioink. The bioprinted
constructs containing combinations of drug and/or fluorescent microspheres were imaged using an
Olympus 1X-81 inverted microscope using the Metamorph imaging software 7.6.1 from MAG

Biosystems.
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4.3.5. Characterization of the controlled release of purmorphamine-loaded
microspheres from the bioprinted constructs

A 7-day release study was performed to determine the release kinetics of puro from drug
loaded microspheres bioprinted using the fibrin-based bioink, the LOP™ technology and RX1
bioprinter. The drug was extracted from the remaining microspheres on each sample and quantified
using high-performance liquid chromatography (HPLC) to estimate puro concentration. The
bioprinted structure, pattern, and printing parameters used were as previously mentioned this
study. Collection days were 0, 1, 4, and 7 and media change was performed for each of these days.
All samples (n=4) contained 4 cylindrical structures (0.25 ml of bioink each) with a total of 1 ml
of bioink per replicate, 0.166 mg of total puro microspheres and 0.83 mg of RA microspheres
cultured in 4 ml of PBS. The constructs were placed in petri dishes and incubated at 37 °C. At each
time point, the samples were placed in 15 ml conical tubes and frozen at -20 °C for further
processing. For scaffold degradation, each sample was thawed at room temperature and then
placed in C-tubes and processes as further described under section 4.3.9 using the MACS Miltenyi
Biotech Neural Tissue Dissociation Kit. After enzymatic dissociation of the scaffolds, the samples
were vortexed vigorously until broken apart followed by centrifugation at maximum speed and
washing with dH20 twice. Supernatant was removed and the samples were freeze-fried overnight.
Puro extraction from the recovered microspheres was performed by adding 300 pl of acetonitrile
(ACN) and mixed by vigorously pipetting and placing in the vortex mixer (Eppendorf ®
MixMate®) at 3000 rpm for 10 minutes. The samples were then placed at -80 °C for 5 minutes,
followed by centrifugation at 15000 rpms for 5 minutes. The remaining supernatant was collected
and filtered through 0.2 um PTFE syringe filters using a 1ml syringe (Norm-Ject tuberculin) and
placed in HPLC amber vials (Agilent). Quantification of puro using HPCL was performed as

previously described 216.
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4.3.6. Analysis of the physical properties of the bioprinted constructs

Bioprinted constructs containing no microspheres or 0.25 mg/ml of unloaded microspheres
were weighted immediately after bioprinting (wet weight) using a Mettler Toledo balance. The
bioprinted constructs with no microspheres and unloaded microspheres were imaged using the
Cytation 5™, and the software Gen5 version 3.05 (BioTek instruments) to determine their
diameters. Statistical analysis was performed using unpaired t-test with equal SD using the

software Prism 6 statistics (Graphpad). Confidence level was 95% (p<0.05).

4.3.7. Culture of the bioprinted hiPSC-derived neural constructs

From days 0-5 the all of the bioprinted constructs were cultured in NPM supplemented
with a cocktail of small molecules consisting of SB431542 (SB), CHIR99021 (CHIR), and
LDN193189 (LDN) as indicated by the (+) in the abbreviated notation. SB is a activin nodal, bone
morphogenic protein (BMP), and transforming growth factor beta (TGFp) inhibitor and LDN- a
BMP inhibitor 239,240. CHIR has shown to promote neural induction as it acts as a WNT pathway
agonist es. Concentrations of these molecules from days 0-5 consisted of 1uM of CHIR 99021
(CHIR 72052, Stemcell Technologies), 2 uM of LDN 193189 (LDN- SML0559, Sigma), 2 uM of
SB 431542 (SB- 72234, Stemcell Technologies), and 1% PSA. For PR+, puro (SML0868, Sigma)
was also added at a concentration of 0.5 uM and RA (R2625, Sigma) at a concentration of 0.1 uM
from days 0-5. From day 6, CHIR, LDN, and SB were removed for all groups and the constructs
were cultured with NPM es. For PR+, puro was added at a concentration of 0.1 uM and RA at a
concentration of 0.5 uM until day 45. By day 15, the cell culture media was gradually replaced
with Brainphys Neuronal Medium (BP) (05790, Stemcell) supplemented with 0.1 uM of

Compound E (CpdE) (73952, Stemcell Technologies), 10 ng/mL of GDNF (450-10, Peprotech),
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10 ng/mL of IGF-1 (AF-100-11, Peprotech), 1uM of C-AMP (A6885, Sigma), 1% of N2
(17502048 Thermo Fisher), 1% of B27 (17504001, Thermo Fisher), 200 ng/mL of L-ascorbic acid
(AA) (A5960, Sigma), 10 ng/mL of BDNF (450-02, Peprotech), and 1% PSA 102,238. Media
changes were performed every third day by replacing half of the total volume with fresh media.

The bioprinted constructs were maintained at 37 °C with 5% COz2 102.

4.3.8. Bioprinting and culture of motor neurons

Each cryovial of hiPSC-derived SMNs from BrainXell (BX-0100) containing 5x10”76 cells
was removed from the liquid nitrogen and thawed in a water bath at 37°C. The MNs were slowly
resuspended in Neurobasal™ Medium (NBM) (21103-049, Life Technologies) at a rate of ~1
drop/sec and centrifuged at 300 rfc for 5 min. After pellet formation, the supernatant was removed
and the SMNs were gently resuspended in the neuro-bioink for bioprinting. Printing conditions
and design were the same used for NPCs. Culture conditions were performed as recommended by
BrainXellzs1. On day 0, the bioprinted SMN constructs were cultured in seeding medium
containing 0.5X of DMEM/F12 (11330-032, Life Technologies), 0.5X of NBM, 1X B27 (17504-
044, Life Technologies), 1X N2, 0.5mM GlutaMAX (35050-061, Life Technologies), and 1X of
Neuron seeding supplement (provided by BrainXell). On day 1, all the media was removed and
the cells were cultured with containing 0.5X of DMEM/F12, 0.5X of NBM, 1X B27, 1X N2,
0.5mM GlutaMAX, and 1X of Neuron seeding supplement, 10 ng/ml BDNF (PHC7074 -Thermo
Fisher), 10 ng/ml GDNF (PHC7045, Thermo Fisher), 1 ng/ml TFG- Bl (PHG9214, Thermo
Fisher), and 15 ug/ml of Geltrex (A15696-01, Gibco). On day 4, all the media was removed and
the bioprinted constructs were cultured with 0.5X of DMEM/F12, 0.5X of NBM, 1X B27, 1X N2,
0.5mM GlutaMAX, and 1X of Neuron day 4 supplement (provided by BrainXell), 10 ng/ml

BDNF, 10 ng/ml GDNF, and 1 ng/ml TFG- B1.
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4.3.9. Assessment of cell viability

Cell viability for bioprinted NPCs and SMNs was performed by first degrading the
scaffolds using the MACS Miltenyi Biotech Neural Tissue Dissociation Kit 242. Triplicate samples
(n=3) for each group were prepared for cell viability by removing cell media and transferring
constructs to a C-Tube. Mix 1 was prepared by adding 1.432 ml of Buffer Z and 37.5 pl of enzyme
P. The culture wells were washed with the 1470 ul of mix 1 and then placed in the C-tube with the
constructs. After addition of mix 1, the c-tubes were inverted twice gently in order to ensure that
the constructs were located in the rotator area and placed in the gentleMACS™ dissociator (130-
093-235, Miltenyi Biotech) and the m_brain_01 program was run twice. The samples were then
incubated at 37°C for 20 min, followed by the addition of 22.5 ul of mix 2. Preparation of mix 2
was performed by adding 15 ul of Buffer Y and 7.5 ul of enzyme A. The C-tubes were inverted
twice gently and placed in the gentleMACS™ dissociator and the m_brain_02 program was run
twice. The samples were incubated once more at 37°C for 20 min. The m_brain_03 was run twice
and 2ml of FBS were added to each C-tube. The samples were then strained into 15 ml conical
tubes using a 37 uM reversible strainer (27215, Stemcell Technologies). Lastly, the C-tubes were
washed with 2ml of PBS and the remaining solution was strained. The samples were then washed
three times by centrifuging at 300 rfc for 5 min and adding 1 ml of PBS. Statistical analysis was
performed using one-way ANOVA, followed by Tukey’s post-hoc analysis using 95% (p<0.05)
confidence intervals for each day for the groups containing bioprinted NPCs. Statistical analysis
was also performed for the bioprinted SMNs on days 0 and 1 using unpaired t-test with equal SD
using a 95% (p<0.05) confidence interval. Statistical analysis was performed using the software

Graphpad prism 6 statistics.
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4.3.10. Flow cytometry analysis of bioprinted neural constructs

Degradation of the scaffolds was performed as previously described using the MACS
Miltenyi Biotech Neural Tissue Dissociation Kit. After the samples were washed three times in
PBS, the resulted cell suspension was processed as previously described following the
manufacturer’s instructions (R&D systems) 37,102. Cell marker expression was quantified on the
hiPSC-derived NPCs prior to bioprinting for the sex determining region Y-box2 (SOX-2)
(CS202594, Millipore), stage specific embryonic antigen-1 (SSEA-1) (FAB2155c¢, R&D), and
NESTIN (IC1259P R&D). On day 15, quantification was performed for the expression of beta
tubulin-111 (BT-111) (1IC1195C, R&D systems), Homeobox protein 9 (HB9) (bs-11320R, Bioss
antibodies), Oligodendrocyte transcription factor 2 (OLIG2) (1C2230P, R&D), and NESTIN. On
day 30, quantification was performed for the expression of BT-I1I, HB9, Islet-1(Isl-1) (562547,
BD Pharmigen), and Choline Acetyl Transferase (ChAT) (ab22400, abcam). On day 45, cell
marker expression was quantified for the Microtubule-associated protein 2 (MAP2) (FCMAB318,
Millipore), Glial fibrillary acidic protein (GFAP) (NBP2-33184PCP, Novusbio), oligodendrocyte
marker (04) (FAB1326P, R&D systems), and CHAT (ab22400, abcam). Isotype controls were
Phycoerythrin (PE) (IC015P, R&D systems), and Peridinin Chlorophyll Protein Complex (PerCP)
(IC003C, R&D systems). The samples were analyzed on the Guava easyCyte HT flow cytometer

using the InCyte software 2.6.

4.3.11. Immunocytochemistry

Immunocytochemistry (ICC) was performed as previously described by removing cell
media and washing the constructs with PBS, followed by fixation with 10% formalin at 4°C, under
agitation at 10 rpm for 2 hours 102. Permeabilization was performed by adding 0.1% of triton-X

(HT501128, Sigma) diluted in PBS and incubating for 45 min under the same conditions. Blocking
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was accomplished by adding 5% NGS (NS02L, Sigma) diluted in PBS and incubating at 4°C under
the same conditions. Primary antibodies were incubated overnight under the same conditions at
the following concentrations: HB9 ( 1:1000, ABN174, Millipore), OLIG2 (5pg/ml, AF2418, R&D
systems), CHAT (Spg/ml, AF3447, R&D systems), BT-111 (1:500, ab18207, abcam), GFAP
(1:1000, ab10062, abcam), MAP2 (1:200, ab32454, abcam), Myelin (1:500, MAB328, Millipore),
GABA (1:500, ABN131, Millipore). Following incubation with the primary antibodies, samples
were washed twice with PBS under agitation at 4°C for 25 min for the first wash and 40 min for
the second wash. Secondary antibodies were incubated for 2 hours under the same conditions.
Donkey anti-mouse 568 (1:500, ab175700, abcam), donkey anti-goat 405 (1:500, ab175664,
abcam), and donkey anti-mouse 488 (1:500, ab150073, abcam), goat anti-rabbit 568 (1:500,
ab175471, abcam), donkey anti-goat 488 (1:1000, 705-545-147, Jackson immuno). Following
incubation, the samples were washed twice with PBS under agitation at 4°C for 25 and 40 min,
respectively. After washing, the samples were stained with 4’,6-diamidino-2-phenylindole (DAPI)
at 0.105 ug/ml (D1306, Molecular probes) under agitation at 100 rpm for 7 min, followed by 2
washes with PBS under agitation at 4°C for 25 min. Fluorescence imaging was performed using
the Olympus 1X-81 inverted microscope using the Metamorph imaging software 7.6.1 from MAG

Biosystems.

4.3.12. Confocal imaging
Immunofluorescence imaging of the bioprinted tissues was performed using the Olympus

BX61WI confocal microscope and the FluoView-1000 software (Olympus, Toronto, ON). A small
sample of the bioprinted tissue was excised using dumont tweezers and McPherson-Vannas micro
dissecting spring scissors (Roboz Surgical Instrument, Gaithersburg, MD) under a SMZ-168

stereomicroscope (Motic, Richmond, BC). Samples were placed in precleaned superfrost glass
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slide (Fisher Sceintific, Pittsburhh, PA) and coverslipped using Vectashield (Vector Laboratories,
Burlingame, CA). Images were acquired with Olympus UPlanSApo objectives at 10X, 10X + 4
digital zoom and/or 20X + 2 digital zoom using a 4, 2 or 1 um z-step respectively and a 1024x1024-
pixel frame size. Samples were imaged using the 405, 488, 568 filters. FIJI (ImageJ; National

Institutes of Health) was used to create maximum intensity projections from image stacks.

4.3.13. Characterization of membrane potential

Characterization of the membrane potential of the bioprinted hiPSC-derived NPCs was
performed on days 35 and 45 using the voltage sensitive dye FLIPR Membrane Potential Assay
kit- blue component diluted in buffer component B (R0842, Molecular Devices) 243.
Characterization of the bioprinted SMN’s membrane potential was performed on days 0, 1 and 7.
The FLIPR blue dye was added to the bioprinted constructs on a ratio of 1:1 of dye to cell culture
media. The plates were then covered from light exposure and incubated at 37 °C with 5% CO2
for 45 min. After incubation, the cell culture plate cover was removed and a Microseal® B
adhesive sealer (MSB-1001, Biorad) was placed on top of the plate under sterile conditions.
Fluorescence scans of the constructs at rest were run using the microplate reader as previously
described by Robinson et al. with excitation at 530 nm, emission at 565 nm, 25 flashes and a 5x5
reads per well 243. Background readings were obtained by adding 1:1 dye to cell media in wells
containing constructs with bioink only to normalize for N+ and PR+, and constructs containing
0.25 mg/ml of unloaded PCL microspheres to normalize for M+ and U+ and processed under the
same conditions. After reading the fluorescence at rest, the bioprinted neural tissues were then
excited by adding 100 uM of acetylcholine (ACh) (A2661, Sigma) and incubated under the same
conditions for 25 min. Fluorescence readings of the bioprinted tissues at excitation were then

performed as previously described. After excitation of the bioprinted constructs at day 45 with
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ACh, the tissues were then exposed gamma-Aminobutyric acid (GABA) (A2129, Sigma) at a
concentration of 10 uM and incubated for 25 min under the same conditions 244. Fluorescence
readings were performed as previously described. Change in fluorescence was normalized
following the equation (1) where Fo is the average background reading. Normalized fluorescence
readings were then converted to membrane potential AE following equation (2) as described by
Robinson et al 243 where R is the gas constant, F is Faraday’s constant, T is the average temperature

of the readings, and z’ is the apparent charge of the external dye concentration.

Fo 1)

R+T 1
AE = S+ InGar ) )
0
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4.4, Results

4.4.1. Characterization of the bioprinted constructs

Bioprinted constructs containing no microspheres or unloaded microspheres were
measured and weighted after bioprinting in order to assess whether the mass of the constructs
containing microspheres differed from the constructs without microspheres. The constructs
without microspheres showed a diameter of 9.1 mm with a height of 3.9 mm, whereas the construct
containing microspheres showed 11.3 mm of diameter and height of 2.7 mm (Figure 4.1-a,b). The
average wet mass of the constructs without microspheres was 156.06 + 38.93 mg, while the
average mass of the constructs containing unloaded microspheres was 154 + 47.28 mg. No

statistical differences were observed (Figure 4.1-c).

Weight of constructs

+
o

No micr:)spheres Unloaded n:icrospheres

Figure 4.1 Characterization of the bioprinted constructs

a) Bioprinted cylinder structure containing constructs with no microspheres, b) bioprinted
structure containing unloaded microspheres showing diameter measurements, and c¢) wet
weight of constructs (n=3) with and without microspheres. Scale bar is 1 mm.
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4.4.2. Qualitative assessment of the distribution of the bioprinted microspheres
within the constructs

The following groups containing fluorescent and/or drug-loaded microspheres were
bioprinted: Red and green, puro and red, RA and green, puro-red :RA-green microspheres, red and
green fluorescent microspheres with NPCs, puro-red: RA-green with NPCS. These groups were
printed containing drug-loaded and fluorescent microspheres in order to visualize the distributions
of the microspheres within the fibers of the construct (Figure 4.2-4.4). The group containing puro-
red microspheres showed no differences in comparison with the green-RA microsphere group in
terms of distribution. The latter applies to all of the other groups as the microspheres are
homogeneously distributed within the constructs and the different ratios used in the puro-red/RA-
green (2:1) can be visually recognized. The groups containing NPCs in addition to drug-loaded
and/or fluorescent microspheres also showed even distribution of the NPCS as observed by the
stain with DAPI and fluorescence imaging. Figure 4.3-4.4 shows the homogeneous distribution
of NPCs, stained with DAPI, when bioprinted with drug-loaded (puro and RA) and fluorescent
microspheres. The diameter of the bioprinted construct was 12.8 mm and a height of 2.7 mm
(Figure 4.2). Furthermore, Figure 4.5 shows phase contrast images of the bioprinted groups (N+,
PR+, M+, U+) containing NPCS on days 2, 12 and 30 where the distribution of the NPCs and
microspheres can be identified. The groups M+ and U+ consisted of drug-loaded (puro and RA),

and unloaded microspheres, respectively.
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>

Figure 4.2 NPCs, drug and fluorescent microspheres distribution within the bioprinted
construct.

a) red fluorescent microspheres, b) green fluorescent microspheres, ¢c) DAPI stain of bioprinted
NPCs, d) phase contrast image showing bioprinted NPCs with drug-loaded and fluorescent
microspheres. Scale bar is 1 mm.

Puro-red

RA-green

Figure 4.3 Distribution of bioprinted drug-loaded and fluorecent icrospheres

a-b) Bioprinted constructs with puro and red fluorescent microspheres, c-d) bioprinted constructs
with RA and green fluorescent microspheres. Figures taken at 4X, scale bar is 300 pm.
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Red-green

Red/Green

Green Red-green

Puro-red/
RA-green

Red/green/
DAPI

Red-green/
NPCS

Red/green/ (8 "

Puro-red/ RA-green/
NPCS

Figure 4.4 Bioprinted drug-loaded, fluorescent microspheres, and NPCs.
a-d) Red and green fluorescent microspheres, e-h) puro-red: RA-green microspheres, i-m) NPCs
bioprinted with red, green microspheres, n-r) NPCs bioprinted with puro-red: RA-green
microspheres. Figures taken at 4X, scale bar is 300 pum.

Day 2

Day 12 Day 30 Day 30 at 40X

PR+

Figure 4.5 Phase contrast imaging of the bioprinted NPCs at days 2, 12, and 30.
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a-d) N+, e-h) PR+, i-I) M+, m-p) U+. a-c, e-g, i-k, m-o0 were taken at 10X, d, h, |, p were taken at
40X. Scale bar is 100 um for all.

4.4.3. Release kinetics of puro-loaded microspheres

HPLC analysis determined that the encapsulation efficiency (EE) of puro into the
microspheres was 89.74 + 0.12 % with a loading of 0.84 pg/mg (w/w, puro/PLC). After 1 day of
culture an initial burst of 25% of the drug released was observed, followed by another increase of
up to 45% release on day 4. By day 7, the release was slowed and continuous with a similar trend
as observed in previous release studies 216. The average puro release per day without the initial

burst on day 1 was 3.37x10-3 pug (Figure 4.6).

Purmorphamine Release from Microspheres in Bioprinted
Constructs

50 +

Cumulative release %

Days

Figure 4.6 Release Kinetics of puro over 7 days.
Quantification of puro for 7 days (n=3)- (45%) of the drug was released by day 7.
The data reported is the average with error bars representing the standard deviation.
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4.4.4. Cell viability of the bioprinted tissues

Cell viability of the bioprinted NPCs was quantified on days 0 and 1 for N+, PR+, M+, and
U+. On day 0, the groups without microspheres showed higher viability where N+ was 88.2 + 0.6
% and PR+ was 87.3 = 1.2 %. M+ was 77.8+ 1.5% while U+ was 75.3 £ 2.9%. Statistical
differences were observed for N+ and M+, N+ and U+, PR+ and M+, PR+ and U+. On day 1, cell
viability was higher for both groups containing drug-loaded and unloaded microspheres. The
highest levels of cell viability were observed in M+ with 98.2 + 0.5 % and U+ with 83.9 £ 0.5 %.
N+ was 79.4 £ 3% which was lower in comparison with day 0 while PR+ showed also lower with
80.4 + 3%. Statistical differences were observed for N+ and M+, PR+ and M+, M+ and U+.
Viability of the bioprinted SMNs was also quantified on days 0 and 1 where 97.4 = 0.3% of cell
viability was observed in day 0 and 84.8 £ 3.4 % on day 1. Statistical differences were observed

for cell viability of the SMNs for days 0 and 1 (Figure 4.7).

Bioprinted hiPSC-derived NPCs

a Viability day 0 b Viability day 1 C Viability days 0 and 1

r e 1
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Figure 4.7 Cell viability of the bioprinted NPCs and SMNs on days 0 and 1.

(n=3 for all) N+ (negative control), PR+ (puro and RA added as soluble drugs in the media), M+
(puro and RA-loaded microspheres), U+ (unloaded microspheres), + sign indicates the presence
of the small molecules CHIR, SB, and LDN from days 0-5. One-way ANOVA and Tukey post-
hoc analysis was performed for statistical analysis between groups per day using a confidence level
of 95% (p <0.05). For the SMNS, unpaired T test with equal SD was performed using a confidence
level of 95% (p < 0.05). * represents p < 0.05, ** p< 0.01, *** p< 0.001.
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4.45. Cell marker expression of NPCs prior to bioprint

Cell marker expression was quantified on the hiPSC-derived NPCs prior to bioprint. The
levels of expression observed were 32.3 = 1.3 % for the sex determining region box-2 (SOX2)
which is a pluripotency and neural stem cell marker, and 95.99 * 2.1, the neuroectodermal stem
cell marker NESTIN. Expression of stage-specific embryonic antigen-1 (SSEA-1) expression was

negligible, therefore not shown in Figure 4.7. Statistical differences were observed for SOX2 and

NESTIN (Figure 4.8).
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Figure 4.8 Cell marker expression of the NPCs prior to bioprinting.
(n=3 for all) unpaired T test with equal SD was performed using a confidence level of 95% (p <

0.05), **** p< 0,0001.

4.4.6. Cell marker expression of the bioprinted NPCs on day 15

ICC analysis was performed for the bioprinted NPCs on day 15 for beta tubulin I11 (BT-111)
which is a microtubule protein present exclusively in neurons, the oligodendrocyte marker 2
(OLIG2) which determines MN and oligodendrocyte fate, and the mature motor neuron marker

(HB9) (Figure 4.9). Expression of BT-111 was observed in all groups (Figure 4.9-a, f, k, p). HB9
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expression was mainly observed in PR+, M+, and U+, similar to the expression of OLIG2 (Figure
4.9-b, g, I). Quantification of cell marker expression was also analyzed for the bioprinted NPCs
using flow cytometry analysis on days 15 (Figure 4.10). Expression of BT-111 on day 15 was 28.2
+ 5.5% for N+, 38.5 + 4.4% for PR+, 37.5 £ 5.5% for M+, and 13.8 + 0.8 % for U+. Statistical
differences were observed for N+ and U+, PR+ and U+, M+ and U+ (Figure 4.10-a). Expression
of NESTIN on day 15 remained expressed for all groups with M+ showing the highest level of
expression of 91.7 + 0.5%, followed by N+ with 76.4 + 10.2%, P+ was 61.4 + 7.7%, and U+ was
50.4 = 5.4%. Statistical differences were observed for N+ and U+, PR+ and M+, M+ and U+
(Figure 4.10-b). Expression of HB9 was >50% of expression for all the groups, M+ 82.6 + 6.4%,
PR+ 80.2 + 0.7%, N+ was 76.8 + 11.1%, and U+ was 56.5 + 3.6%. Statistical differences were
observed for N+ and U+, PR+ and U+, M+ and U+ (Figure 4.10-c). OLIG2 expression on day 15
was 31 + 7.1% for M+, followed by 23.17 + 1.8% for U+, 20.2 + 3% for PR+, and 15.1 £ 1.9%

for N+. Statistical differences were observed for N+ and M+, PR+ and M+ (Figure 4.10-d).
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Figure 4.9 Immunocytochemical analysis of the bioprinted NPCs after 15 days.

Expression of beta tubulin III (BT-111- red), homeobox protein 9 (HB9-green), and oligodendrocyte
marker 2 (OLIG2-blue) is observed. a-e) N+, f-]) PR+, k-0) M+, p-t) U+. a-d, f-i, k-n, p-s are at
10x, with scale bar of 300 um. e, j, o, t, are at 4x digital zoom, scale bar is 50 pm.
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Figure 4.10 Quantification of cell marker expression of the NPCs after 15 days of

bioprinted.
Markers quantified were a) BT-111, b) NESTIN, c) HB9, d) OLIG2. (n=3 for all) One-way ANOVA
and Tukey post-hoc analysis was performed for statistical analysis using a confidence level of 95%

(p < 0.05). * represents p < 0.05, *** p< 0.001.

4.4.7. Cell marker expression of the bioprinted NPCs on day 30

ICC analysis was performed for the bioprinted NPCs on day 30 for BT-III, the glial
fibrillary acidic protein (GFAP) which is an intermediate filament protein expressed in astrocytes,
and CHAT, enzyme in charge of synthesizing the production of the neurotransmitter acetylcholine
(Figure 4.11). GFAP expression was observed for all groups (Figure 4.11-a, f, k, p). BT-111 was
expressed in all groups, M+ showing the highest levels of expression (Figure 4.11-1). CHAT
expression was observed for PR+ and M+ (Figure 4.11-h, m). Furthermore, expression of the

lipid-rich membrane of myelin was observed on day 30 for N+, M+, and U+ (data not available
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for PR+). The inhibitory neuron marker GABA observed mainly for N+ and M+ (Figure 4.12).
Quantification of cell marker expression on day 30 was analyzed for BT-111, HB9, the transcription
factor Islet-1 (ISL-1) that is required for survival and specification of MNs, and CHAT (Figure
4.13). N+ showed the highest expression of BT-111 with 70.1 £ 24.7%, followed by PR+ with 31.04
+ 5.6%, M+ with 25.6 + 11.2%, and U+ with 13.9 + 10.1%. Statistical differences were observed
for N+ and PR+, N+ and M+, N+ and U+ (Figure 4.13-a). HB9 expression was also quantified at
this time point where PR+ showed the highest level of expression at 52.1 + 6.5%, followed by M+
with 23.6 + 2.6%, U+ with 14.7 £ 0.7%, and N+ with 5.7 + 1.3 %. Statistical differences were
observed for N+ and PR+, N+ and M+, PR+ and M+, PR+ and U+ (Figure 4.13-b). ISL-1
expression was 10.4 + 3.1% for PR+, 6.1 £ 0.8% for M+, 2.5 £ 0.2 % for U+, and 1.6 £ 0.3% for
M-+. Statistical differences were observed for N+ and PR+, N+ and M+, PR+ and M+, PR+ and
U+ (Figure 4.13-c). CHAT expression was 15.9 + 4.6 % for M+, 14.5 £ 2.3% for PR+, 14.3 £

2.7% for N+, and 10.8 + 0.4% for U+. No statistical differences were observed (Figure 4.13-d).
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Figure 4.11 Immunocytochemical analysis of the bioprinted constructs after 30 days of

bioprinted NPCs.
Expression of GFAP-red, BT-I11- green, and CHAT-Dblue is observed. a-e) N+, f-j) PR+, k-0) M+,
p-t) U+. a-d, f-i, k-n, p-s are at 10x, with scale bar of 300 pum. e, j, o, t, are at 4x digital zoom, scale

bar is 50 um.
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Figure 4.12 Immunocytochemical analysis of the bioprinted constructs after 30 days of

bioprinted NPCs.
Expression of Myelin-red, GABA- green, and DAPI-blue is observed. a-d) N+, e-h) M+, i-1) U+.

Figure taken at 20x + 5x digital zoom, scale bar indicates 20 pm.
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Figure 4.13 Quantification of cell marker expression of the NPCS after 30 days of

bioprinted.

Markers quantified were a) BT-111, b) HB9, ¢) ILS-1, d) CHAT. (n=3 for all) One-way ANOVA
and Tukey post-hoc analysis was performed for statistical analysis using a confidence level of 95%
(p < 0.05). * represents p < 0.05, ** p< 0.01, *** p< 0.001.

4.4.8. Cell marker expression of the bioprinted NPCs on day 45.

Quantification of cell marker expression was analyzed on day 45 for MAP2, CHAT,

GFAP, and the oligodendrocyte factor 4 (O4). Expression of MAP2 was the highest for M+ with

13.3 £ 0.8%, followed by 11.5 £ 1.2% for N+, 7.8 + 0.5% for PR+, and 2.9 + 0.3% for U+.

Statistical differences were observed for N+ and PR+, N+ and U+, PR+ and M+, PR+ and U+, M+

and U+ (Figure 4.14-a). Expression of CHAT was the highest for N+ with 25.0 + 3.8%, followed

by M+ with 19.1 £ 1.7%, U+ with 6.9 + 1.4%, and PR with 4.3 + 0.2%. Statistical differences were

observed for N+ and PR+, N+ and M+, N+ and U+, PR+ and M+, M+ and U+ (Figure 4.14-b).
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GFAP expression was 11.1 + 1.3% for M+, 10.9 £ 1.7% for N+, 8.9 + 0.3% for PR+, and 4.9
1.7% for U+. Statistical differences were observed for N+ and U+, PR+ and U+, M+ and U+
(Figure 4.14-c). Expression of O4 was 15.2 + 0.8% for N+, 12.9 + 0.6% for M+, 8.4 + 0.6% for
PR+, and 6.4 = 0.2% for U+. Statistical differences were observed for N+ and PR+, N+ and M+,

N+ and U+, PR+ and M+, PR+ and U+, M+ and U+ (Figure 4.14-d).

b CHAT

401

% of total cells
% of total cells

% of total cells
% of total cells
=

0+ 0
N+ PR+ M+ U+ N+ PR+ M+ U+

Figure 4.14 Quantification of cell marker expression of the NPCs after 45 days of
bioprinted.
Markers quantified were a) the microtubule associated protein 2 (MAP2), b) CHAT, ¢) GFAP, and
d) oligodendrocyte factor 4 (O4). (n=3 for all) One-way ANOVA and Tukey post-hoc analysis
was performed for statistical analysis using a confidence level of 95% (p < 0.05). * represents p <
0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001.

4.4.9. Quantification of membrane potential for the bioprinted NPCs on days 30
and 45

Cell membrane potential was quantified on days 30 and 35 for the bioprinted NPCs, and

on days 0, 1, and 7 for the bioprinted SMNs (Figure 4.15). The bioprinted tissues were incubated



118

with the FLIPR blue dye for 45 min, followed by quantification of the membrane potential at rest.
The tissues were the incubated with Ach for 25 minutes followed by readings for excitation. Lastly
all NPC bioprinted groups on day 45 were inhibited with GABA for 25 minutes after exposure to
Ach, followed by readings for inhibition. All cell culture treatments were responsive to the
excitation treatments as observed by an increase in the membrane potential. On day 30, statistical
differences were observed for all groups at rest versus excitation. On day 45, all groups showed
statistical differences after excitation and after inhibition except for M+ which would be explained
by the large standard deviations. For the bioprinted SMNSs, statistical differences were observed

after excitation on day 0.
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Figure 4.15 Membrane potential of the bioprinted NPCs at days 30 and 45 and SMNs at
day 0, 1, and 7.

The membrane potential was quantified at rest, followed by excitation with acetylcholine (Ach),
for all. After excitation, the bioprinted tissues were inhibited with GABA on day 45. (n=3 for all)
Repeated measures ANOVA was performed for each group at each time point using a confidence
level of 95% (p < 0.05). * represents p < 0.05, ** p< 0.01.

Figure 4.16 Immunocytochemical analysis of bioprinted SMNs after 7 days of bioprinted.
Cell marker expression is observed for MAP2-red, CHAT-green, and DAPI-blue. a-d are at 10X
with scale bar of 300 um, e-h are at 20x with scale bar of 50 um.



120

4.5. Discussion

In this study, we bioprinted drug-loaded microspheres, fluorescent microspheres and
hiPSC-derived NPCs using our neuro-bioink in combination with the LOP™ and RX1 bioprinting
technologies. The cell-laden bioink contained hiPSC-derived NPCs that were successfully
differentiated into neural tissues after 45 days using the slow release of puro and RA loaded
microspheres. These neural tissues also showed cell maturation and responsiveness through
characterization of their cell marker expression and membrane potentials upon excitation and
inhibition. We are the first group to bioprinting small molecule releasing microspheres for the
differentiation of neural tissues to our knowledge. Other groups have bioprinted encapsulated
protein or growth factors in a diverse range of polymers such as PLGA, gelatin and alginate, for
bone and vascularized TE 245-247. Bioprinting stem cell derived tissues along with small
molecule releasing microspheres opens up a field TE where the bioprinted tissues can be

differentiated in situ and provide an efficient delivery of a variety of morphogens.

The diameter and height for the bioprinted constructs were evaluated, and our results show
that the bioprinted constructs containing no microspheres had a diameter and height of 9.1 mm
and 3.9 mm, respectively. Dimensions for the constructs containing unloaded microspheres were
11.3 mm and 2.7 mm of diameter and height, respectively. These dimensions are similar to the
specified in the original CAD design which was 13 mm of diameter and height of 2.7 mm. The
difference in dimensions could be attributed to the presence of microspheres within the constructs
contributing to larger diameter of the construct. While no statistical differences were observed in
the wet weight of the constructs, here we observe that the constructs containing unloaded
microspheres have a larger diameter and shorter height. Future measurements of the dry weight of

the constructs could provide a different cue on the weight provided by the microspheres within the
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constructs and their effect in the total height. However, differences in dimensions could also be
attributed to some deformation when transferring the constructs from the bioprinting stage to the
cell culture plate. To prevent deformation, the tissues could be directly printed and cultured inside

of cell culture inserts.

Homogenous distribution of the drug-loaded microspheres within the fibers is crucial for
differentiating the hiPSC-derived NPCs. Therefore, we bioprinted the neuro-bioink with
fluorescent microspheres with the purpose of analyzing their distribution within the construct. Our
qualitative results showed that all the group combinations of bioprinted with fluorescent and/or
drug-loaded microspheres, with or without NPCs, showed a homogenous distribution when
bioprinted with our neuro-bioink. Similarly, concentration gradients and localized drug delivery
of different drug-loaded microspheres within the same construct can be achieved in order to

promote differentiation into different types of cells.

Cellular viability after bioprinting is one of the main challenges when bioprinting tissues
as the cells tend to be exposed to high shear forces while being extruded through the nozzle on
extrusion bioprinting systems 224. While some groups have reported that longer nozzles of 24.4
mm lead to an increased exposure of shear stress for the cells with a cell viability of 71%, here we
demonstrate that the LOP™ soft nozzle of 28 mm leads to a cell viability >75% after being
bioprinted on day 0 and >79% on day 1 142. Our previous study also showed an increase in cell
viability of >81% after 7 days of bioprinted using our neuro-bioink and the LOP™ 102,
Interestingly, our drug-loaded microsphere group (M+) showed the highest percentage of cell
viability 98.2 £ 0.5 % in comparison with the other groups where the lowest viability was observed

for N+ with 79.4 + 3%. These results suggest that either the controlled release of the small
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molecules or the physical properties of the construct could be promoting cellular differentiation
for the constructs containing drug-loaded or unloaded microspheres. However, given that there are
statistical differences for M+ and U+ on viability day 1, these results suggests that controlled drug
release leads to cellular proliferation, and therefore, an increase in the number of viable cells after

being bioprinted.

As previously reported, the continuous release of puro and RA from drug-loaded
microspheres, can efficiently differentiate hiPSCs into neural cell types by lowering the amount of
drug required compared to using soluble drugs added into the media and also reducing the need
for media changes to add more drug, consequently reducing human intervention and room for error
37. In this study, a total amount of 0.25 mg of microspheres was added per ml of bioink with a ratio
of 2:1 puro to RA microspheres. Previous studies have demonstrated that 0.5 mg of puro and RA-
loaded microspheres on a 2:1 ratio provided enough small molecules for the differentiation of
~2.5x10"6 hiPSCs-derived neural aggregates (NAs) 216. Given that in this study 1x1076 cells/ml
were used, a total of 0.25 mg of microspheres was used in order to evaluate the printability and
effect on differentiation of the NPCs. Based on the 7-day release study, on day 1 an initial burst
of 25% (0.21 ug of puro) was released and by day 7 a total of 45% of the initial drug encapsulated
was released. The average puro release per day from day 2-7 was 3.37x10-3 ug, at this rate the
microspheres released puro for a total number 31 days including the initial burst on day 1. Given
this release profile, a total of 0.13 ug of puro/ml of bioink was used to differentiate the bioprinted
NPCs into mature neural tissues. Furthermore, the release curve observed in this release study
shows a similar trend to previously reported, however in this study the puro release was faster
potentially due to an increased exposure to aqueous environment and accelerated degradation rate

of the microspheres 216. For PR+, where the soluble puro was constantly added to the media, an
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average of 0.06 ug of puro was added on each media change and a total of 3.7 ug of puro/ml bioink
was used for the 45 days of culture in vitro. The release of RA from the microspheres was
calculated based on our previous release studies. For the RA-loaded microspheres, an average of
4.5x10™2 pg of RA was released per day and a total of 2.08 ug of RA was released from the
microspheres per ml of bioink for the 45 days duration of this study. The average soluble RA added

on each media change was 0.07 pg, with a total amount of 1.2 ug being used for the whole study.

Here, we show again that the constant and slow release of these two morphogens can
promote the efficient production of mature neuronal subtypes form hiPSCs as observed in our
previous study s7. Notwithstanding, the constant exposure of the NPCs to the drugs within the
bioprinted construct, provides an efficient and less labor- intensive way to differentiate and mature
the tissues. This can be observed by the high expression of the mature MN marker HB9 for PR+
and M+ (~80%) by day 15, similar to other protocols where hiPSC derived MNs were cultured in
2D and our previous study where different bioprinted NPCs groups were treated with soluble puro
and RA e6,102. Interestingly, the expression of the OLIG2 MN progenitor at this time point was
>20% for both PR+ and M+, we hypothesized that the expression of this marker at this time point
could lead to the further differentiation into oligodendrocytes. Furthermore, by day 15 expression
of the intermediate filament marker NESTIN in NPCs was observed in M+ at >80%. The elevated
expression of this marker could be attributed to the bioink degradation rate and ECM remodeling
as observed by Madl et al., 24s. Since the maturation media was added until day 12, it is possible
that the initial population of NPCs proliferated. Further studies analyzing total number of cells and
scaffold degradation could be performed to confirm this hypothesis. Notwithstanding, mature
neurons co-expressing NESIN and CHAT have been found in the adult brain in the basal forebrain

region which is the main region for cholinergic output in the brain 249. The high expression of
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NESTIN on day 15 could also be attributed to the nature of the cholinergic neurons present in the

bioprinted tissues.

By day 30 and 45, cell marker expression was characterized for the presence and level of
maturation of different types of cells in the CNS. On day 30, all the groups showed the presence
of astrocytes as observed by the expression of GFAP, as well as the expression of BT-111. Our ICC
analysis revealed that the neurons expressing BT-Il1l seem to be surrounded by the astrocytes.
Expression of CHAT was mainly observed for M+ and slightly for PR+. This expression was also
observed in our previous study where NPCs were bioprinted with the same neuro-bioink and
treated with the cocktail of small molecules CHIR, LDN, and SB. However, in this current study,
the NPCs, were only exposed to this cocktail from days 0-5, as opposed to days 0-15 as previously
reported 102. This suggests that an early exposure to BMP inhibitor and WNT pathway agonist are
only needed for a few days after bioprinting and is enough for the NPCs to commit to a neural
lineage. Flow cytometry analysis revealed the expression of both HB9 and ILS-1 which indicates
the presence of mature motor neurons, as well as the expression of CHAT. Moreover, ICC analysis
revealed the presence of myelin and the inhibitory neurotransmitter GABA in the bioprinted tissues
after 30 days of culture, suggesting the presence of multiple neuronal subtypes and myelinating

oligodendrocytes in the matured tissues.

By day 45, the presence of all the relevant CNS cell types present in the CNS was observed
with the expression of MAP2 for neurons, CHAT- cholinergic neurons, GFAP, and O4
oligodendrocytes. Overall, M+ showed >13% expression for these markers and ~ 20% expression
for CHAT. Interestingly, PR+ showed the lower expression of all the markers in comparison to

M+, suggesting that the controlled release of the morphogens within the 3D printed constructs is
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an efficient way to differentiate and mature neural tissues, achieving the presence of the cell types

in the CNS that are important for maintaining homeostasis and neurotransmission.

The membrane potentials of the matured MNs were analyzed on days 30 and 45 to
characterize the electrical properties as an indicator of maturity for our bioprinted tissues. As
suggested by Robinson et al. the FLIPR blue dye is a voltage sensitive dye that can be used as a
robust method for determining the electrical activity of cells in in vitro 243. In order to gauge the
level of maturation of our bioprinted NPCs, we bioprinted mature hiPSC-derived SMNs to
compare their membrane potential on days 0, 1, and 7. The resting membrane potential of mature
neurons lies at -70 mV 1s. An action potential occurs when there is an increase in the electrical
charge of the membrane that occurs as an all-or-nothing event once the threshold at -50mV has
been reached 243. The resting membrane potential of our bioprinted and matured PR+ and M+
tissues was below 7 mV on day 30. Interestingly, U+ showed the lowest resting membrane
potential. Furthermore, in spite of the differentiated tissues not showing a resting membrane
potential at -70 mV, the SMNSs resting potential on day 0 was ~9 mV and increased for days 1 and
7. The resting membrane potential of our bioprinted constructs remained below 7 mv after day 45
for all groups. This behavior could be attributed to the lack of full maturation of our bioprinted

NPCs and possibly a period of acclimation of the cells (SMNS) in our neuro-bioink.

Given that MNs are cholinergic, we stimulated with the neurotransmitter Ach in order
analyze their responsiveness as an indication of maturation. By day 30, all groups showed to be
responsive upon exposure to Ach. The M+ group showed the most significant differences after
stimulation reaching an average membrane potential of 21.8 mV in comparison with the rest of the

groups. The SMNs showed a higher increase in the membrane potential reaching an average of 25
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mV on day 0. These results correlate with Robinson et al. where characterizing the resting
membrane potential of mature MNs in 2D showed it to be below ~10 mV and the MNs displayed
an average of ~ 20 mV upon stimulation with Ach. This experiment was repeated again on day 45
for our bioprinted constructs with the additional test of exposure to the inhibitory neurotransmitter
GABA after stimulation in order to analyze their capability to respond to different
neurotransmitters 244. On day 45, we saw similar levels resting membrane potential, below 6 mV,
followed by increase after stimulation with Ach and decrease in membrane potential after exposure
to GABA. AIll groups but M+ showed statistical differences after exposure with each
neurotransmitter. This could be explained by the large standard deviation in these readings that

could be attributed to the nature of the membrane potential.

GABA is one of the major neurotransmitters in the CNS and it’s responsible for the 40%
of the inhibitory processes 2s0. In the past, it has been observed that the exposure of non-active or
immature neurons to GABA can cause depolarization rather than hyperpolarization as a result of
an increased Cl- efflux 244.251. In this study, inhibition with GABA for all groups led to a lower
membrane potential than the initial readings at rest. These results suggest that cells in all groups
have effectively differentiated and matured into MNs and are electrophysiologically active as
observed by an increase in the average membrane potential upon stimulation with Ach and

reversed when adding the inhibitory neurotransmitter.

4.6. Conclusions
In this study, we have shown the successful bioprinting and differentiation of hiPSC-
derived neural tissues using small molecule releasing microspheres. To our knowledge, we are the

first group to bioprint small molecule releasing microspheres for the derivation of neural tissues.
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Our drug-loaded microspheres were homogeneously distributed within the bioink and promoted
an efficient differentiation and maturation of MNs. Our tissues also showed the expression of other
cells in the CNS such as astrocytes as observed by the expression of GFAP and oligodendrocytes
that are actively producing myelin as observed by the expression of O4 and myelin. Furthermore,
our matured MNs were shown to be electrophysiologically active upon stimulation with Ach,
followed by inhibition with GABA and showed similar behavior to bioprinted mature human
SMN:Ss. In the future, our studies will focus on the localization of drug delivery within a single
construct, as well as the creation of concentration gradients to fully differentiate different cell types

and obtain a more complex environment in our neural tissues in a 3D environment.



128

Chapter 5 Discussion and conclusion

The overall focus of this research was to develop novel strategies for engineering neural
tissue and exploring the differentiation of hiPSCs using drug releasing microspheres and 3D
environments. Different scenarios have been explored in which the hiPSCs were exposed to a slow
release of morphogens and analyzed their levels of differentiation. The studies presented here

address this statement in three specific ways:

5.1. Discussion and conclusion of research aim 1
Research aim 1 was to encapsulate the small molecule puro in PCL to create drug-loaded
microspheres and characterize their controlled release and morphology. Puro is a small molecule
that activates the SHH pathway and promotes differentiation of hiPSCs into MNs. RA is another
small molecule important during neurogenesis and crucial in the development of the CNS. Given
the importance of both molecules in the development of neural tissues, both RA- and puro-loaded
microspheres were combined with hiPSC-derived NAs and the level of differentiation was

determined.

In Chapter 2 we demonstrate that puro can be encapsulated in PCL using a single emulsion,
oil-in-water, process and has a controlled release of the drug over 46 days given the release studies.
Choosing a polymer that is slowly biodegradable was crucial when encapsulating drugs for the
differentiation of neural tissues as it can take about four weeks to obtain neuronal subtypes from
hiPSCs. PCL was the polymer of choice as it would degrade slowly to deliver the morphogens
needed for differentiation in a controlled and sustained manner for long periods of time. The
fabrication of these drug-loaded microspheres was tailored in order to get a high EE of the drug

given the amount of PCL used. Additionally, the fabricated microspheres have an average size of
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3.4 um which is appropriate considering the individual cell size (~10 pum), larger microspheres can
block the cellular interactions and connections, preventing them from surviving and
differentiating. As well, smaller microspheres could be taken up by the individual cells via
phagocytosis. Furthermore, the presence of the microspheres within the NAs overcame the

challenges of drug degradation when the morphogens are added to the cell culture media.

Given that the microspheres are incorporated throughout each NA, the individual cells have
a consistent and sustained exposure to the drug that promotes their differentiation into neural
lineages. The effectiveness of the controlled drug release from the microspheres in promoting
differentiation was shown in Chapter 2 with the extensive neurite outgrowth and expression of
multiple neural markers. The controlled release of the drug from the microspheres provided similar
levels of differentiation in comparison with the addition of the drugs to the media, however the
overall amount of drug released was significantly smaller, while still being effective, than the

soluble drug treatment, making this option more cost effective for further studies.

Furthermore, the incorporation of drug releasing microspheres provides an autonomous
way for delivering morphogens to the neural tissues, providing a step towards the production of

neural tissues as a drug screening tool in a high-throughput manner.

5.2. Discussion and conclusion of research aim 2
Research aim 2 was to engineer neural tissues from hiPSC-derived NPCs in a 3D
environment using a hydrogel bioink and bioprinting technologies. Hydrogel biomaterials swell
extensively in the presence of water and are suitable scaffold materials for modeling soft tissues

like neural tissues. The suspension of NPCs in within the hydrogel provides a 3D structure for
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tissues. The combination of biomaterials in the bioink must meet the characteristics needed for

neural tissues to develop and differentiate.

In Chapter 3 we used a fibrin-based bioink and LOP™ technology to bioprint neural tissues
in a reproducible way. Fibrin is an important component in the process of wound healing and has
been shown to be a suitable component for the development of neural tissues. Alginate is another
biomaterial used in this bioink in order to provide the viscosity needed for the fibrin to be
bioprinted using the RXI bioprinter. Chitosan was used to provide immediate stability to the
bioprinted tissues due to the ionic interactions with alginate. In this study, the macro-architecture
chosen was a cylinder and the tissues were bioprinted with concentric fibers smaller than 200 um
in diameter providing an intricate micro-architecture. The NPCs were homogeneously distributed
within the crosslinked fibers after bioprinting, during differentiation and maturation. The survival
of the cells during the stressful process of bioprinting is crucial for the creation of neural tissues
as neural cells are not able to replicate once matured into post-mitotic neuronal subtypes. The
LOP™ technology, with its fiber sheathing, was able to protect the cells from shear-stress and
maintained cell viability as observed by the high numbers of viable cells observed in all treatments.
Furthermore, the biomaterials degraded slowly during the process of maturation and after 30 days,
most of the scaffold was gone. However, the cells remained in the cell culture dishes suggesting
that the biomaterials provided a suitable environment for the cells to produce their own ECM and

form neural tissues.

5.3. Discussion and conclusion of research aim 3
In chapter 4, we hypothesized that the combination of drug releasing microspheres and

bioprinting technologies could serve as an effective way to engineer neural tissues. We showed
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for the first time that drug-loaded microspheres can be bioprinted and be homogeneously
distributed within the whole construct. This remains truthful when bioprinting fluorescent and/or
drug loaded microspheres in combination with hiPSC-derived NPCs. Furthermore, we show that
the drug loaded microspheres are capable of slowly releasing the drug and supporting NPC

differentiation using significantly less drug than adding the soluble drug to the media.

Cellular viability post-printing is one of the major challenges faced in the field of
bioprinting when using extrusion-based systems. This is a major concern specifically when
bioprinting neural tissues as the cells become post-mitotic once they have matured into neuronal
subtypes. In order to analyze the effect of the bioprinting technologies used in this study, we
quantified cell viability of the bioprinted hiPSCs-derived NPCs as well as mature post-mitotic
SMNs. Our results showed high levels (~80%) of cellular viability post printing for both cell types,

proving that the current bioprinting method is appropriate for bioprinting neural-derived tissues.

In chapter 4, we also analyzed differentiation, maturation and responsive profiles of the
bioprinted tissues when combined with puro- and RA-loaded microspheres. We show for the first
time that our bioprinted tissues can be cultured in vitro for up to 45 days. Additionally, the
differentiated tissues contained a combination of neurons, astrocytes, and oligodendrocytes, which
are the main cellular components in the CNS. The levels of expression of each cell type were larger
in our drug-loaded microsphere group in comparison with the soluble drug-treated group
suggesting that the controlled release of puro and RA is an effective way for differentiation in situ
of the bioprinted stem cell derived tissues. The presence of neurons, astrocytes and
oligodendrocytes is crucial for the proper functioning and support of neural tissues and it brings

us one step closer to creating physiological relevant tissues for drug screening purposes.



132

Functionality of the neural tissues is another relevant metric for the validation of neural
tissues. In this study we analyzed the membrane potentials of our bioprinted hiPSC-derived neural
tissues and the mature SMNs in order to compare their functionality. All of the bioprinted tissues
showed to be responsive after stimulation with Ach and GABA. This brings us to the conclusion
that the bioprinted-hiPSC derived tissues were indeed neural types and that the bioink used

effectively supported the differentiation and maturation of neural tissues.

5.4. Overall conclusion and future work

The combination of the engineered strategies explored in this work contributes to the field
of neural TE as it brings us one step closer to the development of physiologically relevant tissues
with defined micro-architectures, structure, and differentiation cues. We have addressed several
limitations which previously existed in the field such as i) the controlled release of morphogens
for effective differentiation of hiPSCs, ii) development of a printable and biocompatible bioink
that will support the growth of neural tissues, iii) the use of an effective technology to ensure
viability of the bioprinted tissues, iv) effective maturation and functionality of the neural tissues.
Moreover, the combination of drug-loaded microspheres with bioprinting hiPSC-derived tissues
opens up a field of research in TE in which patient specific tissues can be effectively engineered

in order to contribute to the development of new therapies for diseases and disorders in the CNS.

Future work will involve the use of drug releasing microspheres to produce concentration
gradients or be strategically placed within the fibers of the construct in order to promote
differentiation into different cells present in the CNS. Conjointly, using more than one cells type
to bioprint neural tissues such as OPCs that promote myelination, astrocytes and endothelial cells

which are the cells present in the BSCB will be a good strategy for mimicking the complexity of
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the CNS. Encapsulation of the small molecules CHIR, SB, and LDN in microspheres could be
useful for the effective and differentiation of the NPCs in a more standardized. Different polymers
with faster degradation properties can be explored for the encapsulation of such small molecules
as they are only required during the first week of differentiation. In addition, the incorporation of
the soluble drug or drug-loaded microspheres of the molecule Aprotinin can provide slower
degradation of the fibrin-based scaffolds which might be required when using more than one cell
type as more cells present in the bioprinted constructs could speed up the degradation of the

scaffolds.

The exposure of the engineered tissues to the molecules present after a SCI in addition to
reactive astrocytes will be an essential step towards the creation of the hostile environment present
in SCI. Treatments currently used for SCI such as Oxycyte and Minocycline can be used for drug
screening and correlate the outcome with the literature published using animal studies.
Furthermore, a model created with OPCs can be used to explore the degree of myelination obtained
given the cell therapy and compare with the ongoing clinical trial from Asterias Biotherapeutics

as a way to better explain the effects of OPCs in a humanized SC model.
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Chapter 6 Appendices

6.1. Appendix A

Appendix A contains Table 6.1 and Table 6.2 from chapter one.

compared to
control

Approach Type of Result Conclusion Reference
therapy
Methylprednisolone Chemical Reduction of Results 152,153,252,253
cytokine inconsistent
expression and absence of
significant
improvement
GM-1 ganglioside Chemical Induction o_f No f_ollow up 154,254,255
neurotrophic studies to
factors, anti- confirm or
excitotoxic effects | refute such
and promotion of results.
neurite growth.
Recovery of motor,
bowel/bladder
function.
. Chemical Anti-apoptotic and | Studies 12 155,256-258
Excitatory ..
anti-inflammatory | months after
neurotransmitter effects and treatment
antagonist decr_easeo! failed to show
proliferation of a long-term
astrocytes were benefit in this
reported trial
Erythropoietin (EPO) Chemical neurogenesis and Clinic_al trial 259,260
neuronal for this drug
differentiation has not been
were noted in an performed yet.
animal study. Concerns
about
stimulation of
EPO activity
and possible
thrombosis.
Chemical Prevention of ionic | 1-year follow | 261,262
Calcium channel over-influx that up showed no
blockade causes neuronal significant
and glial cell death. | differences
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Potassium channel Chemical Improvement in Adverse side 263
blockade impression scores | effects with
and spasticity in higher doses.
chronic SCI
patients with use of
a low dose.
Minocycline Chemical Anti-inflammatory, | Significant 256,264,265
anti-apoptotic ASIA score
effects, decrease in | improvement
the activation of in patients after
microglia 1 year.
. Physical 15/35 patients with | Not enough 153,266,267
Hypothermia . .
cervical SCI evidence
improved at least available in
one neurological favor or
grade (ISNCSCI) against the
at 10-month practice of
follow-up therapeutic
hypothermia

Table 6.1. Neuroprotective approaches for SCI.

Adapted from 4o.
Type of cell Function Host Mechanism Reference
Schwann cells Myelination of Rat or mouse | Neuroprotection, 268-271
peripheral axonal regeneration

nervous system

and sprouting,
myelination

axonal regeneration

OECs Glial cells that Rat or mouse | Neuroprotection, 272-275
support axonal axon regeneration
growth in the and sprouting
olfactory bulb
MSCs and Located in bone | Rat Neuroprotection, 276-280
multipotent marrow immunomodulation,
adult progenitor axonal regeneration
cells (MAPCs) and sprouting
Pelvic bone MAPCs Human Neuroprotection and | 281,282
marrow immunomodulation
Neural stem From SC or Rat, mouse, Neuroprotection, 283-287
progenitor cells | brain, human immunomodulation,
(NPSCs) transplanted as axonal regeneration
grafts and sprouting,
myelinogenesis,
relay information
ESCs Cells derived Human Neuroprotection, 288,289
from immunomodulation,
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immortalized and sprouting,
cell lines myelinogenesis,
relay information
Induced Fibroblasts Human Neuroprotection, 290-293
pluripotent stem | differentiated axon regeneration
cells into NPCs and sprouting, relay
information
Peripheral blood | Differentiated Mouse Neuroprotection, 204
monocytes, fetal | into OPCs myelinogenesis
lung fibroblasts
or bone marrow
stem cells

Table 6.2 Cell transplantation approaches and proposed mechanism of action.
Adapted from 4o.
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6.2. Appendix B

Appendix B contains Figure 6.1 and Figure 6.2 which are supplemental information

available from the original publication 1.

Day 0 Day 1 Day 4 Day 7

MSs

Positive Control Negative Control Unloaded

Puro/RA
MSs

Figure 6.6.1 Phase contrast imaging (10x magnification) of embryoid

bodies formation during 7 days in Aggrewell plates.
Phase contrast imaging (10x magnification) of embryoid bodies formation during 7 days
in Aggrewell plates. a-d) Cell aggregates combined with unloaded microspheres, e-h)
negative control (N - untreated), i-1) positive control (P - soluble puro/RA), and m-p)
engineered neural tissues containing puro/RA loaded-microspheres (M). Images of day 7

1From: De la Vega L, Karmirian K, Willerth SM. Engineering Neural Tissue from Human
Pluripotent Stem Cells Using Novel Small Molecule Releasing Microspheres.
Advanced Biosystems 2018.
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(d, h, I, p) were captured just after transferring to PLO-laminin plate. Scale bar represents
(300 pum).

Unloaded
MSs

Negative

MERGE

Positive

Puro/RA
MSs

Figure 6.6.2 Analysis of neural cell cultures and engineered neural tissues after 28
days of differentiation in vitro.

All groups (n=3) were stained for BT-111 (green), NeuN (neuronal nuclei marker, red), and
DAPI (blue). a-e) Cell aggregates combined with unloaded microspheres (U), f-j) negative
control (untreated - N), k-0) positive control (soluble puro/RA - P), and p-t) engineered
neural tissues containing puro/RA loaded-microspheres (M). Scale bar for a-d, f-i, k-n, and
p-s represents 300 pm. Scale bar for e, j, 0, and t represents 50um.
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