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ABSTRACT

High phenotypic heterogeneity in tumor cell population, especially with glioblastoma
stem cells (GSCs), is one of the major causes of poor prognosis of malignant glioblastoma
(GBM). Although in vivo drug screening using tumor spheroids and animal models can provide
insights about structural heterogeneity, their inability to recapitulate the tumor niche and
phenotypic heterogeneity limit their translation to the clinic. Development of an in vitro 3D
bioengineered model that can recapitulate the native brain niche has the potential to study GBM
malignancy. In the present study, we aimed to develop a reproducible bioprinting method to
fabricate a physiologically relevant biomimetic GBM tumor model. Towards this aim, we
synthesized a brain extracellular matrix (ECM) mimicking gelatin methacrylate (GelMA) bioink
with modulated concentration of chondroitin sulfate (CS), a major source of glycosaminoglycans
(GAGs) in the brain tissue. Bioprinted constructs of GBM spheroids with integrated brain-
specific microenvironmental cues showed intact morphology, high viability and metabolic

activity, and enhanced invasion.
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CHAPTER I

INTRODUCTION

Glioblastoma

Glioblastoma is the most aggressive and commonly diagnosed malignant brain tumor
worldwide, with an estimated 250,000 new cases and 200,000 deaths in 2020.! According to
WHO statistics (Globocan 2020), United States reported around 13,000 new cases and 10,000
deaths from glioblastoma in the year 2020 alone.? For GBM, the median survival time, which
reflects the length of time for which half the diagnosed patients will survive after the start of
treatment, is about 14.6 months.> Despite being identified in the 1920s, there has been little
improvement in the treatment of this disease, as characterized by the relatively unchanged five-
year survival times and mortality rates. Moreover, with snowballing population and increasing

life spans, the global burden of glioblastoma is also increasing.

Glioblastomas arising from neuroglial progenitor cells are classified into two distinct
subgroups, IDH-wild-type and IDH-mutant.* IDH-wild-type glioblastoma, diagnosed in 90% of
GBM patients, is referred to as primary glioblastoma, and is identified by de novo progression
with no discernible precursor lesion. IDH-mutant or secondary glioblastoma on the other hand, is
characterized by precursor diffusion or anaplastic astrocytoma. Primary GBM, which is
commonly diagnosed in older patients with a median age of 62 years, is more aggressive and has

poor prognosis, with a median survival time of 4-6 months.



Current state-of-the-art treatment strategies for glioblastoma include a combination of
tumor resection or surgery, radiotherapy, and adjuvant chemotherapy. For clinicians, the
standard first step for most primary glioblastomas is the maximal surgical removal of the tumor.
Depending on the patient’s performance, this step is most likely followed by radiotherapy (60
Gray for 6 weeks) with concomitant cycles of adjuvant temozolomide, based on the pioneering
phase 3 trial by Stupp et al.> Published in 2005, this trial demonstrated that the median survival
time increased by a significant 2.5 months when radiotherapy was accompanied with
temozolomide uptake. In addition to this, biodegradable carmustine wafers or Gliadel have also
been used as a local chemotherapy in the tumor resection sites for improving patient survival.
Researchers, in a randomized placebo controlled trial, showed that the median survival of GBM
patients increased by 7.5 weeks with implantation of Gliadel wafers post-surgery.> While
treatment options in primary GBM are well defined, there’s no established therapeutic strategy
for recurrent GBM. Despite similar options of further resection, reirradiation and symptomatic

therapy, there’s little evidence of them improving overall survival in patients.

Cancer researchers and pharmaceutical industries have been working together towards
developing novel anticancer agents. Despite the intense efforts by researchers in the drug
development industry, only a minimal percentage (10%) of drugs tested positive in Phase 1 of
clinical trials succeed to gain approval in later stages.® Such high drug failure rates could be due
to multiple reasons such as erratic clinical trial designs, tumor heterogeneity and use of
traditional model systems that are poor representatives of tumors in patients. Since the advent of
US National Cancer Institute anticancer drug screen, most of the pre-clinical strategies of drug

screening have been based on 2D cultures and animal models. Although both these model



systems have been immensely helpful in understanding cancer biology, their inability to
represent patient tumors has been perceived to be responsible for the high failure rates of anti-
cancer drugs as they move from pre-clinical to human trials.” Since the time and resources
consumed in this entire process are enormous, it becomes pivotal to gain accurate insights into
various molecular mechanisms involved in tumor progression, maintenance, invasion, and
therapeutic resistance prior to the drug development process. Over the past few decades,
researchers have adopted numerous novel strategies to create reliable, robust and predictable in

vitro culture platforms that can recapitulate the original properties of the in vivo tumor.

Glioblastoma stem-like cells

According to the cancer stem-cell hypothesis, there exists a small subpopulation of self-
renewing cancer cells that are responsible for initiation, maintenance and progression of cancer.’
Cancer stem cells were first identified based on their ability to initiate acute myeloid leukemia in
SCID mice.” Since then, they have been identified from various solid tumors by the prevalence
of different cluster of differentiation markers, e.g. CD133" in glioblastoma.!® In fact, GSCs were
first identified from brain tumors by their expression of CD133" and were shown to possess the
properties of self-renewal and multipotency. The ontogeny of GBM has been a hot topic of
discussion in the scientific community with no concrete conclusions thus far. Multiple studies
have highlighted an overlay between gene expression profiles of neural progenitor cells and
glioblastomas, that suggests the presence of conserved cell signalling pathways in normal and
malignant neural stem cells.!!> 12 However, whether GSCs arise from neural stem cells after

certain mutations or from a mature and differentiated cell type that acquires self-renewal



properties is yet to be determined. Regardless of GSC ontogeny, they are known to be deceptive
and promote survival of malignant tissue, as opposed to repairing damaged tissue, like “normal”
neural stem cells, and the knowledge of this GSC characteristic holds great value as it can be

exploited to develop new therapies against glioblastoma.

In the recent years, targeting glioblastoma stem-like cells has been proposed as a
promising strategy to treat malignant glioblastoma. Multiple studies have held GSCs accountable
for the aggressiveness and evasiveness of this disease in various in vitro models.!*''> GSCs are
known to promote therapy resistance and intratumoral heterogeneity in glioblastomas.!® Distinct
signaling pathways that play a key role in enhancing the aggressiveness and resilience of GSCs
have been identified. GSCs drive their characteristic features by enhancing the genetic instability
of the tumor, leading to various mutations in pivotal replicative checkpoints such as p53, NF1,
ATRX, and TERT.!® 7 These mutations, quite paradoxically, enhance GSCs ability to repair
damaged DNA by upregulating various checkpoint kinases such as Chkl, Chk2, and repair
enzymes such as PARPI and TIE2.!® ' Pathways which are generally associated with
maintaining cancer stemness, such as the NOTCH signaling pathway, have also been reported to
mediate GSC survival and therapy resistance by upregulating PI3K/AKT and Bcl-2 pathways.?°
Finally, the inherent heterogeneity in the genetic and epigenetic landscape of GSCs, creates a
highly versatile system that can still thrive and function at the cost of failure of a few

components due to specific therapeutic targeting.

Evidently, GSCs are crucial for the survival and maintenance of GBM. Thus, therapies

that can target these cells and inhibit their pro-tumorigenic functions could prove highly



effective. However, in order to develop such therapies that are effective and efficient, we need a
deeper understanding of GSCs’ functions, their interactions with the tumor microenvironment

and its consequences towards promoting tumor survival in a physiologically accurate setting.

Tumor microenvironment

Previous studies have shown that normal stem cells are highly regulated by the stem cell
niche.?! Similar to neural stem cells, GSCs also depend on microenvironmental cues for their
survival and function. For instance, McCord et al. have highlighted the prevalence of GSCs in a
hypoxic microenvironment and its role in regulating their self-renewal.?? Similarly, acidosis,
which is often a consequence of hypoxia, is also known to upregulate the expression of stem cell
markers like Oct4, Olig2, and Nanog and promotes GSC phenotype.?® High-grade gliomas grow
in a dynamic microenvironment with extensive extracellular matrix proteins and various stromal
cells, including endothelial cells, pericytes, microglia, astrocytes, neural stem cells and
peripheral immune cells.?* Microvascular hyperplasia, which is characterized by highly
proliferating brain endothelial cells that form aggregates in a vascularized GBM tumor, is the
first step in creating a perivascular niche (PVN), that supports GSC survival in multiple ways.
As discussed in a detailed review by Schiffer et al., this perivascular niche plays multiple crucial
roles in facilitating tumor growth, progression, invasion and recurrence.?® Here, in the context of
this study, the importance of tumor ECM, specifically proteoglycans, and the perivascular niche,

towards tumor growth and prevalence will be discussed.



Proteoglycans: A key component in the brain ECM

The ECM components of the central nervous system are localized in three compartments:
the basement membrane, the perineuronal nets (PNNs) and the interstitial matrix. The basement
membrane, which serves as a boundary between vasculature and interstitium, is primarily made
of collagen, entactin, fibronectin, and perlecan. The perineuronal mesh-like nets, which preserve
neuronal health and synaptic plasticity, are typically composed of proteoglycans, and tenascin R.
The neural interstitial matrix, which sequesters signalling molecules like growth factors and
morphogens, is comprised of hyaluronan, tenascins, proteoglycans, and relatively lower amounts

of fibrous proteins like collagen, laminin and fibronectin.

Proteoglycans, which are made up of proteins (from ‘proteo’) with attached unbranched
glycosaminoglycan (from ‘glycan’) side chains, are an essential component of the tumor ECM.
Different proteoglycans vary in the constitution of their base protein and/or the type of GAG side
chains. GAGs are long negatively charged polysaccharide chains of repeating disaccharide units.
Based on the molecular composition of the disaccharide, they are classified into heparin sulfate
(HSGAGs), chondroitin sulfate (CSGAGs), keratan sulfate and hyaluronic acid
glycosaminoglycans. Among these, CSGAGs represent a major class of GAGs, which play a
pivotal role during neuronal development, nerve plasticity, formation of PNNs and tissue damage
repair.2® However, abnormal expression of proteoglycans has been characterized as a hallmark of
multiple malignant tumors.”’” Moreover, as claimed by The Cancer Genome Atlas

(http://cancergenome.nih.gov/), the upregulation of many chondroitin sulfate synthases is a

characteristic feature of GBM.?® CS proteoglycan (CSPG), which is a crucial prognostic marker



for this disease, has been reported by multiple researchers to enhance the development,
progression and therapy resistance in gliomas.?-*! So, that being the case, we hypothesized that
the incorporation of chondroitin sulfate in the bioink to mimic the pro-tumorigenic niche will
recapitulate the invasion pattern like native GBM. As per our knowledge, chondroitin sulfate is
the most inexpensive source of GAGs that is commercially available, and can be easily
functionalized with methacrylate groups that make it photo-polymerizable. Methacrylate
chondroitin sulfate or CSMA has also been shown to possess good 3D print fidelity by multiple
groups for various applications such as cancer modelling, and cartilage tissue engineering.’? 33
Together, these were the driving factors for us to choose chondroitin sulfate for our application

over other GAGs.

The perivascular niche in GBM

Glioblastomas are highly vascular tumors and this vasculature complements their
malignancy well. Evidently, glioblastomas are known to create and exist in a perivascular niche
which is composed mainly of endothelial cells, pericytes, and astrocytes, to support their survival
and proliferation.?* This niche has gained increasing attention over the years, both in normal and
malignant brain tissue, due to its physiological and pathological functional implications as

mentioned below.

High-grade glioma vasculature is characterized by two crucial histological markers,
microvascular proliferation and endothelial hyperplasia. High microvascular proliferation is

showcased by the increase in proliferative activity of pericytic, endothelial, and vascular smooth



muscle cells. Tumor neovascularization is often correlated with the higher prevalence of these
microvascular structures, which play a crucial role in enhancing GBM malignancy. The high
angiogenic niche regions thus formed, are at the centre of function for ensuring the localization
and survival of GSCs and maintenance of their stemness.>* On top of that, multiple molecular
signalling pathways are upregulated in the perivascular niche, indicative of the cellular crosstalk
between endothelial and stromal cells to support GSCs growth and function.®> Multiple groups
have revealed that GSCs contribute to neovascularization in GBM by differentiating into
pericytes and endothelial cells, in a phenomenon well known as vascular mimicry.?%-3® Pietras et
al. have also reported the close association of GSCs and vasculature and the role of endothelial
derived factors to preserve GSC stemness.’ Together, this evidence suggests the key role of the
perivascular niche in facilitating tumor progression by regulating crucial cell to cell signalling.
Understanding the underlying mechanisms that control GSC activity in the brain PVN could

prove fruitful towards designing new therapies.

Current methods to study GBM

Two-dimensional (2D) monolayer cultures have been popular in vitro models to
understand GBM biology due to their inexpensiveness and ease of availability and
experimentation. U87, U251, and T98G are some of the GBM cell lines that have been cultured
in monolayers in 2D TCPS plates to understand molecular pathways involved in the progression
of this disease.*® For example, past studies by Lakka et al. used 2D monolayer GBM cultures to
elucidate the role of cathepsins and MMPs in tumor growth, invasion and angiogenesis.*! In

another pivotal study, Kenig et al. used U87 cell line to demonstrate the role SDF-1 mediated



crosstalk between gliomas and endothelial cells in enhancing tumor proliferation and invasion.*?
However, when cells are cultured on 2D tissue culture polystyrene (TCPS), they attain a flat
morphology and lose a majority of cell-cell and cell-extracellular matrix (ECM) interactions. As
a result, most of the ECM-mediated signaling is abrogated and the cellular response to various
stimuli is different to their responses in vivo. Reports suggest that the tumors formed by
implanting these cells cultured in monolayers fail to recapitulate the characteristics of the native

GBM tumor.*?

To overcome these limitations, xenografts of patient-derived GBM cells have been
routinely used to recapitulate the biological and genetic features of original tumors and
understand cancer biology. However, animal models have low engraftment rates and require a
long time (2-12 months) to be established. In addition, the stromal biology varies i.e. the human
stroma in the tumor is replaced with murine stroma after engraftment, thus changing the original
characteristics of the tumor, resulting in an altered physiological response in the host animal.**
Also, since this approach involves the production and maintenance of genetically engineered
mice, it makes this approach significantly expensive, time consuming and laborious. Due to these
reasons, three-dimensional (3D) engineered cultures have evolved to be a more promising tool to
fabricate GBM models. The key advantage of such models over 2D monolayer cultures, and
xenograft models, is that they can be tailored to provide the appropriate tumor

microenvironment, thereby creating an organotypic platform for studying cancer biology.*



Even with 3D models, there are multiple ways to fabricate them which come with their
own set of advantages and limitations. 3D matrix models are the most commonly used 3D
models that have been used to incorporate gradients of soluble cues, and test variations in
topography, stiffness, ECM composition, etc. Matrices made of collagen*, chondroitin sulfate*’,

hyaluronic acid*, and Matrigel*

are routinely used for modeling glioblastoma due to their
compositional complexity and excellent bioadhesive and biocompatible properties. Synthetic
scaffolds that are fabricated using electrospinning and salt leaching techniques from polymers
like polystyrene (PS)*, polycaprolactone (PCL)’!, poly(N-isopropylacrylamide-co-Jeffamine M-
1000 acrylamide) (PNJ)*2, have been used to demonstrate the role of matrix cues, stiffness and
dimensionality towards GSC survival and maintaining stemness. However, in order to mimic the
tumor niche more accurately and improve physiological relevance, additional layers of
complexity need to be incorporated. Microfluidic models have been exploited towards this
purpose by incorporating crucial parameters like fluid flow, hypoxia gradients, chemical cues,
co-culture with stromal cells, and spatial organization. In addition, they have been proven to be
low-cost, better for imaging, and capable for high throughput screening than standard in vitro 2D
and 3D models for clinical applications.® For example, Jingyun et al. used a 3D GBM
microfluidic model to recapitulate tissue organization, ECM composition, and flow conditions to

investigate the proliferation and invasiveness of GBM cells under dynamic therapeutic stress,

which would be difficult to achieve via other fabrication tools.>*
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Additive manufacturing for cancer models

3D cancer models are typically fabricated from natural or synthetic polymers, by using
numerous methodologies, depending on the requirements of the study.>®> A particularly exciting
approach is: 3D printing or additive manufacturing, which refers to the layer by layer deposition
of precursor materials to fabricate complex 3D geometries from computer-aided designs (CAD).
It has emerged as a promising fabrication tool in the past decade. Over other popular fabrication
methods like soft lithography or polymer scaffolds, 3D printing has certain advantages such as
increased efficiency, reproducibility, and customizability, achieved either on a small or industrial
scale. More recently, it has evolved significantly towards “printing” soft biomaterials, which has
furthered the field of tissue engineering, and regenerative medicine, while prospectively allowing
researchers to develop exemplary patient-specific cancer models to advance drug screening, and
cancer biology. The ability to “print” and mimic physiologically relevant complex 3D
architectures of tissues and organs while maintaining or recapitulating cell-cell and cell-ECM
interactions at a relatively low cost and higher efficiency is what has rendered this ingenious
technology so popular in the scientific community. Hereby termed “bioprinting”, this process is
readily compatible with fabrication of tissue constructs via conventional sacrificial, and
deposition-based workflows. The fabricated tissue structures are composed of cells, ECM and
biomaterials deposited with micro-scale precision and have been extended towards building
models of breast, brain and pancreatic cancer.’® However, some limitations still exist which
prevent its large scale deployment - these include integration of printed constructs into traditional
screening or testing workflow, speed of fabrication, in vitro maintenance, and deployment in

resource limited settings. Functional understanding of material parameters such as viscosity,

11



shear thinning, and crosslinking mechanisms is empirically determined. Following this, these
intricately linked properties are used to determine process parameters like nozzle gauge, and
extrusion speed to develop functional 3D structures. Shear and thermal exposure have been
known to compromise fidelity of final structures while affecting cell viability, cell motility,
differentiation, and drug resistance. It is, hence, paramount to develop a first principles
understanding of the printing process and the effects that living materials imbibed within the ink

are subject to.

Bioprinting techniques

Multiple strategies of bioprinting have been utilized for recapitulating the 3D architecture
and complexity of biological tissues and organs: inkjet-based, extrusion-based, and laser-assisted
bioprinting. Inkjet-based bioprinting (IBB) uses heat or piezoelectric actuation to deposit
droplets of bioink at the print bed. On the other hand, extrusion-based bioprinting (EBB) uses
either pneumatic or mechanical forces to extrude a stream of bioink from the nozzle. In laser-
assisted bioprinting (LAB), cell-laden hydrogels are transferred from a donor film to the print
bed via laser-assisted heat transfer. In the following section, fundamental mechanisms of action
of the various print methodologies in addition to the big picture goals associated with bioprinting
which include; stable biomolecular gradient patterns, scaling from 2D to 3D, pattern integrity
and robustness, co-printing of multiple biomaterials and preservation of biological activity along
with printing of complex ECM architectures will be covered. The cellular and other materials
that are printed, termed as “bioinks”, and the various parameters that affect their printability and

functionality will also be discussed.
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Inkjet based bioprinting uses pico-liter sized droplets and is generally considered suitable
for incorporation of biological elements and their controlled deposition over a defined surface
area. The droplet on demand (DOD) technology has garnered attention from the bioprinting
community due to its simplicity. The nozzle diameter which can be as small as 20 um, simply
displaces the ink on to the print bed under the application of a controlled pressure pulse. Leaks
are prevented by tuning the surface tension of the ink. Heat based actuation or thermal inkjet
printing typically increases liquid temperature by about 4-10 °C to produce expanding heat
bubbles which are directed towards the nozzle outlet. Thermal inkjet printing is fast and low cost
but ultimately print quality is hard to control due to instability of the ejected heated bubbles.
Additionally, optimal control over ink viscosity and maintenance within optimal ranges is
required to limit decreases in cell viability. Piezo-electric actuation consists of deformation of the
ceramic chamber wall by a voltage pulse that results in a rapid volume change and droplet
ejection. Droplet printing efficacy is evaluated by observing parameters such as: droplet velocity,
consistency and shape. As no heat is involved, Piezo-electric actuation does not produce heat
related damage of cells and biological materials. However, the major modes of cell damage that

need to be considered are sonication and shear related damage of cells when ejected.

A significant downside of the inkjet printing process is the low viscosity and mechanical
strength of printed constructs. Hence, they need to be combined with traditional methods such as
electrospinning, extrusion-based approaches with addition of peptides and copolymer blends for
mechanical reinforcement. As such, future work is being directed towards broadening the range

of printable bioinks by overcoming the current bottlenecks associated with failed geometry
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retention and better functional support for robust 3D structures. Finally, the applicability of
inkjet bioprinting is remarkably limited due to the lack of a specialized inkjet bioprinter, which is
undersupplied due to the configuration complexity of its flow channel, high precision need for

micro-machining, and low longevity of the inkjet head.

Among available bioprinting techniques, laser-assisted bioprinting (LAB) is an up-and-
coming technique due to its high resolution, improved cell viability, and the ability to print high-
viscosity bioinks. Matrix assisted pulsed evaporation laser direct write (MAPLE-DW) and laser
induced forward transfer (LIFT) are the two most common modes of LAB. The two modes have
shown promise in printing biomaterials such as protein and DNA.>" ® MAPLE-DW involves
bioink processing in ambient air, where the laser beam transfers a micrometer-dimension amount
of bioink to the substrate. On the other hand, a typical LIFT bioprinting system comprises of a
laser source, donor ribbon, and a collector substrate. The process of laser printing can be broken
down into three parts: (1) utilization of a high energy laser pulse to a thin biomaterial layer, (2)
high-pressure bubble production, and (3) discharge of a bioink droplet. The excitation of the
bioink results in a large increase in temperature within a little volume of the bioink which is
followed by high pressure bubble generation at the bioink layer. The bubble expands vertically,
and a pressure gradient is developed across the stream. Upon reaching critical pressure, the
bubble collapses resulting in deposition of the ink on the base substrate.>® Near-Infrared lasers
are preferred due to their non-interference with the physico-chemical properties of the bioinks, in
addition to light UV~93 nm with pulse frequencies in the femto and nano second range.®
Rheological properties of the bioink affect size of the bubbles which in turn affect the printed

dimensions.
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LAB has been used to develop in vitro cancer models with features like the tumor
microenvironment being used to faithfully replicate its biological function. In one report,
MAPLE-DW LAB was used to print hydrogels microbeads with breast cancer cells into spatially
defined patterns in hydrogel matrices containing differentiated adipocytes.®! In a follow up, multi
cellular tumor spheroids (MCTS) composed of cancer and embryonic stems cells of varying
densities were seeded by controlling the laser pulse and cell seeding density on the printed
ribbon. However, even furnishes with a high-frequency laser, the productiveness of LAB cannot

compete with other bioprinting methods, such as the inkjet and extrusion-based bioprinting.

Extrusion bioprinting is the most common mode for tissue fabrication, in which living
constructs are manufactured additively via layer-by-layer deposition of cell-incorporated bioinks.
The mechanisms of actuation can be roughly characterized into screw, piston and pneumatic
modes. Pneumatic systems extrude the bioink by using compressed air as the driving force, and
they perform better with high viscosity bioink. However, there can be a slight delay in extrusion
due to the need for prior gas compression. On the other hand, piston-driven systems provide
better command over the fluid flow from the nozzle, and screw-based systems impart finer
spatial control. However, one issue with made-to-order screw-driven systems is the substantial
drop in pressure at the nozzle, which hampers cell viability. To sort out this issue, often, the

extruder is and needs to be customized for bioprinting.

Hydrogel inspired bioinks are the central component of the printing process and must

meet certain physicochemical characteristics to ensure maintenance of a hospitable environment
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for all living materials during printing as well as culturing process. Extruder bioprinters are
capable of printing bioink with a wide range of viscosities from 6 to 30 million mPa-s, with
various cell densities and even cell aggregates and organoids. However, a decrease in cell
viability by 10-20% might be observed due to the high cell stress during printing.®? Printing
resolutions that can be achieved comfortably have been reported to be in the range of 100-200

um.

As cell-cell interactions, cell-biomolecule interactions are the prime focus of most
mechanistic cancer studies, extrusion based bioprinting’s primacy in the bioprinting of cancer
model hierarchies remains unchallenged. Complex geometrical architectures with relatively
facile tuning of process parameters have been studied.®® One of the earlier reports utilizing EBB
for cancer bioprinting by Xu et. al consisted of extruding ovarian cancer cells and human
fibroblasts on Matrigel in different patterns.®* Extrusion afforded high degrees of spatial control
over deposition of cancer cells allowing for increased repeatability over traditional pipetting
methods. High cell viabilities of over 90% were obtained with this trend being maintained as
cells continued to proliferate post-patterning. Van Pel used 3D bioprinting, and combined
scaffold-free, self-assembled human glioma cell spheroids and mouse neural progenitor cell-
derived spheroids to follow glioma cells invasion into neural like tissue in fixed samples and in
real time.® Wang et al. enriched glioma stem cells in 3D EBB scaffold free tumor model and
investigated epithelial mesenchymal transition (EMT) with the cultured stem cells showing
increased stemness in vitro an increased tumorigenicity in-vivo.®® Heinrich et al. studied the
various interactions between glioblastoma cells and macrophages and the effects of putative

therapeutics on these interactions in bioprinted mini-brain tissues.®” They concluded that
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glioblastoma-associated macrophages (GAMs) were being recruited by GBM cells and which
polarized them into a GAM-specific phenotype. They were able to demonstrate that extrusion
bioprinting can be used to create a controlled microenvironment, in a complex 3D geometry
which would be difficult to achieve with the traditional 2D in vitro cancer models. The
aforementioned platforms used extrusion to develop pseudo-realistic expression of the tumor
microenvironment (TME), which might help generate clinically useful insights into disease

progression and elucidate new target mechanisms for cancer drugs.

Bioink formulations

Designing bioinks is an important part of the bioprinting process as most native
formulations rarely have both, the physico-mechanical properties required for printing and the
biochemical signals to cater the biologic necessities of the incorporated cells. Moreover, these
properties do not go hand-in-hand very often. For instance, a high-viscosity bioink will have
smooth extrusion of filament while supporting the subsequently deposited layers showing
structural solidity. But, this high-density bioink may lead to stiffer gels with mismatched
mechanical properties and can hamper basic cell functions such as cell spreading, proliferation
and motility.*® This results in tremendous reduction in the number of “bioinks available”, with
other most bioinks requiring extensive trade-off in either printability or biocompatibility.
Biomaterials are often selected to synthesize bioinks based on their ability to form a structurally
stable 3D network under prolonged culture conditions. The formation of such 3D networks can

be achieved either via reversible physical or irreversible chemical crosslinking reactions. In the
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present day, polymer hydrogels are the most widely used class of bioinks for extrusion based

printing due to its above mentioned properties.

For bioprinting applications, hydrogels can be synthesized from either natural polymers
such as Gelatin, alginate, and chitosan or synthetic polymers such as poly(N-
isopropylacrylamide) (PNIPAm), and polyethylene glycol (PEG). These polymers and their
blends can be tailored to be crosslinked to fabricate bio-constructs that possess a wide range of
viscoelastic strength, structural stability, and mechanical properties. Crosslinking reactions are
known to increase mechanical strength but also hinder printability while affecting bioactivity.
Chemical functional groups such as the methacrylate can be added to gelatin, hyaluronic acid
and poly(hydroxymethylglycolide-co-g-caprolactone) to impart mechanical strength and
photopolymerizable characteristics.>> 7 The intensity and duration of UV exposure can be
exploited to tailor the matrix stiffness and hydrogel swelling, with higher intensities and longer
exposures leading to more crosslinking and thereby producing stiffer constructs. Printability of
the construct is dependent on the elastic modulus, viscoelasticity and shear thinning behavior of
the bioink. A general strategy to improve printability includes increasing viscosity and
decreasing gelation time. Shear thinning implies reduced viscosity with increased shear stress,
has the property of decreasing chain entanglement for facile extrusion. Viscosity of the materials
is modified by optimization of polymer concentration and density. PCL and PVA increase
viscosity aiding extrusion and thus aiding formation of stable printed structures. Filler materials
such as nanocellulose, hydroxyapatite, methylcellulose is added to improve shape fidelity and
shear thinning. Gelation of the bioink is controlled by careful tuning of the concentration of the

polymer and the crosslinking agent. Thermoresponsive polymers when added to the polymer
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blend rapidly, and gel upon contact with the print bed providing structural support, hence
allowing the requisite time for solidification of the other polymers. This optimization scheme
was deployed by Wist et al, who blended three different materials (gelatin, hyaluronic acid,
alginate) for enhancement of mechanical stability throughout the printing process.”! Individual
strengths of polymers were leveraged (hyaluronic acid - viscosity, gelatin - thermal setting,
alginate - crosslinking) to produce functional constructs for bone tissue regeneration

applications.

Systems to standardize bioink printability by evaluating rheological parameters have been
proposed extensively. However, post printing, biocompatibility and bioactivity benchmarks of
printed constructs are application specific and are not easy to generalize. While researchers can
often fine tune the rheological properties of the bioink by reviewing previously published
printability standards, any alteration in terms of chemical crosslinkers, rheological modifiers, or
cell densities must be verified to be non-cytotoxic. A general emphasis is placed on maintenance
of cellular health and phenotype through appropriate diffusion of nutrients and biochemical
stimuli. There still exists a need to evaluate biological performance of different bioinks through
pre-screening in order to select an optimal formulation for the bioprinting application. Measures

need to be taken towards standardization of the bioprinting process.
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Clinical Significance

Need for a 3D patient specific vascularized GBM model

Glioblastoma is the most lethal form of brain cancer with a median survival rate of 12 to
15 months. This low survival rate has been attributed to rapid invasion, cancer stemness, and
high therapeutic resistance, all of which have been proven to be controlled by the surrounding
tumor microenvironment with GSCs being a key player. The current in vitro 3D tumor models
and in vivo animal models do not capture the pathophysiological features of GBM tumor and are
known to impair the treatment process. Specifically, previous models of GBM which include 2D
TCPS, organoids, and xenografts are inherently limited and only capture partial characteristics of
native GBM.”? They are either limited to flat morphology, inaccurate architecture, complex but
inexact biology (murine models), and/or lack of ECM, tumor microenvironment, tumor
heterogeneity, vasculature, and stromal cells. Finally, models for investigating the angiogenesis
activity of endothelial cells and GBM cell responses to vascularization are sparse. Thus, there is
a strong need for clinically relevant GBM tumor models that can not only capture the complexity
of the primary heterogeneous tumor but also be amenable towards detailed pathophysiological

investigation.

When developing a novel biomimetic tumor model, there are various factors in design
criteria that need to be considered. Although, adding to the complexity of the model (vasculature
and stromal/immune cell components) will enhance its relevance and predictive potential, it will

also affect its large-scale applications. Hence, in order to be widely accepted in academia and
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industry, these models must be simple, yield precise and reproducible outcomes, and
standardizable for high throughput applications. In an attempt to capture the heterogeneity and
key microenvironment features of the native GBM tumor, we have employed multiple strategies
towards our goal of fabricating a simple but holistic GBM model. The incorporation of
glycosaminoglycans (GAGs) in the bioink to mimic the ECM of brain tissue is one such strategy.
As discussed earlier, in GBM, a vast array of GAGs are known to regulate cell-
microenvironment interactions and facilitate diverse functions in the tumor microenvironment.
We hypothesized that the presence of GAGs in our 3D bioprinted construct will preserve the
stemness and invasive phenotype of the tumor. In addition, we have also created a perivascular
niche by printing a hollow encapsulated channel that is lined with ECs. We hypothesized that
this niche would allow the preservation of self-renewal properties of GSCs and ensure their
sustained proliferation, thereby enhancing its therapeutic resistance, just like the native GBM

tumor.
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CHAPTER II

MATERIALS AND METHODS

Materials synthesis

Gelatin methacrylate (GeIMA) was synthesized by dissolving 10 g of gelatin (Bloom No.
300, Type A, Sigma Aldrich) in 100 ml of 1X PBS (Corning), followed by heating at 60°C for 1
hr. After the gelatin dissolves, 8 ml of methacrylic anhydride was added dropwise and the
solution was kept at 60°C for 3 hr. After 3 hr of reaction, 400 ml of preheated 1X PBS was
added and allowed to sit for 15 min at 60°C in stirring condition. The solution was then filtered
and dialyzed at 50°C for 7 days with change of water 2-3 times each day. After dialysis, GeIlMA
was filtered out, frozen at -80°C for 24 hr and lyophilized for 5-7 days. Lyophilized GelMA

samples were stored at -20°C until use.

Chondroitin sulfate methacrylate (CSMA) was synthesized by dissolving 1 g of
chondroitin sulfate (Type A, Sigma Aldrich) in 100 ml of MES buffer. For preparing 500 ml of
50 mM MES/0.5 M NaCl buffer solution (pH 6.5), 4.88 g of MES powder was dissolved in 450
ml of DI water. 14.61 g of NaCl was added to the solution and allowed to dissolve in stirring
condition. The pH was adjusted to 6.5 using IN NaOH and/or IN HCI. Using measuring
cylinder, enough DI water was added to obtain a 500 ml solution. After the CS powder dissolves
completely and the solution appears clear, 0.27g of NHS (28.5 mM) and 0.85g of EDC (45.6
mM) were added. The reaction between CS and EDC/NHS was allowed to complete for 5 min at

room temperature with mild stirring. Then, 0.38g of 2-aminoethyl methacrylate (AEMA) (28.5
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mM) was added to the solution and mildly stirred for 24 hr. After 24 hr, the solution was filtered
and transferred into a dialysis tube (MWCO = 3500 Da) and dialyzed at room temperature for 3
days. Water was changed 2-3 times per day. After 3 days, the solution was collected in 50 ml
centrifuge tubes and store at -80°C overnight. The solution was then lyophilized for 3-5 days.

Lyophilized CSMA samples were stored at -20°C until use.

The organoid bioinks were obtained by dissolving the desired w/v concentrations of
individual components i.e. GeIMA, CSMA, gelatin (Bloom No. 300, Type A, Sigma Aldrich)
and irgacure (Sigma Aldrich) in 1X PBS. The solution was interchangeably vortexed and
incubated at 40°C for 30-45 min until a homogeneous dispersion was obtained. When necessary,
the bioink was covalently cross-linked via exposure to 15 mW/cm? 365 nm UV light for 60 s.
The sacrificial bioink was obtained by dissolving the desired w/v concentration of gelatin in
appropriate volume of 1X PBS. The solution was interchangeably vortexed and incubated at

40°C for 30-45 min until a homogeneous dispersion was obtained.

Rheological and mechanical characterization

Rheological characterization was performed using a Discovery Hybrid Rheometer 2
(DHR-2) (TA Instruments), by following the published protocol from our group.”® * A 20 mm
parallel plate at gap height of 0.3 mm was used for all experiments unless noted otherwise. Shear
rate sweeps, strain sweeps, and peak-hold tests were performed on all polymer precursor
solutions to characterize their rheological properties. Shear rate sweeps were carried out

sequentially to measure viscosity under a range of shear rate that corresponds to the 3D printing
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conditions. Shear rates from 0.01 to 1000 s™! were tested and corresponding viscosity values
were noted. The strain sweep was performed at a range of oscillatory strain from 0.1 to 1000 Pa
at a frequency of 1 Hz. For the peak hold tests, the shear rate was initially kept constant at 0.75 s
! for 60 sec, then increased to 2000 s for 5 sec, and finally dropped to 0.2 s*! for 180 sec. The
corresponding changes in viscosity were recorded, and analyzed. These sequential changes in
shear rate conditions were representative of the bioink in the extruder, extrusion from the

printing nozzle and recovery post extrusion respectively.

Mechanical characterization was performed using an ADMET eXpert 7600 system
(ADMET, Inc., Norwood, Massachusetts) with an attached load cell of 25 1b. The testing was
performed at a stain rate of | mm/min on cylindrical hydrogel samples (~6mm x 1.5mm) through
an unconstrained single cycle compression test, in which the crosslinked hydrogels were
compressed to 30% of their original height over 1 min, and allowed to revert back over another 1
min. The position and corresponding force data was recorded by the machine, and the
compressive modulus, maximum stress and toughness was calculated corresponding to the 10-

20% strain region of the engineering stress-strain curve.

Culture media formulations

Serum-free culture media for growing/expanding GSCs

The completed growth media to culture GSCs was made by mixing the following individual

components in desired concentrations followed by filter sterilization.
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e Neurobasal-A without phenol red (Cat #12349015): 500 ml
¢ Sodium pyruvate (1% from 100mM stock): 5 ml

e GlutaMAX supplement (1%; Cat #35050061): 5 ml

e Penicillin/Streptomycin (1% from 10,000 U/ml stock): 5 ml
e hEGF: 20 ng/ml in total media

e hFGF: 20 ng/ml in total media

e B27 (2x from 50x stock; Cat #12587010): 10 ml

It is important to note that B27 is relatively unstable upon diluting and continuous exposure
to light. Therefore, it is recommended to prepare semi-complete media with all other
supplements. For each week’s use, 49 ml of media was aliquoted into a 50 mL centrifuge tube

and 1 ml of B27 was thawed and added to make complete media.

Serum-free GSC/HUVECs co-culture media

This media was used for assessing co-culture condition that requires the maintenance of GSC
stemness. Since the patient-derived GSCs are very sensitive to serum, it was observed that even
with 1% serum, the stemness decreases significantly and they start to lose the ability to form
neurospheres. On the other hand, culturing ECs in serum free neurobasal media results in round
morphology, clumping, and cell death. Thus, this formula of media was designed for the co-

culture of both GSCs and HUVECSs under serum-free condition. For this formula, Endothelial
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Growth Medium Kit (PromoCell Cat#C-22110) was used and the following individual

supplements were added in the desired concentrations.

¢ Endothelial Growth Basal Medium: 50 ml

e 2x of B27 stock: 1 ml

e 1% GlutaMAX: 0.5 ml

e 1% penicillin/streptomycin: 0.5 ml

e 0.1% hydroxycortisone (50 pg/ml total): 0.05 ml

e 0.4% endothelial cell growth supplement (ECGS): 0.2 ml

e 0.5 ng/ml vascular endothelial growth factor (VEGF): 2.5 pul from 10 pg/ml stock
e 20 ng/ml hEGF

e 20 ng/ml hFGF

Growing GSCs in culture flasks

Patient derived GSCs were acquired from Dr. Jeremy Rich’s research group by the
courtesy of our collaborator, Dr. Irtisha Singh, who has worked with these cells extensively in
the past.”> These cells were derived from surgically resected patient tissues at the Case Western
Reserve University with appropriate informed consent and approval from the Cleveland Clinic
Institutional Review Board. GSCs were already transduced through lentiviral infection for the

constitutive expression of GFP.!3
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The first step towards culturing GSCs in 2D TCPS was to coat the culture flasks with 2%
Matrigel. For this, Matrigel® hESC-Qualified Matrix (Cat #354277) was aliquoted in several
microcentrifuge tubes (~800 pl/tube) and stored at -20°C to avoid multiple freeze thaw cycles. A
2% Matrigel solution was prepared by adding 800 pul of stock Matrigel solution into 40 ml ice-
cold sterile 1X PBS and mixed thoroughly. This solution was used up to 2X to coat culture
flasks. The culture flasks were coated by adding 10 ml in T175 flask, 5 ml in T75 flask, and 2 ml
in T25 flask, of the 2% Matrigel solution and incubating them at 37°C for 30 min. After
incubation, the Matrigel solution was collected back and culture flasks were rinsed once with

sterile 1X PBS. The vessels were then considered ready for GSCs culture.

The second step was culturing GSCs in the Matrigel coated culture flasks. GSCs were
collected from cryopreservation vials along with 4 ml of growth media into a 15 ml tube. The
tube was then centrifuged at 1000 rpm for 5 min and the supernatant was removed. The cell
pellet was resuspended with required volume of growth media for each culture vessel, i.e. 5 ml
for T25, 10 ml for T75 and 20 ml for T175 flasks. The resuspended cell solution was then added
into the coated vessel and cultured at 37°C, and 5% CO.. Media change was performed every 2

days.
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Growing GSC Spheroids

Using inert-grade U-bottom 96-well plates

GSCs were placed as single cells suspension along with 100 ul of growth media at
density of 10,000 cells/well into each well of an inert-grade 96-well plate (BRAND
Cat#781900). The plate was then centrifuged at 100g (Eppendorf) for 5 min and placed on a
shaker and cultured at 37°C, and 5% CO> for 1-2 days. Typically, spheroids formed overnight
and reached mature round shape within 2 days under shaking condition. The average spheroid

size was calculated to be 200-300 pm.

Using AggreWell™ 400 microwell culture plate

AggreWell400 (Stemcell® Cat#34425) plate was coated with Anti-Adherence Rising
Solution (Cat #07010) at 2 ml/well for 6-well AggreWell 400 plate and centrifuged at 1300g
(Eppendorf) for 3 min. The plates were checked under a light microscope to ensure there were no
bubbles in each microwell. If bubbles were found, the centrifugation step was repeated. The
wells were then rinsed with warm sterile 1X PBS. Single GSCs cells suspension were placed in
the wells along with 2 ml of growth media at density of 1.5 x 10° cells/well (for the 6-well plate
type). This seeding density yields spheroids with ~2000 cells/spheroid. The plate was centrifuged

at 100g for 5 min and then put for culture at 37°C, and 5% CO- for 2 days.
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Growing HUVEC:s in culture flasks

The completed growth media to culture HUVECs was made by mixing 500 ml bottle of
Basal Medium (PromoCell) and 5 ml of SupplementMix. HUVECs were collected from
cryopreservation vials along with 4 ml of growth media into a 15 ml tube. The tube was then
centrifuged at 1000 rpm for 5 min and the supernatant was removed. The cell pellet was
resuspended with required volume of growth media for each culture vessel, i.e. 5 ml for T25, 10
ml for T75 and 20 ml for T175 flasks. The resuspended cell solution was then added into the

coated vessel and cultured at 37°C, and 5% CO». Media change was performed every 2 days.

3D Bioprinting

A commercial ANET A8 3D printer kit was modified to create our custom 3D bioprinter,
which utilizes screw-based extrusion. The thermoplastic extruder assembly was substituted with
a 3D printed screw extruder assembly, with the addition of a stepper motor, a guide rail, and a
modified clay extruder. The first step towards 3D bioprinting was to design the shape to be
printed in Solidworks and export them as STL files. Then, Slic3r software was used to “slice” the
STL files, which simply means to customize the printing settings and converting them to
instructional G-code for the bioprinter. The printing speed was set to 3 mm/s, layer height and
extrusion width were kept at 200 um and 0.6 mm, whereas the extrusion multiplier was set to 4

for all trials.
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Patient-derived GSCs were cultured in serum-free completed neurobasal medium as
mentioned above. GBM organoids were formed by culturing GSCs in ultra-low bind
AggreWell™ 400 plates at a density of 2000 cells/microwell for 2 days by following the
described protocol. These organoids were then mixed uniformly with the various shear-thinning
bioink formulations listed in Table 1 and considered ready for printing. Meanwhile, the
sacrificial ink, composed of 4% gelatin, was also prepared and stored at 37°C. The bioink and
sacrificial bioink were loaded into two extrusion tubes with a 400 um non-tapering nozzle tip and

extrusion printed through the ANET printer in a sequential manner explained below.

The fabrication of the entire 3D GBM construct with sacrificial channel network was
achieved in 3 steps. Step 1: The first layer of the solid cuboidal structure (1.5 cm length, 1.5 cm
breadth, and 2 mm height) was 3D printed using the optimal brain-specific bioink with
incorporated GBM organoids. Step 2: After gelation using UV crosslinking (15 mW/cm? 365 nm
UV light for 60 sec), the sacrificial bioink was printed in the form of a cylinder (1.5 cm length, 1
mm diameter) on the top of the first cured hydrogel layer. Step 3: Another identical layer of the
brain-specific bioink was printed on top, to encapsulate this printed sacrificial channel with
similar protocol to the first step. After gelation, the construct was incubated at 37°C, and 5%
CO; for 30-45 min to allow for the gelatin to melt completely and form a hollow channel. The
channel was then flushed with completed Endothelial Growth Media 2 (EGM2) twice to wash

off the gelatin. The overall schematic of the bioprinting process has been illustrated in Fig.1.

30



Bioink + GSC

organoids
uv
crosslinking
(X}
T A Y
 —_

3D printing of 3D printing of
sacrificial ink bioink top layer w
crosslinking
=y
00000 ’
3D bioprinted — e
organoids

GBM model +
sacrificed channel

After the organoids and the vascular channel were printed and sacrificed leading to the
formation of a hollow channel, 20 pl of HUVECs at a density of 10x10° cells/ml in suspension
EGM2 media were seeded into each of the two channel openings with the help of micropipettes.
The constructs were then incubated at 37°C to allow the cells to adhere to the inside of the
channel. The construct was then flipped over for the formation of a circumferential confluent
lumen. Finally, the constructs are either incubated at 37°C in static culture or perfusion culture
after overnight static incubation at 37°C. For active perfusion, after the HUVECs have been
incubated at 37°C overnight post seeding, a silicon tube (diameter 1.5 mm) is connected to an 18
gauge needle (inner diameter 0.84 mm) at one end and a peristaltic pump on the other. The other

end of the 18 gauge needle is connected to the hollow channel. The entire setup can be visualized

Figure 1: Overall schematic of the bioprinting process

Endothelialization of vascular network

in Fig. 6. The perfusion rate was maintained at 10 pl/min.
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Immunofluorescence staining

For immunofluorescence, bioprinted constructs were first washed with 1X PBS and then
fixed with 4% paraformaldehyde for 15 min. Samples were then permeabilized with 0.2% Triton
X for 5 min followed by two washes with 1X PBS. Samples were blocked with 1% bovine
serum albumin (BSA) for 45 min and then incubated with primary antibodies overnight at 4°C.
The primary antibodies were diluted in blocking buffer (0.5% BSA in PBS containing 0.1%
Triton X-100) at a dilution of 1:200. Unbound primary antibodies were removed by washing the
constructs with 1X PBS in shaking condition for three times. Samples were then incubated with
Cy3 conjugated secondary antibodies for 45 min at 25°C. Then, after two washes with 1X PBS,
nuclei were counter-stained with DAPI for 20 min. The samples were then imaged using an epi-
fluorescence microscope (Zeiss) or a laser scanning confocal microscope (Lionheart). The
images were background corrected using their corresponding negative controls using Image J

software.

Analysis of cell viability

Cell viability post printing was determined by staining the bioprinted organoids with 4
uM ‘live” calcein AM (Invitrogen) and 2 pM of “dead” ethidium bromide (Invitrogen) for 30
min. Live cells were exhibited green fluorescence by calcein AM (ex/em ~ 495 nm/515 nm), and
dead cells showed red fluorescence by ethidium bromide (ex/em ~ 540 nm/615 nm). Cell
survival was observed a laser scanning confocal microscope (Lionheart) and live and dead cell

quantification was performed by analyzing the corresponding intensity using ImagelJ software.
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Briefly, after splitting the red and green channels in the RGB image, the area, mean gray value,
and standard deviation were obtained by selecting the region of interest (ROI), i.e. organoids.

The image acquisition settings and exposure times were kept constant for all samples.

Analysis of cell metabolic activity

Cellular metabolic activity was assessed using the Alamar Blue assay. The stock Alamar
Blue solution was diluted 1:10 in warm culture medium. Then, the cell culture media was
replaced by the working Alamar Blue solution and incubated at 37°C for 3 hr. After incubation,
100 pl/well of the media with Alamar Blue solution was collected from each well and transferred
to an optical 96-well plate for measuring the fluorescence intensity at excitation 560 nm and
emission 590 nm using a TECAN plate reader. Only media was used as blank and four technical

replicates were tested for each sample.

RNA Isolation and Quantitative-Reverse-Transcription PCR

RNA was isolated from GBM neurospheres after 7 days using the Quick-RNA MiniPrep kit
(Zymogen) by following the manufacturer’s instructions. Briefly, the samples were lysed in
appropriate volume of RNA lysis buffer. Then, the supernatant was centrifuged in multiple
columns, washed with the provided RNA wash buffer, and eluted in 50 pL of RNase/DNA-free
water. Cells grown in TCPS dishes for up to 70% confluence were used as 2D controls, and the
RNA was isolated as discussed previously. 0.5-2 pg of RNA was used for cDNA synthesis. The

samples were first subjected to 2 U/uL DNase in order to remove all traces of genomic DNA.
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cDNA synthesis was carried out by using the cDNA qScript SuperMix (Quanta Biosciences) as
per the manufacturer’s instructions. Quantitative real-time PCR (qQRT-PCR) was done using a
PowerTrack SYBR green qPCR Kit (Applied Biosystems) with 10 ng of the cDNA as the
template. Fold change was calculated. A two-way ANOVA was performed, and p < 0.05 was

taken as statistically significant.
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CHAPTER III

RESULTS AND DISCUSSION

Rheological characterization

The first step of bioprinting, especially with extrusion-based systems, is to ensure that the
bioink is printable and optimized for good print fidelity. For this purpose, the bioink must be
shear-thinning, i.e. it should exhibit non-Newtonian behavior, characterized by a decrease in
viscosity (n<100 Pa.s) under shear stress and a recovery when the stress is removed. This
behavior is believed to be a consequence of small structural rearrangements within the fluid
during shearing. Specifically, in polymer solutions like our bioink, shear thinning is believed to
be caused by the disentanglement of anisotropic polymer chains to align in the direction of
shear.”® This leads to a decrease in interaction between smaller units and an increase in free
space, thus decreasing viscosity. So, in theory and practice, a shear thinning bioink would show a
drop in viscosity when it flows through the extruder tip, but recuperate immediately when shear

stress is withdrawn, so as to hold in place and support subsequent top layers.

Gelatin methacrylate or GelMA has been used widely for biomedical applications such as
tissue engineering and 3D modeling of cancer.””> ® This polymer which has been functionalized
with methacrylate groups, forms covalently cross-linked hydrogels when exposed to UV
radiation, in the presence of a photoinitiator. Researchers have published several reports
affirming the promising features of GeIMA as bioinks to fabricate complex 3D geometries for

bioprinting applications.”> 8 Besides being low-cost and abundant, it is hydrolyzed from
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collagen, which imparts this polymer with excellent biocompatibility and cell adhesion
properties. Chondroitin sulfate on the other hand, represents a major class of GAGs, which has
been implicated to play pivotal role during neuronal development, nerve plasticity, formation of
PNNs and tissue damage repair.?® For these reasons, GeIMA and CSMA were chosen to be the
base components of our bioink formulations. 2% gelatin was added to all bioink formulations to
facilitate further gelation of the bioprinted constructs in order to maintain the final shape and
structure. 3D printing of two separate layers of bioinks with two subsequent chemical
crosslinking steps using UV radiation creates an interface between these layers. This lack of
crosslinking between the two layers of bioink demanded the addition of gelatin to prevent their

separation on prolonged culture.

In order to print 3D scaffolds with good fidelity and reproducibility, the optimal printing

parameters were obtained by evaluating the printability of GeIMA/CSMA/gelatin bioinks by

Bioink GelMA CSMA Gelatin Conc. Irgacure Conc.
Formulation = Conc. (w/v) = Conc. (W/V) (W/v) (W/v)
1 5% 1% 2% 0.01%
2 5% 3% 2% 0.01%
3 7% 1% 2% 0.01%
4 7% 3% 2% 0.01%
5 10% 1% 2% 0.01%
6 10% 3% 2% 0.01%

Table 1: Different formulations of bioink tested with varying concentrations of

GelMA, and CSMA.
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varying their concentrations, as listed in Table 1. Qualitatively, the printability was assessed by
observing (1) if the composition could reach at least 3 mm in height, (2) there are no major
defects in the printed construct, and (3) there is negligible patterning in the final construct to
signify the lack of “dragging” while printing. Quantitatively, the printability was evaluated by
performing rheological characterization of different formulations as shown in Table 1. Fig. 2A
presents the change in viscosity of different bioink formulations as a function of shear rate. As it
is seen here, shear thinning behavior was confirmed for all bioinks with varying GeIMA and
CSMA concentrations i.e. the viscosity decreases with increase in shear rate. However, the shear
thinning behavior was slightly better for bioinks with higher concentration of GeIMA (10%
GelMA, 3% CSMA and 10% GelMA, 1% CSMA) than the lower concentration ones (5%
GelMA, 3% CSMA and 5% GelMA, 1% CSMA). Peak hold test was done to simulate the three
phases that the bioink encounters during the printing process: a pre-extrusion phase, extrusion
phase, and a post extrusion phase (Fig. 2C). The pre-extrusion phase features a low shear rate
(0.75 s7!) which represents the shear condition in the extruder barrel. Then, this was followed by
an increase in shear rate (2000 s!) for 5 seconds to simulate extrusion through the extruder
nozzle/tip. The bioink was then held at a low shear rate (0.25 s!) to simulate the shear condition
post printing. An ideal printable bioink should show a rapid drop in viscosity during the high-
shear extrusion phase and then, a rapid recovery within seconds post extrusion. As seen in Fig.
2C, all the bioink formulations that were tested showed this behavior but with different
recoveries in viscosity, which have been calculated in Table 2. The percentage recoveries were
calculated by dividing the final viscosity post extrusion phase with the initial viscosity pre
extrusion phase and then multiplying it by 100. According to viscosity recovery data from peak

hold tests, 7% GelMA, 1% CSMA is the bioink formulation that has the best printability due to
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highest recovery (~51%) in viscosity. The next best recovery in viscosity (22.4%) was shown by
7% GelMA with 3% CSMA indicating slightly better shear thinning properties relative to other
formulations. The bioink formulations with highest GeIMA concentration, i.e. 10% GelMA, 1%
CSMA and 10% GelMA and 3% CSMA showed 12.2% and 15.6% recovery in viscosity
respectively. Moreover, when both these formulations were printed, cell shearing was observed
with single cells dislodging from the organoids. Also, the organoid morphology was
compromised (Fig. 2F), i.e. organoids were slightly elongated and elliptical as opposed to their

usual spherical shape as seen in Fig. 4. This observation was not unusual since past studies have
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Figure 2: Rheological characterization of GelMA and CSMA bioink formulations. (A) Shear rate sweep; (B)
Strain sweeps; (C) Peak hold experiments to mimic flow during extrusion/printing; (D) Young’s compression

modulus; (E) Yield stress quantification; (F) Phase contrast image shows cell shearing post-printing. Scale bar
200 pm.
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shown that low-concentration GelMA hydrogels are better suited for 3D printed cell laden
constructs due to enhanced cell stability and viability.3! Therefore, both these formulations were
deemed unfit for our application. Due to these reasons, and based on rheological properties and
printability, the bioink composition of 7% GelMA with 1% CSMA was the ideal candidate for

printing GSC organoids and functional studies.

Bioink GelMA CSMA Initial Final Viscosity = Recovery (%)=
Formulation = Conc. (w/v) = Conc. (W/v) Viscosity (Pa.s) (Final/Initial)

(Pa.s) x100

1 5% 1% 2761.01 584.91 21.2%

2 5% 3% 570.92 37.62 6.6%

3 7% 1% 2086.70 1061.50 50.9%

4 7% 3% 4053.60 908.43 22.4%

5 10% 1% 18131.0 2208.40 12.2%

6 10% 3% 9738.0 1521.0 15.6%

Table 2: Percentage recovery in viscocity for different formulations of bioink tested.

Mechanical properties

The mechanical properties of the tumor microenvironment are known to regulate the
behavior of GBM tumor. To elicit similar mechanical cues ex vivo, controlling the mechanical
properties of 3D printed constructs becomes crucial. Keeping this in mind, we aimed for our 3D
printed constructs to have comparable mechanical properties as the GBM tissue. For this
purpose, we investigated the mechanical properties of the crosslinked bioink formulations at

25°C. Unconfined compression tests were performed to characterize the bioinks’ mechanical
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properties. Young’s modulus, which was derived from the stress-strain curves for all bioink
formulations, has been plotted in Fig. 2D. Not surprisingly, the stiffness of the GeIMA/CSMA
hydrogels was directly proportional to an increase in their respective concentrations. We found
that 10% GelMA, 3% CSMA hydrogels showed a much higher compressive modulus (44.5 kPa),
nearly ten times more, as compared to 5% GelMA, 1% CSMA samples. After eliminating 10%
GelMA bioink formulations due to cell shearing, the next best candidate that shows optimal
mechanomimetic properties with good print fidelity is 7% GelMA, 1% CSMA. GBM tumors
have been reported to exhibit a wide range of elastic modulus from 0.1 kPa in necrotic regions to
up to 10 kPa in hypercellular region.>® The elastic modulus of the 7% GelMA, 1% CSMA was
calculated to be 4.80 kPa (Fig. 2D), which is significantly lesser than that of standard TCPS
dishes (2.79 GPa) and similar to that of GBM tumors (0.1-10 kPa). Since mechanical properties
of the tumor microenvironment play a key role in affecting cell behavior in vivo, the bioprinted

mechano-mimetic constructs were expected to provide a conducive environment for cell growth.

Multipotency of GSC organoids

GSCs are typically distinguished within a tumor cell population by their stemness,
multipotency and self-renewal properties. Multipotent GSCs play a central role in the
aggressiveness and therapeutic evasion of GBM. Their ability to give rise to multiple cell types
in the tumor stroma (e.g. pericytes, astrocytes, ECs) enables survival of glioblastomas through
therapeutic stress and contributes to tumor relapse. Recapitulating this trace by incorporating
GSCs into 3D bioprinted GBM construct is the first step in the developing of a clinical-relevant

GBM model.
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Past studies have shown that multiple signalling pathways are upregulated in the
perivascular niche, and highlighted the role of endothelial cell derived factors to preserve GSC
stemness.*” Since we are attempting to recreate the perivascular niche, we wanted to gain some
insight on the effect of soluble factors secreted by ECs on the stemness and multipotency of
GSCs. For this purpose, we cultured GSC neurospheres in a transwell culture system with ECs,
only allowing the interaction of secreted soluble factors. This experiment was crucial to ensure
and verify the stemness and multipotency of GSCs before bioprinting. The multipotency of
GSCs neurospheres was determined by co-culturing them with or without ECs in serum free
culture media and then following up with immunofluorescence staining. After 7 days of culture,
differentiated GSCs were stained for markers of astrocytic lineage (GFAP), pericytic lineage
(CD146), and endothelial cell lineage (CD31). This was done for both groups, group 1 GSCs and
group 2 GSCs, and in both groups, GSCs differentiated into other neural cell subtypes indicating
that multipotency was preserved and maintained (Fig. 3A). For stemness, we immunostained the
GSC neurospheres for nestin either with or without ECs, at day 7. We observed considerable

expression of nestin, indicating that GSC stemness was preserved as well (Fig. 3A).

After confirming the preservation of stemness and multipotency of GSCs, we also
performed RT-PCR experiments to quantify the expression of these markers: nestin, CD146 and
CD31, in similar transwell co-culture experiments. We observed that nestin mRNA levels in the
coculture of group 1 GSCs and ECs was slightly higher than the ones without ECs but this
difference was not as significant for group 2 (Fig. 3B, 3C). The expression of CD146 was
relatively similar in group 1 and group 2 as compared to the corresponding controls. But, not

surprisingly, CD31 expression went up in both groups signifying considerable differentiation of
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GSCs towards EC lineage (Fig. 3B, 3C). This upregulation CD31 expression in GSC
neurospheres indicates the mimicking of in vivo GBM tumor microenvironment, where GSCs
tend to transdifferentiate to an endothelial cell when required, with regard to the tumor

progression.

Apart from this, we also observed a more invasive phenotype in group 1 GSCs with some

cells invading out of neurospheres (Fig. 3A). As opposed to this, group 2 GSCs were somewhat
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Figure 3: (A) Multipotent characteristics of GBM organoids in the presence or absence of HUVECs.
Progenitor cell marker (Nestin), astrocytic marker (GFAP), pericyte marker (CD146), and endothelial
marker (CD31) in red, GFP expressing GSCs in green and nucleus in blue; Scale bar: 200 um. (B)
Relative mRNA expression of Nestin, CD146, and CD31 in the presence and absence of HUVECs in
Group 1 GSCs. (C) Relative mRNA expression of Nestin, CD146, and CD31 in the presence and absence
of HUVEC:s in Group 2 GSCs. Acknowledgement: Dr. Thuy-Uyen Nguyen.
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“dormant” and showed a more constraint morphology. This observation was not unusual since
past research on mapping chromatin landscapes of these groups found group 1 to exhibit more
“proliferative” and “proneural” features while group 2 showed a “mesenchymal” phenotype.”
Together, this data suggests that these patient-derived GSCs are able to sustain their stemness
and can differentiate when cued. This result also proves our ability to obtain multipotent GBM

organoids from patient-derived GSCs for the development of a 3D bioprinted GBM model.

Morphology, cell viability and cell metabolic activity post-printing

One of the bottle necks in the field of extrusion based 3D bioprinting is ensuring that
cells are viable and metabolic activity/proliferation is preserved post printing. Cells are under the
effect of shear forces during extrusion, and sometimes exposed to unfavorable temperatures and
growth conditions during the bioprinting process. Also, the addition of rheological modifiers
such as nanoparticles might lead to cellular toxicity and death, as discussed before. However, we
did not anticipate a decline in viability due to the lack of rheological modifiers in our bioink.
But, we still had to account for the effect of other parameters such as shear stress and
degradation products on cell viability. Therefore, we investigated the biocompatibility of 3D
bioprinted GSC organoids in the 7% GelMA, 1% CSMA hydrogel by measuring cell viability
via staining them with calcein AM (live) and ethidium bromide (dead). The cell viability was
also quantified by measuring the intensity of live and dead staining after being background
corrected with respective controls. In addition, we performed the Alamar Blue assay to quantify

the metabolic activity of these organoids at day 1, 3, 5 and 7.
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Results showed that GSC organoids were able to maintain intact spherical morphology
(Fig. 4B) and avoided shearing during the printing process. A high survival rate of 95-100 % was
observed for both groups of bioprinted GSCs at day 1 and 7 (Fig. 4C). Results from the Alamar
Blue assay showed that both groups showed a steady increase in proliferation over the course of
7 days (Fig. 4D). It was also noticeable that group 1 GSCs are more proliferative than group 2
GSCs and this trend grew stronger with each passing day of culture. But, this is not surprising as
it is in corroboration of our knowledge of these GSCs groups that group 1 exhibits a more
“proliferative” phenotype. Together, this data shows that we were able to 3D print two
heterogeneous groups of GSCs with high cell viability, metabolic activity and intact morphology

for long term in vitro culture.
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Figure 4: Intact morphology, high cell viability, and high metabolic activity of bioprinted GSCs. (A)
3D bioprinting of GSC spheroids in a serpentine geometry; (B) Presence of GBM organoids within the
3D printed constructs with intact morphology; (C) High cell viability post-printing; (D) Increasing

metabolic activity post printing.
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Enhanced invasion in bioprinted constructs

After we ensured that our bioprinted constructs were capable of supporting the
attachment and proliferation of ECs, and establish a perivascular niche, we wanted to evaluate
the effect of ECs on the invasion potential of bioprinted GSCs. It is well known that the GBM
tumor microenvironment and the perivascular niche contribute to tumor invasion.®? Here, we
demonstrate the use of our bioengineered GBM model to evaluate the invasion of glioblastoma
stem cells towards vasculature and also sprouting angiogenesis. The sprouting of HUVECs as
well as the invasion of GSC organoids was monitored through the utilization of GFP expressing
GSCs (GFP GSCs). Biological sections of the co-culture system were observed and imaged
using a confocal microscope. The distance of GSCs invasion and HUVECs sprouting was
determined via ImageJ by setting the initial organoid periphery as the boundary for GSCs and the
baseline where HUVECs are in contact with the brain-specific ECM bioink was set as the
boundary for HUVECs. As it is seen in Fig. 5C, the distance between GSCs and ECs decreased
progressively over 6 days of culture. Interestingly, both cell types were invading the surrounding
gel and migrating towards each other (Fig. 5A, 5B). ECs have been reported to exhibit this
“sprouting” phenotype under the influence of GSCs via multiple mechanisms.®® Studies have
shown that GSCs release pro-angiogenic factors such as VEGF and SDF-la to promote
angiogenesis. Folkins et al. showed that the microvessel densities were enhanced in tumors rich
in GSCs in xenograft models of glioblastoma.?* They also noted that VEGF and SDF-1a were
significantly upregulated in GSC rich tumors and their blockade caused the level of
vascularization to decrease. GSCs on the other hand, also infiltrate towards the ECs, which is

not surprising considering their predilection to vasculature. This behavior is probably a
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preferential response to nutrients and cues from the tumor microenvironment to promote tumor
survival. Past studies have shown this preferential behavior of GSCs towards vasculature to be a
consequence of chemo-attractive soluble factors in the perivascular niche. For example,
Bradykinin (BK) is known to initiate chemotactic signaling in the perivascular niche and
facilitate GSC invasion.®> Future studies will investigate the effect of ECs on the malignancy of
GSC organoids by real-time PCR to assess the expression of invasion-associated markers
L1CAM, CXCR4, MMP16, integrin a2, and integrin B3. In addition, to verify if the crosstalk
between GSCs and ECs is originating from the pro-angiogenic nature of GSCs, the expression of

pro-angiogenic markers IL-840-41 and VEGF will also be quantified.
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Figure 5: Enhanced invasion in bioprinted constructs. (A) Invasion of GSCs and ECs in 3D bioprinted
constructs at say 1, 3 and 5. GSC organoids in green. Scale bar: 200 um; (B) Interaction between GSCs

at ECs was observed at day 6. (C) Quantification of invasion distance.
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Perfusion flow

An ideal vascularized tissue construct is typically made of three essential components:
the vascular lumen, which acts as a source and sink to exchange soluble factors, and endothelial
cells lining this vascular lumen, and a dynamic perfusion flow. The final step towards combining
these three crucial factors into our bioengineered model was to introduce perfusion flow into the
endothelialized channel. Flow induced shear stresses have a significant impact on the function of
GSCs and proliferation of ECs.%¢ Therefore, it is imperative that we simulate the appropriate
shear stresses in the endothelial lumen to achieve cellular confluency throughout the lumen and
also mimic the perivascular niche. The perfusion setup has been shown in Fig. 6A. We used a
peristaltic motor to pump nutrient rich media into one inlet and let it out the other into a discard
sink in a discontinuous loop. For our experiments, we set the flow rate to be at 10 pl/min, which
was inspired by past literature.?” Kolesky et al. have showed that this flow rate was adequate to

generate the appropriate shear force in a vascular channel with dimensions similar to our model.

As our first step, we wanted to standardize the flow rate in our perfusion system for
which we chose to do short term perfusion of 48 hr. After 48 hr of perfusion culture, we
observed the proliferation of ECs in the vascular channel and the formation of tight junctions, as
characterized by VE-cadherin staining (Fig. 6B). Since we did not see significant proliferation,
for one of our samples, we continued culturing the ECs in the vascular channel for prolonged
duration of 10 days, after 48 hr of perfusion flow, to see if ECs are able to achieve confluency in
the lumen. Qualitatively, we did not observe any significant change. Future experiments will be

targeted to optimize the flow rate so as to improve EC adhesion to the channel. These results
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indicated that although the perfusion culture was conducive for endothelial cell attachment and
proliferation, multiple parameters such as flow rate and shear forces need to be optimized to

result in a confluent EC lumen on prolonged culture.

Figure 6: Perfusion flow. (A) Perfusion flow assembly of the 3D printed construct; (B)
Immunofluorescence staining for VE-cadherin (red) and nucleus (blue) showed the formation of

tight junctions in the channel.

48



CHAPTER IV

CONCLUSION AND FUTURE WORK

Conclusion

In conclusion, we were able to achieve the aims and objectives of our research. We
characterized the different bioink formulations of GeIMA and CSMA for better printability and
cell viability post printing. We also ensured that the mechanical properties of the bioprinted
constructs were comparable to that of GBM tissue. This was achieved by performing multiple
rheological tests for quantifying viscosity, shear rate, young’s modulus, and yield stress. Then,
we were able to 3D print the desired geometries with our optimized bioink formulation of 7%
GelMA and 1% CSMA. We proved our ability to obtain multipotent GBM organoids from
patient-derived GSCs for bioprinting applications. We were able to 3D print two heterogeneous
groups of GSCs with high cell viability, metabolic activity and intact morphology. The sprouting
of ECs and the invasion of GSC organoids was reported in the 3D printed constructs. We were
also able to achieve perfusion flow through our vascular channel, and that this model could be

used to study various pathological features of GBM such as invasion and angiogenesis.

Future work

In future, we will investigate further effects of the tumor microenvironment and optimize
the 3D printed perfusable vasculature to gain more insight into the regulation of molecular

pathways in our patient specific GBM model.
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1.

We will utilize a dual-head custom 3D bioprinter to co-print GSC organoids and the
vascular channel. This dual-head 3D bioprinter will give us more control over the
positioning of GSC organoids and the vascular channel and help us to model different
anatomical situations.

We will investigate the presence of GSC-derived pericytes and ECs in engineered GBM
model by performing lineage tracing of constitutively green-fluorescence-protein (GFP)
expressing GSCs. This will highlight the ability of our bioprinted model to induce the
differentiation of GSCs into pericytes and ECs.

We will optimize the flow rate through the vascular channel so as to generate apt shear

forces to improve EC adhesion to the channel.
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